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Plastid gene expression (PGE) is crucial for plant develognt and acclimation to

various environmental stress conditions. Members of the “itochondrial transcription
termination factor” (mMTERF) family, which are present in bHo metazoans and plants,

are involved in organellar gene expressionArabidopsis thalianacontains 35 mMTERF
proteins, of which mTERF10, mTERF11, and mTERF12 were prenxisly assigned to the

“chloroplast-associated” group. Here, we show that all thee are localized to chloroplast
nucleoids, which are associated with PGE. Knock-down oMTERF1Q MTERF11 or

MTERF12has no overt phenotypic effect under normal growth conditins. However,

in silico analysis of MTERF1Q -11, and -12 expression levels points to a possible
involvement of mMTERF10 and mTERF11 in responses to abiotitress. Exposing mutant
lines for 7 days to moderate heat (30C) or light stress (400mmol photons m 2 s 1)

fails to induce a phenotype inmterf mutant lines. However, growth on MS medium
supplemented with NaCl reveals that overexpression oMTERF11 results in higher
salt tolerance. Conversely,mterfl0 mutants are hypersensitive to salt stress, while
plants that modestly overexpressMTERF10are markedly less susceptible. Furthermore,
MTERF10overexpression leads to enhanced germination and growth otMS medium

supplemented with ABA. These ndings point to an involvemehof mTERF10 in salt
tolerance, possibly through an ABA-mediated mechanism. Tis, characterization of an
increasing number of plant mMTERF proteins reveals their ed in the response, tolerance
and acclimation to different abiotic stresses.

Keywords: Arabidopsis, chloroplast, nucleoid, mTERF, accl imation, stress, salt

INTRODUCTION

Chloroplasts are of cyanobacterial origirgven and Allen, 200&nd harbor nowadays a reduced
genome that mainly encodes proteins involved in photosyrithesd plastid gene expression
(PGE). PGE is crucial for plant development and photosynthbsists regulation is only partially
understood. This is largely because, although plastidgiigjlay characteristics of a prokaryotic-
like structure of their genome, their gene expression maetyiis much more elaborated compared
to that of their cyanobacterial ancestor (reviewedlirere et al., 2001 Therefore, PGE requires
plenty of proteins encoded in the nucleus that support transaiptsplicing, timming and editing

of organellar RNAs, and regulate their translatidhcimitz-Linneweber and Small, 2008; Stern
etal., 2010; Hammani et al., 2014; Tiller and Bock, 2014;@dal., 2016
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Also the nucleus-encoded proteins of the mitochondrialthe shot1-2T-DNA insertion mutant each suppress the heat
transcription termination factor (MTERF) family regulate hypersensitivity ohotl-4plants. Moreover, other heat-sensitive
mitochondrial and PGE at diverse levelsi€ine and Leister, mutant phenotypes are also suppressedshgtl-2 and shotl-
20159. The mTERF proteins have been identi ed in both plants2 single mutants display a higher heat toleran¢en( et al.,
and metazoansl{nder et al., 2006 Human mTERF1, which 201). SOLDAT10 is localized to chloroplasts, and plants
is the rst characterized mTERF, is one of four mammalianhomozygous for a weakeoldatl(llele su er from mild photo-
mMTERF proteins, and was identi ed nearly 30 years ago as afactoxidative stress already in low-light conditions; this uks in
that acts on transcription termination in mitochondrial egicts  turn in a stress acclimation response, which appears to confer
(Kruse et al., 19991ts presumptive function as a transcription improved hardiness against a combination of high-light and
terminator (of heavy-strand transcripts) gave the famigriame. low-temperature stressveskauskiene et al., 200Dther mterf
More recently however, models have been suggested in whichutants are also linked to stress responses. For examuolal
MTERF1 acts chiey as a terminator of antisense transcriptiofmterf, and mterf9 seedlings are less susceptible to osmotic
(Terzioglu et al., 20)3or in polar replication fork arrest$hi  and salt treatments, which might be linked to their decrelse
et al., 201} The true molecular function of mouse mTERF2 alsosensibility to ABA Robles et al., 2012, 201Furthermore, the
remains unclear, with some reports suggesting that it birals trug2-1mutant is abnormally sensitive to temperature stress. At
the same mitochondrial DNA region as mTERF1 and mTERF26 C, rug2-1homozygotes undergo growth arrest, whereas at
(Wenz et al.,, 2009 while another contends that the DNA- 16 C this growth phenotype is not expresseduesada et al.,
binding activity of mTERF2 is not sequence-specire(legrini  201)).
et al., 200R Knock-out of Mterf3 in mice leads to embryonic A co-expression network for aMTERF genes (26 out of
lethality (Park et al., 20Q7and conditional knockout oMterf3in  35) which were present on the A ymetrix ATH1 genome array
the heart has identi ed a novel role for its protein product ineg  has been constructed(eine, 201}). The resulting clusters and
biogenesis of metazoan mitochondrial ribosomég¢denberg information related to the subcellular locations of the piiote
et al., 2013 Mterf4 knock-out mice are also embryonic lethal that are encoded by genes co-expressed with BEIHERFgene
(Camara et al.,, 20)1 Interestingly, human mTERF4 forms were then used to assign the mTERFs into ve groups, referred
a complex with NSUN4, which is required for assembly ofto as the “chloroplast,” “chloroplast-associated,” “mitonbrial,’
the small and large ribosomal subunits of the mitochondria‘mitochondrion-associated,” and the “low expression” chust
ribosome (Vletodiev et al., 2004 Consequently, while the In the present study, we characterized the members of the
function for mTERF2 remains to be clari ed, the remainderloét “chloroplast-associated” group, which comprises MTERF10
mammalian MTERFs do not support transcription termination, (AT2G34620), mTERF11 (AT3G18870), and mMTERF12
as it is suggested by their notation, but seem to take part I(AT4G09620). The sub-chloroplast localization of mTERF10,
antisense transcription termination and ribosome biogéses -11, and -12 was de ned by uorescence microscopy of mTERF-

