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Abstract
In plant cells, mitochondria are major providers of energy and building blocks for growth and development as well 
as abiotic and biotic stress responses. They are encircled by two lipid membranes containing proteins that control 
mitochondrial function through the import of macromolecules and metabolites. Characterization of a novel � -barrel 
protein, OUTER MEMBRANE PROTEIN 47 (OM47), unique to the green lineage and related to the voltage-dependent 
anion channel (VDAC) protein family, showed that OM47 can complement a VDAC mutant in yeast. Mutation of OM47 
in Arabidopsis thaliana  by T-DNA insertion had no effect on the import of proteins, such as the � -barrel proteins 
translocase of the outer membrane 40 (TOM40) or sorting and assembly machinery 50 (SAM50), into mitochondria. 
Molecular and physiological analyses revealed a delay in chlorophyll breakdown, higher levels of starch, and a delay in 
the induction of senescence marker genes in the mutant lines. While there was a reduction of >90% in OM47 protein in 
mitochondria isolated from 3-week-old om47  mutants, in mitochondria isolated from 8-week-old plants OM47 levels 
were similar to that of the wild type. This recovery was achieved by an up-regulation of OM47 transcript abundance in 
the mutants. Combined, these results highlight a role in leaf senescence for this plant-speci�c � -barrel protein, prob-
ably mediating the recovery and recycling of chloroplast breakdown products by transporting metabolic intermedi-
ates into and out of mitochondria.
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Introduction
Eukaryotic cells are characterized by the presence of mem-
brane-bound compartments, known as organelles, which 
carry out various functions and contain a speci�c subset of 
the cellular proteome. Mitochondria and plastids are endos-
ymbiotic organelles in that their origin can be attributed to 

a symbiotic event occurring ~2 billion and 1 billion to 500 
million years ago, respectively (Gould et�al., 2008; Lane and 
Martin, 2010). All organelles require the transport of vari-
ous metabolites and compounds across the membrane(s), 
and thus transmembrane transport proteins are intensively 
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Arabidopsis thaliana om47 mutants display an 
extended growth period phenotype that prolongs 
photo-assimilation and starch accumulation

As om47 lines consistently exhibited 3�4 additional rosette 
leaves compared with the wild type, close biochemical and 
physiological monitoring of leaf development across the mid 
(21 d post-germination) to late (56 d post-germination) devel-
opmental stages was carried out. There was a decrease in 
chlorophyll after day 28 in the wild type and both om47 lines, 
but the decline in the om47 mutants was less pronounced 

(Fig.� 4A) Furthermore, leaf gas exchange measurements 
were carried out in wild-type and om47 leaves. The photo-
synthetic rate in om47 mutants was comparable with that of 
the wild type at 21 d (Fig.�4B). From then on, there was a 
steady reduction during ageing that paralleled chlorophyll 
concentrations (Fig.�4A, B). As with the chlorophyll concen-
tration, the reduction in photosynthetic rate was signi�cantly 
(P<0.05) less in om47 mutants compared with wild-type 
plants, with a 1.5-fold difference at 49 d and 2-fold by 56 d 
(Fig.�4B). In agreement with these data, senescence seemed 

Fig.�4.  Arabidopsis thaliana om47 mutants display a stay-green phenotype during senescence that prolongs photoassimilation and starch accumulation. 
(A) The chlorophyll, Chl a, and Chl b concentrations and the Chl a/b ratio of the A.�thaliana wild type (Col-0) and om47 mutants over 56 d under standard 
(16/8 h photoperiod) growth conditions. The coloured bar represents the stage of senescence throughout the experiment (n=5; data are given as 
averages; error bars represent –SE). *Signi�cant differences (P�0.05) compared with the wild type at each time point within treatments as determined 
by Student�s t-test. (B) Photosynthetic rate of A.�thaliana wild type (Col-0) and om47 mutants over 56 d under standard (16/8 h photoperiod) growth 
conditions. The coloured bar represents the stage of senescence throughout the experiment (n = 4; data are given as averages; error bars represent 
–SE). *Signi�cant differences (P�0.05) compared with the wild type as determined by Student�s t-test. (C) Representative rosette and leaf images of 
A.�thaliana wild type (Col-0) and om47 mutants over 56 d under standard (16/8 h photoperiod) growth conditions. The bar indicates the scale. (D) Starch 
concentration and (E) iodine starch stains of the A.�thaliana wild type (Columbia-0) and om47 mutants over 56 d under standard (16/8 h photoperiod) 
growth conditions at the end of the light period (EOLP, ZT16). The coloured bar represents the stage of senescence throughout the experiment (n=5; 
data are given as averages; error bars represent –SE). *Signi�cant differences (P�0.05) compared with the wild type as determined by Student�s t-test. 
The bar indicates scale.
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to occur earlier for wild-type than for om47 mutant plants 
(Fig.�4C). The similarity of this trend was observed in other 
physiological parameters as well, including transpiration, 
stomatal conductance, and dark respiration (Supplementary 
Fig. S3). Additionally, starch concentration was quanti�ed 
in wild-type and om47 mutant plants at the end of the light 
period throughout development. Not surprisingly, starch con-
centration in the wild type and om47 mutants was reduced as 
leaf ageing progressed (Fig.�4D, E). However, starch concen-
tration in both om47 mutant plants was signi�cantly (P�0.05) 
greater than in the wild type at the three latest points (42, 49, 
and 56�d).

