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ABSTRACT

Shifts from cis-to trans-splicing of mitochondrial introns tend to correlate with
relative genome rearrangement rates during vascular plant evolution, as is
particularly apparent in some lineages of gymnosperms. However, although many
angiosperms have also relatively high mitogenomic rearrangement rates, very few cis-
to trans-splicing shifts except for five trans-spliced introns shared in seed plants have
been reported. In this study, we sequenced and characterized the mitogenome of
Tolypanthus maclurei, a hemiparasitic plant from the family Loranthaceae
(Santalales). The mitogenome was assembled into a circular chromosome of 256,961
bp long, relatively small compared with its relatives from Santalales. It possessed a
gene content of typical angiosperm mitogenomes, including 33 protein-coding
genes, three rRNA genes and ten tRNA genes. Plastid-derived DNA fragments took
up 9.1% of the mitogenome. The mitogenome contained one group I intron
(cox1i729) and 23 group II introns. We found shifts from cis-to trans-splicing of five
additional introns in its mitogenome, of which two are specific in T. maclurei.
Moreover, atpl is a chimeric gene and phylogenetic analysis indicated that a 356 bp
region near the 3’ end of atpl of T. maclurei was acquired from Lamiales via
horizontal gene transfer. Our results suggest that shifts to trans-splicing of
mitochondrial introns may not be uncommon among angiosperms.

Subjects Evolutionary Studies, Genomics, Molecular Biology, Plant Science
Keywords Intron evolution, Mitogenome, Trans-splicing, Horizontal gene transfer, Angiosperms

INTRODUCTION

Plant mitogenomes vary markedly in size, structure and gene content among different
lineages (Mower, Sloan & Alverson, 2012; Smith ¢ Keeling, 2015), and repetitive sequences
are usually the most dynamic elements in plant mitogenomes (Wynn ¢» Christensen, 2019;
Xia et al., 2020). Plant mitogenome size can increase greatly by expansion of repetitive
sequences (Sloan et al., 2012; Dong et al., 2018). Meanwhile, repeat-mediated DNA
rearrangement can affect plant mitogenome content and structure, and is thus considered
as one of the main forces contributing to plant mitogenome evolution (Smith et al., 2010;
Dong et al., 2018). One conspicuous way of repeat-mediated rearrangement for shaping
mitogenomes of seed plants and some lycophytes is shifts from cis-to trans-splicing of
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mitochondrial introns (Chapdelaine ¢» Bonen, 1991; Malek ¢ Knoop, 1998; Qiu ¢ Palmer,
2004; Hecht, Grewe & Knoop, 2011; Guo et al., 2016; Guo et al., 2020).

There are two types of plant mitochondrial introns (groups I and II), which differ in
their secondary structures and splicing (Bonen, 2012). During pre-mRNA processing,
group II mitochondrial introns are removed by either cis-or trans-splicing (Bonen, 2012).
Non-vascular plants have no mitochondrial trans-splicing, while there is a number of
shifts from cis-to trans-splicing of mitochondrial introns in seed plants and some
lycophytes (Malek & Knoop, 1998; Groth-Malonek et al., 2004; Guo et al., 2016; Guo et al.,
2020). A recent study found that 50-70% of mitochondrial introns in Pinaceae and
cupressophyte require trans-splicing, indicating extensive cis-to trans-splicing shifts in
these gymnosperm lineages (Guo et al., 2020).

Evolutionary shifts from cis-to trans-splicing of mitochondrial introns usually occurs
via the DNA rearrangement-induced break in cis-spliced introns (Massel, Silke ¢» Bonen,
2016). Based on available mitogenome data, shifts to trans-splicing in vascular plant
mitogenomes tend to correlate with relative genome rearrangement rates (Hecht, Grewe ¢
Knoop, 2011; Guo et al., 2020; Mower, 2020). On the contrary, trans-to cis-splicing shifting
is expected to be unprocurable because the fortuitous rejoining of two distal intron
fragments by double-strand break repair (without removing essential intron components
or introducing non-essential DNA) is less likely, and no convincing cases have been found
(Mower, 2020).

Among angiosperms, a total of 25 mitochondrial group II introns and one group I
intron have been identified (Cho et al., 1998; Bonen, 2008; Mower, Sloan & Alverson, 2012).
The group I intron cox1 i729 was acquired via horizontal transfer from a fungus, and
further horizontal transfer events among angiosperms (Cho et al., 1998; Sanchez-Puerta
et al., 2011; Sanchez-Puerta et al., 2008). Among the 25 mitochondrial group II introns,
five trans-spliced ones (nad1i394, nad1i669, nad2i542, nad5i1455 and nad5i1477) are
shared by almost all seed plants, suggesting trans-splicing of the five introns is the ancestral
state for seed plants (Mower, 2020). Like gymnosperms, angiosperms usually have
abundant repetitive sequences in their mitogenomes and relatively high rearrangement
rate (Palmer & Herbon, 1988; Sloan et al., 2012; Dong et al., 2018), which may trigger cis-to
trans-splicing shift of mitochondrial introns. However, cis-to trans-splicing shifts
among angiosperms have been reported for only three additional mitochondrial introns,
that is, cox2i373 in Allium cepa and Viscum scurruloideum (Kim ¢ Yoon, 2010;
Skippington et al., 2015), nad2il156 in Epirixanthes elongata (Petersen et al., 2019), and
nadl1i728 in diverse angiosperm lineages (Qiu ¢» Palmer, 2004).

In this study, we assembled and characterized the mitogenome of Tolypanthus maclurei,
a hemiparasitic plant from the family Loranthaceae (Santalales). Compared to seed
plant common ancestor, shifts from cis-to trans-splicing of five additional introns were
detected in this mitogenome. Trans-splicing of two of the five introns were only found in
T. maclurei. To our knowledge, no any other angiosperms were reported to possess such a
high number of shifts from cis-to trans-splicing of mitochondrial introns.
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MATERIALS & METHODS

Sequencing data

IMlumina sequencing of an individual of T. maclurei was done in Yu et al. (2019). We used
Trimmomatic v0.39 (Bolger, Lohse ¢» Usadel, 2014) to filter the Illumina reads with default
parameters.