The number of mTERF family members has increased t&FP fusions and an RFP fusion protein (as a control for nucleoid
approximately 30 throughout the evolution of land plantslocalization). Lines with alteredTERF10 MTERF11 and
(Kleine, 201), but information on their functions is only MTERF12levels did not display phenotypes under normal
beginning to emerge. Most of the 3BA. thaliana mTERF growth conditions.In silico analyses with the eFP browser
proteins (MTERF1-mTERF3Xleine, 201) are localized to and Genevestigator were conducted, which pointed to an
chloroplasts and/or mitochondriaBabiychuk et al., 20)1and involvement of these three mTERFs in abiotic stress responses
seven of them (MTERF1, -4, -5, -6, -9, -15, and -18) have bedro follow this up, the mutant lines were exposed to moderate
functionally investigated in more detail (reviewed ifieine and  heat (30C), high light (400mmol photons m 2s 1), or salt (175
Leister, 2015; Quesada, 2D1Essential functions of MTERF mM NaCl) stress, and subjected to ABA treatment. Tierf1Q
proteins in plant development are revealed by the e ects ofll, and-12mutant lines responded to heat and high light stress
complete inactivation of thre®ITERFgenesA. thalianamutants  like the wild type (WT). However, lack of mMTERF10 or mMTERF11
devoid of SOLDAT10 (SINGLET OXYGEN-LINKED DEATH led to enhanced or reduced sensitivity to salt, respectivéijle
ACTIVATOR10)/mTERF1 [fleskauskiene et al., 2006r BSM  overexpression oMTERF10rendered seedlings more tolerant
(BELAYA SMERT)/RUG2 (RUGOSA2)/mTERF&Babiychuk than WT to both salt and ABA.
et al., 2011; Quesada et al., 20Hte arrested in embryo
development, and knock-ounterf6-2plants are albinotic and
stop growing after 2 weeksRpmani et al., 2005 Moreover, MATERIALS AND METHODS
the dissection ofmterf mutants supports an involvement of
plant mTERFs in responses to abiotic stress (reviewed if?lant Material and Growth Conditions
Kleine and Leister, 2015; Quesada, J018deed, SOLDAT10 The  mutants mterfl0-1 (SAIL_12A03), mterfl0-2
(Meskauskiene et al., 200%nd SUPPRESSOR OFRotl- (SALK_097699), mterfll-1 (FLAG_357F09), mterfll-2
4 1 (SHOTZ1; Kim et al., 201p were isolated in forward (GABI_211D05), ananterfl2-1(GABI_407E04) were identi ed
genetic screens for loci that inuence responses to abiotiin the SIGnAL databasé\(onso et al., 2003 the abi4-1mutant
stress. Thehotl-4 mutant is a dominant-negative allele of was ordered from The European Arabidopsis Stock Centre
the heat-shock protein genelSP101 SHOT1/mTERF18 is a (NASC; ID N8104). All mutants are in the Col-0 background
mitochondrial protein and theshotl-1missense mutant and except ofnterf11-lwhichis a WS line.
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Arabidopsis thaliana plants were grown in long-day MTERF11 has an additional triplet (CAT; coding for
conditions (16 h light/8 h dark) on potting soil (Stender). histidine) inserted after nucleotide 27 (relative to the
Plants were illuminated with HQI Powerstar 400 W/D lampsstart codon) compared with the coding sequence from
and a uence rate of approximately 108mol photons The Arabidopsis Information Resource (TAIR; www.
m 2 s 1. To accomplish salt and ABA stress experimentsarabidopsis.org). MTERF1Q) MTERF1]1 and MTERF12
seedlings were grown on plant agar (Sigma-Aldrich) contagninwere cloned by GATEWAY technology (see above) into
half-strength MS medium and 1.5% (w/v) sucrose at@2 pB7FWG2 to generate fusions with enhanced GFP (eGFP),
under 100 mmol photons m?2 s ! provided by white expression of which is controlled by theCauli ower
uorescent lamps under continuous light or long-day mosaic virus 35S promoter. For RAP-RFP fusions, the
conditions. For salt stress experiments, MS medium wasENTR/RAP plasmid (Prof. Jorg Nickelsen, LMU Munich)
supplemented with 125 mM or 175 mM NaCl as indicatedwas introduced into p2GWR7 by GATEWAY cloning. For
For ABA experiments, MS medium was supplemented with bverexpression of MTERF10MTERF10 was introduced

mM ABA. by classical cloning with the Ncol restriction enzyme into
. . . pCAMBIA1302. For RNAI experiments wittMTERF12and
Nucleic Acid Extraction overexpression of mMTERF10 and mTERF11, the plasmids

For DNA isolation, leaf tissue was homogenized in extractio pB7GWIWG2/MTERF12, pCAMBIA1302/MTERF10, and
bu er containing 200 mM Tris/HCI (pH 7.5), 25 mM NaCl, pB7FWG2/MTERF11 were independently transferred into
25 mM EDTA, and 0.5% (w/v) SDS. After centrifugation, DNA Agrobacterium tumefacignsnd A. thaliana (ecotype Col-0
was precipitated by adding isopropyl alcohol. After washingor MTERF10overexpression andMTERF12RNAi; ecotype
with 70% (v/v) ethanol, the DNA was dissolved in distilled\ws for MTERF11overexpression) plants were transformed by
water. the oral-dip method (Clough and Bent, 1998After seed set,

For RNA isolation, frozen tissue was ground in liquid transgenic plants were selected on the basis of their resistan
nitrogen. Following the addition of TRIZOL (Invitrogen) and BASTA (PB7GWIWG2/MTERF12 and pB7FWG2/MTERF11)
chloroform according to the manufacturer's instructiol®®NA  or hygromycin (pCAMBIA1302/MTERF10), respectively.
was precipitated from the aqueous phase with isopropyl alcohol, For uorescence visualization, leaves of 3-week-old Col-0
then washed with 70% (v/v) ethanol, and dissolved in RNasglants grown on MS medium were cut into small pieces and
free water. Concentration and purity of RNA samples weréncubated for 16 h at 24 in the dark in a protoplasting
determined spectroscopically in a GeneQuant pro RNA/DNAso|ution (10 mM MES, 20 mM Cagl 0.5 M mannitol
Calculator (GE Healthcare Europe GmbH). Isolated RNA wagpH 5.8), 0.1g ml! macerozyme (Duchefa), 0.1g il
stored at 80 C until further use. cellulase (Duchefa). After isolation and transformation

. . of protoplasts as describedD{vzhenko et al., 2003

CDNA _Synthe5|s and Real-Time PCR preeratigns were examined (\(:vith a FluorescenceoAxio
Analysis Imager microscope (Zeiss). Fluorescence was excited with
cDNA synthesis and real-time PCR analysis were performethe X-Cite Series 120 uorescence lamp (EXFO) and images
as outlined before\(oigt et al., 201)2 All reactions were done were collected at 500-550 nm (eGFP uorescence), 570-
in triplicate on three biological replicates. The target geaad 640 nm (RFP uorescence) and 670-750 nm (chlorophyll
the respective primers, are listed Bupplementary Table S1  auto uorescence).
The RCElgene was used as an internal reference in other
studies {oigt et al., 2010; Romani et al., 201RCEtranscript
levels are not changed upon diverse conditions, especial
not under diverse stress conditions including lincomycin
and nor urazon treatment which aect organellar gene

hlorophyll a Fluorescence Measurements

vivo chlorophyll a uorescence of whole plants was recorded
using an imaging chlorophyll uorometer (ImagingPAM, Walz
GmbH, E eltrich, Germany). Plants were dark adapted for 15

CHPrESSIon. min and then exposed to a pulsed, blue measuring light (1 Hz,

RNAI, Overexpression and Intracellular intensity 4) and a saturating light ash (intensity 5) to @emine

Protein Localization ::h?':maxmum uorescence & and the ratio (f-Fo)/Fm D
vitm-

To reduce MTERF12 mRNA levels by RNAi, a 145-
bp fragment was amplied from genomic DNA with
the primer pair AT4G09620-GST-attB1 and -attB2 (sedComputational Analyses