Arabidopsis thaliana om47 mutants delay chlorophyll 
breakdown during dark-induced senescence

To investigate further the function of OM47 during devel-
opment, dark-induced senescence experiments were carried 
out. Individual leaves from 3-week-old wild-type (Col-0) and 
om47 mutants were covered with aluminium foil for a total of 
8 d to trigger dark-induced senescence (Fig.�5). Furthermore, 
individual leaves were excised from 4-week-old Col-0 and 
om47 mutants, placed in Petri dishes with moist blotting 
paper, and covered for a total of 3 d to trigger dark-induced 
senescence (Fig.�6).

Consistent with the higher chlorophyll concentration 
observed during development (Fig.� 4) in the om47 lines, 
chlorophyll breakdown during dark-induced senescence was 
reduced in om47-1 and om47-2 compared with the wild type 
after 8 d of dark-induced senescence treatment in attached 
leaves (Fig.� 5A, B). Following treatment, the chlorophyll 
concentrations in the covered leaves of om47 mutants were 
signi�cantly (~2.5 times, P�0.05) greater than in the wild 
type (Fig.�5B) and displayed higher photosynthetic ef�ciency 
(Fv/Fm) (Fig.�5C). In addition, wild-type Fv/Fm was reduced 
from 0.75 to 0.45, while it decreased for om47 mutants to only 
0.6 (Fig.� 5Cii). The starch concentration in om47 mutants 
was signi�cantly greater than in Col-0 at the end of the light 
period (EOLP) in both control and dark-induced senescence 
(Fig.�5D) (P�0.05).

The chlorophyll concentration was measured non-destruc-
tively (using a SPAD 500 chlorophyll meter) in detached 
leaves before (day 0)�and after 3 d of  acclimation to dark-
ness. Following dark acclimation, chlorophyll concentration 
dropped by 50% in wild-type leaves while it was reduced by 
only 10% in the two om47 mutant plants (Fig.�6A). During 
dark-induced senescence, large quantities of  ROS such as 
superoxide, hydrogen peroxide, hydroxyl radicals, and sin-
glet oxygen are produced (Sedigheh et� al., 2011). Cellular 
ROS production (as superoxide anions, O2

�) in leaves of 
the wild type and om47 lines was visualized when stained 
with NBT. Before dark acclimation, there were no observ-
able differences in steady-state levels of  ROS in either Col-0 
or om47 plants (Fig.�6B). Following the 3 d dark treatment 
of  detached leaves, production of  ROS in om47 plants was 
less than the level seen in Col-0 leaves, indicating a lower 
level of  stress-induced ROS accumulation in om47 mutants 
(Fig.�6B).

