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Abstract: An understanding of the genes and mechanisms regulating environmental stress in crops
is critical for boosting agricultural yield and safeguarding food security. Under adverse conditions,
response pathways are activated for tolerance or resistance. In multiple species, the alternative
oxidase (AOX) genes encode proteins which help in this process. Recently, this gene family has been
extensively investigated in the vital crop plants, wheat, barley and rice. Cumulatively, these three
species and/or their wild ancestors contain the genes for AOX1a, AOX1c, AOX1e, and AOX1d,
and common patterns in the protein isoforms have been documented. Here, we add more information
on these trends by emphasizing motifs that could affect expression, and by utilizing the most recent
discoveries from the AOX isoform in Trypanosoma brucei to highlight clade-dependent biases. The new
perspectives may have implications on how the AOX gene family has evolved and functions in
monocots. The common or divergent amino acid substitutions between these grasses and the parasite
are noted, and the potential effects of these changes are discussed. There is the hope that the insights
gained will inform the way future AOX research is performed in monocots, in order to optimize crop
production for food, feed, and fuel.
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1. Introduction

Barley was domesticated over 10,000 years ago, and is one of four major cereal crops accounting
for a third of annual global food production [1,2]. It is adaptive to a range of geographic conditions
and is used mostly for food and feed [3,4]. In addition, it has a sequenced genome, partly due to
the availability of ample diverse germplasm, as well as its potential as a model for the close relative
wheat [4]. Given its wide climatic range, barley may be studied for increased food security and for
stress tolerance, the outcomes of which can be extrapolated to the more recalcitrant polyploid relative
wheat [5,6]. Rice is another monocot that is highly produced and consumed around the world [1].
The sequenced genomes and transcriptomes, as well as substantial germplasm bank, have allowed for
extensive study of this cereal for the improvement of drought tolerance and the generation of new
varieties for sustained or enhanced agricultural production [7–9].

One of the genes implicated in stress tolerance in multiple organisms is alternative oxidase
(AOX) [10,11]. This gene family is responsive to stress in hexaploid wheat ([12] and references therein)
as well as in barley and rice [13,14]. Phylogenetic analysis has shown the barley AOX (HvAOX) family
is closely related to the larger AOX gene family in wheat [12] and, thus, exploring the barley family in
order to better understand wheat is a viable endeavor. Similar work has also shown that the rice AOX
family (OsAOX) contains the AOX1e clade present in wheat, but absent in barley [12,14]. The AOX gene
structures, as well as expression patterns have been elucidated in the most recent work in both barley
and rice. The protein sequences and the implications for structure and function are also discussed [14].
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The current study aims to provide a different perspective on the known gene and isoform sequences
in barley, rice, and wheat, which provides new avenues for the future developmental and functional
characterization of the AOX gene and protein families in cereals. This alternate view increases our
understanding of this gene family in the grasses, and may be utilized in innovative research of more
grass species in the effort to boost crop production to meet global food and fuel needs.

2. Alternative Oxidase (AOX) Regulation in Monocots

While it has been previously shown that HvAOX and OsAOX expression is responsive to
stresses and hormones [13,14], their expression levels could also be induced by other factors.
There are several positive and negative AOX regulators known to affect expression in the dicot
Arabidopsis thaliana. These have been discovered via hormone/chemical applications, mutant screens,
and genetic studies, and classified as positive or negative, based on the activation/derepression or
inhibition of AOX expression ([15–17] and references therein). The motifs of a selection of these
regulators were found and summarized in wheat [12]. Binding sites for some of these regulators
are also present in the HvAOX promoter regions (defined as 1500 bp upstream of translation
start site). Using available search algorithms [18,19], we observe binding sites for the positive
regulators ANAC013 (HvAOX1a, HvAOX1c), ANAC017 (HvAOX1a, HvAOX1c), ANAC053 (HvAOX1a),
ANAC078 (HvAOX1a), AtWRKY63 (HvAOX1d2), and for the negative regulator ABI4 (HvAOX1a,
HvAOX1d1, HvAOX1d2) (Table 1 and Table S1), supporting the experimental results for the response
of HvAOX to abscisic acid. Binding sites for positive regulators are also found in rice; ANAC013
(OsAOX1a), ANAC017 (OsAOX1a), ANAC053 (OsAOX1a), and ANAC078 (OsAOX1e). The exploration
of these regulators in monocots is lacking, and the interaction between these regulators and other
synergistic or antagonistic pathways is yet to be clarified.

Table 1. Summary of binding sites of known positive and negative regulators of AOX found in barley
(HvAOX) and rice (OsAOX) promoters (−1 to 1500 bp upstream of the ATG start site).

HvAOX1a HvAOX1c HvAOX1d1 HvAOX1d2 OsAOX1a OsAOX1c OsAOX1e OsAOX1d

ANAC013 3 1 - - 3 - - -
ANAC017 2 1 - - 2 - - -

AtWRKY63 - - - 1 - - - -
ANAC053 2 - - - 2 - - -
ANAC078 1 - - - - - 1 -

ABI4 3 - 4 3 - - - -
CTTGNNNNNCAMG 2 2 - - 2 - - -
YTTGNNNNNVAMV 4 2 1 2 6 2 1 2

The presence of motifs for ANAC013 may indicate specific modes of control, such as mitochondrial
retrograde regulation (MRR), a possibility that has also been observed in wheat [12,17]. MRR refers to
the signaling that occurs between the mitochondria and the nucleus. The majority of research on this
very complex process has focused on the identification and interactions of the molecular components
involved [20]. An observation that has emerged is that MRR is central to stress tolerance [21–23].
In A. thaliana, a specific number of genes are highly responsive to MRR perturbation reagents.
This group of genes, which includes AOX, has been dubbed the MITOCHONDRIAL DYSFUNCTION
STIMULON (MDS) genes [17]. MDS genes are regulated via the binding of ANAC013 to the motif
CTTGNNNNNCAMG, known as the mitochondrial dysfunction motif (MDM). This motif is present
in the promoter regions of HvAOX1a, HvAOX1c, and OsAOX1a (Table 1 and Table S1). Some of these
MDS genes may possess a variant of the MDM with a single nucleotide deviation. A search with
the sequence YTTGNNNNNVAMV, covering all permutations previously reported [17], shows that
HvAOX1a, HvAOX1d1, OsAOX1a, and OsAOX1e have the MDM with a single nucleotide deviation
(Table 1 and Table S1). MRR is, therefore, plausible for HvAOX1d1 and OsAOX1e, which lack the
stringent MDM. As this MDM and its derivatives have also been found in wheat [12], these observations
give insight into putative developmental pathways involving AOX in monocots, and allows for the
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possibility of studying the similarities and differences in AOX expression in monocots and dicots in
the context of MRR. It also encourages exploration within the monocots in order to determine how
MRR regulation has diverged within clades and between different species.