Supplementary Table S The gel-puried PCR product Protein sequences were retrieved from the National Center
was used for BP and LR Clonase reactions (GATEWAYor Biotechnology Information (NCBI; http://www.ncbi.nlmih.
Cloning; Invitrogen) which led to the nal construct gov/) and The Arabidopsis Information Resource (TAIR; http://
pB7GWIWG2/MTERF12 (for pB7GWIWG2, séarimi et al., www.arabidopsis.org). Amino acid sequences were aligned usi
2002. For overexpression and localization studies of mMTERF1@he ClustalW program (http://www.ebi.ac.uk/clustal@henna
MTERF11 and mTERF12, cDNAs encompassing the coding al., 2008 The unrooted tree was constructed with the Phylip
regions were amplied by PCR (seégupplementary Table S1 server Mobyle at the Pasteur Institute (http://mobyle.pasteur.
for primer information). Notably, in our Col-0 strain, cgi-bin/portal.py#welcome).
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RESULTS 201). These data indicated that mTERF10, -11, and -12
. are targeted to chloroplasts. To conrm these results and if
All Members of the ChIorquast-Assomatgd possible de ne the prec?ise locations of the proteins within the
MTERF Cluster Are Localized to Nucleoids chloroplast, the eGFP uorescence of mTERF10-, mTERF11-,
The localizations of almost al\. thaliana mTERF proteins or mTERF12-eGFP fusions, transiently overexpressed in Col-
have been investigated by uorescence microscopy of mMTERB- protoplasts, was monitored. Localization of all three fusion
GFP fusions transiently expressed in isolated protoplastproteins to chloroplasts was con rmed-igure 1A). However,
and in guard cells of transgenic plant8&biychuk et al., the uorescence signals were not uniformly distributed, but

Merged Bright field

mTERF10-eGFP

mTERF11-eGFP

MmTERF12-eGFP

B
RAP-RFP +

mTERF10-eGFP

mTERF11-eGFP

MTERF12-eGFP

mTERF12-eGFP

FIGURE 1 | Localization of mMTERF10, mTERF11 and mTERF12A) Fluorescence microscopy ofA. thalianaprotoplasts transiently expressing mTERF10, mTERF11
or mMTERF12 fused to eGFP (NTERF10-eGFP, mTERF11-eGFP and BERF12-eGFP)(B) To visualize nucleoids, protoplasts were co-transformed ith a RAP-RFP
fusion in combination with mMTERF10-eGFP, mTERF11-eGFP, aiTERF12-eGFP. The eGFP uorescence is shown in green (GFP)FR uorescence in cyan (RFP),
auto uorescence of chloroplasts in red (Auto). The scale barcorrespond to 10 nm.
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appeared as small dots in the chloroplasts. The size ardvels were reduced to 29 and 4% of WT, respectively. To
distribution of these dots were suggestive of nucleoidschvire  determineMTERF1transcript levels, primer pair A was chosen
associated with PGB/ajeran et al., 20)2Localization of theA.  to detect transcripts initiated %Sof the T-DNA insertions
thaliana RNA-binding protein RAP to nucleoids was previously (Figure 2A). Using this set-upMTERF11transcript levels were
established using a transiently expressed RAP-eGFP fusimund to be unchangednfterfl1-) and nearly 6-fold induced
(Kleinknecht et al., 2094 Therefore, Col-0 protoplasts were (mterfl1-2 relative to their WT Figure 3A). In the mterfll-
co-transformed with a RAP-RFP fusion in combination with 1 allele (which is FLAG_357F09), the T-DNA of the pGKB5
MTERF10-eGFP, mTERF11-eGFP, or mTERF12-eGFP. Indeedgtor integrated in the §B-T-DNA-RB® direction. It is of
for each mTERF-eGFP construct, signals were found in dotsote here that the pGKB5 vector used to generate the FLAGdb
together with the RFP signal. Merging of both signals con rmedT-DNA insertion line collection contains the 35S promoter on
colocalization of the mTERF10, -11, and -12 fusions with RARhe LB side $amson et al., 200ZThe 35S promoter drives the
and therefore localization of all three mTERFs to nucleoidexpression ofPHOSPHINOTRICIN ACETYL TRANSFERASE
(Figure 1B). It is noteworthy, that especially mMTERF12—and &PAT) used to select transgenic plants, and BT transcripts
minor fraction of RAP—tend to be localized in the chloroplastare terminated by the G7 terminator. It was already shown
stroma when both mMTERF12-eGFP and RAP-RFP are expresseilh two independent FLAG lines as an example that the G7
together in protoplasts. terminator can be an ine cient terminator in the context ohe
pGKBS5 vector, allowing transcription to continue through and

. . . . beyond the terminator sequencelliker et al., 2008 However,
denti cation and Phenotypic Analysis of real-time PCR carried out with a primer pair covering the

Mutants for the MTERF10, MTERF11, region @ of the T-DNA insertion detected greatly reduced

MTERF12 Loci MTERF11 transcript levels in themterfl1l mutants: 0.09%
To obtain insight into the physiological functions of mTERFsof WT in mterfll-1 and 0.01% inmterfl1-2 (Figure 3A).
10, 11, and 12, T-DNA insertion lines were identi ed in the MTERF12transcript levels were not a ected in theterf12-
SIGnAL databaseA(onso et al., 2003 The insertions were 1 mutant (Figure 3A). Therefore, MTERF12RNAI lines were
conrmed by PCR Figure 2A) and homozygous lines were tested for their ability to represMTERF12gene expression.
selected. In the mutantsiterf10-1(SAIL_12A03) andnterfl0- Six independent lines were screened, but the most e ectively
2 (SALK_097699) the T-DNAs are inserted in th@ BTR repressed linesmterf12i-1and mterf12i-2 still retained 32%
and the second exon, respectiveligure 2B). The mterfl1-1 and 59% of WT (Col-0) amounts oMTERF12transcripts,
(FLAG_357F09) andnterfl1-2(GABI_211D05) mutants both respectively Kigure 3A). Under normal growth conditions, all
have their T-DNA insertion in the gene's single exon. Foridentied mutant lines were phenotypically indistinguisHab
MTERF12 only one insertion line could be identi ednfterf12- from WT (Figure 3B). To look for subtle photosynthetic
1, GABI_407E04), which contains a T-DNA in the promoter phenotypes, the maximum quantum yield of photosystem Il
region [Figure 2B). To repress theTERF12gene by RNAi, (F/Fm) was measured in Col-0, WS and aliterf mutants
Col-0 lines were generated that contained constructs witlfFigure 3B), but no deviations in this parameter were detected
an inverted repeat of a fragment spanning the rst exoninthe mutants.

and a part of exon 2 oMTERF12(Figure 2A) which was To summarize, the expression of all MTERF motifs should be
under control of the constitutiveCauli ower mosaic viru85S strongly reduced in thenterflOmutants (particularlymterf10-
promoter. 2), while the mterf11 mutants produce truncated transcripts.

