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Abstract

In many plant species, somatic cell differentiation is accompanied by endoreduplication, a process during which cells undergo one or
more rounds of DNA replication cycles in the absence of mitosis, resulting in nuclei with multiples of 2C DNA amounts (4C, 8C, 16C,
etc.). In some orchids, a disproportionate increase in nuclear DNA contents has been observed, where successive endoreduplication
cycles result in DNA amounts 2C +P, 2C + 3P, 2C + 7P, etc., where P is the DNA content of the replicated part of the 2C nuclear
genome. This unique phenomenon was termed “progressively partial endoreplication” (PPE). We investigated processes behind the
PPE in Ludlisia dliscolor using flow cytometry (FCM) and lllumina sequencing. In particular, we wanted to determine whether chromatin
elimination or incomplete genome duplication was involved, and to identify types of DNA sequences that were affected. Cell cycle
analysis of root tip cell nuclei pulse-labeled with EdU revealed two cell cycles, one ending above the population of nuclei with 2C + P
content, and the other with a typical “horseshoe” pattern of S-phase nuclei ranging from 2C to 4C DNA contents. The process leading
to nuclei with 2C + P amounts therefore involves incomplete genome replication. Subsequent lllumina sequencing of flow-sorted 2C
and 2C + P nuclei showed that all types of repetitive DNA sequences were affected during PPE; a complete elimination of any specific
type of repetitive DNA was not observed. We hypothesize that PPE is part of a highly controlled transition mechanism from prolif-
eration phase to differentiation phase of plant tissue development.
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Background

Differentiated somatic cells of many plants are often endo-
polyploid. It has been estimated that this phenomenon affects
more than 90% of angiosperm species (Joubes and Chevalier
2000). Endopolyploidy occurs to a different extent in various
plant cells and tissues with the exception of embryonic and
meristematic cells (Barow and Jovtchev 2007) and is common
in economically important tissues and organs including endo-
sperm (Sabelli and Larkins 2009), fruits (Chevalier et al. 2011),

cotton fibres (Wilkins et al. 2000), and nitrogen-fixing root
nodules (Kondorosi and Kondorosi 2004). The mechanism
behind endopolyploidization in plants is endoreduplication,
where replication of whole nuclear genome takes place but
no mitosis (and cell division) follows (DAmatto 1989). This
leads to proportional (2-fold) increase in nuclear DNA contents
from basic 2C content in diploid somatic cell to 4C, 8C, 16C,
etc. in successive rounds of endoreduplication. Although bio-
logical significance of endoreduplication remains unclear, it
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has been linked to increased cell size and higher metabolic
activity, and seems essential for developmental processes, in-
cluding cell fate maintenance (De Veylder et al. 2011). Cells
with endoreduplicated nuclei do not divide. However, they
can be induced to divide by a treatment with growth regula-
tors (DAmato 1952). In addition to chromosomes with two
chromatids observed in dividing 4C cells, cells with chromo-
somes comprising 4, 8, 16, etc. chromatids lying side-by-side,
are observed as a consequence of repeating rounds of DNA
replication without chromatid separation (DAmato 1989).

Unlike regular endoreduplication, where all chromosomes
are completely reduplicated and the amount of nuclear DNA is
doubled, disproportionate increase of DNA content has been
observed in some plant species. Early experiments with orchid
protocorms in 1970’s indicated differential amplification of
certain genome regions in relation to unequal replication of
AT- and GC-rich regions (Nagl 1972, 1977; Schweizer and
Nagl 1976; Capesius and Nagl 1978). This phenomenon
was called “DNA underreplication,” but since then no detailed
research has been conducted, largely due to the lack of suit-
able experimental methods. The interest was revived after
flow cytometry (FCM) was introduced to perform nuclear
DNA content estimation in plants. In several orchid species,
histograms of DNA content showed unusual profiles that
could not be explained by methodological errors (Suda
2004; Suda et al. 2007). Bory et al. (2008) observed a similar
phenomenon in Vanilla planifolia and found the replication
ratios of consecutive peaks to be 1.43, 1.63, 1.76, and 1.82
instead of two as expected for regular endoreduplication. On
the basis of almost perfect linearity between the DNA content
and the number of endoreduplication cycles, the authors hy-
pothesized that the same genome part is amplified at each
cycle and suggested that each successive peak should be
called 2C, 2C +P, 2C + 3P, etc., where P is the DNA content
of the replicated part of 2C genome. To describe this phe-
nomenon they coined a new term “progressively partial
endoreplication” (PPE). Subsequently, PPE has been revealed
in other orchid species (Travnicek et al. 2011, 2015). However,
none of the published studies answered the crucial question
on the mechanism behind the PPE—whether this unique phe-
nomenon is a result of incomplete genome replication, or ex-
cision of DNA following whole-genome replication.

