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The plastid ndh genes have hovered frequently on the edge of dispensability. They are
absent in the plastid DNA of many algae and certain higher plants and present editing
sites requiring C-to-U corrections of primary transcripts. The evolutionary origin of editing
sites and their loss due to C-to-T reversions at the DNA level are unknown and must be
related to the dispensability of the ndh genes in specific environments. In order to better
understand the evolution of ndh gene editing sites, we have created expandable data
banks with the 12 editing sites of the ndhB gene (600 GenBank sequences) and both
editing sites of the ndhF gene (1600 GenBank sequences). Since their origin via T-to-C
mutations that probably occurred between 300 and 200 Myr BP (Permian-Triassic),
ndh editing sites have undergone independent and random C-to-T reversions in the
different angiosperm lineages. Some of these reversions appear early in angiosperm
diversification. Old C-to-T reversions can be traced back to radiation steps that gave
origin to main classes, orders and some families.

Keywords: angiosperm radiation, atmospheric CO,, chloroplast DNA, editing phylogeny, ndhB gene, ndhF gene,
Permian-Triasic, transcript editing

Introduction

The plastid ndh genes encode 11 NDH polypeptides of the thylakoid Ndh complex (Maier et al.,
1995; Sazanov et al., 1998; Casano et al., 2000; Yukawa et al., 2005) analogous to the mitochondrial
complex I (EC 1.6.5.3). The Ndh complex catalyzes the transfer of electrons from NADH to
plastoquinone, the first stage of the chlororespiratory reaction chain in which the Mehler reaction,
superoxide dismutase and peroxidase activities drain excess electrons to fine-tune the redox level
of the cyclic electron transporters (Casano et al., 2000; Rumeau et al., 2007; Martin et al., 2009,
2015). According to this function, the ndh genes are required to optimize photosynthesis rate under
fluctuating light and high CO; concentrations (Martin et al., 2009, 2015).

Among eukaryotic algae, only a few Prasinophyceae and all Charophyceae (the green
algae related to higher plants) contain ndh genes (Martin and Sabater, 2010; Fucikova
et al,, 2014). Most photosynthetic land plants contain the ndh genes that are absent in
parasitic non-photosynthetic species of the genera Cuscuta, Epiphagus, Orobanche and the
Orchidaceae family (Braukmann et al, 2013; Barrett et al., 2014; Luo et al, 2014), which

Abbreviations: BP, before present; Myr, million years.
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suggests that the thylakoid Ndh complex encoded by the ndh
genes has a role in land plant photosynthesis. However, plastid
DNAs of the gymnosperms Pinaceae and Gnetales, as well as a
few species of angiosperms in various genera, families and orders
(e.g.: Erodium, Ericaceae, Alismatales, ...) lack the ndh genes
(Braukmann et al., 2009; Blazier et al., 2011; Braukmann and
Stefanovi¢, 2012; Peredo et al., 2013; Lin et al., 2015; Ruhlman
et al, 2015). These particular species may contain ndh gene
fragments in either the nucleus or mitochondrion, which suggests
that ndh genes could be dispensable in some plants and/or
environments.

The 11 ndh genes account for about 50% of all C-to-U editing
sites identified in the transcripts of plastid genes of higher plants
(Tillich et al., 2005). In contrast, the ndh primary transcripts of
lower plants have the appropriate U base and do not require
editing. This suggests that the ndh genes accumulated (among
other) T-to-C mutations in ancestors (Martin and Sabater, 2010)
because these genes were dispensable under the environmental
conditions preceding the diversification to seed plants. Later,
new environments made the ndh genes useful to improve
photosynthesis. Then, the functionality of the ndh genes was
recovered by post-transcriptional C-to-U editing or by C-to-T
reversion. In other words, the accumulation of editing sites in
ndh genes reflects an evolution stage when the ndh genes were
dispensable in ancestors of seed plants because they did not
significantly improve photosynthetic efficiency.

Transcript editing is carried out by several nuclear encoded
proteins (trans-factors) that recognize specific sequences (cis-
elements) upstream of the C to be edited (Shikanai, 2006; Tillich
et al., 2006; Takenaka et al., 2013). Tillich et al. (2006) proposed
that the editing originated in bryophytes as a mechanism to
generate variation at the RNA level. In general, RNA editing
permits the functional rescue of genes affected by T-to-C
mutations (Maier et al., 1996; Martin and Sabater, 2010; Takenaka
et al., 2013) and is, therefore, a rapid way to neutralize their
effects (Sabater et al., 2002; Tillich et al., 2006; Martin and Sabater,
2010). Over time, random reversions of these mutations restore
original T bases and genes recover functionality without the need
of editing.

