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mRNA biogenesis-related helicase eIF4AIII from Arabidopsis
thaliana is an important factor for abiotic stress adaptation
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Abstract Similar to other plant species, Arabidopsis has

a huge repertoire of predicted helicases, including the

eIF4AIII factor, a putative component of the exon junction

complex related to mRNA biogenesis. In this article, we

integrated evolutionary and functional approaches to have

a better understanding of eIF4AIII function in plants.

Phylogenetic analysis showed that the mRNA biogenesis-

related helicase eIF4AIII is the ortholog of the stress-re-

lated helicases PDH45 from Pisum sativum and MH1 from

Medicago sativa, suggesting evolutionary and probably

functional equivalences between mRNA biogenesis and

stress-related plant helicases. Molecular and genetic anal-

yses confirmed the relevance of eIF4AIII during abiotic

stress adaptation in Arabidopsis. Therefore, in addition to

its function in mRNA biogenesis, eIF4AIII can play a role

in abiotic stress adaptation.
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Plant genomes encode the largest eukaryotic repertoires of

putative functional helicases. Arabidopsis thaliana, the

most important plant model species, contains 113 hypo-

thetical genes exhibiting conserved helicase signature

motifs (Umate et al. 2010). Despite the functional charac-

terization of some helicases in different plant species, the

gene redundancy has complicated the integration of

experimental data for an in-depth understanding of their

functions. In this context, studies based on the mRNA

biogenesis-related helicase eIF4AIII from Arabidopsis

thaliana (Koroleva et al. 2009) and the stress-related

helicases PDH45 from Pisum sativum (Pham et al. 2000)

and MH1 from Medicago sativa (Luo et al. 2009) have

been regarded as two distant and unrelated groups. PDH45

contains ATP-dependent DNA and RNA helicase, DNA-

dependent ATPase, and ATP-binding activities (Pham

et al. 2000). PDH45 expression is induced by salinity,

dehydration, wounding and low temperature, thus sug-

gesting that PDH45 is a general factor involved in abiotic

stress adaptation (Sanan-Mishra et al. 2005). Consistent

with this, overexpression of PDH45 in tobacco and rice

enhances salinity tolerance (Amin et al. 2011; Sanan-

Mishra et al. 2005). MH1 has not been not been previously

characterized in terms of its enzymatic activity but, similar

to PDH45, MH1 overexpression increases tolerance to

abiotic stress (Luo et al. 2009). Biochemical characteriza-

tion of transgenic plants has also suggested that MH1 could

enhance abiotic stress tolerance via the antioxidant

response (Luo et al. 2009). Subcellular localization studies

of eIF4AIII (AT3G19760) indicate that this specific Ara-

bidopsis helicase is a component of the exon junction

complex, which is involved in different aspects of mRNA

biogenesis, including transcription, splicing and translation

(Koroleva et al. 2009). While its function at subcellular

level has been characterized, the relevance of eIF4AIII in

major plant processes such as stress adaptation has not yet

been explored. In this focus article, we integrated
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evolutionary and functional approaches to elucidate pos-

sible functions of eIF4AIII in abiotic stress adaptation.

Orthologous genes in different species are evolutionarily

closely related and are therefore expected to have similar

biochemical and biological functions (Phillips 2006). The

robust method to identify orthologs is derived from the

analysis of phylogenetic trees. For orthologous assignment,

the gene tree has to be congruent (i.e., the same topology)

with the species tree (Perez Di Giorgio et al. 2014). These

patterns of congruence are very hard to achieve when

protein families contain tens or even hundreds of genes per

genome. However, we have previously found that when the

phylogenetic studies of thiolase and aquaporin superfami-

lies are restricted to proteins with high amino acid identity,

there is a shift from incongruence to congruence (Fox et al.

2014; Perez Di Giorgio et al. 2014; Soto et al. 2010, 2011,

2012). Considering previous experiences, and given that

helicases constitute a broadly diversified family of genes,

the phylogenetic study of eIF4AIII was restricted to pro-

teins with high amino acid identity ([70 %). Using this

stringent criterion, we observed complete congruence

between plant helicases and organismal trees (Fig. 1a).

Since a congruent pattern is only one topology, the prob-

ability that a congruent pattern occurs by chance is virtu-

ally null (Perez Di Giorgio et al. 2014). Thus, our

evolutionary analysis constitutes strong evidence support-

ing the hypothesis that the stress-related helicases PDH45

from Pisum sativum (CAA76677) and MH1 from Med-

icago sativa (ABL07003) are the orthologs of the mRNA

biogenesis-related helicase eIF4AIII from Arabidopsis

thaliana (AT3G19760) (Fig. 1a). In contrast to paralogous

genes, which normally exhibit divergent functions,

orthologous genes in different organisms play similar

functions (Perez Di Giorgio et al. 2014). Therefore, in

addition to their evolutionary equivalence, we can specu-

late that PDH45, MH1 and eIF4AIII have similar roles

related to both mRNA biogenesis and abiotic stress adap-

tation. In this context, we empirically explored the role of

eIF4AIII in abiotic stress adaptation.