Figure 2C shows the numbers and distributions of MTERF Assuming the latter are translated, the protein products would
domains in the mTERF10, -11, and -12 proteins. In mTERF1(ack the last two mTERF domainsiterf11-) or mTERF domain
and mTERF11, six and ve mTERF motifs are predicteds only (mterf11-2 (Figure 20). In the mterfl2ilines, transcripts
by the Simple Modular Architecture Research Tool SMARTIncluding the single putative mTERF domain were—at best—
(http://smart.embl-heidelberg.de/). One mTERF motif hase reduced to one-third of Col-0 levels. At all events, none & th
predicted for mTERF12 (our previous results, and see alsmterf mutant lines display any obvious phenotype under normal
Supporting Information of Babiychuk et al., 20)1 but growth conditions.
this domain is not annotated anymore with con dence
by the SMART tool (http://smart.embl-heidelberg.de/smart/ . .
show_motifs.pl?1D=Q932z2_ARATH). Thus, the classi catio Phylogenetic Position of the mTERF10, -11,
of mMTERF12 as an mTERF protein must be regarded a&nd -12 Proteins
uncertain. Because thenterflQ -11, and -12 mutant lines lacked a clear

All mutants are in the Col-0 background exceptrmoterfl1- phenotype under normal growth condition&igure 3), we asked
1 which is a WS line. Hence, in all following experiments,whether this might be attributable to functional redundanc
mterfll-1was compared with WS, while Col-0 was used asvithin the mTERF family. Sever®ITERFgenes have undergone
the WT standard for the other lines. Real-time PCR analysitandem duplications (on chromosome 1) and one block
was employed to determine the extent of repressioM®ERF  duplication (AT4G19650and AT5G45113Kleine, 201). But
transcripts in the dierent mutant lines Kigure 3A). In 3-  neither MTERF12nor MTERF10or MTERF11originated from
week-oldmterf10-1and mterfl10-2plants, MTERF10transcript a duplication event, so we can exclude the possibility of
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FIGURE 2 | Identi cation of mterf10, mterf11 and mterf12 T-DNA insertion mutants, and generation oMTERF12RNAI lines.(A) Con rmation and identi cation of
homozygous T-DNA insertions in the differenmterf mutant lines. The combination of the gene-speci c left and ght primers (LP and RP) was used for ampli cation of
(Continued)
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FIGURE 2 | Continued
sequences around the T-DNA insertion. The combination of RBnd T-DNA left border primer (LB) was used for the veri cationf the T-DNA insertion.(B) Schematic

representation and T-DNA tagging of theMTERF10(AT2G34620), MTERF11(AT3G18870), and MTERF12(AT4G09620) loci. Exons (black boxes), introns (black lines
and the 5°and 3°UTRs (gray boxes) are shown. Numbers are given relative toeliranscription start site of the gene loci. Locations and dentation of T-DNA
insertions are indicated, as deduced from RRC LB PCR products shown in(A) which were subsequently sequenced. Note that the insertiomare not drawn to scale.
Furthermore, the location of theMTERF12RNAi-directed sequence is indicated as a dashed ling(/C) Schematic representation of MTERF10, MMTERF11, and
MTERF12 proteins. The numbers and locations of mMTERF domasrare shown as white boxes. The relative positions of T-DNA @ahRNAi tagging are indicated.
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FIGURE 3 | Characterization ofmterf10, mterf11, mterf12 T-DNA insertion andMTERF12RNAI nterf12i) lines.(A) Real-time PCR analysis oMTERF1Q MTERF11
and MTERF12mRNA levels. Real-time PCR was performed with primers specifor fragments indicated by horizontal black lines below tle corresponding gene in
Figure 2B . Expression values are reported relative to the correspornidg transcript levels in Col-0. The results were normalizegith respect to the expression level of
At4g36800, which codes for a RUB1-conjugating enzymeRCEJ). Bars indicate standard deviations. Statistically sigiant differences (t-test; p < 0.05) between
wild-type and mutant samples are indicated by an asterisk(B) Phenotypes of 3-week-old wild-type (WS fomterfl11-1 and Col-0 for the remaining mutant lines) and
mutant plants grown under long-day (16/8 h) light conditionsThe maximum quantum yield of PSII (#Fm) was measured with an ImagingPAM uorometer.

protein redundancy arising from gene duplication. To obtam a constitute clade 1l. The mTERF10, -11, and -12 proteins are
impression of the overall degree of sequence similarityiwitie ~ most closely related to MTERF1/SOLDAT M&skauskiene et al.,
mTERF protein family, we constructed a phylogenetic tree whicR009, mTERF4/BSM/RUG Habiychuk et al., 2011; Quesada
included in addition toA. thalianamTERFs, mTERF members et al., 201)land mTERF15HKsu et al., 201)proteins. Mutants
from the green alg&€hlamydomonas reinhardtiHomo sapiens for each of these three display phenotypes under normal growth
Mus musculusDrosophila melanogasteand other organisms conditions and have been shown to be involved in PGE or
(Figure 4). The tree reveals four main clades. The mTERHMnitochondrial gene expression. Moreover, levels of sequence
members ofC. reinhardtij H. sapiensind M. musculusare all in  identity/similarity between mTERF10 and mTERF1 (38/68% over
the same clade. The majority &f thalianamTERFs form clade a stretch of 240 amino acids), mMTERF11 and mTERF4 (26/41%
I which includes MTERF10 and -11, while mTERF12 along witlover a stretch of 222 amino acids) and mTERF12 and mTERF15
ve other A. thalianamTERFs and on®. melanogastanTERF  (29/53% over a stretch of 77 amino acids), respectively, are
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FIGURE 4 | Unrooted phylogenetic tree of mTERF proteins. The tree is Is&d on the amino acid sequences of 35A. thalianamTERF proteins and 23 other mTERF
proteins from Chlamydomonas reinhardtiiC. reinhardtiMOC1 [Q8LJS6], MOC2 [A8IC10], mTERF1 [E1VD13], mTERF2 [E114), A8IXZ5, ABJHP3)Drosophila
melanogaster (D. melanogasterQ8SXK0, Q9V3F3, Q9VEB4, mTERF3 [Q06YR8NHomo sapiens (H. sapiensmTERF1 [Q99551], mTERF2 [Q49AM1],
MTERF3[Q96E29], and mTERF [Q7Z6M4]Mus musculus (M. musculus mTERF1 [Q8CHZ9], mTERF2 [Q8BKY8], mTERF3 [Q8R3J4], Q8BVIN@aenorhabditis
elegans(C. elegansQ18746C), Plasmodium falciparum(P. falciparumQ8IBI2),Babesia bovis(B. bovis A7ARV9),Paracentrotus lividus(P. lividusQ9Y016) and
Paramecium tetraureliaP. tetraureliaAODGH?9). Green, brown and green-brown lettering depicts tayeting to chloroplasts, mitochondria or dual targeting to
chloroplasts and mitochondria, respectively, as reporte@lsewhere {/leskauskiene et al., 2009; Babiychuk et al., 2011; Quesadateal., 2011; Romani et al., 2015 and
in this article. Letters in parentheses indicate predictetbcalization by TargetP (http://www.cbs.dtu.dk/servicegTargetP) and WoLF PSORT (http://wolfpsort.org).
Sequences were aligned by the ClustalW program (see Matetsaand Methods). The Phylip server Mobyle (see Methods) wased for phylogenetic tree constructions
and comparison of distances (model: Jones-Taylor-Thornte matrix), employing a boostrap test with 1,000 replicatesPhylogenetic inference supports the existence