Differences in nuclear DNA content among different cells
of one organism were found also in animals. These differences
occur predominantly between germline and somatic cells, and
are caused by processes called “programmed DNA elimina-
tion” (reviewed in Wang and Davis 2014). There have been
two ways of programmed DNA elimination described in a
wide range of organisms: 1) “chromatin diminution,” where
chromosome breaks occur, followed by extrusion of chroma-
tin portions into cytoplasm (Tobler et al. 1992; Smith et al.
20009; Bracht et al. 2013), and 2) “whole chromosome elim-
ination” (Pigozzi and Solari 2005; Del Priore and Pigozzi
2014).

Early studies on chromatin diminution showed that large
amounts of repetitive sequences were eliminated (Muller et al.
1982). The advent of massively parallel sequencing methods
enabled to study differences in genomic contents between
germline and somatic cells in more detail. Wang et al.
(2012) compared sequences of somatic and germline cells
of the nematode Ascaris suum and found out that not only
repetitive sequences, but also single-copy sequences corre-
sponding to protein-coding genes were missing in somatic
cells. Similar study in sea lamprey demonstrated that a few
thousand genes were absent in somatic cells (Smith et al.
2012). These findings suggest that DNA elimination may
serve as “unorthodox” mechanism of ultimate gene regula-
tion (silencing). The programmed DNA elimination may have
also been implicated in sex determination and dosage com-
pensation (Pigozzi and Solari 1998; Goday and Esteban 2001;
Sanchez 2014).

Another type of somatic DNA content alterations found in
animals is called “DNA underreplication” and is commonly
associated with polytene chromosomes of Diptera (Rudkin
1969). Johnston et al. (2013) used FCM to study Drosophila
melanogaster thorax cells and observed the ratio of 4C/2C
amounts not two but lower (1.75 and 1.83 for wild type
and mutant strains, respectively), and also found age-depen-
dency of this effect. Yarosh and Spradling (2014) used mas-
sively parallel sequencing on polytene larval salivary gland cells
and identified many underreplicated chromosome regions.
Similarly, Nordman et al. (2011) using array-based compara-
tive genomic hybridization found sites of underreplication in
euchromatic, nonrepetitive regions of multiple polytene tis-
sues of D. melanogaster.

While DNA elimination and DNA underreplication have
been observed in many groups of eukaryotes, ranging from
protozoa to vertebrates, PPE in plants seems to be restricted to
the Orchidaceae family. This conclusion is supported by the
vast number of FCM studies over the past few decades which
failed to reveal PPE in any other plant family, incl. closely re-
lated Boryaceae, Hypoxidaceae, and Lanariaceae (our personal
observations). Travnicek et al. (2015) found that both PPE and
regular endoreduplication occur in orchids, but always only
one type in a particular species. The authors suggested that
PPE must be developmentally regulated as its extent was spe-
cies-specific. The observed differences in the extent of PPE,
based on the replicated fraction (P) of 2C genome, ranged
from 21.1% in Cynorkis guttata to 81.1% in Paphiopedilum
callosum. Akin to regular endoreduplication, PPE was found in
a majority of differentiated cells, but the proportion of differ-
ent nuclei classes varied among tissues and organs.