Fig.�5.  Phenotypes in Arabidopsis thaliana om47 mutants prolong 
chlorophyll breakdown during (attached leaf) dark-induced senescence. (A) 
Representative rosette images for 29-day-old A.�thaliana wild type (Col-0) 
and om47 mutants under controlled (16 h light/8 h dark photoperiod) 
growth conditions and 8 d of dark-induced senescence (24 h dark) 
conditions. Only leaves 5, 6, and 7 were either dark acclimated or used 
as controls as indicated by circles (see also Ci). The bar indicates scale. 
(B) Chlorophyll concentration of emerging leaves 5, 6, and 7 (indicated 
by circles in A) from 29-day-old A.�thaliana wild type (Col-0) and om47 
mutants under control (16 h light/8 h dark photoperiod) and after 8 d of 
dark-induced senescence (24 h dark photoperiod) conditions (n=5; data 
are given as averages; error bars represent –SE). *Signi�cant differences 
(P�0.05) compared with the wild type at each time point within treatments 
as determined by Student�s t-test. (C) PSII maximum ef�ciency (Fv/Fm) 
images (i) and quanti�cations (ii) illustrating photosynthetic capacity of 
three covered or uncovered leaves (indicated by circles) from 29-day-old 
A.�thaliana wild type (Columbia-0, Col-0) and om47 mutants under control 
(16 h light/8 h dark photoperiod) and 8 d of dark-induced senescence 
(24 h dark photoperiod) conditions. (n=4; data are given as averages; 
error bars represent –SE). *Signi�cant differences (P�0.05) compared 
with the wild type in each treatment as determined by Student�s t-test. (D) 
Starch concentration of three uncovered leaves in controlled (16 h light/8 h 
dark photoperiod) growth conditions and three covered leaves in 8 d of 
dark acclimation (24 h dark photoperiod; attached leaf) from 29-day-old 
A.�thaliana wild type (Columbia-0, Col-0) and om47 mutants grown under 
the standard (16/8 h photoperiod) growth conditions at the start of the 
light period (SOLP, ZT0) and at the end of the light period (EOLP, ZT16). 
Measurements were carried out in biological triplicates and data are given 
as averages for pools of �ve plants per genotype; error bars represent 
–SE. *Signi�cant differences (P�0.05) compared with the wild type at each 
time point within treatments as determined by Student�s t-test.
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isolated from wild-type plants. This recovery of OM47 pro-
tein was achieved by a >3-fold increase in transcript abun-
dance of OM47 in the om47 lines compared with the wild 
type. This surprising up-regulation, likely to be a compensa-
tory mechanism, strongly reinforces the idea that OM47 plays 
a major role during leaf senescence. Furthermore, the recov-
ery of OM47 to wild-type levels was paralleled by similar 
increases in ELM1 and NDB2, that were at wild-type levels at 
week 8, although KSDB and the complex I�subunit, Ndufs4, 
remained elevated. Importantly, the recovery in OM47 pro-
tein abundance was accompanied by changes in other outer 
mitochondrial membrane �-barrel proteins, namely SAM50 
decreased and VDAC (Porin) increased. Thus, overall there 
was a complex series of events occurring, whereby the fac-
tors driving the recovery of the abundance of OM47 pro-
tein, based on elevated transcript abundance, also impacted 
the abundance of other proteins. Note that alterations in the 
abundance of the other proteins, especially the outer mem-
brane proteins, may be occurring at a post-transcriptional 
level, as previously it has been documented that changes in the 
abundance of other membrane proteins or proteins associ-
ated with protein import into mitochondria occurred without 
any changes in transcript abundance of the genes encoding 
these proteins (Howell et�al., 2006; Lister et�al., 2007; Narsai 
et�al., 2011; Law et�al., 2012).

The decrease in the abundance of OM47 in the mutant lines 
can be compensated for by elevating transcript abundance, 
probably because the presence of both T-DNA insertions in 
an intron allows for the production of an authentic OM47 
transcript after splicing. However, this compensation was 
not suf�cient or fast enough to restore normal function as a 
distinct delayed senescence phenotype could be observed in 
the om47 mutants. The observation of this altered phenotype 
in dark-induced senescence assays was consistent with the 
increase in the number of rosette leaves in the om47 mutants. 
Essentially the om47 plants showed an extended vegetative 
growth period, producing more leaves and increased biomass 
before bolting. The most visible sign of this delayed senes-
cence was the delay in chlorophyll breakdown, evidenced 
in both om47 mutants. It has been established in a number 
of plant systems that mitochondria persist long after chlo-
roplasts are undergoing disassembly (Keech et� al., 2007). 
This suggests a central role for mitochondria to support 
cell energy functions, to ensure all nutrients and molecules 
are recovered during senescence before cell death. As such it 
would be expected that the transport of various metabolites 
through the outer membrane would be essential to execute 
the programmed process of senescence. Given the uniqueness 
of leaf senescence to plants, it may not be surprising that a 
protein involved in facilitating metabolites into and out of 
mitochondria may have specialized in the plant lineage.

