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Abstract Retrophyllum piresii (Podocarpaceae) is an endem-
ic conifer species from the Brazilian Amazonian Region, and
very few data related to ecological and genetic characteristics
of this species are available. Plastome sequencing is an effi-
cient tool to understand enigmatic and basal phylogenetic re-
lationships at different taxonomic levels, as well as to probe
the structural and functional evolution of plants. Usually, the
plastome of photosynthetic land plants is quadripartite, with
two copies of the inverted repeats (IRs) separating the small
and large single-copy regions. However, in gymnosperms, IR
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can vary from large in size to completely absent, being con-
stituted principally by transfer RNA (tRNA) genes, or a part of
sequence of other genes. Here, we sequenced and character-
ized the complete plastome of R. piresii. This plastome was
determined to be 133,291 bp (~480-fold coverage), presenting
a total of 120 identified genes, of which 118 were single copy
and two genes, trnN-GUU and trnD-GUC, were found to be
duplicated and occurring as inverted and directed repeat (DR)
sequences, respectively. These repeated regions presented
recombinationally active sites, resulting in an IR-mediated
inversion and a DR-mediated deletion. However, the isoform
resulted from DR-mediated deletion may result in unviable
plastome, with deletion of photosynthetic and expression
machinery-related genes.

Keywords Chloroplast genome - Evolution - Homologous
recombination - Gymnosperms - Podocarpaceae

Introduction

Extant gymnosperms are considered the most ancient group of
seed-bearing plants that first appeared, approximately 300
million years ago (Murray 2013). They consist of four major
groups, including gnetophytes, conifers, cycads, and ginkgo.
The Podocarpaceae family is considered the most diverse fam-
ily of conifers, comprising 173 species in 18 genera, which are
mainly distributed in the Southern Hemisphere, extending al-
so to the north in subtropical China, Japan, Mexico, and the
Caribbean (Farjon 1998; Biffin et al. 2011). The Retrophyllum
genus comprises five species: Retrophyllum comptonii,
R. minor, Retrophyllum piresii, R. rospigliosii, and R. vitiense.
The endemic species from highlands of Pacads Novos
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National Park, Brazil, R. piresii was classified in 1976 by Joao
Murga Pires, who collected seeds, which were germinated and
the plants maintained in the Botanical Garden Museu
Paraense Emilio Goeldi, Belém, Para, Brazil. Nowadays, very
few data related to physiological, ecological, and genetic char-
acteristics of this species are known.

Plastid genome (plastome) sequencing is an efficient tool
for increasing phylogenetic resolution at lower taxonomic
levels in plant phylogenetic and genetic population analyses
(Besnard et al. 2011; Dexter et al. 2012; Lopez et al. 2012;
Rogalski et al. 2015). It has been used to understand enigmatic
and basal phylogenetic relationships at different taxonomic
levels, being sources of structural and functional information
about the evolution of the different groups of plants (Jansen
et al. 2007; Moore et al. 2007; Parks et al. 2009; Moore et al.
2010; Wu et al. 2011; Yi et al. 2013; Vieira et al. 2014a).
Plastome sequences are available for all families of conifers:
Cephalotaxaceae (Yi et al. 2013), Cupressaceae (Hirao et al.
2008), Pinaceae (Wakasugi et al. 1994; Cronn et al. 2008; Lin
etal. 2010), Taxaceae (Zhang et al. 2014), Araucariaceae (Wu
and Chaw 2014; Ruhsam et al. 2015), and Podocarpaceae
(Wu and Chaw 2014; Vieira et al. 2014a). For Podocarpaceae
family, the plastome sequence has recently been revealed for
three species: the endemic New Zealand Podocarpus totara
G. Benn. ex Don (NC_020361.1), Podocarpus lambertii, a
species from the biodiversity hotspot of South America, the
Araucaria forest (Vieira et al. 2014a), and the Asiatic species
Nageia nagi (Wu and Chaw 2014).