Mitogenome assembly

We used GetOrganelle v1.7.1 (Jin et al., 2020) to assemble all Illumina reads with the
parameters:-F embplant_mt and-k 25, 55, 75, 95, 105, 125, and a custom mitochondrial
database as the reference. The output contained 252 contigs ranging from 127 to 48,435 bp
in length. We extracted the depth of coverage for each contig from the head line in

the output FASTA files. Contigs with depth of coverage < 20x were discarded to exclude
the potential nuclear genome sequences (Fig. S1). The remaining contigs were then
searched against the custom mitochondrial database and the plastome sequence of

T. maclurei (GenBank accession number NC_042257) by BLASTN with-evalue set to
le—5. Only the contigs that had at least one hit > 100 bp were kept. As a result, we got 47
contigs with a total length of 344,348 bp.

To connect mitochondrial contigs and exclude plastid contigs, all Illumina reads
were mapped to the 47 contigs by Bowtie2 v2.4.0 (Langmead et al., 2018) and then
extracted by Samtools v1.9 (Li et al., 2009) with-F4 flag value to make a subset of Illumina
reads. Then the subset was supplied to Unicycler v0.4.9 (Wick et al., 2017) to generate a
graph file that was then visualized in Bandage v0.8.1 (Wick et al., 2015). We could
easily identify plastid contigs and mitochondrial plastid insertions (MTPTs) because
they would have much higher depth of coverage than mitochondrial contigs. After
removing plastid contigs, the remaining contigs could be arranged into a circular molecule.
To avoid the influence of the MTPTs on the polishing step in Unicycler, Illumina
reads were remapped to the assembly using Bowtie2 and sequences of the MTPTs were
carefully checked and manually curated wherever needed. All Illumina reads were then
mapped to the assembly with Bowtie2, and the depth of coverage across the mitogenome
was calculated in Samtools.

Mitogenome annotation

We performed BLASTN to annotate protein-coding genes and rRNAs in the mitogenome,
using mitochondrial genes from other angiosperms (Table S1) as references.

The parameters used for annotation are the same as those in Skippington et al. (2017).
Gene fragments and pseudogenes > 100 bp in length were also identified. Annotation of
tRNAs was executed by tRNAscan-SE v2.0 (Lowe ¢ Chan, 2016) with the “organelle”
mode. MTPTs > 100 bp were identified by BLASTN with-evalue set to 1e-5
and-perc_identity set to 80, using its plastome as the reference. To show cis-to trans-
splicing shifts events in the phylogeny of seed plants, mitochondrial intron information
of 17 angiosperms and four gymnosperms were extracted from GenBank (Table S1).
The phylogenetic tree was drawn based on the phylogenies of angiosperms shown in APG
IV (2016), of gymnosperms shown in One Thousand Plant Transcriptomes Initiative
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(2019), and of Santalales shown in Su et al. (2015). These shift events were then labeled on
the tree. To characterize the trans-spliced introns newly found in T. maclurei, we
downloaded the mitogenome of Vitis vinifera (GenBank accession number NC_012119).
BLASTN was performed to find synteny for the introns and flanking exons between

V. vinifera and T. maclurei with the same parameters used to identify MTPTs.

Identification of interspersed repeats and assessment of
repeat-mediated recombination

BLASTN was used to search interspersed repeats > 50 bp in the mitogenome with the
same parameters used to identify MTPTs. We assessed the recombination activity for all
repeat pairs < 350 bp (the insert size of our Illumina library). For each repeat pair, we
constructed two reference sequences, each with the repeat itself and 300 bp up-and
downstream of the putatively repeat-mediated recombined sequences (alternative
conformations). All Illumina reads were mapped to the references by Bowtie2 with the
parameters: —end-to-end, -no-mixed and -no-discordant, and then the numbers of read
pairs supporting alternative conformations were recorded.

Evaluating the phylogenetic origin of mitochondrial protein-coding
genes

We downloaded the sequences of mitochondrial protein-coding genes of 37 diverse
angiosperms (Table S1). Additionally, mitochondrial protein-coding genes from
Erythropalum scandens (an autotrophic species in Erythropalaceae, Santalales) and
Santalum album (an hemiparasitic species in Santalaceae, Santalales) were extracted
from their mitochondrial contigs, which were assembled based on Illumina reads
sequenced by ourselves (unpublished data) and downloaded from Genbank
(SRX4079976), respectively. All mitochondrial genes were aligned with MUSCLE v3.8.31
(Edgar, 2004) under the “codon” model, and the alignments were manually modified
when necessary. To exclude the potential influence of RNA editing on phylogenetic
analysis, all C-to-U RNA editing sites were predicted by PREP-Mt (Mower, 2005) with
default parameters and then removed from the alignments. Three genes (atp9, nad4L and
rps14) were excluded because they are too short (212, 284 and 296 bp long, respectively)
after removing potential RNA editing sites. We constructed a maximum likelihood

tree for each gene using RAXML (Stamatakis, 2014) with the GTR + Gamma model and
1,000 bootstrap replications. Liriodendron tulipifera was used as an outgroup. For each
gene, if T. maclurei was sister to other lineages with high bootstrap support value (BS >
70%) rather than Santalales members, we would regard its origin as foreign rather than
native. Also, we used GENECONV v1.81 (Sawyer, 1989) with parameters-gscale = 1
and-pairwise to evaluate if there are any chimeric genes in the T. maclurei mitogenome.
We found that atpl of T. maclurei was a chimeric gene, with partial region showing
very high identities with species of Lamiales. Further phylogenetic analyses were carried
out for the identified native region and foreign region of atpl separately. To exclude the
potential influence of substantial region length disparity (1,137 bp for the native region
and 356 bp for the foreign region), we also divided the native region into three subregions
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(1-356, 357-712 and 713-1,137) and performed phylogenetic analyses separately.
Sequence identities of the three subregions and the foreign region between T. maclurei and
other Santalales species, and between T. maclurei and Lamiales species, were calculated
with BLASTN. Approximately unbiased (AU) test in IQ-TREE v1.6 (Nguyen et al,
2015) was performed to verify the origin of partial sequence of atpl via horizontal gene
transfer (HGT). We tested two constrained topologies: T. maclurei and Dendrophthoe
pentandra clustered with E. scandens and Malania oleifera (constraint #1), and T. maclurei
and D. pentandra clustered with S. album and Loranthus europaeus (constraint #2).
P-values of the AU tests were calculated under 10,000 RELL replicates.

