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Abstract

The endosymbiotic origin of mitochondria and chloroplasts necessitated the transfer of thousands of genes to

the host nucleus, yet the evolutionary paths leading to their functional specialization in organelles remain largely
unexplored. Here, we investigate this fundamental question through a comprehensive analysis of the mitochondrial
transcription termination factor (mTERF) family, nucleic acid-binding proteins critical for organellar gene regulation.
We find that plant mTERFs underwent substantial lineage-specific expansion, diversifying into four major clades

in angiosperms. Phylogenetic reconstruction reveals a complex evolutionary history: while chloroplast-targeted
MTERFs and a subset of mitochondrial ones share a red algal origin, a novel clade of mitochondrial mTERFs
emerged later in seed plants. This diversification underpins functional specialization in developmental transitions,
such as the shift from vegetative to reproductive growth, and in environmental adaptation. Genetic analysis

in Arabidopsis demonstrates that mTERF10, a positive regulator of salt tolerance, acts as a negative regulator

of thermotolerance, illustrating how neofunctionalization facilitates adaptation to disparate stresses. Our study
elucidates the evolutionary dynamics of nuclear-encoded organellar proteins and the regulatory networks they
govern.

Keywords mTERFs, Organellar gene regulation, Phylogenetic reconstruction, Functional specialization, mTERF10,
Thermotolerance

Introduction

The endosymbiotic origins of mitochondria and chloro-
plasts were pivotal in eukaryotic evolution, fundamen-
tally reshaping the genomic and functional landscape of
the cell [1-3]. Following endosymbiosis, massive gene
transfer from the endosymbionts to the host nuclear
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numerous genes essential for organellar integration [9—
11]. Intriguingly, product of some of these host genes
also function on across different organelles [12—14]. This
pattern suggests an evolutionary strategy in which gene
duplication and neo-functionalization, often involving
retargeting via altered transit peptides, enabled func-
tional diversification between mitochondria and chlo-
roplasts. However, the evolutionary trajectories and
molecular mechanisms underlying such functional diver-
gence remain poorly understood.

As semi-autonomous organelles, chloroplasts and
mitochondria possess gene expression systems that
rely heavily on nucleus-encoded RNA-binding proteins
[15-17]. Pentatricopeptide repeat (PPR) proteins and
mitochondrial transcription termination factor (mTERF)
proteins are two families of nucleic acid-binding pro-
teins closely associated with organellar functions, both
of which have undergone significant lineage-specific
expansion during plant evolution [18, 19]. Among these,
pentatricopeptide repeat (PPR) proteins represent a
striking example of lineage-specific expansion: land plant
genomes encode hundreds of PPR proteins, predomi-
nantly targeted to organelles, in contrast to only a hand-
ful found in green algae such as Chlamydomonas [18,
20-25]. The evolutionary drivers behind this remarkable
expansion remain unclear. Although sometimes linked to
the emergence of RNA editing, the full explanatory scope
of this hypothesis remains contested [26, 27]. An alter-
native but still underexplored view is that the expansion
of RNA-binding proteins conferred regulatory plasticity,
facilitating adaptation to environmental stresses via mod-
ulating organellar activity during plant territorialization
[28, 29]. In contrast, although the functional importance
of the mTERF protein family is increasingly recognized,
its evolutionary trajectory and functional diversification
in plants remain insufficiently studied.

In this study, we focus on the mitochondrial transcrip-
tion termination factor (mMTERF) family, a distinct class of
nucleic acid-binding proteins, to explore the evolutionary
dynamics of organellar gene regulation in plants. Origi-
nally identified in animals for their role in transcription
termination, mTERF proteins are now known to function
as multifunctional regulators of organellar gene expres-
sion, influencing processes such as transcription, mRNA
stability, translation, and ribosome assembly [30-42].
Our analyses reveal that mTERF proteins have under-
gone pronounced expansion in land plants compared to
other eukaryotes. Phylogenetic evidence indicates that
all chloroplast-targeted and a subset of mitochondrial-
targeted mTERFs in land plants likely derived from the
archaeplastid (common) ancestor of red algae and plants,
while other mitochondrial-targeted mTERFs emerged
independently during seed plant evolution. Furthermore,
we demonstrate that functional diversification within the
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mTERF family not only fine-tunes organellar responses
to environmental cues but also contributes to key devel-
opmental transitions from vegetative to reproductive
growth. This finding illustrates how neo-functionaliza-
tion of mTERF members enables plants to deploy dis-
tinct regulatory strategies under varying environmental
conditions.

