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Nontransgenic genome editing in regenerable protoplasts, plant cells free of their cell wall, could revolutionize crop
improvement because it reduces regulatory and technical complexity. However, plant tissue culture is known to engender
frequent unwanted variation, termed somaclonal variation. To evaluate the contribution of large-scale genome instability to this
phenomenon, we analyzed potatoes (Solanum tuberosum) regenerated from either protoplasts or stem explants for copy number
changes by comparison of Illumina read depth. Whereas a control set of eight plants that had been propagated by cuttings
displayed no changes, all 15 protoplast regenerants tested were affected by aneuploidy or structural chromosomal changes.
Certain chromosomes displayed segmental deletions and duplications ranging from one to many. Resampling different leaves of
the same plant found differences in three regenerants, indicating frequent persistence of instability. By comparison, 33
regenerants from stem explants used for Agrobacterium-mediated transformation displayed less frequent but still considerable
(18%) large-scale copy number changes. Repetition of certain instability patterns suggested greater susceptibility in specific
genomic sites. These results indicate that tissue culture, depending on the protocol used, can induce genomic instability resulting
in large-scale changes likely to compromise final plant phenotype.

Protoplast modification via nucleoprotein complexes
results in high efficiency editing and transgene-free ge-
nomes (Woo et al., 2015; Andersson et al., 2018). When
regeneration is possible, at least some of the resulting
plants should display only the targeted changes. In
contrast, regulatory compliance of genome-edited plants
when using stably integrated transgenes requires, at a
minimum, elimination of any transgene by meiotic seg-
regation. This, however, is not a viable approach in
clonally propagated, highly heterozygous crops because

the optimal parental genotype is unlikely to be fre-
quent in the progeny. Somaclonal variation, i.e. geno-
typic and phenotypic differences from the source plant
(Landsmann andUhrig, 1985; Lee and Phillips, 1988; Bao
et al., 1996), has been associated with epigenetic changes
(Stroud et al., 2013; Ong-Abdullah et al., 2015; Han et al.,
2018), single nucleotide mutations (Miyao et al., 2012),
chromosomal structure changes, and aneuploidy (Lee
and Phillips, 1988). Notwithstanding the high likeli-
hood of large phenotypic impact, chromosomal muta-
tion, such as aneuploidy and structural changes, remain
poorly documented. Potato (Solanum tuberosum) is a
major caloric source in both industrialized and devel-
oping countries. Its breeding is complicated by its au-
totetraploid and highly heterozygous genome, which
also hinders the use of seed-based propagation and
breeding (Potato Genome Sequencing Consortium
et al., 2011; Hardigan et al., 2017). In the 1980’s, potato
emerged as a model for somaclonal variation, even
spurring commercial interest as an alternative to breed-
ing (Evans, 1989; Karp et al., 1989). Multiple varieties
were shown to be amenable to protoplasting followedby
regeneration. Notwithstanding the interest, production
of relevant commercial varieties through this method
has been limited (Krishna et al., 2016). The possibility of
chromosomal instability was highlighted in cytological
studies, but structural changes were detected infre-
quently (Karp et al., 1982; Creissen and Karp, 1985; Sree
Ramulu et al., 1986). Interestingly, the outcome of the
regeneration process was thought to result in a binary
outcome: either somaclonal variants, or normal plants
that resembled in all characteristics to the protoplast-
derived variety. Implicitly, the assumption was that
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the latter plants had dodged the “somaclonal bullet.”
Lacking a mechanistic understanding of what causes
somaclonal variation, this assumption is often extended
to explant regenerants used forAgrobacterium or biolistic
transformation. In other words, off-types commonly
encountered among plants produced by dedifferentia-
tion andproliferation of somatic cellsmay be the product
of mutagenic mechanisms whose frequency can be
minimized, and phenotypic screens are adequate to ad-
dress the problem. The need to explore these assump-
tions is underscored by the unexplained yield drag
connected with transgenic modifications (Elmore et al.,
2001). To enhance our molecular understanding of
somaclonal variation, we studied copy number changes
in potatoes regenerated from either protoplasts or
from explants used for Agrobacterium transformation.
We found an unexpected degree of chromosomal and
segmental instability in the genomes of protoplast
regenerants, whereas plants regenerated from stems
displayed less genome instability, but still at a significant
frequency.