The editing sites in a gene are identified by the comparison
of its genomic sequence with that of the DNA complementary
(Freyer et al., 1995; Tillich et al., 2005; Chateigner-Boutin and
Small, 2007). A number of ndh gene sites are well characterized
for undergoing C-to-U editing in at least some seed plants. In
species that do not require editing, these sites have a T as opposed
to C at the genome level. Therefore, each plant has a distinctive
signature of the well-characterized ndh editing sites: a set of sites
requires post-transcriptional C-to-U editing whereas the other
sites have undergone C-to-T reversion at the genome level. To
date, approximately 12 ndhB and two ndhF editing sites have
been confirmed in mature transcripts of seed plants (Freyer et al.,
1995, 1997; Maier et al., 1995; Tillich et al., 2005; Martin and
Sabater, 2010). Although the discovery of additional editing sites
cannot be excluded, the high number of genomic sequences of
different species provides information regarding the distribution
of editable C-to-U and C-to-T reversions of each site among
plant lineages. Currently, partial or total genomic sequences of

the ndhB (n = 600) and ndhF (n = 1600) genes of seed plants
have been deposited in GenBank.

We hypothesize that the status (editable C-to-U or reversed
C-to-T) of the editing sites of ndhB and ndhF genes in plants
of different lineages must indicate when one site was originated
by T-to-C mutation and when it was C-to-T reversed in
each phylogenetic branch. Comparison with the environmental
changes in past geological eras should explain when the genes
became dispensable or beneficial on the basis of their functional
role in photosynthesis. To test this hypothesis, we created data
bases registering the status of each site in different plants deduced
from sequences of ndhB and ndhF genes deposited in GenBank.
We describe how the phylogenetic analysis of the data confirms
the hypothesis, suggests the origin of massive T-to-C mutations
300 to 200 Myr BP and relates it with the dispensability of
ndh genes at very low CO, concentrations (some 210 ppm). In
addition, C-to-T reversions may be traced back to radiation steps
that originated main classes, orders and, in some cases, families.

Materials and Methods

Gene Sequences and Editing Sites

The investigation is focused on the 14 editing sites identified
in the ndhB and ndhF genes of different seed plants (Freyer
et al., 1995, 1997; Maier et al., 1995; Tillich et al., 2005;
Martin and Sabater, 2010). All genomic sequences of the plastid
ndhB and ndhF genes examined in this study were obtained
from GenBank (NCBI) using the BLAST algorithm (optimized
for somewhat similar sequences, blastn) in the NCBI website
with the corresponding Hordeum vulgare and Arabidopsis
thaliana sequences (accession nos. NC_008590.1, AJ002490, and
AJ002491). Default parameters of the BLAST algorithm (NCBI)
were selected with expected threshold 10 (number of chance
matches in a random model). The complete 1533 nucleotides
of ndhB (excluding the intron) and the first 414 nucleotides of
ndhF were used as subject sequences. Only query sequences from
ndhB and ndhF with sequence similarities higher than 85% for
gymnosperm and above 97% for angiosperms were selected to
display. The printed display of each sequence aligned with that of
Hordeum was examined, especially nearby positions (see Table 1)
of editing sites, to assure the correct base pairing and to identify
the presence of a C or T in the appropriate position in each codon
of the potential editing sites. The result was then annotated in
an Excel file to construct Supplementary Tables 1, 2 that indicate
the status (editable or reversed) of each editing site for each plant
tested.

The status of the 14 editing sites of each plant was compared
with those of species close in reference phylogenetic trees
of plants (Givnish et al,, 2006; Burleigh et al., 2011; Soltis
et al, 2011; http://www?2.biologie.fu-berlin.de/sysbot/poster/
posterl.pdf). When all species of one branch have corrected
one editing site, plausibly, the site reversed C-to-T before
diversification of all species of the branch and that is indicated
in appropriate nodes of the phylogenetic tree. Alternative
explanation (reversions took place independently in all species
of the branch) has a very low probability. Recurrent application
of this principle allows assigning reverse C-to-T events before
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TABLE 1 | ndhB and ndhF editing sites in angiosperms.

Editing Codon Uncorrected Encoded Corrected Encoded
site no. no.* Codoén amino acid codon** amino acid
B-1 50 TCA Ser TTA Leu

B-2 156 CCA Pro CTA Leu

B-3 196 CAT His TAT Tyr

B-4 204 TCA Ser TTA Leu

B-5 235 TCC Ser TTC Phe

B-6 246 CCA Pro CTA Leu

B-7 249 TCT Ser TTT Phe

B-8 277 TCA Ser TTA Leu

B-9 279 TCA Ser TTA Leu
B-10 291 TCA Ser TTA? Leu?
B-11 419 CAT His TAT Tyr

B-12 494 CCA Pro CTA Leu

F-1 21 TCA Ser TTA Leu

F-2 97 TCA Ser TTA Leu

Editing sites are numbered B-1 to B-12 for ndhB and F-1 and F-2 for ndhF.
*Codon numbers are those in the homologous genes in Arabidopsis thaliana.
**The position corrected to T is indicated in bold.

diversification of genera, families, orders and classes. Obviously,
the validity of the approach depends on the number of species
tested in the branch as indicated for specific reversions in Results
and in Discussion. Mapping of editing traits in the phylogenetic
tree were further confirmed with the Mesquite program (https://
mesquiteproject.wikispaces.com/) applied to representative sites
and tree branches.