Materials and methods

Collection and identification of mTERFs

Sequences from 51 representative plant species across
Eudicots, Monocots, Nymphaeales, Amborellales, ferns,
lycophytes, bryophytes, chlorophytes, and rhodophytes,
along with 4 animal species, were downloaded to estab-
lish a local database. The plant protein sequences were
obtained from the following databases: the National
Center for Biotechnology Information (NCBI, https://
www.ncbi.nlm.nih.gov/), Phytozome v12.1.6 (http://ph
ytozome.jgi.doe.gov/pz/portalhtml), and the Ensembl
Plants database (http://plants.ensembl.org/index.html),
while the animal protein sequences were acquired from
the Ensembl Metazoa (https://metazoa.ensembl.org/i
ndex.html) and Ensembl vertebrates (https://www.ens
embl.org/index.html) databases (Table S1). To identify
mTERF genes, we performed searches against the afore-
mentioned plant and animal proteome sequences using
the Hidden Markov Model (HMM) profile of the mTERF
domain (PF02536) as the query in HMMER3 software
[43] with an E-value < 0.01. The initial results were manu-
ally verified using the SMART tool (http://smart.embl-he
idelberg.de/) and NCBI Conserved Domain Database (htt
ps://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cg
i) to confirm the presence of the mTERF domain.

Multiple sequence alignment, phylogenetic analysis of
mTERFs and rationale for sequence selection in mTERF
phylogenetic analysis

The alignments of all full- length protein sequences
were generated using clustalw2 with default settings.
The maximum likelihood (ML) phylogenetic tree was
constructed using FastTree software (version 2.1) with
the “JTT + CAT” substitution model and 1000 bootstrap
replicates. The phylogenetic tree topology was visual-
ized using the iTOL online tool (https://itol.embl.de/)
and subsequently refined with Adobe Illustrator soft-
ware (version 2023). In addition, a phylogenetic tree
comprising 21 representative eukaryotic organisms was
constructed using the TIME TREE website (http://www.
timetree.org/). To systematically decipher the evolution-
ary history of the mTERF protein family, we constructed
multiple phylogenetic trees in a stepwise manner. Given
the large number of mMTERF members in Arabidopsis and
the depth of functional studies, we first generated a phy-
logenetic tree of the Arabidopsis mTERF family (Fig. 1A),
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Fig. 1 mTERF proteins in Arabidopsis thalian. (A) Phylogenetic analysis of 35 mTERF proteins in Arabidopsis thaliana. Proteins are color-coded based on
subcellular localization: green for chloroplasts, red for mitochondria, and blue for the nucleus and cytoplasm. Proteins with uncharacterized localization
are labeled in black. mTERF6 is dually localized to chloroplasts and mitochondria. (B) Subcellular localization of three mTERF proteins. The empty GFP

vector served as a control. FRO1-RFP, used as a mitochondrial localization control



Yuan et al. BMC Plant Biology (2026) 26:452

which revealed a close association between mTERF evo-
lution and subcellular localization. To trace the origin
of different localization types, we further incorporated
representative plant and animal mTERF proteins to con-
struct a comprehensive phylogenetic tree (Figure S2). To
elucidate the adaptive evolution of the mTERF family
from aquatic algae to land plants, we focused on mTERF
proteins from green algae, bryophytes, lycophytes, and
ferns to build a phylogenetic tree (Fig. 3). Subsequently,
to investigate changes in the mTERF family during the
radiation of angiosperms, we constructed a phyloge-
netic tree using a large set of angiosperm species with
green algae as the outgroup (Fig. 4), which uncovered the
emergence of new subfamilies. To precisely determine
the timing of origin of these new subfamilies, we per-
formed comparative phylogenetic analyses using basal
angiosperms, lycophytes, and bryophytes as outgroups,
respectively (Figure S3), thereby validating their diver-
gence nodes on a finer evolutionary scale.

Expression analysis of mTERF genes

Expression data pertaining to the mTERFs genes of Ara-
bidopsis thaliana, Zea mays, and Oryza sativa were
obtained from https://plantrnadb.com/zmrna/ [44]. So
ybean expression data were obtained from the SoyMD
database [45] (https://yanglab.hzau.edu.cn/SoyMD),
while expression data for Amborella trichopoda and
Nymphaea colorata were sourced from the ANAgdb
database [46] (https://anagenome.cn/). The expression
data for Physcomitrium were obtained from microar-
ray datasets available in the ArrayExpress database (http
://www.ebi.ac.uk/arrayexpress/) under accession number
E-MTAB-3069 [47]. Expression data for Selaginella are
available in the GEO database under accession number
GSE123120 [48]. The expression matrix of mTERF genes
(FPKM values) for all analyzed species was provided in
Supplementary Table S4. The expression matrix (FPKM
values) was log2(FPKM + 1)-transformed using TBtools,
and the expression heatmaps were subsequently plotted.