Usually, the plastome of photosynthetic land plants is 120—
220 kb in size, with two copies of the inverted repeats (IRs)
separating the small and large single-copy (SSC and LSC)
regions (Palmer 1983; Knox 2014). The size of IRs in plastids
of land plants is highly variable and it is dependent on plant
group, genus, family, or species (Wicke etal. 2011; Jansen and
Ruhlman 2012; Guo et al. 2014; Gurdon and Maliga 2014;
Vieira et al. 2014a). The IR copies recombine themselves and
are intended to maintain or confer stability to the remaining
plastome (Palmer 1983; Stein et al. 1986; Knox 2014).

In gymnosperms, IR size ranges from large to completely
absent. Different taxonomic orders as Gnetales, Cycadales,
and Ginkgoales have retained the classical IRs, which can
range from 17.3 to 25.1 kb (Wu et al. 2007, 2009; Lin et al.
2012; Guo et al. 2014). In conifers, there are short IR regions,
containing different genes, but principally transfer RNA
(tRNA) genes or a part of other gene sequence. Recently, in
species of the Juniperus genus, the presence of short IRs con-
taining two copies of full #znQ-UUG (Guo et al. 2014) was
observed. These short IR sequences (~250 bp) showed to be
able to recombine and create different isoforms of plastome,
which have been proven to happen in different individual
plants and in different tissues of the same plant (Guo et al.
2014). Gurdon and Maliga (2014) reported an unprecedented
presence of two plastome configurations, with ~45 kb
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inversion, produced by recombination of short imperfect
inverted sequences containing 20-24 bp in different
Medicago truncatula ecotypes.

In transgenic plastids, the presence of inverted or direct
repeats produced by using short endogenous plastid 5'- or
3'-UTRs as signals for expression cassettes was demonstrated
to generate different plastome isoforms (Rogalski et al. 2006;
2008a; 2008b; Gray et al. 2009; Alkatib et al. 2012). The
genome rearrangement is dependent on the direction of the
two repeated sequences (i.e., directed repeats or inverted re-
peats). Whether the sequences are presented as directed re-
peats, the sequence between them and one of them are deleted
from the plastome (Rogalski et al. 2008b; Alkatib et al. 2012),
whereas if the sequences are found as inverted repeats, they
recombine and induce an inversion of the sequence between
them (Rogalski et al. 2006; 2008a).

Here, we demonstrated the presence of recombinationally
active repeated sequences, consisting of different copies of
tRNA genes, one as inverted and the other as directed repeat
in the same plastome. These repeated sequences produce an
IR-mediated inversion and a directed repeat (DR)-mediated
deletion, resulting in different plastome arrangements. How-
ever, the isoform created by DR-mediated deletion may pro-
duce an unviable plastome, with deletion of photosynthetic
genes and other genes involved in plastid gene expression
machinery.

Results and discussion
Retrophyllum piresii plastome size and gene content

R. piresii plastome size was determined to be 133,291 bp, only
443 bp smaller than P. lambertii (133,734 bp; NC_ 023805)
and 431 bp smaller than N. nagi (133,722; NC_023120). The
plastome size of Podocarpaceae species is consistent with oth-
er non-Pinaceae species (conifer clade II), which present a
plastome ranging from 127,311 bp in Calocedrus formosana
(NC_023121) to 145,625 bp in Agathis dammara
(NC 023119). Otherwise, they are larger than the sequenced
plastomes of Pinaceae species (conifer clade I), which range
from 107,122 bp in Cathaya argyrophylla (NC_014589) to
124,168 bp in Picea morrisonicola (NC_016069), and smaller
than the cycads Cycas taitungensis (163,403 bp; NC_009618)
and Cycas Revoluta (162,489 bp; NC _020319). The GC con-
tent determined for R. piresii plastome is 37.25 %, which is
very similar to other Podocarpaceae species P. lambertii
(37.10 %) and N. nagi (37.26 %).