Photosynthetic data were calculated from published results
(Martin et al, 2015) of tobacco plants described in detail
elsewhere (Martin et al, 2009). For each tobacco plant,
photosynthesis rates were determined in leaves fitted on the
chamber of the LCpro+ portable photosynthesis system (ADC
BioScientific Ltd. Hertfordshire, UK) at different concentrations
of CO, and under abrupt changes of light intensity according
to the sequence: 15min acclimation at 130, 6min at 870,
6min at 61, 6min at 870 and 6min at 130 umol m—2 s7!
of photosynthetic active radiation. Data were collected each
min and net photosynthesis (in pmol consumed of CO, m~2
s~!) was integrated over the last 24 min incubation using the
Origin software (Princeton, USA). Photosynthetic efficiency
(the fraction of absorbed radiant energy converted to biomass
chemical energy) and entropy generated were calculated using
Gibbs free energy and entropy values in data banks and
conventional thermodynamics formula (Martin et al., 2015).

Results

C-to-T Reversions at the DNA Level of the
Editing Sites of ndhB and ndhF Plastid Genes in
Seed Plants

The comparison of genomic and complementary sequences to
mRNA in several plants such as Nicotiana tabacum, Arabidopsis
thaliana, Zea mays, and Hordeum vulgare, confirmed the
existence of 12 and two editing sites in the mature transcripts of

the ndhB and ndhF genes, respectively, in angiosperms (Freyer
et al., 1995, 1997; Maier et al., 1995; Tillich et al., 2005; Martin
and Sabater, 2010). Table 1 lists the codon and encoded amino
acid for each site. Most sites are predicted based on a comparison
with the sequences of the ndhB and ndhF genes of Marchantia
polymorpha as well as from conserved amino acid positions in
all plants tested. However, none of the above-mentioned species
have all 14 editing sites. Instead, each species has a different set
of editing sites due to the fact that certain Cs are substituted
by Ts at the DNA level in the other potential sites or because,
as occurs with the B-10 site (codon 291: TCA), the C is post-
transcriptionally edited to U in Arabidopsis thaliana and other
Brassicaceae, but not in other angiospems. This occurs because
the cis-elements of the B-10 site in Brassicaceae are similar to
those of the second editing site of the matK gene and both are
recognized by the same editing trans-factors (Tillich et al., 2005).
In Marchantia polymorpha, a species in which no editing has been
reported, this site is TCA. B-10 (underlined in Table 1) is edited
in some gymnosperms (Serrot et al., 2012) but it is not considered
an editing site in angiosperms.

The editing site patterns of angiosperms and gymnosperms
are different (Wakasugi et al., 1996; Sabater et al., 2002; Martin
and Sabater, 2010). Comparison of complementary and genomic
DNA sequences only identified the B-5, B-8, and B-10 editing
sites in gymnosperms (Freyer et al., 1997; Chen et al., 2011; Serrot
et al, 2012). The codons of the F-1 and F-2 sites are completely
different in gymnosperms and there is no evidence for their
reversion at the genome level (C-to-T) or of post-transcriptional
processing (C-to-U).

In order to establish the occurrence of C-to-T reversions
of editing sites at the genome level in seed plants, genomic
sequences of all ndhB and ndhF genes deposited to date in
GenBank and selected by the BLAST algorithm were examined
to identify whether they have a C or T at the appropriate position
in each codon of thel4 potential editing sites. Data of the genomic
correction of the editing sites of the ndhB gene of some 610
different species and of the ndhF gene of some 1650 different
species are shown in Supplementary Tables 1, 2. Except for the
F-1 site of Lasjia grandis (Proteales), for which the anomalous
codon AAC has been reported, all of the approximately 10,000
editing sites identified in GenBank have a C or T in the position
of the editable C. This indicates that, although frequently Cs
of certain editing sites are only partially corrected to U by the
editing machinery (Del Campo et al., 1998; Tillich et al., 2005;
Van Den Bekerom et al., 2013), editing sites encode amino acids
that are highly conserved in the sequence of NDH-B and NDH-F
proteins.