Subcellular localization of AtmTERF19, AtmTERF24, and
AtmTERF34
To determine the subcellular localization of selected
mTERF proteins, the coding sequences of AtmTERFI9,
AtmTERF24, and AtmTERF34 were amplified and
cloned into the Sall site of the transient expression vec-
tor pUC18-GFP, generating C-terminal GFP fusion con-
structs. These constructs, together with a mitochondrial
marker (FRO1-RFP), were co-transfected into Arabidop-
sis mesophyll protoplasts via PEG-mediated transfor-
mation [49]. Fluorescence signals were observed using a
Zeiss LSM 980 confocal microscope.

For stable expression analysis, the PRI101:mTERF9-
GFP construct was introduced into Arabidopsis (Col-0)
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via Agrobacterium-mediated transformation (GV3101)
using the floral dip method [50]. Transgenic lines were
selected on hygromycin and confirmed by PCR. Leaves
and petioles from 5-day-old seedlings grown on MS
medium were imaged using the same microscope system.

Chloroplast subfractionation and Immunoblotting

Intact chloroplasts were isolated from three-week-old
seedlings (PRI101:mTERF9-GFP) homogenized in ice-
cold Buffer I (0.33 M sorbitol, 0.02 M Tricine/KOH pH
8.4, 5 mM EGTA pH 8.35, 5 mM EDTA pH 8.0, 10 mM
NaHCO;). The homogenate was sequentially filtered
through a double layer of Miracloth, a 100-um mesh, and
a 40-pm mesh. The filtrate was centrifuged at 2,000 g for
5 min at 4 °C in a swing-out rotor, and the resulting intact
chloroplasts were resuspended in Buffer I (0.33 M sorbi-
tol, 5 mM MgCl,, 2.5 mM EDTA pH 8.0, 20 mM HEPES/
KOH pH 7.6) [39].

To separate thylakoid membranes and stromal pro-
teins, the chloroplasts were resuspended in Buffer III (5
mM MgCl,-6 H,O, 25 mM EDTA pH 8.0, 20 mM HEPES/
KOH pH 7.6) and centrifuged at 4 °C. The supernatant
was collected as the stromal fraction, and the pellet as the
thylakoid fraction (membrane Fraction). Total protein
extraction was conducted as described previously. Pro-
teins were separated by vertical electrophoresis on a 12%
(w/v) SDS-polyacrylamide gel and then transferred to a
PVDF membrane. The PVDF membrane was incubated
with specific antibodies directed against GFP (TransGen
Biotech), LHCII, and RBCL. Signals were detected by a
Pro-Light HRP Chemiluminescent Kit (Tiangen Biotech).

cDNA synthesis and Real-Time PCR analysis

Total RNA was extracted from frozen tissues ground in
liquid nitrogen using the RNeasy Plant Mini Kit (Qia-
gen) according to the manufacturer’s instructions. Sub-
sequently, cDNA was synthesized with the PrimeScript™
RT Reagent Kit (Takara). Real-time PCR analysis was
performed as previously described. All experiments were
conducted with three biological replicates, each mea-
sured in triplicate.

Plant material and growth conditions

Arabidopsis thaliana (ecotype Columbia) was used
in this study. Plants were cultivated in soil in a green-
house, while seeds were germinated and grown on MS
medium (1 x MS, pH 5.7, 0.5% sucrose, 0.8% agar) under
controlled conditions: a 16-h/8-h light/dark cycle, a
light intensity of 120 pumol photons m™ s™, and a tem-
perature of 22 °C. The mterfI0 mutant (SALK_097699)
was obtained from the Arabidopsis Biological Resource
Center and identified by PCR using genomic DNA and
T-DNA specific primers in combination with gene-spe-
cific primer [51]. A 20-bp fragment derived from the
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coding sequence (CDS; positions 127-146) of mTERFI10
was selected as the target site for genome editing. The
designed targeting sequence was cloned into the Bsal-
digested AtU6-26-sgRNA-SK vector to generate the
AtU6-26-mTERF10-target sgRNA construct. Subse-
quently, this sgRNA vector was digested with Nhel and
Spell, and the released gRNA expression cassette was
ligated into the Spel-linearized pYAO: Cas9 backbone,
yielding the final binary vector, pYAO: Cas9-mTERF10-
target sgRNA [52]. The construct was introduced into
Agrobacterium tumefaciens strain GV3101 and subse-
quently transformed into wild-type Arabidopsis thaliana
via the floral dip method. Transformants were selected
based on hygromycin resistance and confirmed by DNA
sequencing. In the T3 generation, Cas9-free plants har-
boring the desired mutations were identified and used for
subsequent experiments.