In this work, we aimed to unravel the mechanism of PPE. In
particular, we wanted to determine whether chromatin elim-
ination or incomplete genome duplication was involved, and
to identify types of DNA sequences that were affected. As a
model for our study, we chose Ludisia discolor (Ker Gawl.) A.
Rich. belonging to Orchidaceae subfamily Orchidoideae, tribe
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Cranichidae, subtribe Goodyerinae. The species possesses rel-
atively small genome (2C =2.20pg=2.15 Gb) (Travnicek et al.
2015) allowing to keep the sequencing costs reasonably low,
and has suitable difference in DNA content between 2C and
2C+P nuclei (P=1.31pg). We have employed a multidisci-
plinary approach combining molecular cytogenetics, next-
generation sequencing (NGS) and FCM. FCM analysis of
nuclear DNA content and EdU (5-ethynyl-2’-deoxyuridine) in-
corporation into newly synthesized DNA is a powerful
approach to study proliferation patterns on cellular, chromo-
some, and chromatin levels, changes in DNA replication upon
different stresses or estimation of average length of the
S-phase (reviewed in Bass et al. 2014). Combination of FCM
sorting and NGS of individual chromosomes has proven to be
instrumental in unlocking complex genomes of important
plant species (reviewed in Dolezel et al. 2012, 2014), and
we have used the same approach to purify defined subpopu-
lations of cell nuclei and sequence their DNA. Here, we report
that the nature of PPE in L. discolor is incomplete genome
replication.

Materials and Methods
Plant Material

To ensure genetic purity of the material, we used a large
clump of L. discolor of clonal origin obtained from a private
collection. This clone is usually named L. discolor var. alba hort.
(similar to L. discolor var. dawsoniana nom. nud.—syn.
Haemaria discolor var. dawsoniana (H.Low ex Rchb.f)
B.S.Williams but lacking red pigment in leaves). The clone is
maintained in Prague Botanical Garden living collection (ac-
cession number 2015.07344). For sequencing, we used
young plantlets obtained from protocorms (specific formation
found in orchids, originating from germinating embryo which
is nourished heterotrophicaly using mycorrhiza and which
later creates foundations of future plant organs) originating
from self-pollination of the same mother plant. For FCM anal-
ysis of DNA content of L. discolor we used ovaries of nonpol-
linated flowers and young leaves of Pisum sativum cv. Ctirad
as an internal reference standard. Somatic tissue of young
plantlets and ovaries of nonpollinated flowers yielded suffi-
cient numbers of both 2C and 2C +P nuclei, in contrast to
fully developed leaves of mature plants where 2C nuclei may
be virtually absent (Travnicek et al. 2015). Seeds of Hordeum
vulgare cv. Morex were germinated and used for cell cycle
analysis. Leaves of Arabidopsis thaliana were used for com-
parison of endoreduplication profiles.

DNA Content Analysis

DNA content analysis was performed according to DoleZel
et al. (2007). Briefly, 50 mg of young leaves tissues of L. diis-
color and P. sativum were chopped simultaneously using a
razor blade in 0.5 ml of Otto | solution (1M citric acid, 0.5%

(v/v) Tween 20). The crude homogenate was filtered through
50 um pore size nylon mesh and the nuclei were stained by
adding 1 ml of Otto Il solution (0.4M Na,HPO,4.12H,0) con-
taining propidium iodide and RNase A (both at 50 pg/ml final
concentration). FCM analysis was performed using CyFlow
Space flow cytometer (Sysmex Partec, Goerlitz, Germany)
equipped with green laser (532 nm, 100 mW) and 2C nuclear
DNA content of L. discolor was determined by comparing its
2C peak position on histograms of Pl fluorescence intensity
with the position of 2C peak of P. sativum (2C =9.09 pg DNA;
Dolezel et al. 1998), which served as an internal reference
standard. Three plants were measured and the measurements
were repeated on three different days and mean 2C amount
was calculated. Genome size of L. discolor was calculated
using formula: 1pg DNA=0.978 x 10° bp (Dolezel al.
2003). To show an example of a regular endoreduplication,
we performed FCM analysis of nuclei of A. thaliana leaves in
the same way as in case of L. discolor. We adjusted instrument
settings so that the peak corresponding to 2C nuclei of
A. thaliana was positioned on the same channel (100) as 2C
nuclei of L. discolor.