RESULTS & DISCUSSION

Mitogenome structure and gene content

With Illumina sequencing data, we assembled a circular 256,961-bp mitogenome for
Tolypanthus maclurei (Fig. 1). Relative to other species in Santalales with available
sequenced mitogenome, the mitogenome size of T. maclurei is the second smallest,
higher than that of Viscum scurruloideum (Skippington et al., 2015), but much smaller than
those of Ombrophytum subterraneum (Roulet et al., 2020) and Lophophytum mirabile
(Sanchez-Puerta et al., 2019). The overall GC content is 44.4%, which is similar to other
species of Santalales (44.2-47.4%) (Skippington et al., 2015; Sanchez-Puerta et al., 2019;
Roulet et al., 2020). Depth of coverage across the whole mitogenome except the MTPTs
are relatively even, indicating the continuity of our assembly (Fig. 52). There were 74
repeat pairs with length > 50 bp, totally occupying 9.61% (24,681 bp) of the mitogenome.
Among these repeat pairs < 350 bp in length, only eleven of them (ranging from 51 to 211
bp) were found to mediate recombination (Table S2) and the numbers of read pairs
supporting rearranged conformations were relatively low (ranging from 1 to 26),
indicating limited recombination activity for these relatively short repeats in this
mitogenome.

We identified 46 mitochondrial genes in the T. maclurei mitogenome, including 33
protein-coding genes, three rRNA genes and 10 tRNA genes (not including genes from
MTPTs). Among the protein-coding genes, all 24 “core genes” which are usually present in
seed plants (Mower, Sloan & Alverson, 2012) as well as eight ribosomal protein genes
and one succinate dehydrogenase subunit gene (sdh4) which are variably present in seed
plants were annotated. sdh3 was pseudogenized due to substantial truncation in the 3’ end.
The gene regions (not including introns) represented 14.2% of the mitogenome. Three
of the four conserved gene clusters are present in the mitogenome, namely, cox3-sdh4,
18S-5S rRNAs and nad3-rps12 (Gagliardi & Binder, 2007; Richardson et al., 2013), and
rps19-rps3-rpll6 gene cluster was destroyed due to the loss of rps19 and the shift from
cis-to trans-splicing of the intron rps3i74 (see details latter).

By searching the T. maclurei mitogenome against its own plastome, 31 regions were
found to be highly similar to the sequence of the latter (MTPTs) (Table S3). The lengths of
these regions ranged from 106 to 2,617 bp with 94.7% to 100.0% identity to the
counterparts in its plastome, accounting for 9.1% of the mitogenome. These MTPTs
contain 20 protein-coding genes, three rRNA genes and eight tRNA genes, among which

Yu et al. (2021), Peerd, DOI 10.7717/peerj.12260 5/16


http://dx.doi.org/10.7717/peerj.12260/supp-2
http://dx.doi.org/10.7717/peerj.12260/supp-6
http://dx.doi.org/10.7717/peerj.12260/supp-7
http://dx.doi.org/10.7717/peerj.12260
https://peerj.com/

Peer/

nad4~es~

Nadq.gq..

atp1-fragmeni=
\lgaCCrE‘)t“

tRNA-Val=

wsdh3-

adal:
\3 (8\1 4\
nad -e%\
03%5',e A
na g\s\?\ 'é,
\F\N W ‘9\'23

N
© Lo 3T
a £
[8=4 s x5 &
) (A
o, R/ I
\
G,
IF 3.1
g S SIY] VA
G o Fe CB L3
TESIL DG R o= 29
SHSISS T o <
SEIrS 157 Y
Tr > =< 5 O
£52 v
T

aesd N

Cob

Figure 1 Gene annotation for the mitogenome of Tolypanthus maclurei. Gene annotation is shown in the outer track. Genes colored as blue and
green are transcribed clockwise and counter-clockwise, respectively. Grey boxes represent putative cis-spliced introns. The unit length of the tick
marks is one kb. Mitochondrial plastid insertions (MTPTs) are shown as orange bars in the inner tracks, with the width corresponding to the size of
MTPTs. Repeat pairs > 50 bp are indicated by red links.
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15 protein-coding genes and the rrn23 gene were pseudogenized because of substantial
truncation or frameshift mutations. The presence of nonfunctional plastid genes

(pseudogenes) is a common feature in plant mitogenomes (Mower, Sloan ¢ Alverson,

2012).

Mitochondrial introns

There were 24 introns in the T. maclurei mitogenome, including one group I intron
(cox1i729) and 23 group Il introns. A total of 13 of the 23 group II introns were cis-spliced
ones, and the remaining ten were considered as trans-spliced ones. Nine introns were

Yu et al. (2021), Peerd, DOI 10.7717/peerj.12260

6/16


http://dx.doi.org/10.7717/peerj.12260/fig-1
http://dx.doi.org/10.7717/peerj.12260
https://peerj.com/

Peer/

nad1i394, nad1i669, nad2i542,
nad5i1455, nad5i1477

cox2i373, nad2i709, nad4i976, rps3i74

nad1i728,
T

cox2i373 .
— o
Santalum

_l- Tolypanthus

—: Ombrophytum
Lophophytum

Malania

Erythropalum
nad1i728 Rhazya
Nicotiana
bY———————————— Daucus

Glycine
Arabidopsis

nad1i728, |

Y—vitis
Oryza

T .
cox2i373 : Allium

Liriodendron

nadtiz2s : Amborella

T
Common ancestor of seed plants

cox2i373, cox2i691, nad2i1282, nad4i461, nad7i209, nad7i917, rpl2i846 "

nadiiz284— .

