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Abstract

Most of the hundreds of citrus varieties are derived from spontaneous mutations. We
characterized the dynamics of single-nucleotide mosaicism in a 36-yr-old clemen-
tine (Citrus Xclementina hort. ex Tanaka) tree, a commercial citrus whose vegetative
behavior is known in detail. Whole-genome sequencing identified 73 reliable somatic
mutations, 48% of which were transitions from G/C to A/T, suggesting ultraviolet
(UV) exposure as mutagen. The mutations accumulated in sectorized areas of the
tree in a nested hierarchy determined by the branching pattern, although some vari-
ants detected in the basal parts were also found in the new growth and were fixed
in some branches and leaves of much younger age. The estimate of mutation rates
in our tree was 4.4 x 107!9 bp~! yr~!, a rate in the range reported in other peren-
nials. Assuming a perfect configuration and taking advantage of previous counts on
the number of total leaves of typical clementine trees, these mutation determina-
tions allowed to estimate for the first time the total number of variants present in a
standard adult tree (1,500-5,000) and the somatic mutations generated in a typical
leaf flush (0.92-1.19). From an evolutionary standpoint, the sectoral distribution of
somatic mutations and the habit of periodic foliar renewal of long-lived plants appear
to increase genetic heterogeneity and, therefore, the adaptive role of somatic muta-

tions reducing the mutational load and providing fitness benefits.

Lupski, 2013). Plants become genetically mosaic as they
accumulate spontaneous mutations that occur at any stage

Genetic mosaicism generally arises from somatic mutations
that occur during mitosis and are passed on to descen-
dant cells. Although theoretical models initially predicted
that mosaicism should be rare in eukaryotes, it is currently
accepted that animal and plants are, in fact, genetic mosaics
composed of many different cell populations (Gill et al., 1995;

Abbreviations: IGV, Integrative Genomics Viewer; SNP,
single-nucleotide polymorphism; UV, ultraviolet.

of development in both undifferentiated and differentiated
cells. It has been known for a long time, for instance, that
plant chimeras are mosaics composed of distinct genotypes
(Szymkowiak & Sussex, 1996).

Somatic mutations involve genetic changes mostly occur-
ring during chromosome segregation or DNA replication,
leading to structural genomic rearrangements and single-
nucleotide variation among other alterations (Lupski, 2013).
While there is an increasing number of reports describing the
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relevance of chromosomal rearrangements, for instance, on
the generation of crop varieties (Terol et al., 2015; Alonge
et al., 2020) and hence on plant evolution, the evolutionary
meaning of single-nucleotide polymorphism (SNP) accumu-
lation remains unresolved. A major argument supporting the
role of single-nucleotide mosaicism in plants is based on the
idea that intraorganismal heterogeneity, especially in long-
lived plants, may contribute to plant defense, at least par-
tially, increasing resistance or tolerance to short-lived pests
and pathogens (Gill et al., 1995). The underlying assump-
tion of this hypothesis implies that the variation in somatic
mutations emerging from different meristems may alter sus-
ceptibility to insect attacks and therefore may confer herbi-
vore and pathogen resistance to individual plants or individual
branches in long-lived trees (Simberloff & Leppanen, 2019).
Somatic mutations do not only accumulate in a certain plant,
as they can also be transmitted to the gametes and hence to
the offspring as recently reported (Plomion et al., 2018; L.
Wang et al., 2019), contributing in this way to the genetic vari-
ability of many traits. Several studies have demonstrated that
the branches of a single tree may show significant variation
in fitness traits (see citations in Schoen and Schultz [2019]).
However, the relative long lifespan of a tree should also allow
accumulation of harmful somatic mutations that after pass-
ing to the offspring may lead to a phenomenon of ‘mutational
meltdown’ resulting in the loss of fitness. Thus, the dynamics
of somatic mutations, their general functions and mechanisms
of regulation, and therefore, their roles during evolution are
poorly understood.

Among the pivotal determinants of the somatic mutation
buildup are the number and patterns of stem cell division,
events that eventually determine tree architecture (Burian
et al., 2016; Schoen & Schultz, 2019). Tree architecture, in
turn, depends upon many anatomical and physiological fac-
tors including the arrangement and organization of the api-
cal and axillary meristems. In addition, plant meristems are
stratified structures generally consisting of three different cell
layers, as those found in citrus (Frost & Krug, 1942), giving
rise to separate tissues. These layers may accumulate muta-
tions independently generating clonally diverse cell lineages
that form chimeric organs with distinct proportions of the
mutated alleles, a circumstance that may hamper the determi-
nation of mutations rates. The activity of the plant meristems
determines the patterns of iterative branching that in long-
lived plants may result in a high number of branches and lit-
erally thousands of terminal twigs. In the sympodial pattern
of branching, as in citrus, the shoot apex growth is gener-
ally arrested, while axillary meristems initiated in the axils of
leaves give rise to new shoot branches, providing to the plant
an unlimited potential for growth. In contrast, in the monopo-
dial model as in the conifers, a unique apical meristem gives
rise to the new branches. In most angiosperms, therefore, the
number of cell divisions contributing to mutation accumula-

Core Ideas

e Variant distribution follows an iterative process
according to the branching pattern.

e Variants accumulate with time, the youngest the
branch the highest the mutation rate.

* Only a few older variants are fixed in most leaf
flushes regardless of their ages.