RESULTS AND DISCUSSION

We produced protoplasts from autotetraploid potato
variety Desiree and induced regeneration through

callus and shoot formation (Fig. 1A). In preparation for
genome editing, we wanted to measure the rate of ste-
rility and abnormalities among regenerated plants. In
two experiments we collected ;400 plants, some de-
rived from the same callus and thus the same protoplast
(Supplemental Table S1). Overall, the phenotype of 100
plants grown in the greenhouse resembled that of the
starting clone. Most displayed the expected nuclear
content (Supplemental Table S2). A minority displayed
changes from slight to obvious (Fig. 2; Supplemental
Table S3). To investigate whether chromosomal altera-
tionswere associatedwith these abnormalities, we used
whole genome sequencing to analyze the karyotypes of
five phenotypically abnormal regenerants, ten pheno-
typically normal regenerants, and eight control samples
that were not regenerated from protoplasts. For each
individual, an average of 7.58 million Illumina se-
quence reads were generated and mapped to the S.
tuberosum Group Phureja DM v4.04 reference genome
(Hardigan et al., 2016). Read counts (mean = 1155;
std = 268) binned in 0.25-Mb consecutive, nonoverlap-
ping genomic bins were standardized for chromosome
copy dosage using the counts from a single con-
trol plant (Fig. 1C; see “Materials and Methods”).
S. tuberosum cv ‘Desiree’ has 12 chromosomes, with
each present in four copies (tetrasomy). Eight control
plants propagated by nodal cuttingwithout protoplasting

Figure 1. Plant production and analysis. A to D,
Schematic representation of experimental work-
flow. Autotetraploid potato var Desiree was cul-
tured axenically and either protoplasted and
regenerated (A), propagated from nodal buds
without callus formation or regeneration (B), or
regenerated from stem explants after Agro-
bacterium transformation (C). Cumulative num-
bers or process efficiencies for two experiments
are shown in A. Derivation of dosage plots (D)
was used to detect copy number variation for
chromosomes.
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or regeneration and the replicate samplings in five of
them displayed regular genomes (Fig. 3A).

Standardized read coverage of regenerated plants
was compared with that in controls in order to identify
outliers. In each plant, multiple bin measurements dif-
fered from the expectation of four copies (Supplemental
Fig. S1). They encompassed segments ranging from
a few bins to whole chromosomes (Fig. 1C). Reliability
of each structural variant identification increases with
the number of contiguous outliers enabling robust
conclusions.

Cloning by culturing stem cuttings on artificial me-
dia, a common horticultural practice, did not cause
genome instability. The process of protoplast regener-
ation, however, engendered high instability, which af-
fected both normal and abnormal regenerated plant
types. Among the 15 regenerated plants (Fig. 3B), those
phenotypically abnormal had more changes affecting
whole chromosomes (2.83 vs 1.13; P = .032, 2-tailed
t test). However, neither the mean occurrence of any
change, small or large, nor mean number of outlier bins
differed between phenotypically normal and abnormal
regenerated cohorts, suggesting that screening for
normal individuals may not select for plants with intact
genomes (Supplemental Tables S4 and S5).

After scoring the large multiple-bin changes we
concluded that all chromosomes could be affected, but
with varying frequency (7% to 73%). In plants 74, 83,
104, and 105, a single chromosome (1, 4, 8, and 12)
displayed multiple deletions or duplications (Fig. 3B).

This degree of fragmentation resembles chromo-
thripsis, as described in human cancer (Leibowitz et al.,
2015) and in plants (Tan et al., 2015). The full extent of
rearrangements cannot be inferred accurately from our
data; at least some of the apparent chromosomal dis-
continuities could be accounted for if the genome of
S. tuberosum var Desiree differs from that of the
DM1-3 reference used here for sequence alignment
(Supplemental Fig. 2), as demonstrated for the peri-
centromeric region of chromosome 5 (de Boer et al.,
2015). Even if multiple deletions have occurred, our
analysis does not reveal whether the shattered chro-
mosome fragments forma single reshuffled, but syntenic
chromosome as in classical chromothripsis (Leibowitz
et al., 2015; Tan et al., 2015), or a diaspora of transloca-
tions to different chromosomes. In any case, our results
indicate that genome instability results both in aneu-
ploidy and in double-stranded DNA breaks, likely
leading to rearrangements upon repair.