) Picea
cox2i691
X2l I\I

Taxus
I
cox2i373, nad2i1282, nad4i461, nad4i976, nad4i1399 I

Eudicots

Monocots

Angiosperms

Gymnosperms

Figure 2 Cis-to-trans shift events of mitochondrial introns in Tolypanthus maclurei and other
representative seed plants. The phylogenetic tree was drawn based on the phylogenies of angios-
perms shown in APG IV (2016), of gymnosperms shown in One Thousand Plant Transcriptomes
Initiative (2019), and of Santalales shown in Su ef al. (2015). Shift events were labeled on the tree.

Full-size K&] DOT: 10.7717/peerj.12260/fig-2

identified as trans-spliced based on discontinuity of adjacent exons (Fig. 2). The one

exception was nad1i394 whose flanking exons (exonl and exon2) were adjacent to each

other in the same orientation. We still considered it as a trans-spliced intron, in that it

is trans-spliced in all other seed plants and that shift from trans-to cis-splicing seems
unlikely (Mower, 2020). Among the ten trans-spliced introns, five (nad1i394, nad1i669,
nad2i542, nad5i1455 and nad5i1477) are trans-spliced in the common ancestor of

seed plants (Bonen, 2008; Mower, Sloan ¢ Alverson, 2012; Guo et al., 2020), and the

remaining five (cox2i373, nad1i728, nad2i709, nad4i976 and rps3i74) is the outcome of

shifts from cis-spliced introns. Trans-splicing of nad1i728 have been found in many

lineages of seed plants (Fig. 2), such as Taxus baccata from gymnosperms (Guo et al,

2020), and Oryza sativa and Nicotiana tabacum from angiosperms (Notsu et al., 2002;

Qiu & Palmer, 2004; Sugiyama et al., 2005). In Santalales, trans-splicing of nad1i728
appears to be a synapomorphy because it is observed in all species of Santalales with

available information (Fig. 2). Shift from cis-to trans-splicing in cox2i373 was relatively

rare, only previously reported in two gymnosperms, Picea abies and Ta. baccata (Guo

et al., 2020), and two angiosperms, Allium cepa (Kim & Yoon, 2010) and V. scurruloideum

(Skippington et al., 2015). Based on phylogenetic positions of V. scurruloideum and

T. maclurei and intron type for the species in Santalales, shifts to trans-splicing of cox2i373
in V. scurruloideum and T. maclurei should be independently evolved. Likewise, shifts

to trans-splicing of nad4i976 in Ta. baccata and T. maclurei must be independently
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evolved as well. While shifts to trans-splicing for each of the three introns evolved at least
twice in seed plants, to our knowledge, those of the remaining two introns, nad2i709 and
rps3i74, are confined to T. maclurei only. Lineage-specific shifts to trans-splicing for
mitochondrial introns were also be found in other plants, such as nad2i156 in Epirixanthes
elongata (Petersen et al., 2019), suggesting that shifts to trans-splicing of additional
mitochondrial introns in angiosperms might not be uncommon.

We also explored how shifts from cis-to trans-splicing of the five introns occurred by
comparing the five introns of T. maclurei with those of Vitis vinifera. Like those in
Liriodendron tulipifera, the five introns in Vitis vinifera are all cis-spliced ones (Goremykin
et al., 2008; Richardson et al., 2013), representing the ancestral states of these
mitochondrial introns. For each of the five introns in T. maclurei, high sequence
identity (>80%) between the two intron ends of V. vinifera and their counterparts in
T. maclurei was detected (Fig. 3). The intron nad1i728 of T. maclurei was broken
downstream of matR, leading to the separation of two fragments 14 kb away from each
other. Compared with cis-spliced nad1i728 in V. vinifera, an 866 bp region was lost in
T. maclurei. Similar situation was found in this intron of P. abies (Guo et al., 2020).
Likewise, other four introns also lost sequence synteny in the middle of these introns
between T. maclurei and V. vinifera because of intron break in T. maclurei. Moreover,
the two exons originally flanking these introns were no longer in the same orientation
(Fig. 3).

Repeat-mediated recombination is prevalent in angiosperm mitogenomes, leading to
coexistence of different genome conformations (Palme ¢~ Shields, 1984; Alverson et al.,
2011; Dong et al., 2018). If recombination occurs in the middle of cis-spliced introns,
cis-spliced introns may shift to trans-spliced ones (Guo et al., 2020; Mower, 2020).
However, we don’t observe any repeats that likely contributed to these shifts around
the intron breakpoints in the T. maclurei mitogenome. Sequences of the repeat pairs might
be translocated after repeated recombination and/or too divergent to be no longer
recognized as repeats. Also, other types of DNA rearrangement may result in these shifts.

Phylogenetic origins of mitochondrial protein-coding genes
Phylogenetic analysis was carried out to infer the origins of 30 mitochondrial
protein-coding genes in T. maclurei (Fig. S3). Our gene conversion analyses found that
atpl of T. maclurei was a chimeric gene: its region I (1,137 bp, nucleotide positions
1-1,137) and region II (356 bp, nucleotide positions 1,138-1,493) exhibit high sequence
identities with species of Santalales and Lamiales, respectively. Region III (13 bp,
nucleotide positions 1,494-1,506) is too short and divergent to infer its origin. Separate
phylogenetic analyses for regions I and II indicated that region I was native (Fig. 4A),
while region II was acquired from Lamiales, both with high bootstrap support (Fig. 4B).
Further separate phylogenetic analyses for the three subregions of region I, which

were divided into identical or similar length to region II, also supported the native nature
of region I of T. maclurei (Fig. S4). This was also supported by sequence identity analysis.
Sequence identities of the three subregions between T. maclurei and other Santalales
species (95.2-99.5%, 96.1-100% and 98.5-100% for the three subregions, respectively)
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Figure 3 Schematic diagrams of synteny analysis of five mitochondrial introns between Tolypanthus maclurei and Vitis vinifera. Flanking
exons are shown as black rounded rectangles. Gray shading with genomic coordinates indicates homologous regions between mitogenomes of the
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were higher than those between T. maclurei and Lamiales species (94.1-94.4%, 93.7-95.7%
and 94.6-95.4%), while an opposite trend was observed for region II (88.9-91.6% between
T. maclurei and other Santalales species versus 95.2-96.0% between T. maclurei and
Lamiales species). The AU tests for region II with constrained topologies also rejected
vertical inheritance of atpI (P < 0.01 for both constraints). Notably, atp1 of Dendrophthoe
pentandra (another hemi-parasite from Loranthaceae) shares this chimeric nature,
indicating the occurrence of HGT and gene conversion in their common ancestor.
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Figure 4 Phylogenetic analyses of Tolypanthus maclurei and other 37 angiosperms based on sequences of two regions of mitochondrial atp1.
(A) Maximum likelihood tree for region I. (B) Maximum likelihood tree for region II. Gaiadendron, Amyema and Tapinanthus were excluded
because their region II of atpl are too short (<50 bp) with available sequences. Bootstrap support values > 50% are shown above the branches.