3. Probing AOX Function: Is Past Performance an Indicator of Future Failure?

The crystal structure of Trypanosoma brucei AOX (TbAOX) indicates that it is a diiron carboxylate
protein with the diiron core ligated by four conserved glutamate residues (E123, E162, E213, E266)
and two histidine residues (H165, H269) [24,25]. This evolutionary feature has been further confirmed
by other researchers who have shown that these six residues can, in most cases, be found in four
AOX-indicative motifs in many plant species [26]. Mutation of any one of these six residues is
extremely detrimental to AOX activity. In addition, research has shown that specific mutations in other
critical residues partially or completely inactivate AOX [24–29]. Overall, these important residues
are conserved between TbAOX, wheat AOX, HvAOX, and OsAOX isoforms, underscoring their
relevance across species (Table S2), [12]. One notable exception is in wild and domesticated wheat,
where isoforms have been found that are missing one of the AOX-indicative motifs and, therefore,
lack some of the six residues found to be crucial for the active site. These wheat isoforms were dubbed
“AOX-like” [12]. It is logical to therefore assume attenuated activity of these isoforms. However,
if these isoforms have been evolutionarily sustained in the domesticated hexaploid species, they may
have some yet unknown essential function. If these “AOX-like” isoforms are found in other monocots
or other plant species in general, it may give clues as to how they have functionally evolved over
time. Another exception is a T219S substitution conserved in wheat, barley, and rice (Figures 1 and 2,
and Table S2), [12]. In recombinant T. brucei AOX (rTbAOX), a T219V mutation resulting in a significant
change in side chain chemistry (polar to nonpolar) and, possibly, enzyme configuration or domain
features, causes an almost complete loss of function [27]. The conserved T219S substitution seen in
the monocots above may have steric implications, due to the lost methyl group, and this may affect
the three-dimensional structure of the protein and change functionality in ways that are currently
unknown. There is also an R96A substitution in OsAOX1d which, in other species, causes a drastic
loss of activity (Figure 2, Table S2) [28]. A deterioration of OsAOX1d efficiency is, therefore, a viable
hypothesis. In hexaploid wheat, these two residues, R96 and T219, are absent in the “AOX-like”
isoforms. Given that this has been discussed just within the monocots, it is possible that substitutions
or deletions at these two locations may also be seen in other plant species. It would be worth
knowing how these and other changes are definitive of a divergence between the parasitic lineage
and other vascular and nonvascular plant forms. If some, or all of these changes are conserved in
all plant forms, it is still plausible that AOX isoforms may function differently in the grasses when
posttranslational modifications are considered [30–36]. Moreover, it has been theorized that mutations
deleterious to an organism may be benign in others, and this may be the case with the monocots [25,37].
These observations call attention to the need for more functional characterization of the AOX gene
families of other monocots, both wild and domesticated, to fully decipher which changes inhibit or
enhance enzyme performance and how these alterations aid in the success or failure of a species in a
unique environment.
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Figure 1. Protein alignment of HvAOX isoforms with T. brucei AOX (TbAOX). Color scheme follows that 
previously established by Brew-Appiah et al. [12]: residues highlighted in yellow indicate conserved 
motifs. The residues bolded in red are amino acids proposed to coordinate the diiron center of the active 
site. Residues bolded in blue have been experimentally tested for loss of activity by previous researchers. 
Underlined and bolded residues are involved in the TbAOX hydrophobic cavity. The dark arrows indicate 
the residues R96 and T219. 

 
Figure 2. Protein alignment of OsAOX isoforms with T. brucei AOX (TbAOX). Color scheme follows that 
previously established by Brew-Appiah et al. [12]: residues highlighted in yellow indicate conserved 
motifs. The residues bolded in red are amino acids proposed to coordinate the diiron center of the active 
site. Residues bolded in blue have been experimentally tested for loss of activity by previous researchers. 
Underlined and bolded residues are involved in the TbAOX hydrophobic cavity. The dark arrows indicate 
the residues R96 and T219 

Figure 1. Protein alignment of HvAOX isoforms with T. brucei AOX (TbAOX). Color scheme follows that
previously established by Brew-Appiah et al. [12]: residues highlighted in yellow indicate conserved
motifs. The residues bolded in red are amino acids proposed to coordinate the diiron center of the
active site. Residues bolded in blue have been experimentally tested for loss of activity by previous
researchers. Underlined and bolded residues are involved in the TbAOX hydrophobic cavity. The dark
arrows indicate the residues R96 and T219.
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Figure 2. Protein alignment of OsAOX isoforms with T. brucei AOX (TbAOX). Color scheme follows that
previously established by Brew-Appiah et al. [12]: residues highlighted in yellow indicate conserved
motifs. The residues bolded in red are amino acids proposed to coordinate the diiron center of the
active site. Residues bolded in blue have been experimentally tested for loss of activity by previous
researchers. Underlined and bolded residues are involved in the TbAOX hydrophobic cavity. The dark
arrows indicate the residues R96 and T219.
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4. Beyond the Diiron Center: Can Functionality Be Defined by the Hydrophobic Cavity?

The touted high efficiency of TbAOX [25] may be due to its function in a unicellular organism,
which necessitates the optimization of genes and translated proteins, in order to compensate for
a lack of genetic redundancy characteristic of multicellular organisms. Another domain recently
emphasized as critical for AOX functionality is the hydrophobic cavity where the environment created
by a mix of 33 polar and hydrophobic residues facilitates quinol binding in the TbAOX active site [25].
The discovery of this region provides an exceptional opportunity for plant researchers to look beyond
the four critical AOX motifs already identified as influencers of enzyme activity [24,26]. A comparison
of TbAOX and HvAOX isoforms reveals similarities and deviations from the parasitic isoform, as well
as clade-dependent variations within the hydrophobic cavity (Figure 1, Table 2 and Table S3). Nine out
of the 33 residues show complete conservation with TbAOX (F102, L122, V125, A126, V128, Y198, S201,
V209, L212) signaling that these may be crucial for active site efficiency as they have been conserved
between two unrelated species (Figure 1, Table S3). Notably, these same nine residues are conserved in
the wheat isoforms with the exception of AOX-like isoforms [12]. The amino acid glycine, not present in
the TbAOX hydrophobic cavity, is found in the same domain of wheat and HvAOX isoforms (Figure 1,
Table 2 and Table S3, [12]. The evident clade-specific disparities and distributions of hydrophobic,
polar, and cyclic residues within the HvAOX family may affect enzyme proficiency, and this is an
avenue that needs to be elucidated via more molecular work. Although in some cases, the specific
amino acids differ, the chemistry of the side chains may be similar across species (Table 2 and Table S3).
One can, therefore, explore how such substitutions with conserved chemistry but divergent sterics in
the active site, may modify AOX function in plants.

In wheat and barley, there are eight substitutions which are conserved in this hydrophobic cavity
(L179E, V181A, S182L, I189V, M190F, F193A, L194Y, V205A) (except in some wheat AOX-like isoforms),
again showing the interrelatedness of the two monocot species (Table 2 and Table S3), [12]. In addition,
in barley, similar to wheat (with the exception of some AOX-like isoforms), there are five residues or
substitutions conserved in the hydrophobic cavity of the HvAOX1d isoforms (S117, R118H, F121L,
P178W, F208) (Table 2 and Table S3, [12]). In rTbAOX, the mutations R118A and R118Q cause a
severe loss of activity despite chemistry retention in the latter mutation [27]. In R118H, the polarity
is conserved despite the substitution, however the difference is a transition to a cyclic amino acid.
Depending on the structural or functional context, the difference in size may have notable effects.
The R118H substitution found in barley and wheat therefore opens up another avenue of inquiry
into the evolution of AOX function in monocot species. HvAOX1d1 and HvAOX1d2 diverged with
the wheat AOX1d Group 1 and Group 2 clades, respectively [12]. It is noteworthy that for AOX1d
Group 2, the hydrophobic cavity residues of these related monocots are identical in both chemistry
and sterics (Table 2 and Table S3). This gives the opportunity to study this domain in the context of
the AOX1d Group 2 clade and, potentially, extrapolate the effects seen in barley mutational studies
to wheat. This may be an acceptable option in cases where researchers have easier access to barley
varieties than to diploid wheat germplasm, due to material transfer complications or undefined growth
habits of wild species, which may set back a researcher’s time table. Also, in some cases, there may
be the issue of the inadequacy of seed produced by the wild diploid species which may hamper the
range of experiments one is able to perform. It may be more expedient to use domesticated models,
like barley, in some of these analyses. In addition, there are other residues or substitutions peculiar
to AOX1d Group 1 (S91I, T94, L98G, F99S, T186) or AOX1d Group 2 (S91V, F99R, T186A) that are
conserved between the AOX1d subclades of bread wheat and barley (Table 2 and Table S3, [12]) further
highlighting the close relationship in this gene family between the two species. Given the clade-specific
similarities between barley and its close polyploid relative, mutational studies may lead to applicable
conclusions in both crops.
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Table 2. A comparison of 24 residues in the hydrophobic cavity of TbAOX, hexaploid wheat AOX (TaAOX), Triticum urartu AOX (TuAOX, wild diploid wheat
ancestor), Aegilops tauschii AOX (AetAOX, wild diploid wheat ancestor), HvAOX, and OsAOX. The nine residues common amongst all the protein isoforms are
excluded. The wheat residues are from Brew-Appiah et al. [12], and the barley and rice residues are from Wanniarachchi et al. [14]. dG1 and dG2 refer to AOX1d
Group 1 and AOX1d Group 2 respectively. * Indicates diploid wheat isoforms.