Supplementary Tables 1, 2 reveal that every editing site is C-
to-T corrected in a number of species, although the frequency
of reversions at each site varies widely among the different plant
divisions. Of the total number of angiosperms investigated, the
percentages of C-to-T reversions of “true” editing sites range
between 2.3% for the B-8 site and 57.2% for the B-5 site. The four
editing sites B-2, B-3, B-8, and B-12, that have low percentages
of reversion (2-4%), has a mean of 2.9 £ 0.5% reversion,
higher than the 0.9% in the “false” B-10 editing site, at which
a C-to-T reversion provides no functional advantage (Tillich
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et al,, 2005). Supplementary Figure 1 shows the percentages
of C-to-T reversions of the 14 sites in eudicotyledons and
monocotyledons. All B-5 and almost all (96.4%) F-1 sites are
corrected in eudicotyledons, whereas the percentages drop to
15 and 13%, respectively, in monocotyledons. In contrast, 100
and 74.2% of, respectively, the B-7 and F-2 sites are corrected in
monocotyledons and only 6.6 and 24.3% of the B-7 and F-2 sites,
respectively, are corrected in eudicotyledons. C-to-T reversions
of specific sites are always observed within specific lineages of
plants. Hence, it seems obvious that C-to-T reversions of an
editing site took place in the ancestor of a lineage when all species
of the lineage share the corrected T at the site. This consideration
implies that C-to-T reversion events of most editing sites may be
traced back both on a plant phylogenetic tree and in geological
time. Conversely, it is possible to estimate the evolutionary time
when ndh gene editing sites were generated by an accumulation
of T-to-C mutations in primitive Marchantia-like ndh genes of
the ancestor(s) of seed plants (see Table 1).

Tracing Back C-to-T Reversions of ndh Gene
Editing Sites on a Phylogenetic Tree

Assuming that all species in one branch of the phylogenetic
tree share a C-to-T corrected site, the reversion must have
occurred in the common ancestor of that branch. Figures 1, 2
show the distribution of major reversion events (the editing
site affected in red within a box) along the phylogeny
of eudicotyledons and monocotyledons, respectively. The
phylogenetic trees used were those of references (Givnish
et al, 2006; Burleigh et al, 2011; Soltis et al, 2011)
and the angiosperm Phylogeny page available at http://
www?2.biologie.fu-berlin.de/sysbot/poster/poster1.pdf with slight
modifications to accommodate data of C-to-T reversions of
editing sites. Hence, the correction of the B-5 site found in
all eudicotyledons (Figure 1) must have occurred before the
radiation of eudicotyledons. Similarly, the correction of the
F-1 site probably occurred before the splitting (Figure 1) of
the Trochodendrales, Buxales, Gunnerales and Core eudicot
lineages. On the other hand, the correction of the B-7 site
must have occurred before the early radiation leading to
the different monocotyledonean lineages (Figure2). The B-
5, B-7, and F-1 sites were previously TCC, TCT, and TCA,
respectively, a result of primary mutations of the original
TTC, TTT, and TTA codons. To further support the results,
phylogenetic trees of eudicotyledons and monocotyledons were
constructed with the Mesquite program (https://mesquiteproject.
wikispaces.com/), the 12 B editing sites as characters (editable
or corrected) and all respective plants. Supplementary Figure 2
(eudicotyledons) and Supplementary Figure 3 (monocotyledons)
show the color traces in the trees indicating corrections of,
respectively, B-5 and B-7 editing sites. It must be noted that
a few plants whose editing site sequence is unknown appear
non-colored. Except for these, in the two figures, all plants
are colored and rooted in one common ancestor, indicating
that corrections of B-5 and B-7 sites occurred early in the
origin of, respectively, eudicotyledons, and monocotyledons. In
contrast, for the other 11 editing sites (see as supplementary
.nex archives eudicotyledons and monocotyledons matrices)

tree branches included many color discontinuities indicating
unrelated, independent corrections events of the editing site.

With the exception of Nympheales, an order in which there
are extensive C-to-T reversions of sites B-3, B-7, B-11, F-1, and
F-2 in poorly diversified angiosperms that may be considered
similar to the oldest ones most of the 14 sites have a C in the
place of the corrected T (Supplementary Tables 1, 2). In fact, in
the three Austrobaileyales, four of the six Chloranthales and three
of the four Laurales reported, none of the 12 ndhB sites have
undergone C-to T reversions. Similarly, in the five Chloranthales,
73 Magnoliales and 47 of the 48 Laurales reported, neither the F-1
nor the F-2 sites are corrected, they are both TCA. Supplementary
Table 3 summarizes the frequency of ndhB and ndhF site
corrections in ANITA GRADE and Magnoliid species. Therefore,
excluding the “false” B-10 site, the 13 editing sites investigated
were probably originated by T-to-C mutations far earlier than
angiosperm radiation, although later than the separation of the
angiosperm ancestor from a hypothetical common root with
some gymnosperms. The alternative possibility, which is that T-
to-C mutations created the same 13 editing sites in the different
angiosperm branches, is obviously highly improbable.