A total of 120 genes were identified in the R. piresii
plastome, of which 118 were single copy and two genes,
trnN-GUU and trnD-GUC, were found to be duplicated and
occurring as inverted and directed repeat sequences, respec-
tively. The following genes were identified and are listed in
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Fig. 1 and Table 1: 4 ribosomal RNA genes, 31 unique transfer
RNA genes, 20 genes encoding large and small ribosomal
subunits, 1 translational initiation factor, 4 genes encoding
DNA-dependent RNA polymerases, 50 genes encoding
photosynthesis-related proteins, 8 genes encoding other pro-
teins, including the unknown function gene ycf2, and 1
pseudogene, ycf68

Among these 118 single copy genes, 13 were genes con-
taining introns (Table 1). Even though the R. piresii and
N. nagi gene content is strictly similar to P. lambertii, they
lost the rpoC1 intron (Wu and Chaw 2014; Vieira et al.
2014a). In addition, a double copy of #rnD-GUC is an excep-
tion only present in R. piresii plastome. The rpsi6 is also
absent in the R. piresii plastome, indicating that
Podocarpaceae and Araucariaceae families have lost this gene
during the evolution process, while other non-Pinaceae spe-
cies did not (Wu et al. 2007; Hirao et al. 2008; Wu et al. 2011;
Yi et al. 2013; Wu and Chaw 2014; Vieira et al. 2014a). Al-
though this gene was shown to be essential for cell survival in
tobacco, an angiosperm species (Fleischmann et al. 2011), it is
also absent or nonfunctional in other gymnosperms, such as
Pinaceae and Gnetophyte species (Tsudzuki et al. 1992; Wu

Fig. 1 Gene map of
Retrophyllum piresii plastome.
Genes drawn inside the circle are
transcribed clockwise, and genes
drawn outside are
counterclockwise. Genes
belonging to different functional
groups are color-coded. The
darker gray in the inner circle
corresponds to GC content, and
the lighter gray to AT content.
The location of the IR-mediated
inversion and the DR-mediated
deletion are highlighted on the
outer circle by blue and red bars,
respectively
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et al. 2007; 2009), and also in some angiosperms, such as
species from Fabaceae (Guo et al. 2007; Tangphatsornruang
et al. 2009), Dioscoreaceae (Hansen et al. 2007), and
Melanthiaceae (Do et al. 2014) families.

Repeat sequence analysis

The plant population genetic studies may be greatly facilitated
by the use of chloroplast DNA (cpDNA) markers due to its
nonrecombinant, uniparentally inherited nature in most plant
species, and low rates of mutation perceived in plastome
(Powell et al. 1995; Provan et al. 2001). Plastome presents a
conserved gene set and a general lack of heteroplasmy and
recombination, which made it an attractive tool for plant phy-
logenetic studies. Furthermore, cpDNA may be applied to
studies involving genetic structure of natural populations due
to its mode of inheritance in comparison to nuclear markers
(Provan et al. 2001).

Hence, chloroplast simple sequence repeat (SSR) has
been widely used for high-resolution phylogeographic
studies (Ahmed et al. 2013; Tomar et al. 2014). Other
applications include the characterization of alloplasmic

Deletion region

Retrophyllum piresii

chloroplast genome
133,291 bp

Inversion region
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Table 1  List of genes identified in Retrophyllum piresii plastome
Category of genes Group of gene Name of gene
Ribosomal RNA genes rrn23 rrn4.5 rrnS rrnl6
Transfer RNA genes trnA-UGC* trnC-GCA trnD-GUC® trnE-UUC trnF-GAA
trnG-GCC trnG-UCC*  tnH-GUG trnl-GAU?* trnl-CAU
trnL-UAG trnL-CAA trnK-UUU? trnM-CAU trnfM-CAU
trnN-GUU® trnP-UGG trnP-GGG trnQ-UUG trnR-ACG
trnR-UCU trnR-CCG trnS-GCU trnS-UGA trnS-GGA
trnT-UGU trnT-GGU trnV-GAC trnV-UAC* trnW-CCA
trnY-GUA
Small subunit of ribosome rps2 rps3 rps4 rps7 rps8
rpsil rpsi2* rpsl4 rpsl5 rpsi18
rps19
Large subunit of ribosome rpl2* rpll4 rpll6 rpl20 rpl22
rpl23 rpl32 rpl33 rpl36
DNA-dependent RNA polymerase rpoA rpoB rpoCl rpoC2
Translat ional init iat ion factor infA
Genes for photosynthesis Subunits of photosystem | psad psaB psaC psal psaJ
psaM yef3? yef4
Subunits of photosystem 11 psbA psbB psbC psbD pSbE
psbF psbH psbl psbJ psbK
psbL psbM PpsbN psbT psbZ
Subunits of cytochrome petA petB* petD* petL petN
petG
Subunits of ATP synthase atpA atpB atpE atpF* atpH
atpl
Large subunit of Rubisco rbcL
Chlorophyll biosynthesis chiB chiL chiN
Subunits of NADH dehydrogenase  ndhA® ndhB* ndhC ndhD ndhE
ndhF ndhG ndhH ndhl ndhJ
ndhK
Other genes Maturase matK
Envelope membrane protein cemA
Subunit of acetyl-CoA accD
C-type cytochrome synthesis gene cesA
Protease clpP
Component of TIC complex yefl
Genes of unknown function Conserved open reading frames yef2
Pseudogene yef68