AOX Isoforms TbAOX Residues and Positions in the Hydrophobic Cavity

S T C W L F S R F P L V S I T I M F L A I F V F

91 94 95 97 98 99 117 118 121 178 179 181 182 185 186 189 190 193 194 197 200 204 205 208

HvAOX1a T S L F P T C R M Y E A L T V V F A Y G I F A V
TaAOX1a-2AL T S L F P T C R M Y E A L A V V F A Y G I F A V
TaAOX1a-2BL T S L F P T C R M Y E A L A V V F A Y G I F A V
TaAOX1a-2DL T S L F P T C R M Y E A L A V V F A Y G I F A V

TaAOX1a-like-2DL - - - - - - - - - Y E A L A V V F A Y G V F A V
TuAOX1a * T S L F P T C R M Y E A L A V V F A Y G I F A V
AetAOX1a * T S L F P T C R M Y E A L A V V F A Y G I F A V

OsAOX1a T S L F P T C R M Y E A L T V V F A Y G L F A V
HvAOX1c T S L V P T C R M Y E A L A V V F A Y G L F A V

TaAOX1c-6AL T S L V P T C R M Y E A L A V V F A Y G I F A V
TaAOX1c-6BL T S L V P T C R M Y E A L A V V F A Y G V F A V
TaAOX1c-6DL T S L V P T C R M Y E A L A V V F A Y G V F A V

TuAOX1c * T S L V P T C R M Y E A L A V V F A Y G V F A V
OsAOX1c T A L V P T C R M Y E A L A V V F A Y G L L A V

Put.TaAOX1e-3DS T A I W P T C R M Y E A L V V V F A Y T A V A M
AetAOX1e * T A M W P T C R M Y E A L A V V F A Y T A V A M

OsAOX1e T S L W P V C R M Y E A L A V A F A Y S L F A I
OsAOX1d T S L V P R S H L W E A L A A V F A Y G V F A F

dG1

HvAOX1d1 I T L A G S S H L W E A L A T V F A Y G V F A F
TaAOX1d-2AL.1 I T L A G S S H L W E A L A T V F A Y G V F A F

put.TaAOX1d-like-4AS - - - - - - S H L C E A L P T V F A Y G V F A F
TuAOX1d.2 * I T L K G S S H L W E A L A T V F A Y G V F A F

AetAOX1d-like * I T L A G S S H L - - - - - - V F A Y G I L - -

dG2

HvAOX1d2 V S L V P R S H L W E A L A A V F A Y G I F A F
TaAOX1d-2AL.2 V S L V P R S H L W E A L A A V F A Y G I F A F
TaAOX1d-2DL V S L V P R S H L W E A L A A V F A Y G I F A F
TuAOX1d.1 * V S L V P R S H L W E A L A A V F A Y G I F A F
AetAOX1d * V S L V P R S H L W E A L A A V F A Y G I F A F
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Nonetheless, there are also differences between the wheat and barley AOX isoforms in the
hydrophobic cavity. Excluding the wheat “AOX-like” isoform, where there is an I200V change as well
as absent amino acids, the residues of HvAOX1a are identical to the same clade in wheat, except for
I185, where a hydrophobic residue is replaced by a polar one (HvAOX1a: I185T) (Table 2 and Table S3).
The hydrophobic, polar, and cyclic residues in HvAOX1c are identical to the counterpart clade in wheat
with a single deviation at I200, where there is an isoleucine or valine in wheat and a leucine in barley
(HvAOX1c: I200L) (Table 2 and Table S3). The AOX1c clade is absent in the ancestral diploid wheat
Aegilops tauschii, while present in barley (Table 2 and Table S3), [12]. Another significant area where
the wheat and barley species differ is in the presence of wheat “AOX-like” isoforms which highlight
the effect polyploidy can have on neo- or subfunctionalization. In addition to missing some of the
six highly conserved residues in the diiron center, these “AOX-like” proteins lack several residues
in the hydrophobic cavity (Table 2 and Table S3). The effect of these changes, in comparison to the
HvAOX proteins, is yet to be studied, and leads to several hypotheses; these wheat proteins could be
less efficient than non-like isoforms in the same clade. On the other hand, these “AOX-like” proteins in
wheat may have evolved high functionality in the same role, a possibility seen in other proteins, or in
novel roles separate from the hydrophobic cavity [38–40]. These “AOX-like” proteins missing critical
residues which potentially impair function may, in fact, be utilized in the same way as other plant
proteins known as “limping enzymes”, where the loss of catalytic activity coupled with the retention
of other functions allows for noncanonical specialization [41]. One example is the chitinase-like wheat
seed protein XIP-I, which lacks enzymatic activity and, instead, works as a competitive inhibitor of
xylanases and amylases ([41] and references therein). Two other chitinase-like proteins, CTL1 and
CTL2, have no hydrolytic activity, but are expressed during cell wall thickening, and are thought to
be important in the interaction between cellulose microfibrils and hemicellulose ([41] and references
therein). There is a wealth of literature to show that these limping enzymes are pervasive in the plant
world and their characterization is ongoing ([41] and references therein). Given the close relationship
between the AOX proteins in wheat and barley, as well as the apparent presence of putative “limping”
AOX isoforms in the former, studies involving the residues in this critical hydrophobic domain are
imperative in the elucidation of AOX functionality in the grasses and plants, in general.

Mirroring the observations in barley and wheat, the same nine residues in the hydrophobic
cavities of OsAOX isoforms show complete conservation with TbAOX (F102, L122, V125, A126, V128,
Y198, S201, V209, L212) highlighting their possible importance in function (Figure 2, Table S3, [12]).
In rice, there are ten substitutions conserved in all the OsAOX isoforms (S91T, C95L, L98P, L179E,
V181A, S182L, M190F, F193A, L194Y, V205A) (Figure 2, Table 2 and Table S3), and some of these
substitutions are identical to those in wheat and barley (L179E, V181A, S182L, M190F, F193A, L194Y,
V205A) (Table 2 and Table S3). This shows the interrelatedness of these grass species, despite the earlier
divergence of the rice AOX isoforms [12]. OsAOX1a shares the I185T substitution with the same clade
in barley, which deviates from the I185A change in wheat (Table 2 and Table S3). In OsAOX1c, there are
three points of deviation from wheat (T94A, I200L, and F204L) (Table 2 and Table S3). This highlights
differences achieved by earlier divergence of the rice AOX1c clade with respect to wheat and barley in
the hydrophobic cavity [12]. Another observed contrast in wheat and barley, when compared to rice,
is the substitution I189V, which is conserved in all wheat and barley AOX isoforms, but not in rice
(OsAOX1e: I189A) (Table 2 and Table S3).

Although absent in barley, the AOX1e clade is found in rice, and the residue W97 is conserved in
the hydrophobic cavities of both TbAOX and the AOX1e clades of wheat and rice (Table 2 and Table
S3). None of the other residues (T94A, C95I/M, A197T, I200A, F204V, F208M) previously reported as
unique to the wheat AOX1e clade were found in rice (Table 2 and Table S3, [12]). However, in some of
these cases, even though the substitution is not conserved, the chemistry is. For example, in wheat,
the A197T substitution is A197S in OsAOX1e, maintaining the polar chemistry at this site. The I200A is
I200L in OsAOX1e, conserving the hydrophobic property. In both cases, functionality of this clade may
vary based on steric properties introduced by the side chain bulk. Due to the absence of the AOX1e
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clade in barley, rice may be exploited as a diploid model for functionality in this clade, along with
the Ae. tauschii AOX1e isoform (AetAOX1e). While AetAOX1e maintains a lot of the unique residues
found in the hexaploid counterpart, once again, there may be issues with growth habits, low seed
production or material transfer agreements that may make characterization of the rice AOX1e gene
and protein isoform a more convenient alternative in some geographic regions. On the other hand,
the availability of both diploid wheat and rice AOX1e genes and translated isoforms allows for the
exploration of gene expression variations, as well as the elucidation of the effect of specific residue
changes on the enzyme efficiency of this clade during the evolution of the grasses.