* Clementine trees carry 1,500-5,000 mutations,
and each leaf flush generates a new variant.

* A tree is a mosaic genetically composed of differ-
ent genomes distributed by sectors.

tion is delimited by the number of cell divisions occurring
between the apical and an axillary meristem and the number
of branching points of the branches (Burian et al., 2016).
The determination of the mutation rates, however, is time-
consuming, laborious, and technically challenging. Muta-
tion rates are calculated in a per-time basis, that is, per
year or per generation. Based on mutations accumulated dur-
ing divergence between monocots and dicots, Wolfe et al.
(1987) initially estimated that in annual plants, the rates of
substitutions per site range from 5.0 x 10~ to 3.0 x 1073,
In long-lived perennials, it has been reported that these rates
might be as high as 25 times those of short-lived annuals
(Klekowski & Godfrey, 1989). Genome analyses have pro-
vided estimations that, in general, agree with these tendencies.
Ossowski et al. (2010), for instance, reported that mutations
rates in Arabidopsis thaliana (L.) Heynh. are in the order of
7.0 x 10~ substitutions per site per generation, while peren-
nials, however, tend to present higher rates of fixed mutations,
as reported in the Napoleon Oak, between 4.2 and 5.2 X 1078
substitutions per site (Schmid-Siegert et al., 2017) or 2.7 X
1078 in Sitka spruce [Picea sitchensis (Bong.) Carr.] (Han-
lon et al., 2019). Since perennials are long-lived organisms,
the per-year mutation rates are generally lower than those
exhibited by herbaceous taxa (Xie et al., 2016). Thus, in Sitka
spruce, the per-year base substitution rate estimations range
from 1.2 X 1071 t0 5.3 x 10~!! (Hanlon et al., 2019). In a
comprehensive work comparing several perennials and annu-
als, L. Wang et al. (2019) reported that on a per-year scale,
long-lived perennials apparently evolved slower than short-
lived annuals since those generally exhibited lower mutation
rates (10719-107%) than annuals (10-8-10~). De La Torre
et al. (2017), analyzing transcriptomes also of different repre-
sentative angiosperms, found similar rates for trees (4.0-6.0
x 107 silent bp substitution per year), although estimations
in gymnosperms were slightly lower (generally <1.0 x 107).
These estimations, together with the high number of
branches and twigs that perennial plants may produce,
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suggest that the number of mutations that a tree carries should
be relatively high. In addition, Plomion et al. (2018), pointed
out that the number of somatic mutations might be even
higher since the allele frequency of these is too low to be
unambiguously detected and consequently a significant pro-
portion of mutations might not be considered. In contrast,
Burian et al. (2016), using quantitative cell-lineage analysis
and computational modeling, proposed that the number of
fixed somatic mutations might be lower than generally cal-
culated and that the majority of somatic mutations would
be located in small sectors as nested sets of mutations. Two
recent reports, in addition to Plomion et al. (2018), have pro-
vided evidence that somatic mutations certainly accumulate
along branches that are developmentally connected in differ-
ent sectors of the tree in a nested hierarchy analogous to a
phylogenetic tree (Schmid-Siegert et al., 2017; L. Wang et al.,
2019). These works also have clarified that mutations accu-
mulate at a constant rate and with age, irrespective of plant
stature and Xie et al. (2016), on the other hand, reported that
peach [Prunus persica (L.) Batsch] interspecific hybrids show
higher rates of somatic mutations, consistent with a former
vision that increased mutation frequencies may be associated
with hybridization (Emerson, 1929).

The goal of this work was to elucidate the dynamics of
mosaicism in citrus, a perennial Rutaceae tree, and estimate
the rates of associated mutations. The study was performed on
clementine (Citrus Xclementina hort. ex Tanaka), a genetic
admixture (Wu et al., 2014) whose vegetative development
pattern (Garcia-Mari et al., 2002) and physiological behavior
(Iglesias et al., 2007; Tadeo et al., 2008) have been thoroughly
documented because of its worldwide commercial interest.

2 | MATERIALS AND METHODS

2.1 | Plant material

Samples used in this work to study somatic mutation rates
were collected in July 2013 from a 36-yr-old clementine cul-
tivar Clemenules tree, a genetic admixture of mandarin (C.
reticulata Blanco) and pummelo (C. maxima (Burm.) Merr.)
(Wu et al., 2014), grown in our research field at Instituto
Valenciano de Investigaciones Agrarias in Moncada, Valen-
cia, Spain (39°35'18.8 N, 0°23’42.4” W). The tree was sawn,
the branches were cut, and the age of the trunk and differ-
ent branches determined by dendrochronology (Supplemental
Table S1). The tree, that was manually pruned during growth,
showed a classic spherical crown, supported by a dominant
branch of primary order (27-yr old) and two branches of
secondary order (19-yr old). Citrus show a typical sympo-
dial branch development, that in standard clementine trees
of this age gives rise to approximately 2 x 100 to 2 x
212 branches and a number of leaves ranging from 12,000

to 34,000 (Garcia-Mari et al., 2002). This growth is mostly
accompanied by a 2/5 phyllotaxis leaf arrangement. Samples
consisted of all leaves from a vegetative flush (single shoot)
that averaged 7.7 leaves and weighed ~3 g (Supplemental
Table S2). In citrus, flushes of different ages are easily dis-
tinguishable and leaves in these flushes generally senesce and
abscise in 2 yr, albeit a few of them may last one more year.
Thus, somatic mutations were estimated on sprouts of three
consecutive years that, for simplicity in the text, are described
as flushes of 1-, 2-, and 3-yr-old. Fifteen flushes emerged
either from the three main branches, from 6-yr-old branches,
or from sprouts in the most basal part of the 36-yr-old trunk
were harvested. In addition, two independent samples, com-
posed of eight leaves indiscriminately picked around the tree
from different orientations and heights, were also randomly
collected before the experimental tree was cut to detect puta-
tive fixed mutations. As explained below, after DNA extrac-
tion, each sample was split into two technical replicates.