(Continued)
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FIGURE 4 | Continued

of four main clades (I-1V). Clade | encompasses proteins enced by a tandem gene cluster onA. thalianachromosome 1 and several otherA. thalianamTERF
proteins. In clade Il1C. reinhardtimTERFs are grouped together with animal mTERF proteins. Gla IV comprises mTERF proteins from diverse species includin
paramecium, sea urchin P. livideg, parasites P. falciparumand B. bovis) together with mTERFs from Drosophila. The mTERF proteinsTBRF10 and -11 (highlighted
in large, bold letters) form clade | together with 25 other mERF proteins, while mTERF12 (also highlighted in big, boleftters) is assigned to clade Il, together with ve
other A. thalianamTERFs and one Drosophila mTERF. C, chloroplast; M, mitocimalrion; N, nucleus; Y, cytosol; O, other.

noteworthy for the mTERF10/mTERF1 pair, but negligible for thekKnockdown of MTERF10 or MTERF11

other two. Alters Sensitivity to Salt Stress

. . . To experimentally probe the involvement of mTERFs in
Changes in MTERF Transcript Levels in stress responses, 3-week-old WT anuterflQ -11, and -
Response to Abiotic Stresses 12 mutant plants grown under standard conditions (Z2 at

To gain deeper insights into the functions of MTERF10, -11100 mmol photons m?2 s 1) were exposed for 7 days to
and -12, their mRNA expression patterns were analyzed. Canoderate temperature stress (8) at a uence rate of 100
expression analysis of TERFgenes and their corresponding mmol photons m 2 s 1) or moderate light stress (406mol
gene ontology annotations have already been reporitédiife, photons m 2 s ! at a temperature of 2Z). After 7 days
2012. However, that study was designed to provide a globadf moderate temperature stress, the leaf petioles of WT and
classi cation. Hence subsequent Genevestigator analysab mterf mutants were shortened, but otherwise all plants
only dealt with the numbers of conditions/treatments thatlooked healthy Figure 6A). After 3 days, HFyn was slightly
altered MTERF gene expression. In the present study, weaeduced in allmterfll and mterfl2 mutant lines, but was
extractedMTERF transcript levels from the Arabidopsis eFP restored to normal levels after 7 day§dures 6A,B. Also after
browser (http://bar.utoronto.cal/efp/cgi-bin/efpWeb.cgiyvith 7 days of moderate light stress, the leaf petioles of WT and
“Abiotic Stress” as a data sourcé/ifiter et al., 200Y. In these all mterf mutants were shortened—albeit to a lesser extent.
experiments, 18-day-old plants were subjected to dierenfurthermore, the edges of older leaves in all lines began to
stresses, and samples were taken over a time course of gbw signs of necrosiS(pplementary Figure S4A After 1 h

h from stress-treated and control plants. We calculated thef moderate light stress,fFm was slightly reduced in all lines
relative changes ilMTERF10Q -11, and -2 transcript levels (Supplementary Figure S4B This reduction continued in the
from plants exposed to drought, high salt, heat, or coldmterfl1l-1mutant after 2 and 4 h, but all lines recovered to the
compared to control conditions Higure 5A). Becausemdal initial F\/Fy values after 96 hSupplementary Figure S4B

(mterfy and mterf9 mutants are known to exhibit altered  After 3 and 24 h of salt stressMTERF5and MTERF9
stress responsefk@bles et al., 2012, 2Q1MTERF5and 9 transcript levels were reduced to half of those in control
were included for reference. Under drought and heat stressonditions Figure 5A), and indeedmdal (mterf§ and mterf9
transcript levels of all investigateMTERF genes were only seedlings are less sensitive to salt and osmotic stre3sés=6
moderately changed-{gure 5A). With a 3-fold rise after 1 h of etal., 2012, 20)5Becaus®TERF10and MTERF11transcripts
heat stress (MTERF10) and an approximately 0.3-fold changeere reduced to an even larger extent thMTERF5 and
(MTERF5and 9), those transcripts were the most responsiveMTERFIRNASs following exposure to salt stress for 6 and 24
Under salt and cold treatmenMTERFtranscript levels tended h (Figure 5A), we asked whether inactivation MTERF100r

to be reduced. Under both salt and cold stregS;ERF10and MTERF11might enable the mutant plants to better tolerate salt
MTERF11levels were most responsive, and especially after Ztress. To this end, WT anuiterf mutant lines were germinated

h of cold treatmentMTERF5 10, 11, and 12 transcript levels on MS medium (control) and MS medium supplemented with
were reducedKigure 5A). To con rm these data and to nd 125 mM or 175 mM NaCl, and germination rates were scored
other conditions under which theMTERFs of interest might after di erent time points Eigure 7A). All lines germinated to

be regulated, the Genevestigator Perturbations Tool (Hftps nearly 100% on the control MS medium. Germination rates
genevestigator.com/gwidruz et al., 2008 was employed on of all lines with a Col-0 background grown for 48 h on MS
all depositedA. thaliana ATH1 arrays together with a 2-fold medium supplemented with 125 mM NaCl or for 72 h on
change lter and ap-value of < 0.05. An overview of all medium supplemented with 175 mM NaCl were very similar
changes iMTERF10 MTERF1]1 and MTERF12mRNA levels (Figure 7A). In the aforementioned conditions, germination
in response to perturbations (relative to untreated confyolsrates of Col-0 seeds were approximately 6@4gyre 7A). The

can be found inSupplementary Figures SAS3 In Figure 5B  germination rates oimterf10-1and-2, mterf11-2and allmterf12
selected conditions are shown which are associated withggg seeds were all lower (ranging from 26 to 47%) than those of
in temperature and light, and with salt and drought stressCol-0 seeds. However, after 96 h on MS medium supplemented
conditions. Levels dAITERF1OMRNA were most susceptible to with 175 mM NaCl the germination rates ahterfl2 seeds
perturbation, being induced by light, raised after germionf (76 to 87%) were comparable to that of Col-0 seeds (84%).
and strongly reduced under drought conditions and variousinterestingly,mterf10-1 mterf102, andmterf11-2still displayed
cold and high-light regimes, and on exposure to salt or ABAenhanced sensitivity to salt inhibition, with germinatioates
(Figure 5B). of 54, 55, and 61%, respectivelyiqure 7A). WS seeds were
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FIGURE 5 | In silicoanalyses of changes in levels oM TERFtranscripts in response to abiotic stresses(A) MTERFtranscript levels were extracted from the
Arabidopsis eFP Browser (http://bar.utoronto.ca/efp/cgibin/efpWeb.cgi) with “Abiotic Stress” as a data source\(Vinter et al., 2007). Plant material from stress-treated
and control plants was analyzed over a time course of 24 h. Her, the expression values are reported relative to the corrg®nding transcript levels in control
conditions. (B) The Genevestigator Perturbations Tool (https://genevegfator.com/gv; Hruz et al., 2008 was applied to all availabléA.thalianamicroarrays in
combination with the 2-fold change Iter and ap-value of< 0.05. Shown here is a selection of conditions related to abitic stresses. Conditions were ordered
according to the magnitude of the relative change iMTERF10mRNA (from high to low). An overview of all transcriptionasponses of MTERF1Q MTERF11, and
MTERF12to perturbations can be found inSupplementary Figures S1 -S3.
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FIGURE 6 | Behavior of wild-type (Col-0) andnterf10, -11 and -12 mutant plants under moderate heat stress of 30C. (A) To score the phenotypes under moderate
heat stress, plants were rst grown for 3 weeks under normal gowth conditions (100 mmol photons m 25 1 22 C) and then exposed to 30 C for 7 days. (B) The
maximum quantum yield of PSII (#Fm) of Col-0 and mterf mutant plants was determined after 3 and 7 days (d) in 30C. The data are shown as mean values SD
from 8 to 10 different leaves.