Much like in wheat and barley, the same five residues or substitutions are conserved in
the hydrophobic cavity of OsAOX1d (S117, R118H, F121L, P178W, F208) (Table 2 and Table S3).
The similarities in these three species in the grass (Poaceae) family may suggest similar functionality of
these isoforms and highlight the importance of these residues and substitutions in grasses. OsAOX1d
precedes the divergence of the wheat and barley AOX1d isoforms into Group 1 and Group 2, and it
may be worth clarifying how this difference affects the functionality of this isoform between these
species [12]. It must be noted that OsAOX1d has two of the same three substitutions unique to the
wheat AOX1d Group 2 (F99R, T186A), while all the other residues of OsAOX1d found in regions where
the wheat and barley are unique, mirror other residues or substitutions in other clades (Table 2 and
Table S3). This may present an opportunity to use the rice OsAOX1d as a built-in mutation template to
explore how specific substitutions between the AOX1d clade and other clades change functionality
between these two clades. The similarities exclusive to wheat and rice, or exclusive to wheat and
barley, brings to the fore the question of model suitability. If the aim is to study the clade-specific
gene expression and regulation, it may be constructive to utilize a diploid monocot with a similar
clade and, then possibly use the results to inform work done on more complex polyploid systems.
If the goal is to analyze enzyme function and kinetics, one could utilize a heterologous system for
the investigation of mutants obtained via site-directed mutagenesis [15,30,42]. It may be helpful to
first mutate the residues known to be conserved between all the monocots and TbAOX. Out of these
nine, there are mutation studies on three of them (L122, Y198, L212) all of which have shown over 50%
loss of activity [24,28,29]. There is, therefore, an opportunity to investigate the other six conserved
residues. One could then target those residues that have been shown to be clade-specific. In the era of
genome editing, one could also modify these residues in planta, in order to show how the variations
made affect growth, development, and response to stress [43].

5. Exploration of the Dimer Interface in Monocot AOX Isoforms

The TbAOX crystal structure reveals a dimerization domain with six completely conserved
residues and 12 semi-conserved residues [27]. Some of these residues lead to significant loss of activity
when mutated (H138, Q187) [24]. The six completely conserved residues are maintained in wheat
(exception is the “AOX-like” isoform), barley, and rice AOX isoforms (Table 3). This indicates that these
proteins most likely also exist as dimers, an observation previously made by other researchers [14].
With regards to the 12 semi-conserved residues for the dimer interface, six are identical to TbAOX
(M131, L139, S141, A159, M167, R180) in all five monocots (except where absent in the “AOX-like”
isoform in wheat), suggesting the importance of these residues for functionality across species.
Three other substitutions (M145F, D148S, I183V) are also conserved in all five monocots (with two
exceptions in wheat, where it is absent or has a D148N in two of three “AOX-like” isoforms) (Table 3).
In M145F, a change from a hydrophobic to a cyclic residue may have steric implications that could
affect how the dimerization domain contributes to enzyme functionality and efficiency. In D148S,
the chemistry of the sidechain is conserved (polar), however, the substitution leads to the loss of charge
in this location, and it is unknown how this may change enzyme activity. In I183V, although the
chemistry is conserved, there is a change in side chain bulk which may have steric implications in the
active site.
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Table 3. A comparison of residues in the dimerization interface of the TbAOX, hexaploid wheat AOX (TaAOX), Triticum urartu AOX (TuAOX, wild diploid wheat
ancestor), Aegilops tauschii AOX (AetAOX, wild diploid wheat ancestor), HvAOX, and OsAOX. The wheat residues are from Brew-Appiah et al. [12], and the barley
and rice residues are from Wanniarachchi et al. [14]. dG1 and dG2 refer to AOX1d Group 1 and AOX1d Group 2, respectively. * Indicates diploid wheat isoforms.

AOX Isoforms Completely Conserved with TbAOX Semi-Conserved with TbAOX

H138 L142 R143 R163 L166 Q187 M131 M135 L139 S141 M145 R147 D148 L156 A159 M167 R180 I183

HvAOX1a H L R R L Q M M L S F Q S L A M R V
TaAOX1a-2AL H L R R L Q M M L S F Q S L A M R V
TaAOX1a-2BL H L R R L Q M M L S F Q S L A M R V
TaAOX1a-2DL H L R R L Q M M L S F Q S L A M R V

TaAOX1a-like-2DL H L R R L Q M V L S F H S M A M R V
TuAOX1a * H L R R L Q M M L S F Q S L A M R V
AetAOX1a * H L R R L Q M M L S F Q S L A M R V

OsAOX1a H L R R L Q M M L S F Q S L A M R V
HvAOX1c H L R R L Q M M L S F Q S L A M R V

TaAOX1c-6AL H L R R L Q M M L S F Q S L A M R V
TaAOX1c-6BL H L R R L Q M M L S F Q S L A M R V
TaAOX1c-6DL H L R R L Q M M L S F Q S L A M R V

TuAOX1c * H L R R L Q M M L S F Q S L A M R V
OsAOX1c H L R R L Q M M L S F H S L A M R V

put.TaAOX1e-3DS H L R R L Q M A L S F Q S L A M R V
AetAOX1e * H L R R L Q M A L S F Q S L A M R V

OsAOX1e H L R R L Q M A L S F H S L A M R V
OsAOX1d H L R R L Q M M L S F Q S L A M R V

dG1

HvAOX1d1 H L R R L Q M V L S F H S M A M R V
TaAOX1d-2AL.1 H L R R L Q M V L S F H S M A M R V

put.TaAOX1d-like-4AS H L R R L Q M V L S F H N M A M R V
TuAOX1d.2 * H L R R L Q M V L S F H S M A M R V

AetAOX1d-like * H L R R L - M V L S F H S M A M - -

dG2

HvAOX1d2 H L R R L Q M V L S F H S M A M R V
TaAOX1d-2AL.2 H L R R L Q M V L S F H S M A M R V
TaAOX1d-2DL H L R R L Q M V L S F H S M A M R V
TuAOX1d.1 * H L R R L Q M V L S F H S M A M R V
AetAOX1d * H L R R L Q M V L S F H S M A M R V
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There are similarities and differences between the five species in the dimerization domain.
The substitution M135A is consistent in the three grasses which have the AOX1e clade (Table 3).
Three substitutions in the AOX1d clade are conserved between wheat and barley in the dimerization
domain (M135V, R147H, L156M) (Table 3). At these same three locations, OsAOX1d deviates from
the four triticoid AOX1d clades; M135 and L156 are conserved with TbAOX, while there is a R147Q
substitution which maintains the sidechain chemistry at the location, albeit with a loss of charge.
This R147Q substitution is found in the Type 1 AOX clades (AOX1a/c/e) clades as well, but not in
“AOX-like” isoforms (Table 3). Another region that is involved in dimerization is characterized by three
cysteine residues, the first two (Cys I, CysII) of which, in A. thaliana, are involved in the formation of
a disulfide bond leading to an inactive dimer [44]. When this bond is reduced, AOX is activated [44].
In A. thaliana, it has been shown that substitutions at these three positions can change the AOX isoform
response to metabolite activators, such as succinate, pyruvate, and glyoxylate [30]. These three cysteines,
which have been analyzed in barley and rice, were compared to the AOX isoforms from wheat [12,14].
In the AOX1a and 1c clades, the major pattern is CCL. The exceptions are the AOX-like isoforms,
as well as the diploid wheat isoforms (Table 4, Figure S1). The presence of the first two cysteines may,
therefore, indicate inactive dimer in vivo, due to the presence of the cysteines for the disulfide bridge.
In the isoforms missing these two cysteines, it may be that these isoforms are constantly active, as has
been suggested in barley [14]. In rice AOX1d, as well as wheat AOX1d group 1, the pattern is SSL,
while barley shares the CSL pattern with wheat AOX1d group 2 (Table 4, Figure S1). These observations
may indicate that the dimers in these clades cannot be inactivated. It is difficult to predict the response of
these isoforms to the metabolites mentioned, as it has been shown that substitutions and the subsequent
effect on response differs between the clades [30]. There is an opportunity here for researchers to
determine how the triad of cysteines affects monocots and whether the same metabolites can be used to
activate these isoforms. The high conservation between barley and bread wheat AOX may allow the
utilization of the outcomes of barley research in the study of the more complex polyploid.