Cell Cycle Analysis

Cell cycle analyses were performed on roots obtained from
fresh stem cuttings of L. discolor which were immersed in tap
water for 3—4 weeks until the roots achieved 1-2 cm in length.
For comparison, we conducted cell cycle analysis on roots of
young seedlings of H. vulgare cv. Morex as a representative of
a species with regular mitotic cycle. Actively growing roots
were incubated in tap water containing 10 puM EdU (Click-iT
EdU Alexa Fluor 488 kit; Life Technologies, Eugene) for 3h at
room temperature. Suspensions of intact nuclei were pre-
pared according to Dolezel et al. (1992), with modifications.
Briefly, roots were cut approximately 0.5cm from apex and
incubated in 2% (v/v) formaldehyde solution for 30 min at
5°C. The roots were then washed three times in Tris buffer
for 5min at 5°C. Root apices were excised and chopped with
a razor blade in 1 ml LBO1 buffer on a Petri dish. The crude
homogenate was filtered through a 50 um pore size mesh.
The suspension of nuclei was then centrifuged at 400 x g for
10min at 4°C. The supernatant was discarded and the pellet
resuspended in 500 pl Click-iT reaction cocktail (prepared ac-
cording manufacturer’s instructions) and incubated for 30 min
in the dark at 25°C. Next, the nuclei were pelleted again and
the pellet was resuspended in 500 pl LBO1 buffer containing
DAPI (0.2 pg/ml final concentration). FCM experiments were
carried out on FACSAria Il SORP flow cytometer and sorter (BD
Biosciences, Santa Clara) equipped with two lasers (488 nm
and 355nm) and optical detectors with appropriate optical
filters for simultaneous detection of DNA content (DAPI fluo-
rescence) and nascent DNA containing incorporated EdU
(Alexa Fluor 488 fluorescence).
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Fic. 1.—Histogram of relative fluorescence intensity obtained after the analysis of propidium iodide-stained nuclei. (4) Nuclei of A. thaliana leaves
showing regular endoreduplication. (B) Example of PPE observed in nuclei isolated from an ovary of nonpollinated flower of L. discolor. 2C peak of the
internal reference standard (P. sativum cv. Ctirad) is marked as STD. Note that the histograms in panels A and B were obtained using different instrument
settings and hence the positions of peaks on x axes do not reflect genome sizes.

Nuclei Sorting and Preparation of DNA for Sequencing

Suspensions of intact nuclei were prepared from leaves and
stems of young plantlets in the same way as described above,
except that all EAU labeling steps were omitted. For lllumina
sequencing, batches of 200,000 nuclei representing 2C and
2C +P populations were flow sorted using into 1.5ml PCR
tubes containing 100 pl ET buffer (1 mM Tris, 75 mM EDTA,
pH 8.0). At least ten batches for each fraction were sorted in
each of the two sequencing experiments to obtain enough
DNA. Preparation of nuclear DNA was done according to
Simkové et al. (2008), with modifications. Briefly, aliquots of
200,000 intact nuclei were incubated with 0.35% SDS
(Sodium dodecyl sulfate) and 0.35 pg/ul proteinase K for
20h at 50°C, and DNA was purified using Microcon
YM100 column (Millipore, Bedford).

lllumina Sequencing

DNA libraries for sequencing were prepared separately from
2C and 2C+P DNA samples with TruSeq DNA PCR-Free
Library Preparation Kits (lllumina, San Diego). Two micrograms
of DNA dissolved in 100 pl deionized water were fragmented
with Bioruptor Plus (Diagenode, Denville) with the following
settings: 5 cycles, 30/90's (On/Off). DNA was sheared to 500—
700bp long fragments, purified, end-repaired, adenylated,
size selected to 500-600 bp, and ligated with adapters ac-
cording to manufacturer’s protocol (lllumina). Libraries were
diluted 1:10,000 and their concentration was estimated by
real-time PCR using KAPA Library Quantification Kit (Bio-
Rad, Hercules), pooled and diluted to final concentration of
19 pM. Samples were paired-end sequenced on an lllumina
MiSeq instrument for 301 cycles using the MiSeq Reagent Kit
v3 (lllumina). Two separate lllumina libraries were created for
each nuclei fraction and sequenced independently with the

aim to increase the information value of the sequence data
analysis.