Results

Plant mTERF originated from ancestral plastid mTERF
through gene duplications and divergence

Given the abundance of mTERF proteins in plants and
the well-characterized resources available for Arabi-
dopsis thaliana, we selected this species as our model
system to investigate mTERF diversification through
integrated phylogenetic and molecular analyses. Our
phylogenetic reconstruction revealed a strong correlation
between evolutionary clustering and subcellular localiza-
tion. Chloroplast-localized mTERF members (including
mTERF], 2, 3,4, 5,6, 8,9, 10, 11, 12, 16, and 21) [33, 35,
37, 39, 40, 53] formed a single chloroplast-specific clade,
whereas mitochondrial-localized members (mTERF13,
14, 20, 28, 29, 30, 31, 32, and 33) [33] were predominantly
grouped within mitochondrial-related clades. Addition-
ally, mTERF15, 17, 18, and 35—localized to mitochon-
dria, cytoplasm, or nucleus [33, 41, 54]—constituted a
distinct minor clade (Fig. 1A). This strong correlation
between phylogenetic clade and organellar localization
supports the utility of homology-based localization infer-
ence, a complementary approach to algorithmic predic-
tion, for annotating uncharacterized homologs within
well-supported clades [55, 56].

To experimentally validate the link between phyloge-
netic clades and subcellular localization, we performed
GFP fusion assays for three mTERF proteins of previ-
ously unknown localization: mTERF19, mTERF24, and
mTERF34. When co-expressed with the mitochondrial
marker FRO1-RFP in protoplasts, all three GFP-tagged
proteins showed clear co-localization with the RFP sig-
nal, confirming their mitochondrial localization (Fig. 1B).

Conserved motif analysis further supported the func-
tional divergence among mTERF clades. Since no infor-
mation on structural or functional motifs within the
conserved regions was available, we labelled them
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numerically in order of occurrence from N- to the
C-terminal. Proteins in the chloroplast-specific clade
commonly shared motifs 2, 1, and 5, while those in
mitochondrial-related clades contained a broader set of
motifs, including 10, 4, 2, 7, 6, 3, 9, 5, 1, and 8 (Figure
S1). Intriguingly, the distinct minor clade, despite shar-
ing subcellular localization with mitochondrial mTERFs,
exhibited conserved motifs more similar to those of
chloroplast-localized mTERFs. Phylogenetic and motif
complexity analyses together suggest an evolutionary tra-
jectory in which the chloroplast-associated clade repre-
sents the most ancestral form, followed by the emergence
of the distinct minor clade, prior to the diversification of
the mitochondrial-localized clades.

Identification and distribution of mTERF family members in
plant and animals

To validate whether mTERF originated and expanded
from ancestral choloroplast mTERFs, we performed
a Hidden Markov Model (HMM)-based search for
mTERF protein sequences across available genomes of
fungi, metazoans, and plants. Our analysis confirmed
the absence of mTERF genes in fungal and bacterial
genomes, while they were consistently detected in both
animal and plant lineages, a finding consistent with prior
report [57]. Notably, the mTERF gene family exhibits a
striking disparity in size between animals and plants. In
animals, the family is consistently small, ranging from
two to four members across diverse lineages, from basal
invertebrates to mammals (Table S1). In contrast, plants
have undergone substantial expansion of mTERF genes.
Two major expansion events were identified during plant
evolution: One occurred in the Volvocine algae lineage,
where gene numbers rose to approximately 16, likely
driven by ancient whole-genome duplication events; the
other coincided with the emergence of seed plants, rep-
resenting a more pronounced expansion that raised the
family members to about 51, and was correlated with the
{ and € whole-genome duplication events (Fig. 2).