Table 4. Summary of the residues involved in the cysteine triad are known to determine in vivo dimer
activation status, as well as responses to metabolites. Cys I and CysII are important for disulfide bond
formation and dimer inactivation. The wheat residues are from Brew-Appiah et al. [12], and the barley
and rice residues are from Wanniarachchi et al. [14]. dG1 and dG2 refer to AOX1d Group 1 and AOX1d
Group 2 respectively. * Indicates diploid wheat isoforms.

AOX Isoforms Critical Cysteines Putative Dimer Status In Vivo

CysI CysII CysIII

HvAOX1a C C L Inactive
TaAOX1a-2AL C C L Inactive
TaAOX1a-2BL C C L Inactive
TaAOX1a-2DL C C L Inactive

TaAOX1a-like-2DL - - L Active
TuAOX1a * - C L Active
AetAOX1a * - C L Active

OsAOX1a C C L Inactive
HvAOX1c C C L Inactive

TaAOX1c-6AL C C L Inactive
TaAOX1c-6BL C C L Inactive
TaAOX1c-6DL C C L Inactive

TuAOX1c * E C L Active
OsAOX1c C C L Inactive

put.TaAOX1e-3DS C C L Inactive
AetAOX1e * C C L Inactive

OsAOX1e C C L Inactive
OsAOX1d S S L Active

dG1

HvAOX1d1 C S L Active
TaAOX1d-2AL.1 S S L Active

put.TaAOX1d-like-4AS S S L Active
TuAOX1d.2 * S S L Active

AetAOX1d-like * S S L Active

dG2

HvAOX1d2 C S L Active
TaAOX1d-2AL.2 C S L Active
TaAOX1d-2DL C S L Active
TuAOX1d.1 * C S L Active
AetAOX1d * C S L Active
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To summarize, the conservations and substitutions observed give rise to diversity in
sidechain chemistry, as well as changes in sterics, due to the size of the substituted amino acid.
These modifications require careful consideration, in order to determine what the effects on enzyme
dimerization and efficiency in the context of both development and stress tolerance. Some of the
diversity observed at both the dimerization interface (Table 3) and within the cysteine triad (Table 4,
Figure S1) may lead to stronger or weaker homodimerization, which may affect enzyme activation
and function. A question worth answering is whether similar metabolites activate AOX in the cereals
and monocots in general. The possibility of the induction of monocot AOX isoforms by additional
metabolites is also an enticing prospect. Another interesting question that arises is whether weaker
homodimerization allows for heterodimerization of the monomer with another protein, thereby giving
rise to new functionality in plants. This may be a question best answered using molecular studies
with the wheat “AOX-like” isoforms. One approach would be to create and overexpress AOX-reporter
fusions, in planta, under various conditions. An antibody targeting the reporter can then be used
to pull down the gene–reporter fusion, as well as any other proteins associated with this chimeric
protein. Interactions between each associated protein and the AOX-reporter fusion could then be
studied further [45–47].

6. Conclusions

Previous researchers have shown the importance of AOX in stress tolerance, which in the case
of grasses, could help boost food production. Between studies on wheat, barley, and rice, we can
see possibilities provided by the presence of positive and negative regulators, as well as specific
motifs, which may help to determine the spatiotemporal regulation of the AOX gene family in grasses.
In addition to the work done by earlier researchers emphasizing how certain residue configurations
may potentially lead to higher enzyme efficiencies [12,14,25], we show, here, that clade similarities and
differences within and between wheat, barley, and rice in the hydrophobic cavity and dimer interface
provide additional support for the theory of clade-dependent functionality, and show ways in which
specific domains may allow for distinct structural possibilities in the efficiency of this protein family in
the grasses and, possibly, in other plant species. The picture emerging challenges and encourages us to
broaden our definition of model organism to include species which may, under normal circumstances,
not qualify for a particular subject area or geographic region, or fulfill all the physiological requirements
previously attributed to model organisms. Another insightful area of research may look at how AOX
gene families in multicellular plants have evolved under various selective pressures, and how these
adaptations have contributed to not only a resistance to environmental stresses but, also, to the robust
growth of the species. This idea has already shown promise in the context of the utilization of TbAOX,
which is active at the human body temperature, in the treatment of debilitating human conditions [25].
An examination of the contribution of specific AOX isoforms to the domination of monocot species in
a distinct environment may be worthwhile as has been demonstrated with the reproductive success of
thermogenic plants [48]. One question that arises is how does MRR involving responses of diverse
AOX isoforms function in the context of these clades? Another is, are clade-specific genes expressed in
a tissue-specific manner in some or all monocots? One such monocot which needs more study is maize,
the last of the quartet of monocot species responsible for a significant portion of food production [1].
While there has been some work done on AOX genes in maize [49–54], the new information discovered
should hopefully spur a more extensive characterization of the gene and protein family to better
understand its evolution and, hopefully, utilize this information in food production. Another monocot
which needs study is Panicum virgatum, which, while not used for food, has immense potential in the
field of sustainable bioenergy production, where AOX has also been shown to increase biomass [55–57].
There is the hope that the information garnered about the AOX1e clade in wheat and rice may aid
in research of this gene family in P. virgatum, which also contains an AOX1e gene [12]. It is worth
mentioning that there is an abundance of germplasm available for wheat, barley, and rice, and it is
entirely possible that some cultivars or ancestral relatives may be shown to have clades that are absent
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in the respective reference genomes. Depending on the expression patterns and positive contributions
made by certain clades, there is an opportunity for the introduction of beneficial clades into marketable
cultivars. Taken together, the discoveries made by previous researchers in wheat, barley, and rice open
up new avenues for future studies to further our scientific understanding of the AOX protein family
from diverse evolutionary origins, and leverage the information in the quest for both plant molecular
and evolutionary characterization, as well as global food security.

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/19/10/2972/s1.
Table S1: Summary of binding sites found for AOX positive and negative regulators in barley and rice. * Indicates
sequences with one nucleotide deviation from the MDM. The location of nucleotide deviation is in bold and
underlined, Table S2: Summary of residues of barley and rice AOX isoforms compared to T. brucei AOX residues
that show effect on enzyme efficiency when mutagenized. The T. brucei AOX residues are in bold. * Indicates
residues from Young et al. [28] and Crichton et al. [29]. ** Indicates residues Shiba et al. [27]. The rest of the
residues are from Moore et al. [24], Table S3: A comparison of 33 residues in the hydrophobic cavity of TbAOX,
hexaploid wheat AOX (TaAOX), Triticum urartu AOX (TuAOX, wild diploid wheat ancestor), Aegilops tauschii AOX
(AetAOX, wild diploid wheat ancestor), HvAOX, and OsAOX. The wheat residues are from Brew-Appiah et al. [12]
and the barley and rice residues are from Wanniarachchi et al. [14]. dG1 and dG2 refer to AOX1d Group 1 and
AOX1d Group 2 respectively. * Indicates diploid wheat isoforms, Figure S1: Alignment of the diploid (TuAOX,
AetAOX) and hexaploid wheat AOX (TaAOX) isoforms used in the location of Cys I (red box), CysII (blue box)
and CysIII (green box).

Author Contributions: Conceptualization, R.A.T.B.-A.; Writing—Original Draft Preparation: R.A.T.B.-A.;
Writing—Review & Editing, R.A.T.B.-A., K.A.S.; Supervision, K.A.S.; Funding Acquisition, K.A.S.

Funding: This research was funded by the Orville A. Vogel Wheat Research Fund grant number (3019–6830) and
USDA-NIFA Hatch number 1014527 to K.A.S.