# Genes containing introns

° Duplicated gene

lines in wheat (Tomar et al. 2014), the support of sweet
potato domestications theory (Roullier et al. 2011), the
distribution of genetic diversity in Pinus pinaster
(Vendramin et al. 1998), the gene flow and hybridiza-
tion among almond tree species (Delplancke et al.
2012), and the studies involving population genetic
structure in different species (Kato et al. 2011; 2013;
Roullier et al. 2013; Baskauf et al. 2014).

@ Springer

In the present study, we analyzed the occurrence and type
of SSRs, consisting of tandemly repeated motifs of 6 bp or less
in R. piresii plastome. In total, 168 SSRs were identified.
Among them, homo- and dipolymers were the most common
with, respectively, 96 and 62 occurrences, whereas tri- (2) and
tetrapolymers (8) occurred with lower frequency (Table 2).
Among the mono- and dipolymers identified, only 4 mono-
and 1 dipolymer presented more than 15 repeats (Table 2),
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Table 2  List of simple sequence repeats identified in Retrophyllum piresii plastome

SSR Sequence  Number of repeats Total
3 4 5 6 7 8 9 0 11 12 13 14 15 16 17 18 19 20 21 22 23

AT - - - — — 43 18 10 5 3 4 1 1 - 2 - - - - = 1 88
C/G - - - - - 2 4 - 1 1 - - - - - - - - - = - 8
AC/GT - 3 - - - - - - - - - - = - - - - - - - - 3
AG/CT - 23 - 1 - - - - - - - - = - - - - - - - - 24
AT/AT - 18 4 1 3 2 1 2 2 1 - - - - - - - - - 1 - 35
AAG/CTT - 2 - - - - - - - - - - = - - - - - - - - 2
AAAGICTTT 1 - - — — —  — - - - - -
AACT/AGTT | - - — — — — —  — - - - - - - - - - - -
AATC/ATTG 2 - - - - = - - - - - = = - - - - - - - - 2
ACCT/AGGT 1 - - - - - = - - - - = = - - - - - = - - 1
AGAT/ATCT 3 - - - - - = - - - - = = - - - - - = - - 3

which is in accordance to the nature of chloroplast
microsatellites of generally <15 mononucleotide repeats
(Provan et al. 2001). Penta- and hexapolymers were not iden-
tified in R. piresii, what differs from P. lambertii plastome, in
which one penta- and one hexapolymer were identified (Vieira
et al. 2014a), and from N. nagi, in which one pentapolymer
was identified using the same parameters described in the
“Material and methods” section (data not shown).

The homopolymers were mostly constituted by A/T se-
quences (91.66 %), but for dipolymers, only 56.45 % was
constituted by multiple A and T bases. In Colocasia spp.,
the complete plastome sequence was used to identify poly-
morphic microsatellites suitable for high-resolution phylogeo-
graphic studies (Ahmed et al. 2013). The intraspecific se-
quence alignments revealed that polymorphic microsatellites
were mostly mononucleotide A/T, and only one polymorphic,
dinucleotide microsatellite AT/TA (Ahmed et al. 2013) Simi-
larly, in wheat, 24 cpSSRs of the 25 polymorfic SSRs were
mononucleotide A/T repeats, and only one was C/G repeat
(Tomar et al. 2014).