To resolve the evolutionary relationships among
mTERF proteins, we reconstructed a phylogenetic tree
using representative sequences from a range of plant and
animal species. Surprisingly, all red algal mTERF pro-
teins clustered within a single clade alongside chloro-
plast-localized Arabidopsis proteins. The distinct minor
clade (comprising proteins localized to mitochondria,
the nucleus, and the cytoplasm) included mTERFs from
Bryophyta, Tracheophyta and a few green algal pro-
teins. In contrast, the mitochondrial-associated clade
from Arabidopsis contained only seed plants. (Figure S2).
These results suggest that plant mTERF proteins likely
originated as chloroplast-targeted proteins, and that the
distinct minor clade mTERFs subsequently emerged in
Embryophytes or late-diverging algae.
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Diversification of mTERF proteins in chlorophytes and early
land plants

To elucidate the evolutionary trajectory of mTERF pro-
teins during the transition from aquatic algae to land
plants, we reconstructed a phylogeny using mTERF
sequences from diverse chlorophytes, bryophytes,
and representative vascular cryptogams. The analysis
resolved three primary clades (A-IL II, III), with Clade
A-NII subdivided into two well-supported subclades
(A-III-1 and A-III-2) (Fig. 3).

Clade A-I was predominantly composed of green algal
sequences, identifying it as an ancestral group. Clade
A-II contained sequences from both green algae and
early land plants (bryophytes and vascular cryptogams),
representing a transitional lineage. Clade A-III consisted
almost exclusively of early land plant sequences, marking
a lineage-specific expansion. Within Clade A-III, sub-
clade A-III-1 showed higher gene copy numbers in vas-
cular cryptogams, whereas subclade A-III-2 was notably
expanded in bryophytes (Fig. 3).

In summary, our phylogenetic analysis reveals a key
transition in mTERF family organization: while vascular
plants carried mTERF proteins distributed across mul-
tiple clades, the evolutionary lineages from green algae
to bryophytes were represented in two clades. Based
on their phylogenetic distribution, we propose that the

expansion of Clades A-II, A-III-1, and A-III-2 coincided
with the evolutionary milestones of land plant terrestri-
alization, whereas Clade A-I represents the products of
earlier expansions within the mTERF family prior to the
emergence of land plants. These results indicate that the
mTERF family underwent significant duplication and
functional diversification during the transition to terres-
trial life. Whole-genome duplications, particularly those
identified in Volvox and Diphasiastrum complanatum,
likely contributed to this expansion.

The emergence of new mTERF subfamilies predates the rise
of angiosperms

The mTERF family exhibits a stepwise increase in gene
diversity from algae to bryophytes. To trace its fur-
ther differentiation in angiosperms, we reconstructed a
detailed phylogenetic tree using mTERF sequences from
a broad sampling of angiosperm species and a few green
algal. The tree resolved two major homologous clades
Clade A and Clade B (Fig. 4). Clade A and Clade B in
angiosperms possess a similar number of genes (Table
S2). These clades further diverged into subclades with
distinct phylogenetic patterns: Clade A subclades (A-I/
II/I1I, A-1V) displayed a “species-diverse” structure, com-
prising a wide range of angiosperms with few genes per
species, whereas Clade B subclades (B-I, B-II) exhibited
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a “species-specific expansion” pattern, characterized by
large gene clusters from individual species (Fig. 4A and
B).

Since members of diverse angiosperm lineages are
present in both Clade A and Clade B, while all green algal
mTEREF proteins are exclusively clustered within Clade A
(Fig. 4A), it can be inferred that Clade A represents an
ancient lineage, and the divergence between these two
clades occurred prior to the diversification of angio-
sperms but subsequent to the emergence of green algae.

To further refine the origin of Clade B, we performed
additional phylogenetic analyses using three distinct out-
groups: Amborella trichopoda, Selaginella moellendorf-
fii, and Physcomitrium. While mTERFs from the latter

two species resided solely within Clade A, those from
the basal angiosperm Amborella were present in both
Clade A and Clade B (Figure S3A-C). This result confirms
that Clade B originated after the divergence of vascular
plants but prior to the diversification of angiosperms,
implicating its potential role in the evolution of seed
development.

Gene counts varied considerably among the four angio-
sperm mTERF clades. Clade B-II contained the most
members (167), followed by Clade A-I/II/III (144), Clade
B-I (57), and Clade A-IV (52, previously defined as the
distinct minor clade localized to mitochondria (Fig. 1)
(Table S2). Clades A-IV, and B-I generally contained
few genes per species. For example, in monocots such
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as Oryza sativa, Sorghum bicolor, and Brachypodium
distachyon, as well as in the early-diverging angiosperm
Nymphaea colorata, Clades A-IV contain only three
gene copies. In the Clade B-I subfamily, monocots are
completely absent, while the eudicots including soybean
and Arabidopsis possess only a single mTERF copy with
notable exceptions such as Amborella trichopoda, cotton
(Gossypium), and Nymphaea colorata (Table S2).