Hemiparasitic and autotrophic species in Santalales are shown in orange and green, respectively.

Full-size k&l DOL: 10.7717/peer;.12260/fig-4

For the other 29 genes, T. maclurei either clustered with other Santalales species with
mostly high and modest bootstrap supports (BS > 50%), or grouped with non-Santalales
species but with very low bootstrap supports (BS < 50%). However, Santalales species
fail to form a well-supported cluster for almost all of these genes, so our data cannot infer

their origins.

Parasitic plants evolved haustoria, which is used to invade the host and absorb water
and nutrients, building a bridge for genetic material movement between parasitic plants
and their hosts. This intimate association can contribute to host-to-parasite HGT, as
shown in some parasitic plants (Davis ¢ Xi, 2015; Sanchez-Puerta et al., 2019; Yang et al.,
2019; Roulet et al., 2020; Cai et al., 2021). Mitogenomes of parasitic plants such as
Cynomorium coccineum, Rafflesia spp., Lophophytum mirabile and Ombrophytum
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subterraneum, harbor extensive mitogenome fragments from their hosts (Xi et al,

2013; Cusimano ¢ Renner, 2019; Sanchez-Puerta et al., 2019; Roulet et al., 2020).

The hemiparasitic plant T. maclurei parasitizes many host plants, including Eriobotrya
japonica, Vernicia fordii, and Camellia spp. (Qiu ¢ Gilber, 2003), and therefore, HGT
of mitochondrial gene(s) in this species is not surprising. Similar to the case in T. maclurei,
atpl of a holoparasitic plant, Pilostyles thurberi, is also a chimeric gene and shows

HGT of its partial sequence from its host (Barkman et al., 2007). This gene also shows
parasite-to-host transfer in Plantago (Mower et al., 2010).

CONCLUSIONS

In this study, we reported the first mitogenome in the family Loranthaceae.

The mitogenome size of Tolypanthus maclurei is 256,961 bp, relatively small in Santatales.
It possesses a normal gene content and massive MTPTs. Compared with seed plant
common ancestor, we found the shifts from cis-to trans-splicing of five additional
mitochondrial introns in T. maclurei, and two of them are specific in T. maclurei.
Phylogenetic analysis showed that a 356 bp region near the 3" end of atpl of T. maclurei
was acquired from Lamiales via HGT. Our study suggests that shifts from cis-splicing to
trans-splicing of mitochondrial introns might not be uncommon in angiosperms.

ACKNOWLEDGEMENTS
We thank Mr. Yuangiu Li for his help on plant sampling.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

This study was financially supported by the National Natural Science Foundation of China
(31811530297). The funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
National Natural Science Foundation of China: 31811530297.

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

Author Contributions

e Runxian Yu conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
paper, and approved the final draft.

e Chenyu Sun analyzed the data, prepared figures and/or tables, and approved the final
draft.

e Ying Liu conceived and designed the experiments, authored or reviewed drafts of the
paper, and approved the final draft.

Yu et al. (2021), Peerd, DOI 10.7717/peerj.12260 11/16


http://dx.doi.org/10.7717/peerj.12260
https://peerj.com/

Peer/

e Renchao Zhou conceived and designed the experiments, prepared figures and/or tables,
authored or reviewed drafts of the paper, and approved the final draft.

DNA Deposition

The following information was supplied regarding the deposition of DNA sequences:
The mitogenome of Tolypanthus maclurei is available at GenBank: MZ343374.
The mitochondrial protein-coding genes of Erythropalum scandens are available at

GenBank: MT888102 to MT888134.

Data Availability
The following information was supplied regarding data availability:
The DNA-seq reads are available at GenBank: PRJNA735335.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.12260#supplemental-information.

REFERENCES

Alverson AJ, Rice DW, Dickinson S, Barry K, Palmer JD. 2011. Origins and recombination of the
bacterial-sized multichromosomal mitochondrial genome of cucumber. Plant Cell
23(7):2499-2513 DOI 10.1105/tpc.111.087189.

APG 1IV. 2016. An update of the Angiosperm Phylogeny Group classification for the orders and
families of flowering plants: APG IV. Botanical Journal of the Linnean Society 181:1-20.

Barkman TJ, McNeal JR, Lim SH, Coat G, Croom HB, Young ND, dePamphilis CW. 2007.
Mitochondrial DNA suggests at least 11 origins of parasitism in angiosperms and reveals
genomic chimerism in parasitic plants. BMC Evolutionary Biology 7:248
DOI 10.1186/1471-2148-7-248.

Bolger AM, Lohse M, Usadel B. 2014. Trimmomatic: a flexible trimmer for Illumina sequence
data. Bioinformatics 30:2114-2120.

Bonen L. 2008. Cis-and trans-splicing of group II introns in plant mitochondria. Mitochondrion
8(1):26-34 DOI 10.1016/j.mit0.2007.09.005.

Bonen L. 2012. Evolution of mitochondrial introns in plants and photosynthetic microbes.
Advances in Botanical Research 63:155-186.

Cai L, Arnold BJ, Xi Z, Khost DE, Patel N, Hartmann CB, Manickam S, Sasirat S, Nikolov LA,
Mathews S, Sackton TB, Davis CC. 2021. Deeply altered genome architecture in the
endoparasitic flowering plant Sapria himalayana Griff. (Rafflesiaceae). Current Biology
31(5):1002-1011.e9 DOI 10.1016/j.cub.2020.12.045.