Acknowledgments: The authors deeply appreciate the suggestions of the reviewers which have improved
the manuscript. We could also like to thank Zara York, Kathryn Fitzgerald and Amber L. Hauvermale for
technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bolser, D.M.; Kerhornou, A.; Walts, B.; Kersey, P. Triticeae Resources in Ensembl Plants. Plant Cell Physiol.
2015, 56, 1–11. [CrossRef] [PubMed]

2. Richter, T.E.; Ronald, P.C. The evolution of disease resistance genes. Plant Mol. Biol. 2000, 42, 195–204.
[CrossRef] [PubMed]

3. Nevo, E.; Fu, Y.B.; Pavlicek, T.; Khalifa, S.; Tavasi, M.; Beiles, A. Evolution of wild cereals during 28 years of
global warming in Israel. Proc. Natl. Acad. Sci. USA 2012, 109, 3412–3415. [CrossRef] [PubMed]

4. Mayer, K.F.X.; Waugh, R.; Langridge, P.; Close, T.J.; Wise, R.P.; Graner, A.; Matsumoto, T.; Sato, K.;
Schulman, A.; Muehlbauer, G.J.; et al. A physical, genetic and functional sequence assembly of the barley
genome. Nature 2012, 491, 711–716. [CrossRef] [PubMed]

5. Gurel, F.; Ozturk, Z.N.; Ucarli, C.; Rosellini, D. Barley Genes as Tools to Confer Abiotic Stress Tolerance in
Crops. Front. Plant Sci. 2016, 7, 1–6. [CrossRef] [PubMed]

6. Cantalapiedra, C.P.; Garcia-Pereira, M.J.; Gracia, M.P.; Igartua, E.; Casas, A.M.; Contreras-Moreira, B. Large
Differences in Gene Expression Responses to Drought and Heat Stress between Elite Barley Cultivar Scarlett
and a Spanish Landrace. Front. Plant Sci. 2017, 8, 1–23. [CrossRef] [PubMed]

7. Agarwal, P.; Parida, S.K.; Raghuvanshi, S.; Kapoor, S.; Khurana, P.; Khurana, J.P.; Tyagi, A.K. Rice
Improvement through Genome-Based Functional Analysis and Molecular Breeding in India. Rice 2016, 9,
1–17. [CrossRef] [PubMed]

8. Li, J.Y.; Wang, J.; Zeigler, R.S. The 3000 rice genomes project: New opportunities and challenges for future
rice research. Gigascience 2014, 3, 1–3. [CrossRef] [PubMed]

9. Ahmadikhah, A.; Marufinia, A. Effect of reduced plant height on drought tolerance in rice. 3 Biotech 2016, 6,
1–9. [CrossRef] [PubMed]

10. Costa, J.H.; McDonald, A.E.; Arnholdt-Schmitt, B.; Fernandes de Melo, D. A classification scheme
for alternative oxidases reveals the taxonomic distribution and evolutionary history of the enzyme in
angiosperms. Mitochondrion 2014, 19 (Pt B), 172–183. [CrossRef]

http://www.mdpi.com/1422-0067/19/10/2972/s1
http://dx.doi.org/10.1093/pcp/pcu183
http://www.ncbi.nlm.nih.gov/pubmed/25432969
http://dx.doi.org/10.1023/A:1006388223475
http://www.ncbi.nlm.nih.gov/pubmed/10688137
http://dx.doi.org/10.1073/pnas.1121411109
http://www.ncbi.nlm.nih.gov/pubmed/22334646
http://dx.doi.org/10.1038/nature11543
http://www.ncbi.nlm.nih.gov/pubmed/23075845
http://dx.doi.org/10.3389/fpls.2016.01137
http://www.ncbi.nlm.nih.gov/pubmed/27536305
http://dx.doi.org/10.3389/fpls.2017.00647
http://www.ncbi.nlm.nih.gov/pubmed/28507554
http://dx.doi.org/10.1186/s12284-015-0073-2
http://www.ncbi.nlm.nih.gov/pubmed/26743769
http://dx.doi.org/10.1186/2047-217X-3-8
http://www.ncbi.nlm.nih.gov/pubmed/24872878
http://dx.doi.org/10.1007/s13205-016-0542-3
http://www.ncbi.nlm.nih.gov/pubmed/28330293
http://dx.doi.org/10.1016/j.mito.2014.04.007


Int. J. Mol. Sci. 2018, 19, 2972 13 of 15

11. Saha, B.; Borovskii, G.; Panda, S.K. Alternative oxidase and plant stress tolerance. Plant Signal. Behav. 2016,
11, 1–4. [CrossRef] [PubMed]

12. Brew-Appiah, R.A.T.; York, Z.B.; Krishnan, V.; Roalson, E.H.; Sanguinet, K.A. Genome-wide identification
and analysis of the ALTERNATIVE OXIDASE gene family in diploid and hexaploid wheat. PLoS ONE 2018,
13, 1–43. [CrossRef] [PubMed]

13. Abu-Romman, S.; Shatnawi, M.; Hasan, M.; Qrunfleh, I.; Omar, S.; Salem, N. cDNA cloning and expression
analysis of a putative alternative oxidase HsAOX1 from wild barley (Hordeum spontaneum). Genes Genomics
2012, 34, 59–66. [CrossRef]

14. Wanniarachchi, V.R.; Dametto, L.; Sweetman, C.; Shavrukov, Y.; Day, D.A.; Jenkins, C.L.D.; Soole, K.L.
Alternative Respiratory Pathway Component Genes (AOX and ND) in Rice and Barley and Their Response
to Stress. Int. J. Mol. Sci. 2018, 19, 915. [CrossRef] [PubMed]

15. Selinski, J.; Scheibe, R.; Day, D.A.; Whelan, J. Alternative Oxidase Is Positive for Plant Performance.
Trends Plant Sci. 2018, 23, 588–597. [CrossRef] [PubMed]

16. Wagner, S.; Van Aken, O.; Elsässer, M.; Schwarzländer, M. Mitochondrial Energy Signaling and Its Role in
the Low Oxygen Stress Response of Plants. Plant Physiol. 2018, 176, 1156–1170. [CrossRef] [PubMed]

17. De Clercq, I.; Vermeirssen, V.; Van Aken, O.; Vandepoele, K.; Murcha, M.W.; Law, S.R.; Inze, A.; Ng, S.;
Ivanova, A.; Rombaut, D.; et al. The Membrane-Bound NAC Transcription Factor ANAC013 Functions in
Mitochondrial Retrograde Regulation of the Oxidative Stress Response in Arabidopsis. Plant Cell 2013, 25,
3472–3490. [CrossRef] [PubMed]

18. Jin, J.P.; Tian, F.; Yang, D.C.; Meng, Y.Q.; Kong, L.; Luo, J.C.; Gao, G. PlantTFDB 4.0: Toward a central hub
for transcription factors and regulatory interactions in plants. Nucleic Acids Res. 2017, 45, D1040–D1045.
[CrossRef] [PubMed]

19. Chow, C.N.; Zheng, H.Q.; Wu, N.Y.; Chien, C.H.; Huang, H.D.; Lee, T.Y.; Chiang-Hsieh, Y.F.; Hou, P.F.;
Yang, T.Y.; Chang, W.C. PlantPAN 2.0: An update of plant promoter analysis navigator for reconstructing
transcriptional regulatory networks in plants. Nucleic Acids Res. 2016, 44, D1154–D1160. [CrossRef] [PubMed]

20. Butow, R.A.; Avadhani, N.G. Mitochondrial signaling: The Retrograde Response. Mol. Cell 2004, 14, 1–15.
[CrossRef]

21. Yurina, N.P.; Odintsova, M.S. Signal Transduction Pathways of Plant Mitochondria: Retrograde Regulation.
Russ. J. Plant Physiol. 2010, 57, 7–19. [CrossRef]

22. Crawford, T.; Lehotai, N.; Strand, A. The role of retrograde signals during plant stress responses. J. Exp. Bot.
2018, 69, 2783–2795. [CrossRef] [PubMed]

23. Ng, S.; De Clercq, I.; Van Aken, O.; Law, S.R.; Ivanova, A.; Willems, P.; Giraud, E.; Van Breusegem, F.;
Whelan, J. Anterograde and Retrograde Regulation of Nuclear Genes Encoding Mitochondrial Proteins
during Growth, Development, and Stress. Mol. Plant 2014, 7, 1075–1093. [CrossRef] [PubMed]