A first glimpse of Figures 1, 2 suggests that C-to-T reversions
occurred randomly in the different editing sites during the
evolution of angiosperms, with different frequencies in the
different orders and families. At least in the case of C-to-
T reversions that occurred around 100 Myr BP and affected
all of the large number of species of the group analyzed (B-
5 of eudicotyledons, F-1 of Core eudicotyledons and B-7 of
monocotyledons), there was no event of a further mutation of
the T to a C (reversion), A or G. Therefore, genomic C-to-T
back mutations of editing sites of the ndh genes must confer
an evolutionary advantage to plants. The ndhB and ndhF genes
are very unevenly represented in GenBank: in the case of ndhB,
there are many orders and families with a low number of species
and in the case of ndhF many genera and species of a low
number of orders and families. Therefore, the information in
Figures 1, 2 is based primarily on the ndhB data. At present,
several orders and genera are represented in GenBank by a low
number of sequences. In these cases, the proposal that certain C-
to-T reversions affect an entire order or genus must be confirmed
with further data entries.

The sequences of all 37 Myrtales species reported have a
corrected F-2 site as indicated in Figure 1 and the sequences
of all 40 asterids species reported have a corrected B-11 site
(Figure 1). Significantly, the B-11 site is also corrected in a
high number of species (32 of a total of 41) distributed among
different families of Caryophyllales, an order closely related to the
asterids (Figure 1). Within monocotyledons, the 33 sequences of
Alismatales reported to date have a corrected B-4 site and the
74 sequences of Poales reported to date have a corrected B-11
site. Therefore, the B-4 and B-11 sites were probably corrected
in the ancestor of, respectively, Alismatales and Poales as shown
in Figure 2. In Poales, the ndhF gene has only been extensively
sequenced in the Poaceae family in which all sequences of the
517 species reported have a corrected F-2 site and only 15 have a
C-to-T reversion of the F-1 site (Supplementary Table 2). Hence,
the F-2 site was corrected in an ancestor of Poaceae as shown in

Frontiers in Ecology and Evolution | www.frontiersin.org

July 2015 | Volume 3 | Article 81


http://www2.biologie.fu-berlin.de/sysbot/poster/poster1.pdf
http://www2.biologie.fu-berlin.de/sysbot/poster/poster1.pdf
https://mesquiteproject.wikispaces.com/
https://mesquiteproject.wikispaces.com/
http://www.frontiersin.org/Ecology_and_Evolution
http://www.frontiersin.org
http://www.frontiersin.org/Ecology_and_Evolution/archive

Martin et al.

Evolution of plastid ndh genes

FIGURE 1 | C-to-T reversion of editing sites of ndhB and ndhF
genes during eudicotyledon phylogeny. Reference phylogenetic trees
are slightly modified for insertion of the main editing site correction
stages. Specific editing sites (in red squared) are C-to-T corrected in all
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squares) are C-to-T corrected in all species tested that belong to the
order, family or genus that follow it at right in the phylogenetic tree.
Editing sites placed at far right indicate that some but not all species
of the family or genus affected have a C-to-T back mutation at that
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Figure 2. The amount of data available at present is insufficient
to establish the reversion of the F-2 site in an ancestor of all
Poales, but, surely, the correction event occurred specifically in
the Poales (before or after its families branched) because none
of the total of 51 Arecales and Zingiberales species reported and
only three of 19 Commelinales species reported (all within the
Commelinids clade) have a corrected F-2 site (Supplementary
Table 2).

The different number of editing sites in the ndhB and
ndhF genes and the very different distribution within the plant
kingdom of the deposited sequences of the two genes make
the tentative identification of early C-to-T reversions of ndhB
sites feasible in the case of events foregoing the radiation of
division, order and even some families within an order. On
the other hand, the sequences available at present are useful
in identifying reversions of ndhF sites foregoing the radiation
of several families, genera and, less frequently, orders. Further
sequence data should improve the assignation of sites at which
C-to-T reversions occurred in both phylogenetic trees and on a
time scale and, eventually, the tracing of editing sites could be a
helpful tool in solving certain phylogenetic enigma. At present,
the numbers of species whose sequence data are available permit
us to postulate the timing of early reversion events that affected
a division, several orders, and a few families as in the example
of the Poaceae F-2 site. Within a few genera, the deposited ndhF
gene sequences of a high number of species permit the tracing of
recent correction events affecting several species of a genus.