Chapdelaine Y, Bonen L. 1991. The wheat mitochondrial gene for subunit I of the NADH
dehydrogenase complex: a trans-splicing model for this gene-in-pieces. Cell 65(3):465-472
DOI 10.1016/0092-8674(91)90464-a.

Cho Y, Qiu YL, Kuhlman P, Palmer JD. 1998. Explosive invasion of plant mitochondria by a
group I intron. Proceedings of the National Academy of Sciences of the United States of America
95(24):14244-14249 DOI 10.1073/pnas.95.24.14244.

Cusimano N, Renner SS. 2019. Sequential horizontal gene transfers from different hosts in a

widespread Eurasian parasitic plant, Cynomorium coccineum. American Journal of Botany
106(5):679-689 DOI 10.1002/ajb2.1286.

Yu et al. (2021), PeerdJ, DOI 10.7717/peerj.12260 12/16


http://www.ncbi.nlm.nih.gov/nuccore/MZ343374
http://www.ncbi.nlm.nih.gov/nuccore/MT888102
http://www.ncbi.nlm.nih.gov/nuccore/MT888134
http://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA735335
http://dx.doi.org/10.7717/peerj.12260#supplemental-information
http://dx.doi.org/10.7717/peerj.12260#supplemental-information
http://dx.doi.org/10.1105/tpc.111.087189
http://dx.doi.org/10.1186/1471-2148-7-248
http://dx.doi.org/10.1016/j.mito.2007.09.005
http://dx.doi.org/10.1016/j.cub.2020.12.045
http://dx.doi.org/10.1016/0092-8674(91)90464-a
http://dx.doi.org/10.1073/pnas.95.24.14244
http://dx.doi.org/10.1002/ajb2.1286
http://dx.doi.org/10.7717/peerj.12260
https://peerj.com/

Peer/

Davis CC, Xi Z. 2015. Horizontal gene transfer in parasitic plants. Current Opinion in Plant
Biology 26:14-19 DOI 10.1016/j.pbi.2015.05.008.

Dong S, Zhao C, Chen F, Liu Y, Zhang S, Wu H, Zhang L, Liu Y. 2018. The complete
mitochondrial genome of the early flowering plant Nymphaea colorata is highly repetitive with
low recombination. BMC Genomics 19(1):614 DOI 10.1186/s12864-018-4991-4.

Edgar RC. 2004. MUSCLE: multiple sequence alignment with high accuracy and high throughput.
Nucleic Acids Research 32(5):1792-1797 DOI 10.1093/nar/gkh340.

Gagliardi D, Binder S. 2007. Expression of the plant mitochondrial genome. In: Logan DC, ed.
Plant Mitochondria. Hoboken: Blackwell Publishing Ltd., 50-96.

Goremykin VV, Salamini F, Velasco R, Viola R. 2008. Mitochondrial DNA of Vitis vinifera and
the issue of rampant horizontal gene transfer. Molecular Biology and Evolution 26(1):99-110
DOI 10.1093/molbev/msn226.

Groth-Malonek M, Pruchner D, Grewe F, Knoop V. 2004. Ancestors of trans-splicing
mitochondrial introns support serial sister group relationships of hornworts and mosses with
vascular plants. Molecular Biology and Evolution 22(1):117-125 DOI 10.1093/molbev/msh259.

Guo W, Grewe F, Fan W, Young GJ, Knoop V, Palmer JD, Mower JP. 2016. Ginkgo and
Welwitschia mitogenomes reveal extreme contrasts in gymnosperm mitochondrial evolution.
Molecular Biology and Evolution 33(6):1448-1460 DOI 10.1093/molbev/msw024.

Guo W, Zhu A, Fan W, Adams RP, Mower JP. 2020. Extensive shifts from cis-to trans-splicing of
gymnosperm mitochondrial introns. Molecular Biology and Evolution 37(6):1615-1620
DOI 10.1093/molbev/msaa029.

Hecht J, Grewe F, Knoop V. 2011. Extreme RNA editing in coding islands and abundant
microsatellites in repeat sequences of Selaginella moellendorffii mitochondria: the root of
frequent plant mtDNA recombination in early tracheophytes. Genome Biology and Evolution
3:344-358 DOI 10.1093/gbe/evr027.

Jin JJ, Yu WB, Yang JB, Song Y, dePamphilis CW, Yi TS, Li DZ. 2020. GetOrganelle: a fast and
versatile toolkit for accurate de novo assembly of organelle genomes. BMC Genome Biology
21(1):241 DOI 10.1186/s13059-020-02154-5.

Kim S, Yoon MK. 2010. Comparison of mitochondrial and chloroplast genome segments from
three onion (Allium cepa L.) cytoplasm types and identification of a trans-splicing intron of
cox2. Current Genetics 56(2):177-188 DOI 10.1007/s00294-010-0290-6.

Langmead B, Wilks C, Antonescu V, Charles R. 2018. Scaling read aligners to hundreds of
threads on general-purpose processors. Bioinformatics 35(3):421-432
DOI 10.1093/bioinformatics/bty648.

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G, Abecasis G, Durbin R,
1000 Genome Project Data Processing Subgroup. 2009. Genome project data processing
subgroup, the sequence alignment/map (SAM) format and SAMtools. Bioinformatics
25(16):2078-2079 DOI 10.1093/bioinformatics/btp352.

Lowe TM, Chan PP. 2016. tRNAscan-SE on-line: search and contextual analysis of transfer RNA
genes. Nucleic Acids Research 44:W54-W57.

Malek O, Knoop V. 1998. Trans-splicing group II introns in plant mitochondria: the complete set
of cis-arranged homologs in ferns, fern allies, and a hornwort. RNA 4(12):1599-1609
DOI 10.1017/s1355838298981262.

Massel K, Silke JR, Bonen L. 2016. Multiple splicing pathways of group II trans-splicing introns in
wheat mitochondria. Mitochondrion 28:23-32 DOI 10.1016/j.mit0.2016.03.002.

Mower JP. 2005. PREP-Mt: predictive RNA editor for plant mitochondrial genes. BMC
Bioinformatics 6:96.