Genome instability may be catastrophic or chronic.
Three plants displayed variations between samples
originating from different leaves of the same plant
(Fig. 4; Supplemental Fig. 2), such as pentasomy for
chromosome 9 in one of three samples of plant 104.
Consistent with the karyotypic chimerism displayed by
these plants, incomplete dosage shifts were found in
several plants (63, 84, 86, 98, 113; Figs. 3B and 4).
Uniquely among the 96 plants tested forDNA content by
flowcytometry, plant 86displayedpeaks consistentwith
both 4X and 8X DNA content (Supplemental Table S2).

Figure 2. Phenotype of potato plants regenerated
from protoplasts. A, Normal phenotype. B to E,
Abnormal phenotypes. F to H, Leaf variegation
displayed by tuber-propagated clones of original
regenerant 86 (F, G) and 63 (H). Chimerism of
phenotype matches genomic chimerism. See
Figures 3 and 4 for genomic details illustrating
persistent instability.
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Chimerism for ploidy type may thus help explain the
smaller dosage shift for that particular plant. How-
ever, none of the other plants exhibited DNA content
exceeding tetraploidy. Thus, the intermediate dosage
shifts must originate from chimerism in aneuploidy
in the sampled tissue. Consistent with this hypothe-
sis, shoots from tubers produced by the primary
regenerants exhibited variegation for leaf charac-
teristics (Fig. 2, F–H). We concluded that instability
could persist through development, generating new
variation.
Next, we wondered how much genomic instability

occurred in plants regenerated in the process of explant
regeneration, such as used in Agrobacterium transfor-
mation (Van Eck et al., 2007). This method for potato
transformation uses a short period on callus inducing

medium followed by regeneration medium. Short cal-
lus induction is thought to help avoid polyploidy and
other chromosome alterations (Beaujean et al., 1998).
By the same genomic method, we examined 33 in-
dependent Desiree potato plants regenerated from
Agrobacterium co-cultivated stem internode sections.
Because these plants were propagated axenically, their
morphology could not be phenotyped. Six of these
displayed altered genomes involving two trisomies and
five large scale deletions (Fig. 5). Two plants produced
by independent explants displayed the same com-
pound deletion on chromosome 4. Notably, a very
similar compound deletion was displayed in chromo-
some 4 of protoplast regenerant 83 (Fig. 6A). Another
surprising pattern was visible in three, possibly six,
plants from protoplasts and consisted of terminal arm

Figure 3. Frequent genome dosage changes in plants regenerated from protoplasts. Each horizontal track represents genomic
dosage values of one individual. Dosage on y axis is plotted versus 250-kb chromosomal bins on the x axis, arrayed consecutively
for the 12 chromosomes of potato. To provide the range variation expected from normal (Norm) genomes, the control dataset of 8
propagated plants is plotted in black for each plot track. Individual sample data points are yellow if not statistically different from
controls and magenta if they display significant divergence according to the Z-score statistics with 5% false discovery rate. Four
genomic copies are expected from autotetraploidy. Bins with high variability were dropped (see “Materials and Methods”). A,
Dosage plots from controls consist of 8 plants propagated using stem cuttings. Five controls were sampled twice, and each
preparation is plotted independently. The next to last control plant (p.2D-10) was used for standardization of all others read
counts. B, Dosage plots for 15 individuals regenerated from protoplasts. Two to four independent samples are plotted together for
each plant, except for plant 105 (See Supplemental Fig. S1 for separate plots of all biological replicates). Because calli could be
resampled, it is possible that some plants may derive from the same protoplast. Abnorm, abnormal.
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changes, a deletion and a duplication, respectively, on
chromosomes 7 and 8 (Fig. 6B).

Taken together, our analysis provides compelling
proof of large-scale, frequent genomic instability as a
consequence of regeneration from protoplasts in po-
tato. The high penetrance of this instability syndrome in
protoplast regenerants may depend on cell type and
treatment. Instability in potato is probably aided by
polyploidy buffering (Comai, 2005). Notably, the high
frequency of polyploids among regenerants of diploid
potato (Sree Ramulu et al., 1986) could result from se-
lection for lower imbalance. In diploid species, mono-
somy is highly deleterious and trisomy can be fairly
deleterious (Henry et al., 2010). Most highly rearranged
chromosomes, such as those produced by chromo-
thripsis, are similarly deleterious (Tan et al., 2015). We
expect that a corresponding analysis in a diploid would
find fewer large-scale abnormalities because gross
dosage and structural variants will be subject to nega-
tive selection during growth and regeneration.