24. Moore, A.L.; Shiba, T.; Young, L.; Harada, S.; Kita, K.; Ito, K. Unraveling the Heater: New Insights into the
Structure of the Alternative Oxidase. Annu. Rev. Plant Biol. 2013, 64, 637–663. [CrossRef] [PubMed]

25. May, B.; Young, L.; Moore, A.L. Structural insights into the alternative oxidases: Are all oxidases made equal?
Biochem. Soc. Trans. 2017, 45, 731–740. [CrossRef] [PubMed]

26. Nobre, T.; Campos, M.D.; Lucic-Mercy, E.; Arnholdt-Schmitt, B. Misannotation Awareness: A Tale of Two
Gene-Groups. Front. Plant Sci. 2016, 7, 1–7. [CrossRef] [PubMed]

27. Shiba, T.; Kido, Y.; Sakamoto, K.; Inaoka, D.K.; Tsuge, C.; Tatsumi, R.; Takahashi, G.; Balogun, E.O.; Nara, T.;
Aoki, T.; et al. Structure of the trypanosome cyanide-insensitive alternative oxidase. Proc. Natl. Acad.
Sci. USA 2013, 110, 4580–4585. [CrossRef] [PubMed]

28. Young, L.; May, B.; Pendlebury-Watt, A.; Shearman, J.; Elliott, C.; Albury, M.S.; Shiba, T.; Inaoka, D.K.;
Harada, S.; Kita, K.; et al. Probing the ubiquinol-binding site of recombinant Sauromatum guttatum alternative
oxidase expressed in E. coli membranes through site-directed mutagenesis. Biochim. Biophys. Acta Bioenerg.
2014, 1837, 1219–1225. [CrossRef] [PubMed]

29. Crichton, P.G.; Albury, M.S.; Affourtit, C.; Moore, A.L. Mutagenesis of the Sauromatum guttatum alternative
oxidase reveals features important for oxygen binding and catalysis. Biochim. Biophys. Acta Bioenerg. 2010,
1797, 732–737. [CrossRef] [PubMed]

30. Selinski, J.; Hartmann, A.; Kordes, A.; Deckers-Hebestreit, G.; Whelan, J.; Scheibe, R. Analysis of
Posttranslational Activation of Alternative Oxidase Isoforms. Plant Physiol. 2017, 174, 2113–2127. [CrossRef]
[PubMed]

http://dx.doi.org/10.1080/15592324.2016.1256530
http://www.ncbi.nlm.nih.gov/pubmed/27830987
http://dx.doi.org/10.1371/journal.pone.0201439
http://www.ncbi.nlm.nih.gov/pubmed/30074999
http://dx.doi.org/10.1007/s13258-011-0164-4
http://dx.doi.org/10.3390/ijms19030915
http://www.ncbi.nlm.nih.gov/pubmed/29558397
http://dx.doi.org/10.1016/j.tplants.2018.03.012
http://www.ncbi.nlm.nih.gov/pubmed/29665989
http://dx.doi.org/10.1104/pp.17.01387
http://www.ncbi.nlm.nih.gov/pubmed/29298823
http://dx.doi.org/10.1105/tpc.113.117168
http://www.ncbi.nlm.nih.gov/pubmed/24045019
http://dx.doi.org/10.1093/nar/gkw982
http://www.ncbi.nlm.nih.gov/pubmed/27924042
http://dx.doi.org/10.1093/nar/gkv1035
http://www.ncbi.nlm.nih.gov/pubmed/26476450
http://dx.doi.org/10.1016/S1097-2765(04)00179-0
http://dx.doi.org/10.1134/S1021443710010024
http://dx.doi.org/10.1093/jxb/erx481
http://www.ncbi.nlm.nih.gov/pubmed/29281071
http://dx.doi.org/10.1093/mp/ssu037
http://www.ncbi.nlm.nih.gov/pubmed/24711293
http://dx.doi.org/10.1146/annurev-arplant-042811-105432
http://www.ncbi.nlm.nih.gov/pubmed/23638828
http://dx.doi.org/10.1042/BST20160178
http://www.ncbi.nlm.nih.gov/pubmed/28620034
http://dx.doi.org/10.3389/fpls.2016.00868
http://www.ncbi.nlm.nih.gov/pubmed/27379147
http://dx.doi.org/10.1073/pnas.1218386110
http://www.ncbi.nlm.nih.gov/pubmed/23487766
http://dx.doi.org/10.1016/j.bbabio.2014.01.027
http://www.ncbi.nlm.nih.gov/pubmed/24530866
http://dx.doi.org/10.1016/j.bbabio.2009.12.010
http://www.ncbi.nlm.nih.gov/pubmed/20026041
http://dx.doi.org/10.1104/pp.17.00681
http://www.ncbi.nlm.nih.gov/pubmed/28596420


Int. J. Mol. Sci. 2018, 19, 2972 14 of 15

31. Hartl, M.; Finkemeier, I. Plant mitochondrial retrograde signaling: Post-translational modifications enter the
stage. Front. Plant Sci. 2012, 3, 1–7. [CrossRef] [PubMed]

32. Das, S.; Dawson, N.L.; Orengo, C.A. Diversity in protein domain superfamilies. Curr. Opin. Genet. Dev. 2015,
35, 40–49. [CrossRef] [PubMed]

33. Shockey, J.; Browse, J. Genome-level and biochemical diversity of the acyl-activating enzyme superfamily in
plants. Plant J. 2011, 66, 143–160. [CrossRef] [PubMed]

34. Waschburger, E.; Kulcheski, F.R.; Veto, N.M.; Margis, R.; Margis-Pinheiro, M.; Turchetto-Zolet, A.C.
Genome-wide analysis of the Glycerol-3-Phosphate Acyltransferase (GPAT) gene family reveals the evolution
and diversification of plant GPATs. Genet. Mol. Biol. 2018, 41, 355–370. [CrossRef] [PubMed]

35. Schwerdt, J.G.; MacKenzie, K.; Wright, F.; Oehme, D.; Wagner, J.M.; Harvey, A.J.; Shirley, N.J.; Burton, R.A.;
Schreiber, M.; Halpin, C.; et al. Evolutionary Dynamics of the Cellulose Synthase Gene Superfamily in
Grasses. Plant Physiol. 2015, 168, 968–983. [CrossRef] [PubMed]

36. Little, A.; Schwerdt, J.G.; Shirley, N.J.; Khor, S.F.; Neumann, K.; O’Donovan, L.A.; Lahnstein, J.; Collins, H.M.;
Henderson, M.; Fincher, G.B.; et al. Revised Phylogeny of the Cellulose Synthase Gene Superfamily: Insights
into Cell Wall Evolution. Plant Physiol. 2018, 177, 1124–1141. [CrossRef] [PubMed]

37. Pennisi, R.; Salvi, D.; Brandi, V.; Angelini, R.; Ascenzi, P.; Polticelli, F. Molecular Evolution of Alternative
Oxidase Proteins: A Phylogenetic and Structure Modeling Approach. J. Mol. Evol. 2016, 82, 207–218.
[CrossRef] [PubMed]

38. Arpino, J.A.J.; Reddington, S.C.; Halliwell, L.M.; Rizkallah, P.J.; Jones, D.D. Random Single Amino Acid
Deletion Sampling Unveils Structural Tolerance and the Benefits of Helical Registry Shift on GFP Folding
and Structure. Structure 2014, 22, 889–898. [CrossRef] [PubMed]

39. Liu, S.S.; Wei, X.; Dong, X.; Xu, L.; Liu, J.; Jiang, B. Structural plasticity of green fluorescent protein to
amino acid deletions and fluorescence rescue by folding-enhancing mutations. BMC Biochem. 2015, 16, 1–11.
[CrossRef] [PubMed]

40. Toth-Petroczy, A.; Tawfik, D.S. Hopeful (Protein InDel) Monsters? Structure 2014, 22, 803–804. [CrossRef]
[PubMed]

41. Kozlova, L.V.; Mokshina, N.E.; Nazipova, A.R.; Gorshkova, T.A. Systemic Use of “Limping” Enzymes in
Plant Cell Walls. Russ. J. Plant Physiol. 2017, 64, 808–821. [CrossRef]