2.2 | DNA extraction and whole-genome
sequencing

In order to obtain DNA of high molecular weight and quality,
an in-house nuclear isolation protocol, as described in Terol
etal. (2015), was followed. In brief, fresh leaves were homog-
enized using a dense buffer containing a high concentration
of sucrose. The solution obtained was filtered through gauze
and Miracloth layers arranged sequentially to obtain a filtrate
extract that was subsequently centrifuged twice. The pellet
was resuspended in a floating buffer and centrifuged again to
obtain an enriched nuclei fraction on the supernatant. Nuclei
recovered by pipetting were centrifuged in nuclear buffer and
concentrated. The pellet was incubated overnight with RNase
A and protein Kinase in a gentle stirring platform. The nuclei
in the supernatant were separated from cellular debris by cen-
trifugation and transferred to a solution with an equal vol-
ume of phenol/chloroform/isoamyl alcohol (25:24:1). A sec-
ond extraction with isopropanol was carried out and DNA was
recovered in the pellet, washed with ethanol, and redissolved
in Tris EDTA. Finally, each sample was split into two techni-
cal replicates that were processed in parallel.

DNA libraries were constructed using standard protocols
with some modifications and whole-genome sequencing was
performed as essentially described in Terol et al. (2015) and
Wu et al. (2018). Libraries were generated with the Illumina
TruSeq DNA sample prep standard protocol and had an insert
size of 500 bp. Read length was 101 bp. Paired-end sequenc-
ing was carried out on an Illumina HiSeq 2000 platform that
rendered 15.7 Gb of Illumina raw data. Only raw reads con-
taining a minimum of 70% of their nucleotides with a base
quality value of at least 30 were mapped to the C. clementina
v.1.0 haploid reference using BWA-MEM tool (Li, 2013).
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Map files were sorted and indexed using Samtools (Li et al.,
2009). On average, 93.6% of the reference genome was cov-
ered and the mean read depth per sample was 32 (Supplemen-
tal Table S3).

2.3 | Variant calling

Variant calling was performed using the GATK-4.0.0.0 soft-
ware (Van der Auwera et al., 2013). We used the Haplotype-
Caller tool to generate single-sample variant call format files
that were combined using the CombineGVCF tool to get a
matrix including all samples sequenced in the study. Each site
of the matrix showing a quality value >10 was genotyped by
GenotypeGVCF and only calls tagged as SNP were filtered
according to the set of standard filters specified in the variant
caller practice guide. The final matrix, which included only
biallelic positions, had 3,361,591 variant sites.

2.4 | Somatic mutation identification

To retrieve only informative sites, that is, those variant sites
that discriminate the genomes, the combined matrix was
reduced to include relevant samples for each comparison. To
avoid any bias that could be introduced in the analysis by
grouping them according to their temporal references, we gen-
erated as many submatrices as pairwise comparisons could
be defined. Since a sample had two technical replicates, each
comparative submatrix was assembled with data coming from
four different sequencing events.

The SelectVariants and VariantFiltration tools, combined
with an in-house script, were used for refining the call sets.
Calls had to fulfill two conditions. First, it was required that
the genotype field encoding the two alleles at each site was
identical between technical replicates and distinct between the
two compared samples. Second, based on phred-scaled scores
derived from genotype likelihoods, a genotype quality value
>60 in all four targeted genomes was required.

Sites with allele balance values equal to 0 and 1 were iden-
tified as homozygous reference and homozygous variant sites,
respectively. Heterozygous mutations very likely are present
in all presumably identical leaves of a flush and generally pro-
duced unambiguous allele balances. For the two randomly
collected samples (eight different leaves), the heterozygous
threshold was established at 0.08, a value that implies that for
a coverage of 32X, the alternate allele must be present in at
least 2-3 reads. In addition, all putative differential calls sur-
rounded by another one within a window of +50 bp were ruled
out because we observed that they generally are false-positive
calls usually paralog sequences wrongly mapped (Li, 2011).

The analyses of technical replicates designed for mutation
rate determination revealed a total of 15,809 putative calls.

After visual inspection with the Integrative Genomics Viewer
(IGV) browser (Robinson et al., 2011) and a careful manual
curation of each one of the 15,809 calls, a final set of 67 sites
was unequivocally identified. In general, the vast majority of
false positives were ‘homozygous’ calls that actually were het-
erozygous sites, since the visual inspection revealed that at
least one of the two technical replicates showed reads with
an alternative allele. This usually was due to the wrong map-
ping or poor quality of the reads supporting the alternative
allele that eventually do not fulfill the requirements of the
quality filters applied and consequently were automatically
discarded by the variant caller. The analysis of the two ran-
dom samplings designated to detect putative fixed mutations
that were similarly processed revealed six additional muta-
tions, thus rendering a total of 73 variants in the clementine
tree (Supplemental Tables S4 and S5).