Yu et al. (2021), PeerdJ, DOI 10.7717/peerj.12260 13/16


http://dx.doi.org/10.1016/j.pbi.2015.05.008
http://dx.doi.org/10.1186/s12864-018-4991-4
http://dx.doi.org/10.1093/nar/gkh340
http://dx.doi.org/10.1093/molbev/msn226
http://dx.doi.org/10.1093/molbev/msh259
http://dx.doi.org/10.1093/molbev/msw024
http://dx.doi.org/10.1093/molbev/msaa029
http://dx.doi.org/10.1093/gbe/evr027
http://dx.doi.org/10.1186/s13059-020-02154-5
http://dx.doi.org/10.1007/s00294-010-0290-6
http://dx.doi.org/10.1093/bioinformatics/bty648
http://dx.doi.org/10.1093/bioinformatics/btp352
http://dx.doi.org/10.1017/s1355838298981262
http://dx.doi.org/10.1016/j.mito.2016.03.002
http://dx.doi.org/10.7717/peerj.12260
https://peerj.com/

Peer/

Mower JP, Stefanovi¢ S, Hao W, Gummow JS, Jain K, Ahmed D, Palmer JD. 2010. Horizontal
acquisition of multiple mitochondrial genes from a parasitic plant followed by gene conversion
with host mitochondrial genes. BMC Biology 8:150 DOI 10.1186/1741-7007-8-150.

Mower JP, Sloan DB, Alverson AJ. 2012. Plant mitochondrial genome diversity: the genomics
revolution. In: Wendel JH, ed. Plant Genome Diversity Volume 1: Plant Genomes, their Residents,
and their Evolutionary Dynamics. New York: Springer, 123-144.

Mower JP. 2020. Variation in protein gene and intron content among land plant mitogenomes.
Mitochondrion 53:203-213.

Nguyen LT, Schmidt HA, von Haeseler A, Minh BQ. 2015. IQ-TREE: a fast and effective
stochastic algorithm for estimating maximum likelihood phylogenies. Molecular Biology and
Evolution 32(1):268-274 DOI 10.1093/molbev/msu300.

Notsu Y, Masood S, Nishikawa T, Kubo N, Akiduki G, Nakazono M, Hirai A, Kadowaki K.
2002. The complete sequence of the rice (Oryza sativa L.) mitochondrial genome: frequent DNA
sequence acquisition and loss during the evolution of flowering plants. Molecular Genetics and
Genomics 268(4):434-445 DOI 10.1007/s00438-002-0767-1.

One Thousand Plant Transcriptomes Initiative. 2019. One thousand plant trannscriptomes and
the phylogenomics of green plants. Nature 574(7780):679-685
DOI 10.1038/541586-019-1693-2.

Palmer JD, Herbon LA. 1988. Plant mitochondrial DNA evolves rapidly in structure, but slowly in
sequence. Journal of Molecular Evolution 28(1-2):87-97 DOI 10.1007/BF02143500.

Palme JD, Shields CR. 1984. Tripartite structure of the Brassica campestris mitochondrial genome.
Nature 307:437-440.

Petersen G, Darby H, Lam VKY, Pedersen HAE, Merckx VSFT, Zervas A, Seberg O,
Graham SW. 2019. Mycoheterotrophic Epirixanthes (Polygalaceae) has a typical angiosperm
mitogenome but unorthodox plastid genomes. Annals of Botany 124(5):791-807
DOI 10.1093/aob/mcz114.

Qiu H, Gilber MG. 2003. Loranthaceae. In: Wu ZY, Raven PH, eds. Flora of China. Vol. 5.
St. Louis: Science Press and Missouri Botanical Garden Press, 239.

Qiu YL, Palmer JD. 2004. Many independent origins of trans-splicing of a plant mitochondrial
group II intron. Journal of Molecular Evolution 59(1):80-89 DOI 10.1007/s00239-004-2606-y.

Richardson AO, Rice DW, Young GJ, Alverson AJ, Palmer JD. 2013. The ‘fossilized’
mitochondrial genome of Liriodendron tulipifera: an ancestral gene content and order, ancestral
editing sites, and extraordinarily low mutation rate. BMC Biology 11:e29.

Roulet ME, Garcia LE, Gandini CL, Sato H, Ponce G, Sanchez-Puerta MV. 2020.
Multichromosomal structure and foreign tracts in the Ombrophytum subterraneum
(Balanophoraceae) mitochondrial genome. Plant Molecular Biology 103(6):623-638
DOI 10.1007/s11103-020-01014-x.

Sanchez-Puerta MV, Edera A, Gandini CL, Williams AV, Howell KA, Nevill PG, Small 1. 2019.
Genome-scale transfer of mitochondrial DNA from legume hosts to the holoparasite
Lophophytum mirabile (Balanophoraceae). Molecular Phylogenetics and Evolution 132:243-250
DOI 10.1016/j.ympev.2018.12.006.

Sanchez-Puerta MV, Cho Y, Mower JP, Alverson AJ, Palmer JD. 2008. Frequent,
phylogenetically local horizontal transfer of the coxI group I Intron in flowering
plant mitochondria. Molecular Biology and Evolution 25(8):1762-1777
DOI 10.1093/molbev/msn129.

Yu et al. (2021), Peerd, DOI 10.7717/peerj.12260 14/16


http://dx.doi.org/10.1186/1741-7007-8-150
http://dx.doi.org/10.1093/molbev/msu300
http://dx.doi.org/10.1007/s00438-002-0767-1
http://dx.doi.org/10.1038/s41586-019-1693-2
http://dx.doi.org/10.1007/BF02143500
http://dx.doi.org/10.1093/aob/mcz114
http://dx.doi.org/10.1007/s00239-004-2606-y
http://dx.doi.org/10.1007/s11103-020-01014-x
http://dx.doi.org/10.1016/j.ympev.2018.12.006
http://dx.doi.org/10.1093/molbev/msn129
http://dx.doi.org/10.7717/peerj.12260
https://peerj.com/

Peer/

Sanchez-Puerta MV, Abbona CC, Zhuo S, Tepe EJ, Bohs L, Olmstead RG, Palmer JD. 2011.
Multiple recent horizontal transfers of the coxl intron in Solanaceae and extended
co-conversion of flanking exons. BMC Evolutionary Biology 11:277
DOI 10.1186/1471-2148-11-277.