Sequence Data Analysis

lllumina reads were trimmed for adapters, length of 200 bp
and for quality using FASTX-toolkit [-g 20 -p 90] (http://han
nonlab.cshl.edu/fastx_toolkit/index.html (last accessed June
14, 2016). Characterization of repeat families was performed
using the Repeat Explorer pipeline (Novak et al. 2013).
Random data sets representing 0.5x coverage of the L. dis-
color nuclear genome were retrieved from the lllumina data
obtained from 2C and 2C + P nuclei, respectively, and used for
reconstruction of repetitive elements using the graph-based
method according to Novak et al. (2010). This pipeline uses
computational processes which are demanding and therefore
it is not possible to use large amounts of data. The effective-
ness as well as correctness of this computing process was
shown in a number of studies (Novak et al. 2010; Piednoél
etal. 2012; Kelly et al. 2015). The assembled sequences within
each individual cluster were characterized based on the ho-
mology searches and other tools useful for repeat character-
ization. The assembled sequences within individual clusters
were annotated by different sources including similarity
searches using RepeatMasker, BLASTX and BLASTN programs
against public databases as well as database of domains de-
rived from plant mobile elements (http:/repeatexplorer. umbr.
cas.cz, last accessed June 14, 2016). Tandem organized re-
peats were identified using Dotter (Sonnhammer and Durbin
1995).

Databases of lllumina reads as well as assembled contigs
specific to different types of repetitive DNA elements identi-
fied de novo in the sequencing data were established and are
publicly available (http:/olomouc.ueb.cas.cz/projects/Ludisia_
discolor, last accessed June 14, 2016) and raw data were
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submitted to Sequence Read Archive (accession code:
SRP074524).

Results and Discussion
Cell Cycle Analysis

To confirm the occurrence of PPE in L. discolor, we performed
DNA content analysis of propidium iodide-stained nuclei using
FCM (fig. 1). Panel A shows example of regular endoredupli-
cation found in leaves of A. thaliana. Note that the replication
ratio between consecutive peaks is two, thus indicating that
the whole DNA complement was replicated in each cycle. On
the other hand, the histograms of L. discolor nuclei iso-
lated from ovaries of nonpollinated flowers (panel B)
show replication ratios between consecutive peaks 2C :
2C+P:2C+3P:2C+7P to be 1.00:1.59:1.76:1.89. The DNA
content of individual peaks therefore perfectly corresponds to
the number of endoreduplication cycles, which is in agree-
ment with the results of Bory et al. (2008) obtained in
V. planifolia. A simplified model visualizing the anticipated
process of PPE is shown in figure 2. The model implies that
in each consecutive round of endoreduplication, only the
same defined portion of the original (complete) 2C genome
is replicated.

Panel A of the figure 3 shows possible theoretical scenarios
of cell cycle progression as observed by FCM analysis of nuclei
stained for DNA content and the amount of newly replicated
DNA. The first graph (i) depicts regular mitotic cycle where
DNA content is duplicated from 2C to 4C. Two other graphs
illustrate two different ways which could lead to PPE: com-
plete nuclear DNA replication followed by removal of some
DNA sequences (graph ii), and incomplete nuclear replication
which results in two horseshoe-like distributions, one span-
ning 2C and 2C +P nuclei and the second ranging from 2C
to 4C nuclei, which represents complete DNA replication in
meristematic cells (graph iii). The results obtained after bipara-
metric FCM analysis of root cell nuclei labeled with EdU are
shown in panels B-D of the figure 3. Despite the low number
of dividing cells in roots of L. discolor, patterns of several cell
cycles are visible (panels B and Q). The first cycle corresponds
to PPE (blue), while the second cycle ending above the popu-
lation of 4C nuclei belongs to meristematic cells (yellow).
Successive endoreplication cycles (red) having origin in
2C+P and 2C + 3P populations, respectively, are also visible.
For comparison, cell cycle of barley meristematic cells with a
regular pattern is also shown (panel D). These results suggest
that partial DNA replication is the most probable mechanism
behind PPE. Moreover, as tissue differentiation in plants is
often accompanied by endoreduplication cycles, we predict
that PPE might be a hallmark of transition of cells from prolif-
eration to differentiation phase of plant development. Similar
exit from the mitotic cycle into the endocycle during the
S-phase occurs in D. melanogaster salivary gland cells