2.5 | Variant validation

The presence of the in silico detected variants was validated
by polymerase chain reaction (Supplemental Table S6) and
Sanger sequencing in a representative set of 12 sites. Each site
was tested in samples positively identified as variants in the
whole-genome sequencing data and in the two, or at least in
one of the technical replicates of a sample that was homozy-
gous for this target site. Those 12 variants were confirmed in
all samples except three variants that were not validated in
one sample of the random sampling analysis (Supplemental
Table S7). For the validation of low allele frequencies, the
consistent and recurrent occurrence of these variants in sam-
ples arranged hierarchically, and their simultaneous detection
in other samples with at least an allele balance of 13%, were
considered further factors of confirmation (Supplemental
Table S8).

2.6 | Error analysis

We performed an error-rate estimation analysis to assess the
effect that the whole process of somatic mutation identifica-
tion had over the number of true calls finally retrieved (Sup-
plemental Figure S1). The strategy designed relied on sim-
ulating somatic mutations (Keightley et al., 2015) in sites
that were originally homozygous. Thus, for each pair of tech-
nical replicates, a file containing genome positions holding
the reference nucleotide for the two alleles was produced.
Neither depth conditions nor quality filters were applied for
these positions. To ensure that the allele balance distribu-
tion of the simulation reflected the allele balance distribu-
tion of the actual data, the heterozygous positions of the
whole set of genomes were first grouped in different series
according to their depth values. The allele balances of the
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homozygous positions were then randomly assigned from the
series of heterozygous positions exhibiting the same depth
value. The BamSurgeon software (Ewing et al., 2015) was
used to introduce these changes in the original bam files and
1,238 sites, on average, were modified in each sample. Matri-
ces incorporating simulated positions were filtered as in the
original analysis, and the number of simulated sites lost after
each step was determined (Supplemental Table S9). The aver-
age percentages of lost sites for variant calling and somatic
mutation identification were 6.14 and 45.41%, respectively.
To correct the number of observed mutations as related to the
lost sites during somatic mutation identification, we defined a
general correction factor simply dividing the number of sim-
ulated lost sites by the number of kept ones: for example,
0.4541/(1-0.4541).

2.7 | Callable sites

To define the search space of the analysis, the total number of
nucleotides mapped to the reference genome was computed
for each sample using Samtools (Li et al., 2009), and an aver-
aged value of 276,277,344 nucleotides was obtained (Supple-
mental Table S3). This space was corrected by subtracting the
average percentage of sites lost in any of the variant calling
steps (5.36%; Supplemental Table S9). Therefore, the aver-
age number of callable sites was 261,457,302 nucleotides per
genome that, once multiplied by the number of samples con-
sidered in the analysis, determined the search space.

2.8 | Clustering of somatic mutations

Using a presence—absence somatic mutation matrix, a phylo-
genetic tree was built based on the proportion of shared alle-
les between pairs of samples. The neighbor joining clustering
method was used to draw the relationship between samples in
a rooted tree using R packages (R Core Team, 2018) ggplot
(Wickham, 2016), ape (Paradis & Schliep, 2019), and ggtree
(Yu et al., 2017).

2.9 | Mutation rate
Mutation rate was computed dividing the number of somatic
mutations detected by two times the search space.

2.10 | Total number of mutations

To estimate the total number of variants present in clemen-
tine, the formula reported in Schoen and Schultz (2019) was
applied. In this approach, the total number of mutations can

be easily estimated as the product of the mutation rate, the size
of the genome (Wu et al., 2014), the number of mitotic divi-
sions that give rise to a new meristem (Burian et al., 2016),
and the number of flushes or branches produced. The num-
ber of branches was estimated from the counts of total num-
ber of leaves (12,000-34,000) of a typical clementine tree, as
reported previously in Garcia-Mari et al. (2002), divided by
the average number of leaves (7.7) of a single flush as calcu-
lated in Supplemental Table S2.

3 | RESULTS AND DISCUSSION

3.1 | Sampling and sequencing

The goal of this work was to study the dynamics of single-
nucleotide mosaicism including the estimation of somatic
mutations rates in citrus, an evergreen perennial fruit crop
tree. We employed genome sequencing to search for somatic
mutations in the clementine mandarin genome, a genetic
admixture of pure mandarin and pummelo species (Wu et al.,
2014). The plant material used consisted of a 36-yr-old
clementine tree and somatic mutations were searched on 15
replicated samples consisting of 1-, 2-, and 3-yr-old leaf
flushes. In addition, two random samples, also replicated
twice, were harvested to identify putative fixed mutations.
Samples were paired-end sequenced with an Illumina HiSeq
2000 platform at an average coverage of 32X (Supplemental
Table S3).