very susceptible to salt stress and failed to germinate utider MTERF10 mRNA levels were only approximately 2.3-fold
conditions used to investigate the Col-O descendant lik@s. higher in oe-mTERF10-1 and oe-mTERF10-2 lines than in
this reason, a milder salt stress treatment was applied tona| Col-0 (Figure 8A), these lines—with germination rates of
with a WS background. Still, after 72 h growth on MS mediumapproximately 85 and 95%, respectively, after 48 h on MS
supplemented with 125 mM, the germination rate of WS wasnedium with 125 mM NaCl and 72 h on MS medium with
only 7% and raised to 48% after 96Fidure 7A). Although the 175 mM NaCl—were nevertheless resistant to the deleterious
mterfl1l-2mutant was more sensitive to salt stress compared te ect of salt (Figure 7A). This con rms that the salt sensitivity of
Col-0, the germination rates ofiterf11-1seeds were comparable mterf10-landmterf10-2mutants is indeed caused by knockdown
to their corresponding WT (WSFigure 7A). of the MTERF10gene. Moreover, we identied three oe-

To ascertain whether the altered activity MFTERF10was mMTERF11 lines that displayed a high diversity MTERF11
indeed responsible for the salt-stress phenotypes and whethganscript overaccumulation which ranged from 12- to 117-
overexpression ofMTERF11 might lead to enhanced salt- fold (Figure 8B). Two of these lines were challenged with
stress toleranc85SMTERF1IMGFP5and35S:MTERF11:EGFP salt stress, and actually displayed much higher germination
constructs were introduced into Col-0 and WS, respectivelyrates than WS and therefore, enhanced salt stress tolerance
to generate oe-mTERF10 and oe-mTERF11 lines. AlthougtiFigure 7A).
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FIGURE 7 | Responses of WT seedlings (WS fomterfl11-1 and oe-mTERF11 lines, and Col-0 for the remaining mutant k&s), T-DNA (nterf10-1 and -2, mterf11-1
and -2, and mterf12-1), RNAI (nterf12i-1 and -2) and overexpression lines (oe-mTERF10 and oe-mTERF11) talsstress treatment under long-day conditions(A)
(Continued)
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FIGURE 7 | Continued

Seed germination was investigated on MS medium in the abserecand presence of 125 and 175 mM NaCl. Radicle emergence was swred after indicated time
points. Germination rates were calculated relative to theumber of total seeds. (B) Phenotypes of 7-day-old WT and mutant seedlings were germated on either MS
medium supplemented with 125 mM NaCl (grown for 7 days on 125 M NaCl), or on MS medium and transferred directly after radie emergence for 12 days to MS
medium supplemented with 125 mM NaCl (transferred for 12 dayto 125 mM Nacl) or 175 mM NaCl (transferred for 12 days to 175 il NaCl), respectively. The root
lengths (C) and cotyledon greening rates of seedlings grown on 125 mM Nal=—displayed as the ratio of the number of green cotyledons t¢he total number of
cotyledons (D) were determined after 7 and 5 days, respectively. The data i(A,C,D) represent mean values SD of three independent experiments, each performed
with at least 100 seeds per treatment and genotype. Statistially signi cant differences {-test; p < 0.05) between WT (Col-0 or WS) and corresponding mutant lirsee
are indicated by an asterisk (black for Col-0; red for WS).

FIGURE 8 | MTERF10(A) and MTERF11(B) transcript levels in Col-0 lines overexpressinylTERF10(oe-mTERF10) and WS lines overexpressing TERF11
(oe-mTERF11), respectively. Transcript levels were detemed by real-time PCR analysis. Expression values are reged relative to the corresponding transcript levels
in Col-0. The results were normalized with respect to the exgssion level ofAt4g36800 (RCEJ). Bars indicate standard deviations. Statistically sigeiant differences
(t-test; p < 0.05) between Col-0 and oe-mTERF10 lines and WS and oe-mTERR lines, respectively, are indicated by an asterisk.

To investigate this further, the performanceraferf mutants and germination rates were scored after 96 h (lines with a
and mTERF overexpression lines was investigated during postol-0 background) and 120 h (lines with a WS background).
germination development. As shown Figures 7B,C the root  With a 69% germination rate, the control lirebi4-1germinated
lengths ofmterf10-1and -2 seedlings challenged with 125 mM better than Col-0 (49%¢igure 9A). All mterfl12lines displayed a
NaCl were signi cantly shorter compared to Col-0, while theslightly, but not signi cantly, higher germination ratedm Col-0,
root lengths of oe-mTERF10 seedlings were longeagure 7C).  but mterfl0and mterflllines were as sensitive as Col-0 to ABA
Moreover, compared to WS, overexpressiotMIfERF1Iresults  stress. Importantly, especially oe-mTERF10 lines were also less
in longer root lengths, re ecting ndings of the germinatirates  susceptible to ABA stresBifjure 9A), like they were to salt stress
(Figure 7A). In addition, cotyledon greening—displayed as the(Figure 7A). After 120 h on ImM ABA, WS germinated to 32%,
ratio of the number of green cotyledons to the total numberand bothmterfl1-land oe-mTERF11 lines displayed even lower
of cotyledons—ofmterfl0-1and -2 seedlings was delayed by germination ratesKigure 9A).

salt stress, while in contrast, overexpressionMdfFERF100r To follow this up, the phenotypes of seedlings grown on 1
MTERF1Z%nabled seedlings to display higher cotyledon greeningM ABA were examined after 7 days. Col-0 and WS seedlings
rates than their corresponding wild typeBSi§ure 7D). displayed short roots and cotyledons had only started to emerg

ABA operates as a signal during developmental processésigure 9B). In contrast, abi4-1 seedlings had longer roots
including seed germination, and moreover, in response t@nd fully expanded cotyledons. All mutant lines with reduced
abiotic stresses including salt stress(istmann et al., 2006 MTERF10-11, or -12transcript levels showed the same behavior
Furthermore A. thalianamutants in which theABI4 (ABSCISIC as the wild types. However, the cotyledon phenotype of the oe-
ACID INSENSITIVEXgene has been inactivated are more salnTERF10 lines was comparable to that of #@igi4-1 mutant
tolerant than WT Quesada et al., 2000; Shkolnik-Inbar et al.(Figure 9B). This was also manifested in the higher relative
2013. To investigate whether reduc@dTERFtranscript levels cotyledon greening rate of oe-mTERF10 lines (25 and 30%)
in the mterf1Q -11, and -12 mutant lines or overexpression of compared to Col-OFigure 90.