In this study, we identified 158 repeats with one or two
nucleotide repeat, totaling almost 94.5 % of all SSRs identi-
fied, most of them consisting of A/T sequences. These results
reveal the presence of several SSR sites in R. piresii plastome
that can be assessed for the intraspecific level of polymor-
phism, leading to innovative highly sensitive phylogeographic
and population genetics studies for this species. This study
may help to describe the conservation status of this species
in its endemic region, Pacads Novos National Park, Brazil.

Plastome structure

In land plants, most plastomes consist of large single-copy
region (LSC), small single-copy region (SSC) and two
inverted repeat regions (IR) (Palmer 1983; Shinozaki et al.
1986, Knox 2014). This plastome organization is highly

conserved in angiosperms, with very few exceptions (Guo
et al. 2007; Hansen et al. 2007; Tangphatsornruang et al.
2009; Do et al. 2014; Gurdon and Maliga 2014). In gymno-
sperms, the loss of the large IR has been reported in several
species, mainly in conifers (Hirao et al. 2008; Wu and Chaw
2014; Yi et al. 2013). Also, many rearrangements may be
observed in the plastome, and such rearrangements appear to
play an important role in their evolution (Wu and Chaw 2014;
Yi et al. 2013; Vieira et al. 2014a). As in other species of
Podocarpaceae family (Wu and Chaw 2014; Vieira et al.
2014a), the plastome of R. piresii lacks one of the IRs (Fig. 1).

Comparing the plastome of R. piresii with P. lambertii and
N. nagi by dot-plot analyses (Fig. 2), we noted that the struc-
ture of the R. piresii plastome differs from the other two spe-
cies by one large inversion (~56 kb) flanked by a short IR
region containing the #7nN-GUU gene. Thus, we investigated
if these short IR sequences were a recombinationally active
site, leading to an IR-mediated inversion. The presence of
these arrangements occurring between the short IR containing
the rnN-GUU gene was confirmed by specific PCR primers
suitable to amplify all recombination products (Fig. 3). PCR
amplification with several primer combinations confirmed
that indeed, this IR-mediated inversion produced two different
isoforms of the R. piresii plastome (Fig. 3). The plastid DNA
used for the PCR amplification was isolated from the same
plant and revealed that both isomers coexist in a single R.
piresii plant (Fig. 3). The presence of the different plastome
isoforms in needle tissues of the same plant was also con-
firmed by mapping of paired-end reads (Electronic
Supplementary Material 1).

Although, the two isoforms differ in the orientation of a
56-kb segment of the plastome (Fig. 1), they are functionally
equivalent, considering that they both carry the same gene
content and do not affect the integrity of other chloroplast
genes (Fig. 1). The different isoforms were readily detectable
by PCR, and it is highly unlikely that PCR artifacts are
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involved here since the recombination was also observed by
sequencing data (Electronic Supplementary Material 1).

In M. truncatula, an unprecedented presence of two stable
alternative plastomes configuration was reported (Gurdon and
Maliga 2014). These two configurations were a ~45 kb inver-
sion between a short (20-24 nt) imperfect repeat in different

aligned but their orientations are opposite. Graphs represent
comparisons between R. piresii (axis X) and P. lamberti (axis Y) (a)
and R. piresii (axis X) and N. Nagi (axis Y) (b)

ecotypes. Shortly after, Guo et al. (2014) described these mul-
tiple genomic isoforms coexisting within individual plants. In
Juniperus, two plastome configurations with a large ~36-kb
inversion between inverted repeats of 250 bp containing two
copies of rnQ-UUG genes and coexist also in the same plant.
Different isoforms are not always present in similar amounts
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genome IR-mediated inversion, isoform 2; g PCR primer combination
designed to amplify genome DR-mediated deletion, isoform 1; h PCR
primer combination designed to amplify genome DR-mediated deletion,
isoform 3. /R indicates the short inverted repeat formed in the position of
trnN-GUU. DR indicates the short directed repeat formed in the position
of trnD-GUC. In h, one copy of'the directed repeat is deleted and only one
copy remains
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Table 3  List of repeated tRNA in sequenced gymnosperms plastomes