Comparison of instability in protoplast and stem
internode regenerants was very informative. First,
sampling genomic integrity in stem regenerants, a re-
generation procedure aimed at minimizing tissue
culture-derived variation (Beaujean et al., 1998), indi-
cated that this method resulted in significantly less
instability (x2 test, P , 0.001). Whereas our investi-
gation is limited to two conditions, it is consistent with
the long-standing proposal that experimental condi-
tions such as time on callus induction medium will
affect instability (Müller et al., 1990; Bairu et al., 2011).

Second, the occurrence of similar deletions in inde-
pendent individuals, such as in one plant regenerated
from protoplasts and two plants from stems (Fig. 6),
strengthened the hypothesis that DNA breaks are not
random, but occur at specific fragile sites.

Our data provide sequence-based evidence of
multiple, common genomic changes, whose fre-
quency reflects the original cell type and the applied
tissue culture environment (Lee and Phillips, 1988).
Protoplasting followed by regeneration results in the
most severe outcome, but considerable genomic risk
occurs in regeneration from stem internodes. Experi-
mental variables may affect outcome in multiple
ways (Bairu et al., 2011). The observed syndrome is
consistent with failure of one or more of the major
mechanisms contributing to genome stability (Lee
and Phillips, 1988; Lee et al., 2016; Lee and Seo,
2018). Frequent aneuploidy could be triggered by
mitotic malfunction, such as a defective spindle,
resulting in missegregation, chromosome loss, and
perhaps rescue, possibly through restitution of
micronuclei. Collapse of genome maintenance in the
defective micronuclear environment is thought to re-
sult in chromosome-specific shattering (Crasta et al.,
2012; Zhang et al., 2015; Ly et al., 2017). The remark-
ably conserved chromosomal breaks suggest locus-
specific epigenetic upheaval, the presence of fragile
sites (Durkin and Glover, 2007; dela Paz et al., 2012),
and the disruptive effects of transposon activation
(Hirochika et al., 1996; Stroud et al., 2013; Ong-
Abdullah et al., 2015; Han et al., 2018).

Figure 4. Persistent instability in proto-
plast regenerants. Each horizontal track
represents genomic dosage values in one
leaf. Samples from the same individuals
are grouped as indicated on the right.
Dosage on y axis is plotted versus 250-kb
chromosomal bins on the x axis, arrayed
consecutively for the 12 chromosomes of
potato. To provide the range variation
expected from normal genomes, the
dataset of 8 controls (13 samples) is
plotted in black for each plot track. In-
dividual sample data points are yellow if
not statistically different from controls
and magenta if they display significant
divergence (false discovery rate = 0.05).
Four genomic copies are expected from
autotetraploidy. Bins with high variabil-
ity were dropped (see “Materials and
Methods”). See Figure 2 for variegation
phenotype of plant 63 and 86. Chr,
chromosome.
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Whatever the causes, the observed genomic dosage
changes are likely to impact phenotype, and this type
of change could well underlie the somaclonal syn-
drome. Confirmation of this syndrome in other species
will affect the prospects for protoplast utilization. In
vegetatively propagated crops, the load of genomic
changes is likely to affect agronomic performance. In
sexually propagated crops, recombination during
backcrossing to an agronomically fit parent should
offset the negative effect of most genomic changes,
with the possible exception of those tightly linked to
any locus of interest. Lastly, if genomic instability is
pervasive and frequent during commonly used pro-
cedures that involve dedifferentiation of specialized
cells and regeneration, measures to understand its
causes and ameliorate the consequences should be
undertaken. For example, if fragile sites are responsi-
ble for instability, their deletion by genome editing
could improve tissue culture performance of varieties
targeted for manipulation.