Endoreduplication

AL - W - W

8C 16C
2C . Progressively partial endoreplication
2C+P 2C+3P 2C+7P

Fic. 2.—Scheme of endoreduplication and PPE. Newly replicated
chromatids are drawn in red in the first round of replicating cycle (4C or
2C +P), in orange in the second round of replicating cycle (8C or 2C + 3P),
and light orange represents replicated chromatids in the third round of
replicating cycle (16C or 2C + 7P).

(Nordman et al. 201 1) where underreplication of specific chro-
mosomal regions has been observed, especially in centro-
meric, telomeric, and intercalary heterochromatin. Our
results might also indicate that the differentiation/endoreplica-
tion program in orchid species with PPE does not start from
G2-phase of cell cycle (4C nuclei), but already from G1-phase
(20), when the destiny of a cell is determined and the cell
enters a modified S-phase during which some parts of the
genome are not replicated.

DNA Sequence Composition of 2C and 2C + P Nuclei

To find out whether PPE in L. discolor is characterized by ex-
cluding specific types of DNA sequences from replication, 2C
and 2C + P nuclei were purified by flow sorting and their DNA
was sequenced by lllumina technology. The two sequencing
reactions produced more than 30 and 28 million of paired-end
reads from 2C and 2C + P nuclei, respectively. After trimming
to quality and length, 31,221,377 and 29,322,104 reads were
obtained for 2C and 2C + P nuclei, respectively, corresponding
to approximately 16x coverage of the L. discolor nuclear
genome (1C =1075.8 Mb; Travnicek et al. 2015). In order to
avoid a random bias, two sequencing libraries were created
from each nuclei fraction and sequenced in two independent
sequencing runs.

lllumina sequence reads of both sequencing reactions were
trimmed to quality and length and used to characterize the
most abundant repetitive DNA elements and create database
of repetitve DNA sequences specific to L. discolor.
RepeatExplorer pipeline (Novak et al. 2014) was used to iden-
tify and classify orthologous repeat families. The pipeline en-
ables to analyze intra- and interspecific similarities as well as to
reconstruct and quantify major repeat families not only within
one species but also between several species; hereafter called
comparative analysis (Novak et al. 2014). In our study, the
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Fic. 3.—Cell cycle analysis using FCM. (4) Simplified models of different possible cell cycle progressions. (i) Regular cell cycle, where cells double their
nuclear DNA content during the transition from G1-phase through S-phase to G2-phase. ii) Cells replicate their whole DNA content but afterwards some
DNA sequences are eliminated. Population with 4C DNA content represents meristematic cells. (i) Two types of cell cycle occur, one representing PPE cells
(2C +P), the other meristematic cells (4C). x axis: nuclear DNA content; y axis: the extent of EdU incorporation into newly synthetized DNA.(B-D) Cell cycle
analysis in root cells of orchid L. discolor (B, C) and barley Hordeum vulgare (D) using FCM. The roots were pulse-labeled with EdU. x axis represents relative
DNA content measured as intensity of DAPI fluorescence (linear scale). y axis shows the extent of EdU incorporation as measured by Alexa Fluor 488
fluorescence intensity (log scale). Different populations represent 2C nuclei, 2C+P nuclei, 4C nuclei, and endopolyploid nuclei (2C+3P, 2C+7P). (B) Overall
view showing different classes of nuclei. (C) The same view with different cell cycles highlighted—PPE (blue), mitotic (yellow), successive endoreplication
cycles (red). The green color is caused by the overlap of initial phases of PPE and mitotic cycle. (D) Example of a typical “horseshoe” pattern found in barley as

a representative of species with regular cell cycle and complete DNA replication.

comparative analysis was used to evaluate overall differences
in DNA sequence composition and abundance between 2C
and 2C + P nuclei fractions and, at the same time, to analyze
intra- and interspecific similarities between the two individual
sequencing reactions.