Taxon Species Repeated tRNA

trnl-  tmQ- tmmN- trnV- tmH- tmL- tmR- tml-  trnA- tmR- tmD- tmS- tmT-  tmS-
CAU UUG GUU GAC GUG CAA ACG GAU UCG CCG GUC GCU GGU UGA

UGA conifer clade I
IPinaceae Cathaya argyrophylla 1 1
Cedrus deodara 1 11
Keteleeria davidiana 1
Larix decidua 1
Picea abies 1 1 1D
Picea morrisonicola 1 D
Pinus koraiensis 1 1 1D
Pinus krempfii 1 1 1
Pinus lambertiana 1 1 1
Pinus massoniana 1 1 1D
Pinus monophylla 1 1 1D
Pinus nelsonii 1 1D
Pinus taeda 1 1 1D
Pinus thunbergii 1 1D
Pseudotsuga sinensis 1 IDD
Conifer clade 11
Araucariaceae Agathis dammara 1 D
Cupressaceae Calocedrus formosana 1
Cryptomeria japonica 11
Cunninghamia lanceolata 11
Juniperus bermudiana 1
Juniperus monosperma 11
Juniperus scopulorum 11
Juniperus virginiana 11
Taiwania cryptomerioide 11
Taiwania flousiana 7 1
Cephalotaxaceae Cephalotaxus oliveri 1
Cephalotaxus wilsoniana D 1
Podocarpaceae Nageia nagi 1
Podocarpus lambertii 1
Podocarpus totara
Retrophyllum piresii 1
Taxaceae Taxus mairei 11
Cycadidae
Cycadaceae Cycas revoluta 1 1 1 1 11 1
Cycas taitungensis 1 1 1 1 11 1
Ginkgoidae
Ginkgoaceae Ginkgo biloba 1 1 1 1 11 D
Gnetidae
Ephedraceae Ephedra equisetina 171 1 1 1 11 1
Gnetaceae Gnetum montanum 11 1 1 1 11 1
Gnetum parvifolium 7 1 1 1 7 1
Welwistchiaceae Welwitschia mirabilis 17 1 1 11 D

I inverted repeat, D direct repeat
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because homologous recombination is a randomly physical
mechanism and is distributed due to random segregation of
the isoforms during cell and organelle division (Rogalski et al.
2006, 2008b; Guo et al. 2014).

Analyzing different gymnosperm plastome sequences
available in GenBank, it is possible to detect the presence of
different tRNA genes repeated in direct or inverted copies
(Table 3). In general, conifer clade I present trnl-CAU, trnS--
GCU, and trnH-GUG in inverted repeat, and #7nT-GGU in
direct repeat. The conifer clade II, families Cupressaceae and
Taxaceae, present trnl-CAU and trnQ-UUG in inverted repeat,
while Cephalotaxaceae presents the trnQ-UUG, and
Podocarpaceae presents the #7nN-GUU. Cycadidae, Gnetidae,
and Ginkgoidae did not lose the large IRs; therefore, they have
several tRNAs in inverted repeats.

The trnl-CAU gene in conifers clade I was not reported to
show ability to recombine and generate inversion between
them (Lin et al. 2010; Wu et al. 2011). However, in conifer
clade II species, the recombinationally activity of the short IR
containing trnQ-UGG (544 bp) was found to occur in
C. oliveri (Cephalotaxaceae) but not in C. japonica
(Cupressaceae) and 7. cryptomerioides (Cupressaceae). The
last two species have #rnQ-UUG-containing short IRs of ap-
proximately 280 bp (Yi et al. 2013). Two species of
Podocarpaceae family showed short IRs composed of two
copies of #rnN-GUU (Vieira et al. 2014a; Wu and Chaw
2014), but it remains to be assayed if they are
recombinationally active. In the conifer clade II species,
Juniperus genus (Cupressaceac), short IRs (~250 bp) contain-
ing trnQ-UUG were shown to recombine and created a large
36 kb inversion (Guo et al. 2014). More recently, a triplication
of trnl-CAU was observed in an angiosperm species, Paris
verticillata, although, at first analyses, no rearrangements
were observed (Do et al. 2014).