3.2 | Identification of somatic mutations

The experimental design used for the detection of somatic
mutations involved a series of sequential steps including vari-
ant calling, somatic mutation identification, IGV browser con-
firmation, and Sanger validation (Supplemental Table S7) as
described in the Material and Methods section (Supplemen-
tal Figure S1). For a coverage of 32X, variants present in
a flush (presumably eight identical leaves) generally had an
unambiguous allele balance between 0.15 and 0.44 with a
few determinations above and below this range (Supplemen-
tal Table S8). Allele balance is not close to 0.5, presumably
because mutations may occur in specific cell layers. For the
alternate allele in the two randomly collected samples (eight
leaves from different flushes), allele balance ranged between
0.1 and 0.2, again with a few determinations above and below
these values. Validation of low frequency variants required,
in addition to the general strategy followed in the identifica-
tion process, the consistent and recurrent occurrence of these
variants in samples arranged hierarchically and their simul-
taneous detection in other samples with at least an allele bal-
ance of 13% (Supplemental Table S8). The error estimation of
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the whole mutation detection process was calculated through
mutation simulation and subsequent computational analyses
as performed with the real variants (Supplemental Table S9).
Two correction factors, considering the search space and the
percentage of variants lost in every step of the bioinformatics
pipeline, were finally applied.

The analysis of 15 pairs of technical replicates designed
for mutation rate determination rendered 105 submatrices
including a total of 15,089 calls. All these calls were visually
inspected using the IGV browser, and after a manual careful
curation of each one of these 15,089 calls, a final set of 67 sites
was unequivocally identified. The analysis of the two random
samplings designated to detect putative fixed mutations, that
were similarly processed, revealed six additional mutations,
thus rendering a total of 73 variants (Supplemental Tables S4
and S5).

3.3 | Distribution and types of nucleotide
substitutions

In the 17 samples analyzed, we identified 73 reliable
somatic mutations, a higher part of which, 39, were shared
by at least two different samples while the remaining 34
base substitutions were singleton SNPs. The clementine
genome annotation (https://phytozome.jgi.doe.gov/pz/portal.
html#!bulk?org=0rg_Cclementina) was used to categorize
the detected sites into functional classes. As expected, many
mutated sites were found in intergenic (53) and intronic (11)
regions and therefore had no effect on protein sequence,
while nine substitutions were registered in coding regions and
five of them were nonsynonymous (Supplemental Table S5).
These frequencies are in line with previous reports supporting
the idea that somatic mutations are not affected by selection
(Ossowski et al., 2010; L. Wang et al., 2019).

The distribution of the somatic mutations was rather uni-
form among the nine clementine chromosomes (Figure 1).
Within chromosomes, SNPs were found evenly distributed
between mandarin—-mandarin regions and pummelo intro-
gressed fragments and also between areas of high and low
heterozygosity. Similarly, the data show that the low genic
regions (centromere, pericentromeric, and transposon areas;
Borreda et al. 2019) contain the same number of nucleotide
substitutions (49%) that are found in genic regions. Overall,
these data indicates that the generation of somatic mutations
is a stochastic process.

The analyses of the type of nucleotide substitution observed
indicate that out of the 73 SNPs detected, 52 were transi-
tions and 21 transversions (Figure 2; Supplemental Table S5),
and a high proportion of them, 35 (48%), were G/C to A/T
transitions, a frequency in the range reported in other plants
(Ossowski et al., 2010). The detection of this specific type
of substitutions suggests exposure to UV that produces both

base substitutions of cytosine to thymine at dipyrimidine sites
and deamination of methylate cytosines at CpG sites that also
renders thymines (Friedberg et al., 2006). The first pattern of
mutations conforms to the so-called UV signature, while the
second one is mainly restricted to the solar UV signature (Ike-
hata & Ono, 2011). In our set of data, 25 SNPs of the 35 G/C to
A/T transitions were detected in a dipyrimidine context (Sup-
plemental Tables S5 and S10.

3.4 | Dynamics of single-nucleotide
mosaicism

In order to detect somatic mutations and to study their occur-
rence, distribution, and persistence in different locations along
the clementine tree, we harvested 15 samples consisting of
1, 2, and 3-yr-old flushes sprouted in branches of different
ages. A rooted neighbor-joining tree based on shared allele
distance between the spontaneous mutations identified in the
samples revealed four main clades (I, II, Il and I'V) (Figure 3),
basically corresponding to the four scenarios that were orig-
inally sampled. The tree presented two superior clusters: one
included Clades I and IV and the other included Clades II
and III. A fourth basal leaf flush, with no connections with
any other flushes, was also isolated and hence used as an out-
group of the tree. Clade I nested SNPs on two leaf flushes
emerged in the basal part of the 36-yr-old trunk of the tree.
Clade II grouped mutations detected on the 27-yr-old branch.
The remaining two clades, Clades III and IV, included muta-
tions grouped on each one of the other 19-yr-old secondary
order branches, both carrying also a 6-yr-old branch. Clade
IV was linked to Clade I, while Clade II was nested first with
one of the flushes emerged from the basal part of the trunk
and secondly with Clade III.