MTERF10 or mTERF11 alter ABA sensitivity, wild-typeterf, It appears that challenging Arabidopsis seedlings with ABA
oe-mTERF10, oe-mTERF11 and—as a contad$4-1 mutant or salt stress under continuous light reduces germination
seedlings were grown on MS supplemented witihil ABA, e ciencies or cotyledon greening of Col-0 to a greater extent

Frontiers in Plant Science | www.frontiersin.org 13 July 2017 | Volume 8 | Article 1213



Xu et al. Characterization of Plant mTERFs

FIGURE 9 | Responses of WT seedlings (WS fomterf11-1 and oe-mTERF11 lines, and Col-0 for the remaining mutant i&s), T-DNA (nterf10-1 and -2, mterf11-1
and -2, and mterf12-1), RNAI (nterf12i-1 and -2) and overexpression lines (oe-mTERF10 and oe-mTERF11) an¢hs control—the abi4-1 mutant to ABA treatment
(Continued)
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FIGURE 9 | Continued

under long-day conditions(A-C) and under continuous light(D). (A) Seed germination was investigated on MS medium in the abserecand presence of 1mM ABA.
Radicle emergence was scored after indicated time points(B) Phenotypes of 7-day-old seedlings grown on MS medium in the gsence of 1mM ABA. (C) The ratio
of cotyledon greening was determined after 6 days(D) Phenotypes of 7-day-old seedlings grown on MS medium in the esence of 1mM ABA under continuous
light. The pictures of the lower row are magni cations of the [rtures above them. The data in(A,C) represent mean values SD of three independent experiments,
each performed with at least 100 seeds per treatment and gentype. Statistically signi cant differencestttest; p < 0.05) between WT (Col-0 or WS) and
corresponding mutant lines are indicated by an asterisk (atk for Col-0; red for WS).

(Reyes and Chua, 2007; Chen et al., 2008; Hwang et al) 20&eén rm or extend these data, and also to de ne the sub-
compared to long-day conditiong={gure 7, Hu et al., 2013 To  chloroplast localization of MTERF10, -11, and -12, we tranikie
tackle the oe-mTERF10 ABA phenotype, we grew Cahtrf  transformedA. thaliana protoplasts with GFP fusion proteins.
mutant lines and oe-mTERF10 lines in continuous light and aBy co-transformation with a RAP-RFP fusion protein, which
temperature of 20C on MS medium (control) and MS medium is a marker for the chloroplast nucleoiKiginknecht et al.,
supplemented with InM ABA, and the phenotypes were scored20149, we show that all members of the chloroplast-associated
after 7 days Kigure 9D). Because lines with a WS backgroundcluster are localized to chloroplast nucleoids (Begire 1). Also
were already very sensitive to ABA in long-day conditiohgse the maize homologs of Arabidopsis mTERFs-2, -3, -4, -5, -7,
lines were omitted. Indeed, Col-0 amdterf mutant seedlings -9, -16, and -27 were identi ed in enriched maize nucleoids
displayed even shorter roots compared to long-day condition§Majeran et al., 20)2and Arabidopsis mTERF8 was found in
and the cotyledons that had started to emerge did not turregre preparations of the plastid transcriptionally active chrommso
to this time point Figure 9D). In contrast,abi4-1seedlings had (pTAC; Pfalz et al., 20Q6which is related to the nucleoid-(alz
longer roots and fully expanded green cotyledons. All mutanand Pfannschmidt, 20)3 The nucleoid houses proteins that
lines with reducedMTERF10-11, or -12transcript levels showed are associated with DNA organization, replication and repair
the same behavior as Col-0. However, also in continuoustigh  and furthermore, are involved in transcription, and processi
phenotype of oe-mTERF10 lines was comparable to that of theplicing and editing of transcripts, suggesting that mTERFs
abi4-1mutant, with longer roots and expanded green cotyledongarticipate in PGE Iflajeran et al., 20)2 In fact, the three
(Figure 9D). plant mTERF proteins whose molecular functions are known do
In sum, these results indicate that lower or high¢TERF11 participate in PGE: mTERF4 is involved in chloroplast group Il
levels result both in increased ABA sensitivity. But, $tigy,  intron splicing Babiychuk et al., 2011; Hammani and Barkan,
higherMTERF10evels are associated with decreased sensitivig014, mTERF6 promotes maturation of a chloroplast tRNA
to ABA, which might in turn be linked to the higher salttolerem (Romani et al., 20)5and in mterfl5mutants intron splicing of

of oe-mTERF10 lines. mitochondrial nad2 transcripts is perturbedHsu et al., 2014
Because levels of 16 and 23S rRNAs, and thus chloroplast protein
DISCUSSION synthesis, are reduced in trsoldatlOmutant (Meskauskiene

et al., 200Q it can be assumed that the mTERF1/SOLDAT10

Arabidopsis thalianaontains 35 mTERF proteins, of which sevenprotein is likewise involved in PGE.
have been investigated in more detail (reviewed lifie{ne and Most of the previously characterizedterf mutants show
Leister, 2015; Quesada, 2))16Twenty-six of the 35 mMTERFs phenotypes under normal growth conditions. Inactivation of
have been sorted into groups based on their expression pro Ie¥TERF1 {leskauskiene et al., 2006r mTERF4 Babiychuk
and co-expression behavidfligine, 2012. The mTERF proteins et al., 201)Lis embryo lethal, thenterfé and mterf15knock-out
that have been investigated in more detail are members of thautants are seedling lethaR¢mani et al., 20J)5and retarded
“chloroplast” cluster (NTERFL1, -4, -5, -6, and -9; the clugtaif  in growth and developmentsu et al., 201y} respectively, and
contains 9 members) and the “mitochondrial” cluster (nMTERBF1 mdal (mterf§ and mterfd mutants are small and paléxpbles
and -18; this cluster contains 7 members). In this study, daeal et al., 2012, 20)5We were unable to discern any phenotypic
to the inventory of characterized mTERFs and investigatéd a&lterations inMTERF12RNAI lines, either under normal or
members of the “chloroplast-associated” cluster (NTERFID, - challenging growth conditions. In fact, mMTERF12 might not be
and -12). abona de mTEREF protein, because an analysis with the SMART