We also identified in R. piresii plastome a short DR
of 173 bp containing the #nD-GUC gene. This DR is
separated by several tRNA genes and genes encoding
proteins related to photosynthesis, chlororespiration,
and translation (~25 kb) (Fig. 1). We investigated
whether this DR could recombine and cause the deletion
of its internal content. PCR data containing amplified
products with suitable primers (Fig. 3) confirmed the
presence of the two plastome isoforms, one containing
the DR and the other one with a single copy of trnD--
GUC gene and the deletion of the previous internal
gene content (Fig. 3). This hypothesis was confirmed
by mapping the paired-end reads with both plastome
isoforms (Electronic Supplementary Material 2).

In transgenic plastids, the appearance of unexpected
plastome conformations was observed when endogenous reg-
ulatory sequences were used (Rogalski et al. 2006; 2008a;
2008b; Fleischmann et al. 2011; Alkatib et al. 2012). The
use of endogenous sequences (promoters, 5'- and 3'-UTRs)
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to control transgene expression duplicated relatively short se-
quences in the plastome and these recombinationally active
duplicated sequences can be distributed by chance as IR or
DR. If they were positioned as DR, they induced deletion of
the sequence between them (Rogalski et al. 2008a) and, oth-
erwise, if they were found as IR, they can work as flip-flop
recombination (Rogalski et al. 2006; 2008b).

Deletion of plastome sequences via genetic engineer-
ing of directly repeated sequences is a precise method
already used successfully for elimination of the select-
able marker gene (lamtham and Day 2000; Day et al.
2005) and targeted disruption of a plastid gene (Kode
et al. 2006). The two mechanisms in transgenic plastids,
deletion or inversion, mediated by repeated sequences
were demonstrated to be a totally random process con-
sidering that the different isoforms were found in the
same plastids, cells, and/or tissues with different pre-
dominance (Rogalski et al. 2006; 2008a; 2008b;
Fleischmann et al. 2011; Alkatib et al. 2012).

The results found in the present work comprise the
first report in nature of a DR-mediated deletion in
plastome of untransformed plants. Similarly to the pre-
vious analysis, DNA from only one plant was used,
confirming that these isoforms co-exist within a single
plant. Given that no abnormal or variegated needles
were observed in the R. piresii plant used for plastome
sequencing, there are several interesting and remaining
questions: Is this a peculiarity of R. piresii plastome or
a more common phenomenon present in other plastomes
that has been overlooked before? What is the evolution-
ary advantage of this recombination since photosynthetic
and housekeeping genes are deleted? Considering that
plastomes have a high ploidy level, is there a mix of
viable and unviable plastome isoforms which suffice for
gene expression, providing sufficient amount of tRNAs
and proteins related to plastid gene expression and pho-
tosynthesis? If there is a selection pressure exerted by
plastid gene expression and photosynthesis on plastome
to eliminate the unviable plastome isoforms and prevent
aberrant growth in conifers, how does it work? Deepen
on these and others questions can help unravel impor-
tant aspects of the adaptive evolution of conifers.

Material and methods
Plant material and cpDNA purification

Chloroplast isolation of R. piresii was performed from a single
individual fresh leaf gently provided by Goeldi Museum
(Museu Paraense Emilio Goeldi), Brazil. Chloroplasts and
plastid DNA from young needles were obtained according
to Vieira et al. (2014Db).
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Plastome sequencing, assembling, and annotation

Approximately 50 ng of cpDNA was used to prepare se-
quencing libraries with Nextera DNA Sample Prep Kit
(Illumina Inc., San Diego, CA) according to the manufac-
turer’s instructions. The obtained library was sequenced
using Illumina MiSeq (Illumina Inc., San Diego, CA).
The paired-end reads (2300 bp) were applied on a de
novo assembly performed using Newbler 2.6v and CLC
Genomics Workbench 6.5v. The plastome coverage was
estimated using the CLC Genomics Workbench 6.5v soft-
ware. By using this approach, a total of 165,080
paired-end reads were mapped resulting in ~480-fold
plastome coverage. Initial annotation of the R. piresii
plastome was performed using Dual Organellar GenoMe
Annotator (DOGMA) (Wyman et al. 2004). From this
initial annotation, putative starts, stops, and intron posi-
tions were determined based on comparisons to homolo-
gous genes in other plastomes. The tRNA genes were
further verified by using tRNAscan-SE (Schattner et al.
2005). The physical map of the circular plastome was
drawn using OrganellarGenomeDRAW (OGDRAW)
(Lohse et al. 2013). The physical map of the circular
plastome isoforms 2 and 3 are supplied in Electronic Sup-
plementary Material 3.