The ndhB editing sites of 54 angiosperm genera are
represented in Supplementary Table 1 by at least 2 species each
with a maximum of 10 species in the case of Gossypium, which
total 152 species. We found only four intra-genus differences,
consisting of one C-to-T reversion in one but not in other species
of the same genus: Piper bettle but not P. houttuynia has a
corrected B-9 site, Allium cepa and A. fistulosum but not A. textile
have a corrected B-8 site, Medicago truncatula but not M. sativa
has a corrected B-6 site, and Erodium carvifolium, but not the
other four deposited Erodium sequences, has a corrected B-4
site. Three species of this genus (E. gruinum, E. guicciardii and
E. chrysanthum) have strongly modified ndhB genes that are in
fact pseudogenes but conserve the uncorrected TCA at the B-4
site. The fifth specie, E. texanum, has a true ndhB gene but in
contrast to E. carvifolium, conserves the uncorrected TCA at the
B-4 site. Significantly, extensive differences were reported in the
chloroplast DNA organization among Erodium species (Weng
etal., 2014).

The ndhF editing sites of 222 angiosperm genera are
represented in Supplementary Table 2 by at least 2 species each,
with a maximum of 43 species of Magnolia, totaling 922 species.
Only five intra-genus differences indicating one C-to-T reversion
in one but not in the other species of the same genus were found:
Trithuria filamentosa and T. inconspicua but not T. submerse
have a corrected F-2 site, Hydrocleys martii but not H. sp. Givnish
s.n has a corrected F-1 site, Gymnopogon foliosus but not G.
brevifolius has a corrected F-1 site, Urochloa foliosa, but none
of the other 28 Urochloa species reported, has a corrected F-1
site, and Psychotria kirkii but not P. poeppigiana has a corrected
F-2 site.

Discussion

Estimating Reversion Time Frames and the
Origin of the Editing Sites of the ndh Genes
Despite considerable sample differences of the available
sequences of the ndhB and ndhF genes, there are similarities in
the patterns in plant phylogeny of C-to-T reversions that could
be characterized for the ndh genes. As pointed out above, the
low number of intra-genus differences in C to T substitutions
suggests that the frequency of reversions could have declined
relatively recently, say between 2 and 10 Myr BP. Certainly,
the time span for the recent diversification of species must
vary enormously between the different genera and the range of
the time scale proposed, 2-12 Myr BP, although supported by
some estimations (Jakob and Blattner, 2006), could in fact be
longer. The low number of intra-genus differences regarding
C-to-T reversions in the nine editing sites found in 1074 species
sequenced could also be biased because only two species have
been analyzed in many genera. However, the scant number
of C-to-T reversions at the genus level strongly contrasts with
the high frequency of corrections differentially affecting the
comparatively low number of divisions, orders and families,
even taking into account the longer time span, which would be
around 200 Myr for the last.

Data pertaining to editing sites in gymnosperms and the
fact that the 13 editing sites remain uncorrected in most
species of primitive angiosperm orders such as Austrobaileyales,
Chloranthales and Laurales (Supplementary Tables 1-3) suggest
that sites B-5 and B-8 were created by T-to-C mutations in
the hypothetical common ancestor of angiosperms and most, if
not all, extant gymnosperms before the splitting of the branch
leading to angiosperms, approximately 300 Myr BP (Savart et al.,
1994; Herron et al., 2009). This common ancestor also has the
“false” B-10 editing site with a C in the place of a T. Therefore,
the other nine editing sites of the ndhB gene of angiosperms
were originated by T-to-C mutations after the split which led to
angiosperms but before the radiation leading to extant orders of
angiosperms, probably around 170 Myr BP (Moore et al., 2007)
as shown in Figure 3. Later, the correction of the B-7 site in
monocotyledons preceded the early radiation of monocotyledon
orders (Figures 2, 3) by some 130 Myr BP (Moore et al.,, 2007).
The C-to-T reversion of editing sites, starting with B-5, B-7, and
F-1 in the ancestors of extant species, should have begun at an
uncertain time between 200 and 140 Myr BP, after which the
recovery of some of the editing sites by T-to-C back mutations
was unlikely.

Significantly, it is estimated that the gymnosperms Pinaceae
and Gnetales lost the ndh genes more than 150 Myr ago
(Braukmann et al., 2009). The ndh genes probably began to
accumulate mutations more than 200 Myr ago and the genes were
pseudogenized or completely lost in some gymnosperms in the
common ancestor of Pinaceae (a family of Conifers) as well as the
Gnetales, Gnetaceae, and Welwitschiaceae, whose branches lay
close in the gymnosperm phylogenetic tree (Chaw et al., 2000), in
the Permian-Triassic epochs. Most of the T-to-C mutations that
generated the editing sites of ndh genes occurred between 330
and 200 Myr BP, from the end of the Carboniferous to the end
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ndh genes. Specific Cs of codons B-5, B-8, and B-10 of non-flowering
plants were T-to-C mutated (new C marked in blue) in a common ancestor of
gymnosperms and angiosperms around 300 Myr BP. Additional Ts of the
other nine editing sites were mutated to C (blue) between 300 and 170 Myr
ago in the ancestor of extant angiosperms completing the 12 editing sites of
the ndhB gene. Probably also between 300 and 170 Myr BP, similar T-to-C
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mutations created the ndhF sites F-1 and F-2 (not represented). After 170
Myr BP, C-to-T reversions successively corrected editing sites in specific
plant lines. The number of each corrected editing site and codon involved
(with the new T marked in red) is indicated at left when it affects all species
comprised at right. The number of each corrected editing site and the codon
involved (with the new T marked in red) is indicated at right when it affects
some but not all species belonging to the indicated order or family.