42. Routledge, S.J.; Mikaliunaite, L.; Patel, A.; Clare, M.; Cartwright, S.P.; Bawa, Z.; Wilks, M.D.B.; Low, F.;
Hardy, D.; Rothnie, A.J.; et al. The synthesis of recombinant membrane proteins in yeast for structural
studies. Methods 2016, 95, 26–37. [CrossRef] [PubMed]

43. Bortesi, L.; Fischer, R. The CRISPR/Cas9 system for plant genome editing and beyond. Biotechnol. Adv. 2015,
33, 41–52. [CrossRef] [PubMed]

44. Umbach, A.L.; Ng, V.S.; Siedow, J.N. Regulation of plant alternative oxidase activity: A tale of two cysteines.
Biochim. Biophys. Acta Bioenerg. 2006, 1757, 135–142. [CrossRef] [PubMed]

45. Xing, S.P.; Wallmeroth, N.; Berendzen, K.W.; Grefen, C. Techniques for the Analysis of Protein-Protein
Interactions in Vivo. Plant Physiol. 2016, 171, 727–758. [CrossRef] [PubMed]

46. Bontinck, M.; Van Leene, J.; Gadeyne, A.; De Rybel, B.; Eeckhout, D.; Nelissen, H.; De Jaeger, G. Recent
Trends in Plant Protein Complex Analysis in a Developmental Context. Front. Plant Sci. 2018, 9, 1–14.
[CrossRef] [PubMed]

47. Liu, Q.Y.; Remmelzwaal, S.; Heck, A.J.R.; Akhmanova, A.; Liu, F. Facilitating identification of minimal
protein binding domains by cross-linking mass spectrometry. Sci. Rep. 2017, 7, 1–11. [CrossRef] [PubMed]

48. Ito, K.; Seymour, R.S. Expression of uncoupling protein and alternative oxidase depends on lipid or
carbohydrate substrates in thermogenic plants. Biol. Lett. 2005, 1, 427–430. [CrossRef] [PubMed]

49. Karpova, O.V.; Kuzmin, E.V.; Elthon, T.E.; Newton, K.J. Differential Expression of Alternative Oxidase Genes
in Maize Mitochondrial Mutants. Plant Cell 2002, 14, 3271–3284. [CrossRef] [PubMed]

50. Polidoros, A.N.; Mylona, P.V.; Pasentsis, K.; Scandalios, J.G.; Tsaftaris, A.S. The maize alternative oxidase
1a (Aox1a) gene is regulated by signals related to oxidative stress. Redox Rep. 2005, 10, 71–78. [CrossRef]
[PubMed]

51. Camacho, A.; Moreno-Sanchez, R.; Bernal-Lugo, I. Control of superoxide production in mitochondria from
maize mesocotyls. FEBS Lett. 2004, 570, 52–56. [CrossRef] [PubMed]

52. Erdal, S.; Genisel, M. The property of progesterone to mitigate cold stress in maize is linked to a modulation
of the mitochondrial respiratory pathway. Theor. Exp. Plant Physiol. 2016, 28, 385–393. [CrossRef]

http://dx.doi.org/10.3389/fpls.2012.00253
http://www.ncbi.nlm.nih.gov/pubmed/23162565
http://dx.doi.org/10.1016/j.gde.2015.09.005
http://www.ncbi.nlm.nih.gov/pubmed/26451979
http://dx.doi.org/10.1111/j.1365-313X.2011.04512.x
http://www.ncbi.nlm.nih.gov/pubmed/21443629
http://dx.doi.org/10.1590/1678-4685-gmb-2017-0076
http://www.ncbi.nlm.nih.gov/pubmed/29583156
http://dx.doi.org/10.1104/pp.15.00140
http://www.ncbi.nlm.nih.gov/pubmed/25999407
http://dx.doi.org/10.1104/pp.17.01718
http://www.ncbi.nlm.nih.gov/pubmed/29780036
http://dx.doi.org/10.1007/s00239-016-9738-8
http://www.ncbi.nlm.nih.gov/pubmed/27090422
http://dx.doi.org/10.1016/j.str.2014.03.014
http://www.ncbi.nlm.nih.gov/pubmed/24856363
http://dx.doi.org/10.1186/s12858-015-0046-5
http://www.ncbi.nlm.nih.gov/pubmed/26206151
http://dx.doi.org/10.1016/j.str.2014.05.013
http://www.ncbi.nlm.nih.gov/pubmed/24918338
http://dx.doi.org/10.1134/S102144371706005X
http://dx.doi.org/10.1016/j.ymeth.2015.09.027
http://www.ncbi.nlm.nih.gov/pubmed/26431670
http://dx.doi.org/10.1016/j.biotechadv.2014.12.006
http://www.ncbi.nlm.nih.gov/pubmed/25536441
http://dx.doi.org/10.1016/j.bbabio.2005.12.005
http://www.ncbi.nlm.nih.gov/pubmed/16457775
http://dx.doi.org/10.1104/pp.16.00470
http://www.ncbi.nlm.nih.gov/pubmed/27208310
http://dx.doi.org/10.3389/fpls.2018.00640
http://www.ncbi.nlm.nih.gov/pubmed/29868093
http://dx.doi.org/10.1038/s41598-017-13663-y
http://www.ncbi.nlm.nih.gov/pubmed/29044157
http://dx.doi.org/10.1098/rsbl.2005.0338
http://www.ncbi.nlm.nih.gov/pubmed/17148224
http://dx.doi.org/10.1105/tpc.005603
http://www.ncbi.nlm.nih.gov/pubmed/12468742
http://dx.doi.org/10.1179/135100005X21688
http://www.ncbi.nlm.nih.gov/pubmed/15949126
http://dx.doi.org/10.1016/j.febslet.2004.06.024
http://www.ncbi.nlm.nih.gov/pubmed/15251438
http://dx.doi.org/10.1007/s40626-016-0076-4


Int. J. Mol. Sci. 2018, 19, 2972 15 of 15

53. Silva-Neta, I.C.; Pinho, E.V.; Veiga, A.D.; Pinho, R.G.; Guimaraes, R.M.; Caixeta, F.; Santos, H.O.; Marques, T.L.
Expression of genes related to tolerance to low temperature for maize seed germination. Genet. Mol Res.
2015, 14, 2674–2690. [CrossRef] [PubMed]

54. Dutra, S.M.F.; Von Pinho, E.V.R.; Santos, H.O.; Lima, A.C.; Von Pinho, R.G.; Carvalho, M.L.M. Genes related
to high temperature tolerance during maize seed germination. Genet. Mol Res. 2015, 14, 18047–18058.
[CrossRef] [PubMed]

55. Dahal, K.; Vanlerberghe, G.C. Improved chloroplast energy balance during water deficit enhances plant
growth: More crop per drop. J. Exp. Bot. 2018, 69, 1183–1197. [CrossRef] [PubMed]

56. Allwright, M.R.; Taylors, G. Molecular Breeding for Improved Second Generation Bioenergy Crops.
Trends Plant. Sci. 2016, 21, 43–54. [CrossRef] [PubMed]

57. Yang, J.D.; Udvardi, M. Senescence and nitrogen use efficiency in perennial grasses for forage and biofuel
production. J. Exp. Bot. 2018, 69, 855–865. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.4238/2015.March.30.28
http://www.ncbi.nlm.nih.gov/pubmed/25867416
http://dx.doi.org/10.4238/2015.December.22.31
http://www.ncbi.nlm.nih.gov/pubmed/26782452
http://dx.doi.org/10.1093/jxb/erx474
http://www.ncbi.nlm.nih.gov/pubmed/29281082
http://dx.doi.org/10.1016/j.tplants.2015.10.002
http://www.ncbi.nlm.nih.gov/pubmed/26541073
http://dx.doi.org/10.1093/jxb/erx241
http://www.ncbi.nlm.nih.gov/pubmed/29444307
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Alternative Oxidase (AOX) Regulation in Monocots 
	Probing AOX Function: Is Past Performance an Indicator of Future Failure? 
	Beyond the Diiron Center: Can Functionality Be Defined by the Hydrophobic Cavity? 
	Exploration of the Dimer Interface in Monocot AOX Isoforms 
	Conclusions 
	References