Figure 4 shows a schematic representation of our experi-
mental tree, locating the 67 mutations identified in the flush
analyses. The distribution of the same mutations in sector-
ized sections of the tree, that is, on several branches and leaf
flushes physically connected, indicates that somatic muta-
tions that originally arose in an initial cellular division of the
meristem were retained and transmitted during the growth
of the different structures. There were SNPs, for instance,
detected in the basal parts of the tree that were recurrently
found in different branches and leaf flushes irrespectively of
their ages. These somatic mutations that spread throughout
the new growth, colonizing all organs along a particular sec-
tor, can in fact be considered fixed somatic mutations of this
sector (see below). The relationship between Clades II and II1
constitute an illustrative example of this idea. The three leaf
flushes (1, 2, and 3-yr-old) emerged on the 27-yr-old branch
in Clade II contained at least two SNPs (dark green) that were
identified in a 2-yr-old flush sprouted in the basal part of the
36-yr-old trunk of the tree. Additionally, this flush carried two
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FIGURE 1 Distribution of somatic mutations identified in a 36-yr-old clementine tree along the chromosomes. Heterozygosity is represented

in the y axis as the nucleotide diversity relative frequency. Pink areas correspond to mandarin—mandarin stretches; blue areas correspond to

introgressed regions heterozygous for mandarin-pummelo genotype; grey areas, in principle are unknown areas. Black blocks in the horizontal bars

represent low genic regions, including centromeres, pericentromeric, and transposon regions, while white blocks represent high genic regions

(Borreda et al., 2019). Symbols code: circle, coding sequence (CDS); inverted triangle, introns; square, intergenic. Color code: red, G/C to A/T

transitions; grey, any nucleotide substitution different from G/C to A/T transitions; point inside the symbol, G/C to A/T transitions in dipyirimidine

sites

SNPs (orange and cream) detected in the three samples ana-
lyzed of the 19-yr-old branch in Clade III. The older flush
in the main branch of this clade contained an additional SNP
(red) also identified in the basal flush. These results indicate
that the somatic mutations detected in the 2-yr-old flush of the
basal part of the tree were fixed, two of them (dark green) in
the branch of 27 yr and two others (orange and cream) in the
flushes sprouted on the 19-yr-old branch. Furthermore, this

basal flush included a variant (cream) that was found in all
sprouts of Clades I, III, and I'V, but not on Clade II. The obser-
vation that a particular SNP emerged earlier in a 3-yr-old flush
in the upper part of the tree than in a 2-yr-old flush generated
in the lower part of the trunk reveals that this somatic muta-
tion was generated during the first divisions that gave rise to
this trunk and was ‘dragged’ during the growth of the trunk
to form older branches. This mutation, on the other hand, was
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FIGURE 2
in flushes emerged from the main trunk and branches of different ages

Frequency of nucleotide substitution type identified

in a 36-yr-old clementine tree. Ts, transition; Tv, transversion. Arrow
(>) indicates the direction of the nucleotide substitution
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FIGURE 3 Rooted neighbor-joining tree based on the proportion

of shared alleles between pairs of samples. Somatic mutations were
detected in leaf flushes emerged from the main trunk and branches of
different ages in a 36-year-old clementine tree. Roman numerals
specify the main four clades revealed by the cluster analysis. Sample
code: first number, age of the primary or secondary order branch;
second number, age of the following order branch; third number, age of
the flush; the final letter, if needed, discriminates samples with
identical sequence of branching events

also kept in a dormant bud that sprouted forming the 2-yr-old
flush emerged in the basal trunk.

In Clade IV, supported by a branch of 19 yr and a sec-
ondary branch of 6 yr, there were at least five variants (four
blue and one cream) that were found in all five flushes ana-
lyzed and therefore were fixed mutations in this sector (see
below). Other SNPs that were shared only between flushes
emerged in the same branch (either 19- or 6-yr-old), probably
arose in the buds that give rise to these flushes or branches.
Other different scenarios in Figure 4 can be described that,
in essence, exemplify the same dynamic of single-nucleotide
mosaicism, confirming that somatic mutations are arranged
in a nested hierarchy (Schmid-Siegert et al., 2017). The data
may indicate that somatic mutations can be fixed in superior
order branches (see below), and so on in an iterative process, a
situation predicted by computational analyses in Burian et al.
(2016) that suggested that the bulk of variants are distributed
in small sectors.

3.5 | Estimation of mutation rates

Albeit mutation rates are generally calculated in a per-time
basis, that is, per year or per generation, somatic mutation
accumulation, as exemplified above, relies on a progressive
iterative process that deserves further analysis. This vision
suggests that the expected number of somatic mutations is
critically dependent upon the number of accumulated cell
divisions produced during the branching process, that is, on
the number of bifurcations that eventually bring about a cer-
tain branch (Schoen & Schultz, 2019). The estimate of the rate
of somatic mutations in our experimental tree, for instance,
was 4.4 x 10719 bp~! yr~! (Table 1), a value practically iden-
tical (4.0-6.0 x 10~19) to that reported in other fruit crops of
similar ages, such as peach (L. Wang et al., 2019), and slightly
higher than those found in Sitka spruce (5.3 x 107! to 1.2 x
10719, a centenary conifer, more genetically distant (Hanlon
et al., 2019). Our estimate is a corrected value, calculated fol-
lowing the procedure detailed in the methods section, based
on the 67 nucleotide substitutions found in the 15 leaf flushes
(1,2, and 3 yr) sequenced. Further insights on the accumu-
lated mutation rates in branches of different ages (36, 27, 19,
and 6 yr), including all SNPs detected in the sprouts of each
branch, indicated that these values were higher as the branch
age was lower. Thus, a negative correlation (y = 4.0 x 107,
e006lx  p2 — ()93, p = .04) was obtained between the
branch age and the rate of the accumulated mutations in these
branches (Figure 5). These data provide evidence that somatic
mutations accumulate at constant rates during time in the dif-
ferent branches and therefore that the buildup of mutations
should be rather uniform among branches of the same ages
and number of branching bifurcations. These results are not
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Schematic representation of the 36-yr-old clementine tree used for sequencing to study the dynamics of single-nucleotide

mosaicism in citrus. Somatic mutations were searched on samples consisting of 1-, 2- and 3-yr-old leaf flushes emerged from 27-, 19-, and 6-yr-old

branches and from the most basal part of the 36-yr-old trunk. Roman numerals indicate the four scenarios revealed by the neighbor-joining tree based

on the proportion of shared alleles between pairs of samples (Figure 3). Numbers in rectangles correspond to the codes of the samples sequenced.