The large number of genes in Clade B-II likely results
from repeated gene duplication during evolution. Its
expansion appears to have been driven primarily by
whole-genome duplication (WGD) and large-scale seg-
mental duplication events (Fig. 4A). Successive WGDs
contributed to this amplification, including the angio-
sperm-wide € event, the Asteraceae-specific y event, the
Brassicaceae-specific a/f events, the Poaceae-specific
o/p events, monocots-specific T event and independent
WGDs in cotton and soybean (Fig. 4A). In contrast to
the relatively stable copy number observed in the Clade
A subfamily, the newly diverged Clade B subfamily dis-
played more dynamic and variable gene copy numbers,
suggesting a greater degree of functional divergence
among its members.

Functional divergence of mTERFs between vegetative and
reproductive organs in angiosperms

To explore the functional divergence of mTERF genes
across plant evolution, we analyzed their expression
patterns in eight representative species spanning major
lineages—Selaginella  moellendorffii, ~Physcomitrium,
Amborella trichopoda, Nymphaea tetragona, Oryza
sativa, Zea mays, Arabidopsis thaliana, and Glycine
max—using publicly available transcriptome datasets
(Fig. 5, Figure S4, Figure S5).

In early land plants, distinct mTERF subfamilies exhib-
ited specialized expression profiles. In the lycophyte
Selaginella, most Clade A-I mTERF genes were specifi-
cally expressed in roots and rhizophores, whereas this
clade was entirely absent in the moss Physcomitrium.
Clade A-II genes were broadly expressed across multiple
tissues in both P. patens and S. moellendorffii. In contrast,
Clade A-III genes showed strong expression specifically
in roots and reproductive organs (e.g., spores). Within
Clade III, subclade A-III-2 contained more genes than
III-1 and displayed more complex expression patterns.
In P, patens, A-111-2 genes were specifically expressed in
roots, chloronema, spores and gametophore. Notably,
genes such as Sm_83040 in Selaginella and PP6C5_4890
in P. patens showed broad expression across multiple tis-
sues, underscoring functional diversification within this
subclade (Figure S4A).

Following the divergence of early angiosperms, the
mTERF family split into Clades A and B, with Clade B
undergoing pronounced gene expansion. In the basal
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angiosperms Amborella and Nymphaea, most Clade A
genes were widely expressed across tissues, though only
three genes showed such a pattern in Nymphaea, with
the remainder exhibiting minimal expression. In con-
trast, Clade B expression was largely restricted to leaves,
sepals, carpels, and ovules (Figure S4B).

After the monocot—eudicot split, the mTERF gene rep-
ertoire was reconfigured, with Clades A and B maintain-
ing similar gene numbers in these lineages. In monocots
(rice and maize), some members of Clade A expression
were generally higher in vegetative tissues (indicated by
Sky-blue stars) than in reproductive organs. Conversely,
in rice, a subset of Clade B genes was strongly expressed
in reproductive structures such as seeds, embryos, sta-
mens, and pistils (indicated by lavender-blue stars); how-
ever, Clade B genes in maize exhibited a broad expression
pattern (Fig. 5A, Figure S5A). In eudicots (Arabidopsis
and soybean), Clade A genes were broadly and highly
expressed across most tissues (except pollen). Notably,
several highly expressed Clade A genes in Arabidop-
sis have been reported to localize to chloroplasts. Clade
B genes, by contrast, generally showed lower expres-
sion levels and were preferentially expressed in seeds,
embryos, and floral tissues (Fig. 5B). It is noteworthy that
the expression levels of AtmTERFI17, 15, 18, 19, 35, and
26 from Clade A were higher in reproductive tissues than
in vegetative tissues (Fig. 5B). This expression pattern dif-
fers from that of most genes in Clade A but resembles the
expression profile characteristic of Clade B genes. This is
similar to the subcellular localization results mentioned
above (Figure S1).

In summary, mTERF gene expression diverged mark-
edly between monocots and eudicots: in monocots, some
Clade A members predominated in vegetative tissues and
Clade B members are broadly expressed or reproduc-
tive-enriched, whereas in eudicots, Clade A was broadly
highly expressed and a subset of Clade B members
remained reproductive-biased. These patterns support
functional specialization of mTERF clades following the
monocot—eudicot divergence. Collinearity analysis fur-
ther revealed strong conservation of mTERF genes within
monocots or eudicots, but considerably weaker synteny
between these two groups, reinforcing their divergent
evolutionary trajectories (Figure S6).