MATERIALS AND METHODS

Plant Regeneration from Protoplast and Growth

A single axenic cutting of Solanum tuberosum group Tuberosum cv Desiree (PI
310467) was obtained in 2015 from the US Potato Genebank. Cuttings propa-
gated from this original source were aseptically maintained in vitro at 16-h
light/8-h dark, 25°C and 40 mmol m-2s-1 light intensity. Cuttings were prop-
agated in magenta cubes on medium containing Murashige and Skoog salts
(Murashige and Skoog, 1962) and Gamborg vitamins (Gamborg et al., 1968),
supplemented with 1.5 mg/ml (6 mM) silver thiosulfate (Perl et al., 1988), 3%
(w/v) Suc, 590 mg/L MES, and 0.7% (w/v) agar, pH 5.8. Potato protoplasts
were prepared from 1 g of leaves harvested from in vitro grown plants fol-
lowing procedures of Tan, with modifications (Tan et al., 1987). Protoplasts
were resuspended at 0.4–0.6 3 106 protoplasts/mL and embedded in an algi-
nate solution as in Perales and Schieder, 1993, with some medium modifica-
tions, including substitution of liquidMurashige and Skoog basal mediumwith
liquid 8P medium (Kao and Michayluk, 1975). Callus and shoot regeneration
was achieved as described (Shahin, 1985). After 7 to 14 d, multicellular struc-
tures still embedded within the alginate disks were transferred to callus stim-
ulating medium, TM-3. Microcalli were formed in the dark at 28°C. Microcalli
1 to 2 mm in size were transferred to TM-4 medium, 16-h light/8-h dark, 25°C
and 40 mmol m22s21 light intensity for shoot regeneration. Shoots began to
form after several weeks on TM-4. Shoots several millimeters in sizewith a good

Figure 5. Genome dosage changes in
plants regenerated from stem internodes
during Agrobacterium transformation.
Dosage on y axis is plotted versus 250-kb
chromosomal bins on the x axis, arrayed
consecutively for the 12 chromosomes of
potato. The green points on each hori-
zontal track represent genomic dosage
values of one individual. To represent
variation, the same cumulative dataset of
all 33 plants is plotted in low opacity
black for each track. Only four of the
plants with normal genome profiles are
shown. The Z-score statistics was calcu-
lated using thewhole dataset of 33 plants
because controls specific to these con-
ditions were not available. The false
discovery rate alpha parameter was set at
20%, and the positive points were
marked blue. Four genomic copies are
expected from autotetraploidy.
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meristem were excised from the callus clump and placed on the propagation
medium for rooting. Calli were kept for continued regeneration, and the re-
moved shoot was transferred for rooting. One to three shoots per callus clump
were excised and rooted on propagation medium. The callus of origin was not
recorded, and it is possible that plants with close identification numbers may
have originated from the same callus. In two experiments, we regenerated
about 400 plantlets, 101 of which were transplanted to the greenhouse. From
these, we selected 10 regenerated plants that appeared normal and 5 plants that
looked stunted or otherwise abnormal. At the same time, through axenic nodal
cutting propagation in tissue culture, we produced 8 rooted plants. These were
transferred to the same greenhouse to be used as controls that had not expe-
rienced regeneration. All sampled plants were transferred to the greenhouse at
the same time and grown in the same environment. Plants were acclimated to
greenhouse conditions (16-h light/8-h dark) in flats under a plastic dome for
1 week before transplanting to 1-Gal pots. Plants were allowed to flower and
tuber; however, greenhouse conditions favored tuber formation over flowering.

Regenerated Plant Ploidy Detection by Flow Cytometry

The youngest fully expanded leaf was selected from each greenhouse-grown
plant for ploidy assessment by flow cytometry. Leaves were sliced with a sharp
razor blade, and nuclei were stained with 4’,6-diamidino-2-phenylindole),
processed with Sysmex’s (formerly Partec) CyFlow Space ploidy analyzer and
analyzed with CyPad software.

Regenerated Plant Pollen Viability Testing

Flowers collected for viability testingwere stainedwith fluorescein diacetate
(FDA).Working solutionwas prepared freshly for each experiment from 2 stock
solutions combining 5 mL of solution 1 (100 mg/L boric acid, 700 mg/L
CaCl22H2O, and 200 g/L Suc) with 2–4 drops of solution 2 (2 mg FDA/mL
acetone), until working solution becomes just slightly cloudy. These were kept
on ice. Anthers were submerged in a drop of the FDA stain solution, incubated
for 30 min in the dark, and then examined with a fluorescent microscope.