Sample code: first number, age of the primary or secondary order branch; second number, age of the following order branch; third number, age of the

flush; the final letter, if needed, discriminates samples with identical sequence of branching events. Numbers in yellow circles indicate the number of

singleton single-nucleotide polymorphisms (SNPs) detected in each flush. Number in squares indicate the number of shared SNPs detected in

different flushes and colors identify the flushes that share the same SNPs. Black dots indicate branching events

unexpected, since younger branches in a sympodial pattern
of branching sprout upon older branches, thus increasing the
potential ‘to drag’ and therefore to accumulate somatic muta-
tions in the flushes emerged in younger branches. The itera-
tive sympodial process that enhances the number of branching
points increases, therefore, the number of cell divisions and
the number of accumulated mutations. As a result, mutations
tend to accumulate with age, suggesting that a very huge num-
ber of mutations can be expected to accumulate in the younger
branches of the tree.

3.6 | Fixed mutations

In principle, the presence of somatic mutations fixed in all
branches of the tree should be very rare since the pattern
of variant accumulation described above determines that the
vast majority of variants should be present in separate sectors
along the tree (Figure 4). Consistently, there were no variants
shared between the three branches of the three upper sectors,

in our experimental tree, in line with the idea that branches
derived from specific areas of the initial shoot—apical meris-
tem (L. Wang et.al, 2019).

In order to identify fixed somatic mutations, that is, vari-
ants present in entire sectors of the tree, two independent ran-
dom samplings consisted each one of eight nonrelated leaves,
harvested from different orientations and heights, were per-
formed before the experimental tree was cut. In these analy-
ses, 12 mutations out the 18 variants detected in these ran-
dom samplings were previously identified in the Scenarios
I (27-yr-old branch; seven variants), III (19-yr-old branch;
one variant), and IV (19-yr-old branch; two variants), while
a single variant was found in three scenarios (I, III, and IV)
and another one in two scenarios (I and II) (Figure 4). It is
explanatory to mention that the 27-yr-old primary branch was
the oldest and dominant branch of the tree, an observation
related to the higher association of the variants coming from
the random samplings with Clade II. The allele balance of
seven of these somatic mutations, present in Scenarios II, or
IV, or I1, 111, and IV was roughly 0.4, indicating a prevalence
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TABLE 1 Accumulated somatic mutation rates estimated in a 36-yr-old clementine tree
INUDETIOR Accumulated mutation rates (nucleotide

Estimated nucleotide Search space substitutions)
Samples age substitutions (sites) Raw Corrected Per year

yr
Whole tree 36 67 3,921,859,535 8.54 x 107° 1.56 x 1078 4.35x 10710
Trunk sprouts 36 21 1,045,829,209 1.00 x 1078 1.84x 1078 5.11x 10710
Older branches 27 16 784,371,907 1.02 x 1078 1.87 x 1078 6.92 x 1071°
Middle branches 19 15 784,371,907 9.56 x 10~ 1.75x 1078 9.22 x 10710
Younger branches 6 27 1,307,286,512 1.03x 1078 1.89 x 1078 3.15x 107

Note. The total number of variants detected in all (1-, 2-, and 3-yr-old) leaf flushes analyzed was used for the average estimation of nucleotide substitutions of the whole
tree. Variants found in flushes emerged from the most basal part of the trunk tree (sprouts) and from 27-, 19-, and 6-yr-old branches were used for the average estimation of

accumulated nucleotide substitutions in trunk sprouts and in older, middle, and younger branches. The search space, the raw rates, and the calculated rates after corrections

specified in the Material and Methods section are also shown.

o
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FIGURE 5
of the branches. Mutation rates were estimated in leaf flushes emerged

Accumulated mutation rate correlation with the age

from 27-, 19-, and 6-yr-old branches and from the most basal part of the
trunk of a 36-yr-old clementine tree. All different variants detected in
the flushes of each branch were considered for the analysis. Exponential
regression provided a better fit than simple linear regression

of the variants in almost all leaf cells of the flush sequenced
(Supplemental Table S8). In the random samplings, this
value generally ranged between 0.1 and 0.2, since the sam-
ple included leaves from different sectors of the tree, which
diluted the balance. Furthermore, three of this set of seven
somatic mutations were also detected in two sprouts of
the trunk, supporting their extensive dispersion in the tree.
These observations suggest that all these seven mutations are
widespread within the tree and can therefore be considered
real fixed mutations, although their presence is restricted to
specific sectors, that is, they have not been propagated to the

whole tree. The six singleton variants identified in these anal-
yses are probably not fixed mutations since they were present
at low frequencies; five of them were found only in one of the
two random samples and were not detected in the determina-
tions of mutations rates. Obviously, there must be many other
mutations that escaped our survey, as we only covered sam-
ples that represent at most 31 leaf shoots out of the thousands
that a tree may carry.