mTERF10 is a negative regulator of thermotolerance in
Arabidopsis

Transcriptomic analysis revealed distinct expression
patterns between the two mTERF clades in Arabidopsis:
Clade A genes were broadly and highly expressed across
all tissues examined, whereas Clade B genes were pre-
dominantly expressed in seeds, embryos, and floral tis-
sues (Fig. 5B), suggesting a role for mTERF diversification
in plant development. Given previous reports implicating
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mTERFs in abiotic stress responses, we further inves-
tigated whether this functional divergence extends to
stress adaptation. Under heat stress (37 °C), most Clade
B genes exhibited 2- to 9-fold upregulation, while a sub-
set of Clade A genes (mTERF2, 3, 4, 15, and 21) was also
induced, and to a lesser extent (Figure S7A, B). In addi-
tion, cold stress (4 °C) elicited similar expression changes
in both clades (Figure S7 A, B), indicating the involve-
ment of both subfamilies in the stress response.

However, in our assay of mTERFs expression in
response to temperature stress, a unique mTERF,
mTERFI10 came to our attention because its expression
was downregulated sharply, distinct to other mTERFs
(Figure S7A, B). The mTERF10 is found to be localized in
chloroplasts in a previous study. Indeed, our mTERF10-
GFP fusion protein assay in transgenic plants, together
with the immunoblot assay confirm its exclusive local-
ization within chloroplast (Figure S7C, 7D). To inves-
tigate the biological function of mTERFI10, we utilized
two independent mutant lines: a T-DNA insertion line
(SALK_097699, designated mterf10-1) obtained from
SALK and a CRISPR/Cas9-mediated premature termina-
tion mutant (mterf10-2) generated in this study (Fig. 6A,
B). Under standard growth conditions, both mutants
exhibited no visible growth defects or significant altera-
tions in photosynthetic performance, as assessed by
light-response curves of electron transport rate (ETR),
and non-photochemical quenching (Figure S8). How-
ever, under high-temperature stress, the mterfl0 mutant
exhibited markedly reduced non-photochemical quench-
ing (NPQ) whereas its photochemical efficiency was
enhanced compared to the wild type (Fig. 6C), indicating
that mTERF10 negatively regulates temperature response
by modulating chloroplast activity.

Discussion

Evolutionary trajectory and functional diversification of
mTERF proteins in plants

The mTERF protein family displays a phylogenetically
restricted distribution, present in metazoans and plants
but absent in fungi and prokaryotes [57]. In contrast to
the limited set maintained in metazoans, plants have
undergone substantial lineage-specific expansion [58,
59]. Recent research has further revealed that this expan-
sion is closely linked to key plant evolutionary events,
such as terrestrial adaptation [60]. Notably, in cere-
als like wheat and rye, mTERF genes have co-expanded
and formed clusters with fertility-restorer gene families,
directly contributing to the establishment of cytoplas-
mic male sterility restoration systems [61-63]. Beyond
their involvement in fertilityy, mTERF members play
broad roles in regulating organellar gene expression and
in adaptive responses to abiotic stresses such as salt,
drought, and heat [58, 60]. Our analyses identified two
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major waves of mTERF gene duplication: one in the Vol-
vocine algae, increasing gene number to about 16, and
a second coinciding with the rise of seed plants. These
findings, partially diverging from earlier reports, likely
reflect improved genome assemblies and more compre-
hensive annotations.

Critically, our phylogenetic reconstructions indicate
that plant mTERFs originated from a chloroplast-tar-
geted ancestor, likely present in the last common ances-
tor of red and green algae (Figure S2). This ancestral
clade shares high sequence homology and conserved
motifs with chloroplast-localized mTERFs in Arabidop-
sis (Figure S9). Subsequent duplications facilitated the
emergence of mitochondrial-targeted paralogs, illus-
trating a recurrent evolutionary pattern: genes of single
organellar origin diversify through duplication to serve
both chloroplasts and mitochondria, enabling functional
specialization.

An alternative evolutionary scenario is also plausi-
ble: mTERF proteins may have originally been targeted
to mitochondria. Following endosymbiosis, a subset
of these proteins could have been recruited to chloro-
plasts. Subsequently, the mitochondrial-associated lin-
eage might have been lost or highly diverged in red algae
due to genomic reduction, leaving only the plastid-tar-
geted forms detectable today. In green plants, however,
both mitochondrial- and plastid-targeted mTERFs were
retained and further diversified. Eventually, part of the
mitochondrial-targeted clade underwent lineage-spe-
cific expansion in angiosperms. Currently, limited by the
incomplete genomic data from early-diverging lineages
and the scarcity of experimentally validated subcellular
localization information, definitively tracing the primor-
dial organellar association of the mTERF family remains
challenging. This hypothesis offers a fresh perspective
for understanding the evolution of organellar regulatory
proteins and highlights the need for future studies that
integrate broader phylogenomic analyses with cross-lin-
eage functional assays to fully elucidate the evolutionary
trajectory of mTERFs in the co-evolution of eukaryotic
organelles.