Repeat sequence analysis and IR identification

Simple sequence repeats (SSRs) were detected using MISA
perl script, available at http://pgrc.ipk-gatersleben.de/misa/,
with thresholds of eight repeat units for mononucleotide
SSRs, four repeat units for di- and trinucleotide SSRs, and
three repeat units for tetra-, penta-, and hexanucleotide SSRs.
REPuter (Kurtz et al. 2001) was used to visualize the remain-
ing IRs in R. piresii by forward vs. reverse complement
(palindromic) alignment. The minimal repeat size was set to
30 bp and the identity of repeats >90 %.

Comparative analysis of plastome structure

We used the PROtein MUMmer (PROmer) Perl script in
MUMmer 3.0 (Kurtz et al. 2004), available at http://
mummer.sourceforge.net/, to visualize gene order
conservation (dot-plot analyses) between R. piresii and the
Podocarpaceae conifer representatives P. lambertii and N.
nagi.

Plastome recombination analysis

The presence of the three plastome isoforms produced
by DR- and IR-mediated recombinations was confirmed
by PCR amplification using the combinations of primers
indicated in Table 4. In 25 ul reactions, 25 ng of

Table 4  Set of primers used in PCR amplification

Primer Sequence (5'-3")

I1 GGAATTCACCTGGGACAGAT
2 GGCTACAGACTGTTCTCTCCTTG
3 GAATAGCTGAGAGCGGATCAAG
4 CCTTGAGAACATTCTGTTTCG
I5 GCCCCAATCTGGTACAAATC

16 GGGACAAGAATCCAGCACAT
7 AATTACAGCTGCTCTGGGCTA
I8 CCCGGACGTAAAGGATAGTG
19 GCTAAGGCCCCTAAATGACC
110 AAAGCTCGAACGACCGTTTA
111 TTCATTTCATTCGGCTCCTC

112 CCTCATTGAGCGCAAAAGAT
D1 ATTTCTCTGGGGAGGAGCAT
D2 TTATGGTTCCTGGGTCGATG
D3 ATGGCGGCATAATTAACCAA
D4 AATAGGGCTCGGGCTAGAAG
D5 CCGCCTCATGATCCATATTC

D6 TTGCGTTGATCGGTCTTAGTC
D7 TTGTCTCGGGATTCTGCTTT
D8 TGATGTGAGCGAATAGGAACA
D9 CCAAAACTTTCCAAGGTCCA
D10 CTGGGTTCAAAGCTGGTGTT
D11 CGGTTCATCTGCCAAGAAAT
D12 AGAGGATCCCTTGCAGTTCA

cpDNA was amplified in a reaction mixture containing
200 mM of each dANTP (Sigma-Aldrich), 2.0 mM
MgCl, (Sigma-Aldrich), 5 pmol of each primer
(Sigma-Aldrich), and 1 U Taq DNA polymerase
(Sigma-Aldrich). The standard PCR program was 40 cy-
cles of 30 s at 94 °C, 30 s at 63 °C, and 60 s at 72 °C
with a 3-min extension of the first cycle at 94 °C and a
10-min final extension at 72 °C. PCR products were
analyzed by electrophoretic separation in 1 % agarose
gel.

The different plastome presence was also confirmed by
mapping of Illumina paired-end reads, which indicated the
presence of the three plastome products of recombination.
The products were analyzed by using the software CLC Ge-
nomics Workbench 6.5v.

Data archiving statement
The complete nucleotide sequence of R. piresii plastome se-

quenced in this study is available in GenBank database under
accession number KJ617081.
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