of the Triassic. Therefore, it seems plausible that the functional
role of the ndh genes was dispensable under the environmental
conditions on Earth between 330 and 200 Myr BP. Pinaceae, a
family of Conifers that were the predominant seed plants early in
this period, were progressively displaced by Cycads and, later, by
angiosperms (both of which have ndh genes) in the subsequent
Jurassic and Cretaceous epochs (Figure 4).

Possible relationships Among the Inactivation
and Restoration of the ndh Genes, Past
Atmospheric Concentrations of CO, and the
Functional Role of the Thylakoid Ndh Complex
The concentration of atmospheric CO, drastically decreased
during the Carboniferous (http://www.biocab.org/carbon_
dioxide_geological_timescale.html) to extraordinarily low levels
of approximately 210 ppm during the Permian and Triassic
(Figure 4). By the middle Triassic (some 220 Myr BP), the
concentration of CO; initiated an increase that, with oscillations,
remained high until the middle Pliocene (some 4 Myr BP), when
it again decreased to about 210 ppm until the recent agricultural
and industrial revolutions.

The combination of sequence data with geological and
paleontological records suggests that ancestor(s) of extant
Pinaceae, Gnetaceae and Welwitschiaceae lost their ndh genes at
the same time that ancestor(s) of other extant plants accumulated
mutations, among other, T-to-C mutations, in the ndh genes
during the Permian-Triassic period of low CO, levels. As shown
in Figure 4, the atmospheric CO, concentrations decreased

significantly (in the range of 200-250 ppm) twice: in the Permian-
Triassic (200-300 Myr BP) and after the Pliocene (5 Myr BP) and
itis also estimated that ndh genes were again lost in a few Erodium
clades diverging 5 Myr BP (Fiz et al., 2008; Blazier et al., 2011).
Therefore, it seems that the functional role of the ndh genes
became dispensable under conditions of low CO; concentrations
and the genes were definitively lost in Pinnaceae, Gnetaceae and
Welwitschiaceae.

In agreement with this hypothesis, we recently found that,
under fluctuating light mimicking environmental conditions,
photosynthetic performance is impaired in tobacco transgenics
defective in ndh genes at high but not at low concentrations
of CO;. Table 2, representing the aggregate measurements of
more extensive experiments (Martin et al., 2015), shows that
when the concentration of CO; increases from 360 to 500 ppm,
the efficiency of the photosynthetic conversion of light energy
to biomass chemical energy increases in a range of 31-38% in
tobacco plants with functional ndh genes (wt, ndhF FC and
T181D) and only 8 to 11% in ndh-deficient tobacco (T181A
and AndhF). Accordingly, the entropy production associated
to the photosynthetic process (per unit of chemical energy
stored as biomass) decreases 9-10% in ndh-deficient and 25-
29% in tobacco plants with functional ndh genes when the
concentration of CO; increases from 360 to 500 ppm. These
results strongly suggest that the presence of functional ndh
genes contributes positively to plant fitness (Sabater, 2006) by
improving photosynthetic productivity at high concentrations
of CO; and that ndh genes could become dispensable at low
concentrations of CO,.
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FIGURE 4 | Expansion of selected plant groups and changes in the
atmospheric CO, concentration. Atmospheric CO, (gray curve) and
geological eras, periods, and epochs were redrawn from Nasif Nahle,
Biology Cabinet (2009, http://www.biocab.org/carbon_dioxide_geological_
timescale.html). The abundance of different plant groups along
geological eras is represented by the relative thickness of the
corresponding horizontal bars (in black below each plant group) as
deduced from classical and recent references (Lowry et al., 1980; Taylor
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et al., 2009; Nagalingum et al., 2011). Representative COo
concentrations are indicated (in ppm) below the gray curve. The
ellipsoid grouping Cycads, angiosperms, and Conifers in the Permian
and Triassic indicates the period during which the proposed main
massive ndh mutations occurred on the basis of data of plants lacking
ndh genes or requiring ndh transcript editing. At present, there are
limited data on the ndh genes of Ferns, Lycophyta, and Bryophyta,
which were probably also affected by massive mutations.