Functional diversification rooted in evolutionary history

The functional divergence of mTERF proteins is deeply
rooted in their evolutionary history. In Arabidopsis,
chloroplast- and mitochondrial-targeted mTERFs form
distinct clades, each characterized by specific conserved
motifs divergence (Fig. 1, Figure S1). This phylogenetic—
functional correlation suggests that early duplication
events were followed by neofunctionalization, whereby
paralogs acquired distinct subcellular targeting and
regulatory roles. Expression analyses further reflect this
divergence (Figure S4, Figure S5, Fig. 5). In angiosperms,
Clade A mTERFs are broadly expressed, suggesting roles
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Fig. 6 Characterization of mterf10 mutants

(R) Schematic of the T-DNA insertion site in the mTERF10 gene. The T-DNA insertion site is indicated by a triangle. Both Left genomic primer (LP) and right
genomic primer (RP) are shown. LB represents the left border primer of the T-DNA insertion

(B) Verification of the mterf10-2 homozygous mutant with base insertion via Sanger sequencing of PCR products. The mterf10-2 homozygous mutant
was obtained by CRISPR/Cas9 editing. The left panel shows the sequencing chromatogram of the homozygous mutant with base insertion (resulting in
premature protein termination), and the right panel shows the wild-type mTERF10 sequencing chromatogram as a control

(C-D) Light-response curves of PSIl quantum yield, electron transport rate (ETR), and nonphotochemical quenching (NPQ) in wild-type (WT), mterf10-1,
and mterf10-2 mutants following high-temperature treatment at 37 °C (C) and cold stress (4 °C) (D). Measurements were performed at the following light
intensities: 0, 21, 56, 111, 281, 461, 701, 1076, and 1251 umol m=2 s™'. PPFD, photosynthetic photon flux density. Data are presented as mean = SD. Each
data point represents at least 9 independent plants
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in basal cellular processes, while Clade B members are
enriched in reproductive tissues—a pattern already estab-
lished in early land plants like Amborella trichopoda and
Nymphaea tetragona. This implies that mTERF-mediated
regulation of reproduction arose during terrestrial colo-
nization. Notably, high root expression in early lineages
that diminished in later angiosperms suggests a historical
role in root evolution, inviting future studies on mTERF
function in root development of non-vascular and early
vascular plants.

Several mTERFs also contribute to stress adaptation. In
Arabidopsis, mutants of mterf18/shotl and mterfl (sol-
dat10) respectively confer enhanced tolerance to heat/
oxidative stress and significantly higher seed germina-
tion under salt stress compared to the wild type [53, 54].
mTERF10, a chloroplast stromal protein negatively regu-
lating thermotolerance, shares highest similarity with
human mTERF3, a transcriptional repressor [64]. We
propose that mMTERF10 may similarly repress chloroplast
gene transcription, and its downregulation under stress
may enhance photosynthetic gene expression. It is previ-
ously characterized as a positive regulator of salt stress
response [65]. This functional diversity underscores how
conserved regulatory mechanisms can be repurposed in
different organelles and organisms in responding to dis-
tinct stress.

In summary, the mTERF family exemplifies how
repeated gene duplication and neofunctionaliza-
tion enable nuclear-encoded factors to regulate both
chloroplast and mitochondrial functions, supporting
plant adaptation to developmental and environmental
challenges.

Conclusion

This study elucidates the evolutionary trajectory of
mTERF proteins in plants and identifies mTERF10 as
a negative regulator of temperature stress. Compared
to animals, the plant mTERF family has undergone sig-
nificant lineage-specific expansion. This study identi-
fied two significant episodes in plant mTERFs evolution:
origins most likely as chloroplast-targeted members in
the Archaeplastidal ancestor (shared by red algae and
chlorophytes) and subsequent duplication, divergence
and potential neofunctionalization that gave rise to a
subfamily of mitochondria-targeted members unique to
seed-plants. Different mTERF lineages regulate distinct
biological processes, including reproductive develop-
ment, stress responses, and vegetative growth. Genetic
analysis demonstrates that mTERF10 acts as a negative
regulator of thermotolerance, revealing how the same
protein family can evolve neofunctionalization to enable
plants to cope with varying environmental stresses. Our
findings provide novel insights into the co-evolution of
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nuclear and organellar genomes and the regulatory plas-
ticity underlying plant adaptation.
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