Clustering of individual sequences by graph-based method
running under RepeatExplorer (Novak et al. 2010) was done
under high stringency to avoid reconstruction of hybrid clus-
ters (mixed repeat families). Only those sequences which
shared low variation (90% similarity over at least 55% of
their length) were included in individual clusters representing

different families of repetitive DNA sequences. Reconstruction
of repetitive DNA sequences and evaluation of differences in
sequence composition and abundance between 2C and
2C+P nuclei was done separately on reads from the two
lllumina runs and corresponding to 0.5x coverage of L. diis-
color nuclear genome fractions. Graph-based clustering re-
sulted in creation of clusters (groups) of mutually connected
sequences representing orthologous repeat families. These
clusters contained approximately 84% of sequenced reads
and 307 largest clusters corresponding to at least 0.01% of
the lllumina data set were used for further characterization.
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Table 1

Proportion of Repetitive DNA Sequences Identified In lllumina Data of Ludisia Discolor

Repeat Lineage/class Alternative Names Proportion in Proportion in
2C Nuclei [%] 2C+P Nuclei [%]
LTR retroelements Ty1/copia Maximus-SIRE 8.86 7.55
Angela 2.58 2.35
TAR Tont 0.32 0.32
Tork Tnt 0.37 0.37
Ale Hopscotch 0.15 0.14
Ivana-Oryoco 0.13 0.13
Total Ty1/copia 12.41 10.86
Ty3/gypsy Chromoviridae 15.67 14.61
Ogre-Tat 1.7 1.62
Athila 0.21 0.20
Total Ty3/gypsy 17.58 16.43
Other
Caulimoviridea 0.69 0.62
LINE 1.10 1.01
DNA transposons 0.93 0.90
rDNA sequences 0.10 0.09
Tandem repeats 3.58 3.60
Unclassified repeats* 7.83 6.61
Nonannotated sequences 39.46 42.36
Chloroplast DNA 1.38 1.17

Note—LTR, long terminal repeat. Unclassified repeats contain sequences of unclassified LTR retrotransposons and unknown repeats.

Classification of the largest clusters obtained after compar-
ative analysis showed that Ty3/gypsy and Ty1/copia long ter-
minal repeat-retrotransposons were the most abundant
repeats in the genome. Ty3/gypsy elements prevailed and
were mainly represented by the Chromoviridae lineage,
whereas Tyl/copia family was represented mainly by the
Maximus-SIRE lineage (table 1). Tandem organized repeats
identified using Dotter (Sonnhammer and Durbin 1995) rep-
resented approximately 3.5% of the genome, and sequences
similar to DNA transposons and LINE elements were rare, ac-
counting only for approximately 1.0% of the sequence data.
Classification of the largest clusters resulted in identification of
sequences homologous to Caulimoviridae, DNA pararetro-
viruses. Apart from sequences showing homology to known
repeats, approximately 40% of the analyzed reads (table 1)
were not homologous to previously characterized DNA se-
guences and may represent unknown DNA repeats, or
noncoding parts of repetitive DNA elements. The newly iden-
tified and characterized DNA repeats will be useful for repeat
masking of L. discolor and closely related species. Large data-
base of repetitive DNA elements can also serve as a source of
molecular markers. Finally, some repetitive DNA sequences
can be used as cytogenetic probes to study molecular organi-
zation of nuclei or chromosomes in L. discolor and closely
related orchid species. While nuclear genomes of some
orchid species were characterized also at chromosome level
using FISH with probes for rDNA and repetitive DNA se-
guences (D'emerico et al. 2001; Begum et al. 2009; Lan and

Albert 2011; Lee et al. 2011), this information is missing in
L. discolor and closely related species.

We hypothesized that a particular group of DNA sequences
were either partially or completely excluded during PPE and
that these sequenced could be revealed by comparing copy
numbers in 2C and 2C + P sequence data sets. However, com-
parative analysis and characterization of sequences within the
largest clusters (accounting for at least 0.01% of sequence
data) did not show substantial reduction in copy number for
any specific repetitive element. Thus, our results indicate that
incomplete replication in L. discolor does not concern a spe-
cific group of DNA repeats. Twenty largest clusters containing
highly similar repetitive DNA sequences specific for 2C and
2C + P nuclei, respectively, are shown in figure 4.