Plant Regeneration from Stem Cuttings

Stem cuttings regenerated plants of the same variety Desiree were obtained
from the potato transformation center at Cornell University (J. Van Eck labo-
ratory). Thirty-three plants were regenerated according to a protocol that
minimizes the callus induction phase to 48 h (Van Eck et al., 2007). The Agro-
bacterium used in the co-cultivation experiment contained one of two vectors:
either a vector expressing a CRISPR-Cas9 system targeted against the CENH3
gene of potato located on chromosome 1, or a vector carrying a variant CENH3
for complementation. Internode segments of 1 cm length were cut from 6-week-
old plants grown under axenic conditions. The explants were incubated for
10 min with Agrobacterium suspension, blotted on sterile filter paper to remove
excess media, and then transferred onto callus inducing media without any
antibiotics. The plates were incubated at 19°C in the dark for 48 h. The explants
were then transferred onto selective plant regeneration medium containing
appropriate antibiotics, kanamycin for selection of vector T-DNA carrying a
variant CENH3, and hygromycin for CAS9. The explants were subcultured on
selective plant regeneration medium on a weekly basis for the first months and
once every 2 weeks for the second month. Large calli were transferred onto
magenta boxes containing selective plant regeneration medium with appro-
priate antibiotics. After ;8 weeks, regenerated shoots were excised and
transferred onto shoot propagation/rooting medium containing 300 mg/L
timentin. One month after incubation on rooting media with timentin, the
plants were transferred onto tubes containing rooting media without timentin.
Agrobacterium-free plants were then transferred onto soil and acclimatized in
growth chamber and moved to greenhouse for further analysis. An additional
nontransformed control plant provided by the Van Eck laboratory was added
to the analysis. The control tissue was incubated as described above, except that
Agrobacterium was omitted and regeneration was induced on a medium with-
out antibiotics.

DNA Extraction

For the protoplast regenerant analysis, DNAwas extracted fromyoung, fully
expanded leaves of 23 plants: 8 controls and 15 regenerated individuals. At a
minimum, two independent samples were collected from each selected plant.

Figure 6. Conserved chromosomal
changes across independent individuals.
Each horizontal track represents ge-
nomic dosage values plotted in 250-kb
bins along chromosomes. Control mea-
surements from propagated individuals
are shown in black at low opacity. A,
Similar deletion events in chromosome
(chr.) 4 of plant 83 (protoplast regener-
ant, two biological replicates, blue and
orange) and plant 20 and 22 (stem in-
ternode regenerants, green and brick
red). See Figures 3 and 4 and “Materials
and Methods” for details of dosage plots
method. B, Dosage plots for terminal left
regions of chr. 7 and chr. 8. Close up of
the “deletion-7, duplication-8” paired
pattern for three very clear examples
(left) and three additional likely case
(right). All except 105 have two biolog-
ical replicates (independent samples
from the same plant). The y axis is shifted
for the rightward most plot set to display
high dosage points. Orange data points
are not significantly different from con-
trols, while blue data points use false
discovery rate = 0.05.
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For the stem regenerant analysis, DNA was extracted from a single, fully ex-
panded leaf of each individual. Two 4-mm hole punches were taken from leaf
tissue and grinded in 500 mL buffer with a tungsten bead at 20.0 frequency 1/s
for 1min in the QIAGENTissueLyserII. The plate was rotated and then grinded
for an additional 1 min. Two methods were then used to extract DNA from the
two independent samples collected from each plant. In one method, DNA was
extracted using a QIAGEN DNeasy plant mini kit, following the manufac-
turer’s instruction, and, in the other method, DNAwas extracted using a CTAB
DNA extraction protocol (Henry et al., 2015). The two DNA extraction tech-
niques yielded DNA of comparable quantity and quality.