Sawyer SA. 1989. Statistical tests for detecting gene conversion. Molecular Biology and Evolution
6:526-538.

Sloan DB, Alverson AJ, Chuckalovcak JP, Wu M, McCauley DE, Palmer JD, Taylor DR. 2012.
Rapid evolution of enormous, multichromosomal genomes in flowering plant mitochondria
with exceptionally high mutation rates. PLOS Biology 10(1):e1001241
DOI 10.1371/journal.pbio.1001241.

Smith DR, Lee RW, Cushman JC, Magnuson JK, Tran D, Polle JEW. 2010. The Dunaliella salina
organelle genomes: large sequences, inflated with intronic and intergenic DNA. BMC Plant
Biology 10:83 DOI 10.1186/1471-2229-10-83.

Smith DR, Keeling P]J. 2015. Mitochondrial and plastid genome architecture: reoccurring themes,
but significant differences at the extremes. Proceedings of the National Academy of the Sciences of
the United States of America 112(33):10177-10184 DOI 10.1073/pnas.1422049112.

Skippington E, Barkman TJ, Rice DW, Palmer JD. 2015. Miniaturized mitogenome of the
parasitic plant Viscum scurruloideum is extremely divergent and dynamic and has lost all nad
genes. Proceedings of the National Academy of Sciences of the United States of America
112(27):E3515-E3524 DOI 10.1073/pnas.1504491112.

Skippington E, Barkman TJ, Rice DW, Palmer JD. 2017. Comparative mitogenomics indicates
respiratory competence in parasitic Viscum despite loss of complex I and extreme sequence
divergence, and reveals horizontal gene transfer and remarkable variation in genome size. BMC
Plant Biolology 17(1):49 DOI 10.1186/512870-017-0992-8.

Stamatakis A. 2014. RAxML Version 8: a tool for phylogenetic analysis and post-analysis of large
phylogenies. Bioinformatics 30(9):1312-1313 DOI 10.1093/bioinformatics/btu033.

Su H, Hu J, Anderson FE, Der JP, Nickrent DL. 2015. Phylogenetic relationships of Santalales
with insights into the origins of holoparasitic Balanophoraceae. Taxon 64(3):491-506
DOI 10.12705/643.2.

Sugiyama Y, Watase Y, Nagase M, Makita N, Yagura S, Hirai A, Sugiura M. 2005. The complete
nucleotide sequence and multipartite organization of the tobacco mitochondrial genome:
comparative analysis of mitochondrial genomes in higher plants. Molecular Genetics and
Genomics 272(6):603-615 DOI 10.1007/s00438-004-1075-8.

Wick RR, Judd LM, Gorrie CL, Holt KE. 2017. Unicycler: resolving bacterial genome assemblies
from short and long sequencing reads. PLOS Computational Biology 13(6):e1005595
DOI 10.1371/journal.pcbi.1005595.

Wick RR, Schultz MB, Zobel J, Holt KE. 2015. Bandage: interactive visualization of de novo
genome assemblies. Bioinformatics 31(20):3350-3352 DOI 10.1093/bioinformatics/btv383.

Wynn EL, Christensen AC. 2019. Repeats of unusual size in plant mitochondrial genomes:
identification, incidence and evolution. G3-Genes Genomes Genetics 9(2):549-559
DOI 10.1534/g3.118.200948.

Xia H, Zhao W, Shi Y, Wang XR, Wang B. 2020. Microhomologies are associated with tandem
duplications and structural variation in plant mitochondrial genomes. Genome Biology and
Evolution 12(11):1965-1974 DOI 10.1093/gbe/evaal72.

Xi Z, Wang Y, Bradley RK, Sugumaran M, Marx CJ, Rest JS, Davis CC. 2013. Massive
mitochondrial gene transfer in a parasitic flowering plant clade. PLOS Genetics 9(2):e1003265
DOI 10.1371/journal.pgen.1003265.

Yu et al. (2021), PeerdJ, DOI 10.7717/peerj.12260 15/16


http://dx.doi.org/10.1186/1471-2148-11-277
http://dx.doi.org/10.1371/journal.pbio.1001241
http://dx.doi.org/10.1186/1471-2229-10-83
http://dx.doi.org/10.1073/pnas.1422049112
http://dx.doi.org/10.1073/pnas.1504491112
http://dx.doi.org/10.1186/s12870-017-0992-8
http://dx.doi.org/10.1093/bioinformatics/btu033
http://dx.doi.org/10.12705/643.2
http://dx.doi.org/10.1007/s00438-004-1075-8
http://dx.doi.org/10.1371/journal.pcbi.1005595
http://dx.doi.org/10.1093/bioinformatics/btv383
http://dx.doi.org/10.1534/g3.118.200948
http://dx.doi.org/10.1093/gbe/evaa172
http://dx.doi.org/10.1371/journal.pgen.1003265
http://dx.doi.org/10.7717/peerj.12260
https://peerj.com/

Peer/

Yang Z, Wafula EK, Kim G, Shahid S, McNeal JR, Ralph PE, Timilsena PR, Yu W, Kelly EA,
Zhang H, Person TN, Altman NS, Axtell MJ, Westwood JH, dePamphilis CW. 2019.
Convergent horizontal gene transfer and cross-talk of mobile nucleic acids in parasitic plants.
Nature Plant 5(9):991-1001 DOI 10.1038/s41477-019-0458-0.

YuR, Zhou S, Zhou Q, Liu Y, Zhou R. 2019. The complete chloroplast genome of a hemiparasitic
plant Tolypanthus maclurei (Loranthaceae). Mitochondrial DNA Part B 4:207-208.

Yu et al. (2021), Peerd, DOI 10.7717/peerj.12260 16/16


http://dx.doi.org/10.1038/s41477-019-0458-0
http://dx.doi.org/10.7717/peerj.12260
https://peerj.com/

	Shifts from cis-to trans-splicing of five mitochondrial introns in Tolypanthus maclurei
	Introduction
	Materials & methods
	Results & discussion
	Conclusions
	flink5
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