The speci�c metabolites that may be transported by OM47 
are not yet de�ned. VDAC proteins are reported to be able 
to transport molecules ranging up to 4000 Da (Colombini, 
2012). OM47 might be transporting a number of metabolites 
and, in its absence, the metabolic readjustments during senes-
cence might be retarded, to result in metabolic feedback on 
the process of senescence, leading to a delayed breakdown 

in chlorophyll and disassembly of chloroplasts. Also, OM47 
could be speci�cally involved in the breakdown of chloro-
phyll. From current knowledge, there are two types of spe-
ci�c metabolites for which OM47 might mediate transport 
(Fig.�9). The �rst option is that OM47 is involved in transport-
ing 2-hydroxyglutarate (2-HG), a metabolite that can derive 
from lysine catabolism as well as from fatty acid degradation 
(Araujo et� al., 2010; Engqvist et� al., 2011). Once imported 
into the mitochondrion, 2-HG is oxidized to �-ketoglutarate, 
which can then enter the tricarboxylic acid (TCA) cycle. Such 
reactions also lead to the production of reducing equiva-
lents that could provide electrons to the mitochondrial elec-
tron transport chain (mETC), which in turn generates ATP 
to support the senescence-associated catabolic processes. 
The second option is that OM47 participates in channelling 
branched chain amino acids (BCAAs) and aromatic amino 
acids (AAAs), mostly arising from chloroplast degradation, 
into the mitochondrion. Indeed, it has been reported that 
BCAAs and AAAs can also provide reducing equivalents 
to the mETC via the electron transfer �avoprotein complex/
ubiquinone oxide reductase under senescence and starvation 
situations (Ishizaki et� al., 2006; Araujo et� al., 2010; Peng 
et� al., 2015). Furthermore, this reaction produces acetoa-
cetyl- and acetyl-CoA, which can feed into the TCA cycle 
and further support metabolic reactions (Fig.� 9). Although 
such metabolic schemes are legitimate, we cannot currently 
rule out other types of metabolites being transported via 
OM47. Regardless, it is likely that OM47 channels pivotal 
metabolites, and that in its absence the metabolic readjust-
ments during leaf senescence are retarded. This in turn results 

Fig.�9.  Model describing the putative role of OM47 and its effect on the 
process of senescence as observed through the use of T-DNA insertion 
lines. Chloroplast disassembly leads to the release of BCAAs, AAAs, 
and 2-HG, which in turn can provide reducing equivalents and carbon 
skeletons to support mitochondrial functions (see Discussion for details). 
Plain lines/arrows represent known molecular mechanisms while dotted 
lines/arrows indicate putative mechanisms. AAA, aromatic amino acid; 
BCAA, branched chain amino acid; 2-HG, 2-hydroxyglutarate; AcCoA, 
acetyl-CoA; AcACoA, acetoacetyl-CoA; �-KG, � -ketoglutarate; mETC, 
mitochondrial electron transport chain; TCA, tricarboxylic acid cyle.
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in a metabolic feedback on the process of senescence, as 
shown by the delayed breakdown in chlorophyll and disas-
sembly of chloroplasts (Fig.�9). It is worth noting that these 
processes may lead to altered signalling as a result of altered 
metabolite pools. The observed changes in starch levels in the 
om47 mutants may affect sugar signalling from organelles 
(Lastdrager et�al., 2014). The retarded breakdown of chloro-
phyll may lead to an accumulation of intermediates of chlo-
rophyll breakdown. As various haem or pigment biosynthetic 
intermediates are known to have signalling properties (Chan 
et�al., 2016), it is not unexpected that any alterations in chlo-
rophyll breakdown may have implication for signalling.

In summary, the transport of molecules into and out of 
mitochondria may have both direct and indirect effects on the 
overall metabolic homeostasis during leaf senescence. If  per-
turbed, as in the om47 mutants, this results in the delay of the 
whole process.

Supplementary�data
Supplementary data are available at JXB online.

Figure S1. T-DNA insertion position as determined by 
sequencing for the T-DNA lines used in this�study.

Figure S2. Plate-based development stages of Arabidopsis 
thaliana om47 mutants.

Figure S3. Arabidopsis thaliana om47 mutants have 
enhanced gas exchange parameters during senescence.

Figure S4. Relative protein abundance of OM47 in mito-
chondria isolated from om47-2 mutant plants at different 
developmental stages.

Table S1. List of primers used in this�study.
Table S2. List of antibodies used in this study.
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