We studied the induction of eIF4AIII expression under

abiotic stress and found that eIF4AIII transcript levels were

significantly higher in both cold and heat environments

than in control conditions (Fig. 1b). In addition, we

observed that homozygous mutant plants carrying a

T-DNA insertion mutation in eIF4AIII were more sensitive

to both cold (Fig. 1c) and heat (Fig. 1d) stresses than wild-

type plants, and that complementation of mutant plants

with eIF4AIII restored abiotic stress resistance (Fig. 1c, d).

Thus, these results showed that eIF4AIII is a stress-related

plant helicase like its orthologous proteins PDH45 and

MH1. Moreover, a strategy to investigate ortholog func-

tionality is to perform a cross-species complementation

analysis. Here, we showed that MH1 can complement the

defective stress phenotype of Arabidopsis eIF4AIII mutant

(Fig. 1c, d). This analysis provides evidence of conserved

function between eIF4AIII and MH1 orthologs. Addition-

ally, we showed that Arabidopsis eIF4AIII mutant had

lower expression of acetoacetyl-CoA thiolase (AACT),

also called thiolase II, than its parental wild-type line under

heat stress conditions (Fig. 1e). AACT catalyzes the rate-

limiting step in the mevalonate pathway during abiotic

stress adaptation in plants (Soto et al. 2011), and its

expression level is crucial to the production of reduced

compounds involved in the mitigation of abiotic stress in

eukaryotes and bacteria (Fox et al. 2014). Interestingly, we

showed rescue of Arabidopsis eIF4AIII mutant sensitive

phenotype by expressing AACT (Fig. 1c, d), suggesting

that eIF4AIII can regulate abiotic stress resistance, at least

partially, via the control of AACT expression.

The roles of helicases in essential functions and abiotic

stress adaptation have been analyzed in several organisms,

including plants, but the relationship between these types

of helicases had not yet been analyzed in depth. Here, we

presented evolutionary and functional evidences of equiv-

alence between stress-related and mRNA biogenesis

bFig. 1 a Phylogenetic analysis of Arabidopsis eIF4AIII using the NJ

method. mRNA biogenesis (eIF4AIII) and stress-related (PDH45 and

MH1) plant helicases described in previous studies are boxed. The

current classification of green plants is found on the right. Genetic

distances computed using Poisson correction model by using the

following parameters: substitutions to include = all, gaps/missing

data = pair-wise deletion, phylogeny test = bootstrap 500 replicates

and root on midpoint according to Soto et al. (2012). Bootstrap

percentages are indicated at the branch points. Only as an example of

pre-selection of putative orthologous genes in each plant genome, we

show preliminary phylogenetic analysis of Arabidopsis helicases

where PDH45 seems to be the orthologous protein of eIF4AIII

(AT3G19760) (Fig. S1). b Quantitative analysis of the expression of

the eIF4AIII gene in wild-type Arabidopsis plants under cold and heat

stress conditions. Expression profiles of eIF4AIII are relative to the

actin gene (Soto et al. 2010). Control, 22 �C (black bar); cold, 4 �C
(dark grey bar); heat, 40 �C (light grey bar). Values represent

mean ? SEM, n = 3 independent experiments. Thermotolerance

phenotype of eIF4AIII mutant showing (c) cold and (d) heat

sensitivity as 7-day-old seedlings. Percentage of survival of plants

was determined 7 days after abiotic stress. Arabidopsis thaliana (Col-

0) plant material was used as wild-type (wt). Seeds of the eIF4AIII

T-DNA insertion line GABI_955D10 were supplied by the Max

Planck Institute for Plant Breeding Research (http://www.gabi-kat.

de). eIF4AIII (c1), MH1 (c2) and AACT (c3) were amplified by PCR

and cloned in pBI121 (AF485783) to transform the mutant line

eIF4AIII homozygous mutant (m1) by floral dipping as described by

Zhang et al. (2006). Wild-type (black bar); m1 (dark grey bar); c1

(grey bar); c2 (light grey bar); c3 (white bar). Values represent

mean ? SEM, n = 10 independent experiments. e Quantitative

analysis of the expression of the AACT gene in wild-type and

eIF4AIII mutant Arabidopsis plants under heat stress conditions.

Expression profiles of ACCT are relative to the actin gene (Soto et al.

2010). Wild-type (black bar); m1 (dark grey bar); c1 (light grey bar).

Values represent mean ? SEM, n = 3 independent experiments.

Asterisks indicate a statistically significant difference (Tukey:

***p\ 0.001; **p\ 0.01; *p\ 0.05)
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helicases. Therefore, this focus article offers a starting

point to integrate experimental data on plant helicases to a

better understanding of their function in major plant

processes.
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