DNA Quantification and Library Preparation

Concentration of all extracted DNA samples was measured using SYBR
Green (Thermo Fisher Scientific) and processed on an automated plate reader
(Tsai et al., 2011). Samples were adjusted to 20 ng/mL before 50mL of each DNA
sample was sheared to an average size of 300 bp with a Covaris E220 ultra-
sonicator. The KAPA Bioscience Hyper Prep Kit (KAPA Biosiences KK8504;
www.kapabiosystems.com) was used for library construction following man-
ufacturer methods. Libraries used custom 8-bp dual-indexed adapters. Li-
braries constructed from protoplast-regeneratedmaterial were sequenced on an
Illumina HiSeq 4000 in 100-nt single-end mode at the QB3 core facility (http://
qb3.berkeley.edu) at the University of California, Berkeley, and libraries con-
structed from explant-regenerated material were sequenced on an Illumina
NovaSeq 6000 in 150-nt paired-end mode at the University of California San
Francisco Center for Advanced Technology. Library construction and se-
quencing details are provided in Supplemental Table S6.

Dosage Analysis

Rawreadswere trimmed to remove adapter and low-quality (trimmedwhen
5-nt 59-39 sliding window average base quality , Q20) sequence using custom
Python scripts available on our labWeb site (https://github.com/Comai-Lab/
allprep). The DM1-3 v4.04 genome assembly (Hardigan et al., 2016) as well as
DM1-3 chloroplast and mitochondrion sequences were retrieved from http://
solanaceae.plantbiology.msu.edu/pgsc_download.shtml, concatenated, and
used as the reference for sequencing read alignment by Burrows-Wheeler
Aligner (BWA)-mem (Li, 2014) with default parameters. PCR duplicates were
removed from the resulting Sequence Alignment Map (SAM) files using a
custom Python script available from our lab (overamp.py; http://comailab.
genomecenter.ucdavis.edu/index.php/Bwa-doall). Only reads with mapping
quality $10 were retained for further analysis. Standardized coverage values
were derived as described previously (Henry et al., 2010, 2015). Due to differ-
ences in experimental design and sequencing type between the protoplast and
stem regeneration experiments, reads were processed slightly differently in the
two experiments.

In the protoplast experiment, standardized coverage values for each sample
were derived in fixed-size, nonoverlapping bins by computing the fraction of all
readswith an alignment start positionwithin the bin at hand, standardizing this
fraction by the corresponding fraction of a nonregenerated control sample, and
then multiplying the standardized value by four to represent the expected
tetraploid state. Outlier bins were removed as follows: for each sample, the per-
bin fractions of mapped reads to total reads for the sample at handwere used to
compute a within-sample mean and SD. If in that sample, a bin exhibited a
fraction greater than two standard deviations from thewithin-samplemean, the
bin was withheld from analysis in all protoplast-derived samples and controls.
Statistically significant deviation between control and test samples was then
assessed for individual bins. Because karyotype variation was detected be-
tween resampling of the same protoplast-regenerated plant, each sequencing
library generated from protoplast-derived samples was analyzed indepen-
dently. For each bin, the distribution of the 13 control values was compared
with the dosage value of each single sample from the regenerated plants, and a
Z score was calculated for each value. A two-tailed P value of Z statistics was
derived and corrected for multiple testing using the statsmodels’ multipletests
‘fdr_tsbh’method, yielding Benjamini-Hochberg corrected P and the connected
false discovery rate (a = 0.05; Benjamini and Hochberg, 1995; Seabold and
Perktold, 2010). Because a nonregenerated control sequenced in the same ma-
chine run was not available for the stem internode regeneration experiment,
each sample was instead standardized to the corresponding mean bin fractions
of all 34 explant-regenerated samples. Outlier bins were not removed and
significant per-sample deviations in relative coverage were assessed using the
entire explant-regenerated dataset with false discovery rate of 20%.

Accession Numbers

Sequencing data reported in this article have been deposited at National
Center for Biotechnology Information Sequence Read Archive under project ID
PRJNA510212. SRA run IDs are listed in Supplemental Table 6.

Supplemental Data

The following supplemental materials are available:

Supplemental Figure S1. Dosage profiles from all individual DNA prep-
arations from all plants that had two or more DNA samples.

Supplemental Figure S2. Interpretation of Chr. 1 dosage plot.

Supplemental Table S1. Average regeneration rates in Desiree protoplasts.

Supplemental Table S2. Flow cytometry analysis of nuclear genome
content.

Supplemental Table S3. Pollen viability.

Supplemental Table S4. Relation of phenotype to genome instability.

Supplemental Table S5. Normal and dosage outlier 250kb bins in proto-
plast regenerated plants.

Supplemental Table S6. Plant sequencing information.
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