3.7 | Number of total mutations

Therefore, another question of relevance is related to esti-
mation of the number of total somatic mutations in a tree.
For a long time, it has been believed that the number of
somatic mutations in citrus should be relatively high since the
vast majority of the thousands of known varieties, clones, or
cultivars of citrus have invariably been selected from sponta-
neous mutations.

Schoen and Schultz (2019), in a recent review have pointed
out that genomic determinations of mutation rates in plants
are at least two orders of magnitude lower than those esti-
mated via the currently accepted rates of cell division and
mitotic mutation in model organisms. Plomion et al. (2018),
for instance, argue that most somatic mutations are expected
to remain at frequencies too low to be unambiguously detected
and therefore that it still remains particularly challenging to
determine the actual rate of somatic mutations. This view sug-
gests that mutation rates based on sequencing approaches tend
to underestimate the authentic number of variants present in
a tree.

To provide approximations on the total number of variants
existing in clementine trees, we have used previous estimates
on the number of leaves present in representative clemen-
tine crowns and applied the formula reported in Schoen
and Schultz (2019). According to this report, the expected
number of cumulative base-pair mutations is the product of
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the genome size (in base pairs), the number of base-pair
mutations per stem cell division, the number of stem cell
divisions required to produce an axillary meristem that sub-
sequently gives rise to a flush and to a branch and the num-
ber of branches produced. In our calculations, the number of
branches was obtained dividing the average number of leaves
of a typical clementine tree, ranging from 12,000 to 34,000
(Garcia-Mari et al., 2002), by the average number of leaves of
a single flush (7.7; Supplemental Table S2). These estimates
render a quantity of branches, between 1,558 and 4,416, that
is in the range of the 2!9-2!2 branching bifurcations (1,024—
4,096 branches) that usually develops a standard clementine
tree of similar age. Therefore, if we consider a perfect, ideal
configuration tree, applying the mutation rate found in this
work, 4.4 x 10710 bp~! yr~! (Table 1), assuming 3 x 108
bp in the clementine genome (Wu et al., 2014), that seven to
nine cell divisions separate the branching events independent
of the branch age (Burian et al., 2016) and that the number
of branches of a typical clementine tree may vary between
1,558 and 4,416, the expected number of base-pair mutations
present in the crown would rank from a minimum of 1,440
(seven cells and 12,000 leaves) to a maximum of 5,246 muta-
tions (nine cells and 34,000 leaves). From these data, the aver-
age number of mutations of an axillary meristem or branch-
ing bifurcation is very close to 1 (0.92-1.19) and since a
bifurcation generates a flush or a branch, this also is the esti-
mated number of total variants per flush and even per leaf,
assuming that all leaves in a flush are genetically identical.
This relatively high number of mutations may be associated
with the enormous number of citrus varieties of spontaneous
origin that have been described worldwide. It is worth men-
tioning that in addition to the novel phenotypes generated by
sport mutations, the selection of citrus nucellar seedlings with
superior performance, an old practice in citriculture, may also
be related to positive and negative selection of the suits of
somatic mutations that are expressed in trees derived from the
nucellar embryos.
In the perennial citrus, leaves are generally renewed every

2 yr, a circumstance that may have evolutionary consequences
because it allows renovation and substitutions of mutations
not previously fixed in the tree. The absence of sexual repro-
duction eventually may lead to processes of mutational melt-
downs or Muller’s ratchets resulting in the accumulation of
deleterious and harmful mutations in an irreversible manner.
The sectorial distribution of somatic mutations and the peri-
odic leaf substitution in the long term may increase genetic
heterogeneity and therefore the adaptive role of somatic muta-
tions (Whitham & Slobodchikoff, 1981) reducing, in part, the
chances of mutational load. Intraorganismal heterogeneity is
required, for instance, by the genetic mosaicism hypothesis
(Gill et al., 1995) that proposes that spontaneous mutations
provide direct fitness benefits (Folse & Roughgarden, 2012),
conferring insect and herbicide resistance (Simberloff & Lep-

pane, 2019), an essential aspect of plant-herbivore interac-
tions and hence, of the coevolution between long-lived trees
and short-lived herbivores.

In conclusion, we provide evidence that somatic mutations
in citrus, a long-live perennial, spread following an iterative
pattern determined by the sympodial model of branching and
are consequently found grouped in sectors of the tree where
some of them become fixed. Many of the 73 reliable identified
mutations were G/C to A/T transitions, a type of nucleotide
substitution that appears to be associated with UV exposure.
The average estimate of mutation rates in our experimental
tree was 4.4 X 10710 bp~! yr~! and the data also indicated that
the rates of accumulated mutation in branches were higher
as the branch age was lower. Since the number of leaves or
flushes are a function of the number of branching bifurcations,
the total number of mutations on a tree can be estimated if the
mutation rates and the number of leaves, flushes, or branch-
ing points are known. Thus, assuming a perfect, ideal config-
uration, a clementine tree should carry a total of 1,500-5,000
variants, while each axillary meristem appears to produce one
somatic mutation, on average. These relatively elevated num-
ber of mutations may also be in line with the huge num-
ber of varieties derived from spontaneous mutations that are
commercialized in citrus. From an evolutionary standpoint,
the sectorial distribution of mutations and the periodic leaf
renewal habit of citrus appear to increase genetic heterogene-
ity, and therefore, somatic mutations may play an adaptive role
in reducing mutational load.
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