In a uorescence microscopy study of mTERF-GFP fusiortool fails to identify any mTERF domain in mTERF12 (see
proteins, 16 mMTERFs were shown to be targeted to mitochondri@bove). On the other handMTERF12is expressed at moderate
11 to chloroplasts and one to the nucleus/cytosghlfiychuk to high levels in many developmental stages and orgéfesi(e,
et al., 201). That study revealed localization of mMTERF4201), and the mTERF12-eGFP fusion protein is localized to
to chloroplasts and mTERF6 to mitochondria. Later studieswcleoids (se€igure 1B). Therefore, while mTERF12 might not
demonstrated that MTERF&(Uesada et al., 20)land mTERF6 belong to the eponymous family, it may nevertheless be irgblv
(Romani et al., 20)%re in fact found in both mitochondria and in PGE. Moreover, the residual amount MTERF12(32%
chloroplasts. The mTERF proteins in the chloroplast-assatiateof WT transcript levels) present imterf12i-1(seeFigure 3A)
group were also assigned to the chloroplasts in the largenay suce to maintain a WT-like phenotype under all the
scale study cited aboveédbiychuk et al., 20)1However, to conditions examined here, or alternatively we may not haite h
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upon the conditions required to provoke an abnormal phenotypesubtle growth phenotypes, but GUNL1 is an important integrator
in mterfl2ilines. The latter possibility appears to be the moreof plastid signals Koussevitzky et al., 20p7Like mTERF
likely. ForMTERF12mRNA levels are highest in polleffang  proteins, PPR proteins are typically targeted to chloroplasts o
et al., 2008; Kleine, 20)Land the most pronounced change in mitochondria, and alter expression of transcripts by in uémg
MTERF12Zranscript level occurs in response to supplementatiorediting, turnover, processing or translatioBgrkan and Small,
with nitrate (seeSupplementary Figure SB an intervention to  2014. With more than 400 members, the PPR protein family is
which mterf12ilines were not subjected. Moreover, functionalone of the largest in land plant8arkan and Small, 20)and
redundancy cannot be completely ruled out, although nondar exceeds the mTERF family in size. The enlargement of the
of the three genes of interest originated from a duplicationplant PPR family has been linked to the evolution of a complex
event Kleine, 201p and our phylogenetic tree (sdeigure 4)  organellar gene expression system that is characteristjddat
and protein sequence comparisons (see above) do not stronglyganellesarkan and Small, 20),4and this is likely to be true of
support this idea. the mTERF protein family alsd{(eine, 201). Moreover, and in

In addition to their pale color and growth-restricted contrastto animals, plants are sessile organisms that pesex
phenotype, themdal (mterf5 and mterfO mutants are less to environmental changes and stresses. During evolutiba, t
susceptible to salt and osmotic stresses, perhaps caused dxpansion and functional diversi cation of protein families
reduced sensitivity to ABARobles et al., 2012, 2Q1DNotably, has helped plants to successfully adapt to or tolerate di erent
acclimation outputs are also altered by impairments in sdveranvironmental stressef(esada, 20)6The mTERF family is a
other mTERF proteinsNleskauskiene et al., 2009; Quesada et algood case study for this phenomenon. With the charactedzati
2011; Kim et al., 20)2Indeed, the emerging role @&. thaliana  of an increasing number of plant mTERF proteins, it is becoming
and maize mTERFs in acclimation and stress responses hegident that they play a wide range of roles in mediating tatee
already been noted and discussethfo et al., 2014; Kleine and acclimation to di erent abiotic stresses.
and Leister, 2015; Quesada, 2)1This notion is especially
of importance for crop plants, because plant development a”%\UTHOR CONTRIBUTORS
growth is reduced in challenging growth conditions, leagdin
nally to reduced yield. For this reason, several stratediave Research was designed by TK. Research was performed by DX

been tried to produce abiotic stress tolerance crop platsh( and TK. The manuscript was prepared by DX, DL, and TK.
et al., 201p With the aim to nd a starting point to investigate

stress tolerance in cotton, the response of cotton to abioti UNDING
stress treatments was studied with a cDNA library derivecF
from samples_ treated with di erent stress conditions. I_nd_eedThis work was supported by the Deutsche
many transcripts for known stress-related genes, wansonpt ¢« ngsgemeinschaft [KL 2362/1-1 to TK, and TRR175
factors and also mTERFs w.ere.enrlched in 'Fhls librafydu to DL (project C05) and TK (project CO1)].
et al., 201p Moreover, investigation of transcript level changes
of six maizeMTERF genes (maizeMTERR2, -5, -11, -12, -
13, and -28) in response to salt, ABA and NAA treatmentACKNOWLEDGMENTS
showed an upregulation dTERF28transcripts in all tested . . ) . .
stress conditions, whilMITERF12ranscript levels were induced We thank Ellsabe_zth Gerick for technical assistance and Jorg
nearly 2-fold after salt stress treatment. This suggesis oif Nickelsen for providing the RAP construct.
these tested mTERFs, maize mTERF28 is the strongest candidate
participating in all tested stress responses, while mTERF18tmigSUPPLEMENTARY MATERIAL
be especially involved in salt stress responsésad et al.,
2019. Our results show that in contrast to the strongterf The Supplementary Material for this article can be found
mutant phenotypes which point to essential functions of deeré)n“ne at: http://journal.frontiersin.org/article/l9/fp|s.2017.
MTERFs leskauskiene et al., 2009: Babiychuk et al., 20101213/full#supplementary-material
Romani et al., 20)5lines with alteredMTERF10or MTERF11  Supplementary Figure S1 | Quanti cation of changes inMTERFLOMRNA
levels show only conditional phenotypes, which become msinifeexpression in response to perturbations as determined witthe Genevestigator
under adverse growth conditions (sEigures 7 9). Strikingly, Perturbations Tooll. The tool was employed on all deposited. thalianaATH1
under continuous light, loweMTERF10levels are associated arrays together with a 2-fold change ter and ap-value of < 0.05.
with reductions in salt tolerance, while oe-mTERF10 lines arSupplementary Figure S2 | Quanti cation of changes inMTERF11ImRNA

’ . expression in response to perturbations as determined witlthe Genevestigator
more tolerant (_)f salt and ABA than Wlld_type _pla_nts. _The Perturbations Tool. The tool was employed on all deposited. thalianaATH1
altered rﬁspogs“/enessdtg '?‘BA(DFgeand a|ST) pIES“d .Slgnr?;:;‘g _arrays together with a 2-fold change Iter and ap-value of< 0.05.
mutants a}s een note efore. For example, the “mitoc ¢ Supplementary Figure S3 uanti cation of changes inMTERF12mRNA
PPR prote|n PENTATRICOPEPTIDE REPEAT PROTEIN Fo%xﬁr,:zssion in :/espgonse to |pe:t?urbations as determiied witthe Genevestigator
GERMINATION ON NaCl” (PGN; Laluk et al., 201) the  perturbations Tool. The tool was employed on all deposited. thalianaATH1
tetrapyrrole biosynthesis proteins GUN4 and GUNB(gt et al.,  arrays together with a 2-fold change Iter and ap-value of< 0.05.
2010 and the plastid-targeted PPR protein GUNI1q{tage et al., Supplementary Figure S4 | Behavior of wild-type (Col-0) andmterf10, -11
2010 alter responses to ABA. Notablgunlmutants show only and -12 mutant plants under moderate light stress of 400mmol photons
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m 2s 1. (A) To score the phenotypes under moderate heat stress, plants
were rst grown for 3 weeks under normal growth conditions (1@ mmol
photons m 251 22 C) and then exposed to 400 mmol photons m 2g1
for 7 days. (B) The maximum quantum yield of PSIl (#Fm) of Col-0 and
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