As mentioned above, two sequencing libraries were cre-
ated from 2C and 2C + P nuclei fractions each and sequenced
independently. The reads were trimmed to 100 bp and com-
parative analysis was done on data representing 0.32x
genome coverage. The results of comparative analysis
showed consistency between the replicates and only small
differences (up to 2%,; supplementary table ST,
Supplementary Material online) in copy number of repetitive
DNA elements in both fractions of analyzed nuclei (2C and
2C+P) were observed (supplementary table ST,
Supplementary Material online). On the other hand, higher
variation (1.4- to 5.9-fold difference between 2C nuclei repli-
cates and 1.5- to 6.2-fold difference in 2C + P nuclei replicates;
supplementary table S1, Supplementary Material online) was
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Fic. 4—Genome proportion of the most abundant DNA sequence types from 20 largest clusters obtained after graph-based analysis of 2C and 2C + P
nuclei. The height of columns represents per cent of reads in the genome of L. discolor. Classification of the clusters is marked with colors.

observed in the abundance of tandem organized repeats.
These observations are similar to those of Macas et al.
(2015) who found the highest variability between the replicate
data sets for clusters containing satellite DNA. The variation
could be an artifact caused by mechanical fragmentation of
genomic DNA followed by size-fractionation, and also due to
variation between sequencing runs. On the other hand, pre-
vious studies demonstrated that relative abundance of differ-
ent repeat types estimated using experimental methods and
by in silico analysis of NGS data provided comparable results
(Macas et al. 2007; Klemme et al. 2013; Novak et al. 2014).

Our findings indicate that PPE in L. discolor is not due to the
removal of a significant fraction of particular classes of DNA
repeats, as observed in protozoa and some animals (Smith
et al. 2012; Wang et al. 2012). Presence of two types of cell
cycle, one representing PPE cells (2C +P), the other meriste-
matic cells (4C), together with no obvious decrease in relative
abundance of individual DNA repeat types in 2C +P nuclei as
compared with 2C nuclei, indicate that PPE process in L. dis-
color may be similar to DNA underreplication in polytene chro-
mosomes of D. melanogaster salivary gland cells (Nordman
et al. 2011). In that case, most of euchromatin regions are
fully replicated except for pericentromeric regions containing
satellite DNA sequences. Recent studies based on NGS
showed that underreplicated zones in polytene chromosomes
of D. melanogaster closely correspond to regions of repressive
chromatin, sparse replication origins, and silent genes (Yarosh
and Spradling 2014). Thus, it is feasible that sparse replication
origins in L. discolor genome may play an important role in
PPE.

The lack of any genomic data for L. discolor and the refer-
ence genome sequence in particular, precluded unambiguous
identification of underreplicated regions in L. discolor genome
in this work. The lack of reference genome sequence also
hampered the analysis of single and low copy sequence re-
gions and genes, and thus we were unable to verify if also
genic regions were involved. Nevertheless, even with a refer-
ence genome sequence available, the analysis will be

complicated by a fact that the underreplicated nuclei contain
two copies of completely replicated genome (corresponding
to 2C DNA amount). A solution could be creation of reference
genome sequence specific for the 2C nuclei and then se-
guencing at high coverage (~60x) the nuclei with higher
levels of endoreduplication (2C+3P, 3C+7P) and hence
higher representation of incompletely replicated parts of nu-
clear genome.

Conclusion

This study provides the first insights into the phenomenon
called PPE, which seems to occur only in some orchid species.
Based on the results obtained, that is, the presence of two cell
cycles and the lack of apparent sequence-specific elimination
of repetitive DNA elements, we suggest that the mechanism
behind PPE is the incomplete replication of nuclear DNA.
Together with the precise control of the extent of DNA under-
replication, our results indicate that PPE is a highly controlled
process accompanying cell and tissue differentiation.
However, little is known about the evolutionary and/or eco-
logical role of PPE and further work is needed to fully under-
stand the causes and consequences of PPE occurring in the
largest plant family (Orchidaceae).

Supplementary Material

Supplementary table S1 is available at Genome Biology and
Evolution online (http:/Avww.gbe.oxfordjournals.org/).
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