The role of the ndh genes improving photosynthetic efficiency
at high CO, concentrations and fluctuating light intensities
explains the accumulation of nearly 50% of all chloroplast
gene editing sites in their transcripts and their absence in
some photosynthetic land plants. When the atmospheric CO,
concentration was below 300 ppm, the ndh genes provided
no obvious advantages and became dispensable, accumulated
mutations that rendered them non-functional and, over time,
were deleted. However, at CO, concentrations significantly
higher than actual (Berner, 1997; Pearson and Palmer, 2000),
the ndh genes contributed to vigorous photosynthesis with high
photosynthetic efficiencies and low rates of entropy production
(Martin et al., 2015). The loss of ndh genes in some species
of aquatic Alismatales (Iles et al., 2013; Peredo et al., 2013)
could be related to their lifestyle in submersed environments
with no exposure to the frequent and broad range of light
intensity fluctuations. Dependence on efficient photosynthetic
activity is moderate in epiphytic plants, which could permit the
loss of ndh genes. Hence, some Orchidaceae (such as those of
the genus Dendrobium) have pseudo-ndh genes, but others (such
as those of the genus Cypripedium) retain complete plastid ndh
genes (Luo et al.,, 2014). However, ndh deletion is not always
correlated with epiphytic habit and all orchids analyzed contain
ndh gene fragments in the mitochondrial genomes (Lin et al.,
2015). Probably, the Ndh complex is also dispensable in mild
environments (Martin and Sabater, 2010; Ruhlman et al., 2015),
where CO; concentrations could be high, and further genomic

and functional investigations in Orchidaceae must provide key
information.

Accordingly, the absence of ndh genes was probably a factor
contributing to the relative decline of Conifers during the Jurassic
(Figure 4) when the concentration of CO; increased. Gnetales,
supposedly abundant in the Permian, are now represented
by only a few species (Chaw et al, 2000). Conifers, the
predominant vegetation during the Permian-Triassic, were
progressively displaced by Cycads and, later, by angiosperms
(both of which have ndh genes) in the subsequent Jurassic and
Cretaceous epochs when, with oscillations, the concentrations of
CO; increased (Figure 4) (Nagalingum et al., 2011). Common
ancestors of angiosperms and many gymnosperms have been
traced back to 280 Myr BP (Savart et al., 1994) to the transition
from the Carboniferous to the Permian when the concentration
of CO; could have decreased and the accumulation of mutations
in ndh genes did not impair the photosynthetic efficiency.
Conceivably, sites B-5, B-8, and B-10, common to both
gymnosperms and angiosperms, were generated at this time
by T-to-C mutations. Shortly after, in the middle Permian-
Triassic when the low concentration of CO, persisted, massive
mutations (including T-to-C) accumulated in the ndh genes of
the specific angiosperm line (Martin and Sabater, 2010). Later,
when the concentration of CO,; increased again, ndh genes only
affected by T-to-C mutations recuperated their functionality by
C-to-U transcript editing. The functional rescue by C to T
reversions would be slow in the highly polyploidal background
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TABLE 2 | Effect of ndh gene deficiency on the photosynthetic efficiency
and the entropy production at high CO, concentrations.

Tobacco Percentages at 500 ppm CO, with respect to values
at 360 ppm CO,
Efficiency of Entropy per unit
energy conversion of biomass energy
Wt 134 74
ndhF FC 138 71
T181D 131 75
T181A 111 90
AndhF 108 91

The efficiency of energy conversion in photosynthesis is defined as the ratio of the
chemical energy stored in the form of hexose sugars to the radiant energy absorbed.
The entropy production in photosynthesis is referred to the unit of the chemical energy
stored in the product of photosynthesis (dimension K™', inverse degree Kelvin) (Marin et al.,
2014); (Martin et al., 2015). Tobacco (Nicotiana tabacum) plants were described in detail
elsewhere (Martin et al., 2009). wt, ndhF FC and T181D have a functional Ndh complex
and ndh genes; the ndhF point mutant (T181A) and the AndhF transgenic (containing an
inactivating insertion sequence in the ndhF gene) are deficient in the Ndh complex. Values
were estimated from reported curves of photosynthetic activity at different concentrations
of COy (Martin et al., 2015). More details in the text.

of chloroplasts (Sabater et al., 2002) whereas editing provided
the remedy for deleterious point mutations in transcripts of all
plastid DNAs of a plant cell. Subsequent slower occurring C to T
reversions progressively dispenses the requirement of editing of
specific sites.

Concluding Remarks and Further
Prospects

Most, if not all, editing sites of the plastid ndh genes were
originated by T-to-C mutations between 300 and 200 Myr BP
(when certain gymnosperms completely lost the ndh genes) and
are being corrected by C-to-T reversions since about 200 Myr
BP, coinciding with the main radiations of angiosperms. C-to-T
back mutations are essentially irreversible and occur randomly
at the different editing sites and among the different angiosperm
branches. Hence, when one site is C-to-T corrected in all species
of, say, an order, the reversion can reasonably be traced back to
the common ancestor of all species of the order. The wide range
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