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Drought stress differentially regulates the expression of small open reading frames
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ABSTRACT
Characterizing the molecular mechanisms governing the response of plant roots and shoots to drought
stress could aid the development of strategies aiming to ameliorate drought stress. Small open reading
frames (sORFs), putatively encoding small peptides, may play a significant role in the response to different
abiotic stresses. Microarray analyses revealed that after 5, 7 and 9 d of a drought treatment, 2, 77, and 104
sORFs were up-regulated in roots, respectively; while the number of upregulated sORFs in shoots was 12,
45, and 158, respectively. RT-qPCR analysis confirmed the up-regulated expression of ATRIKEN29196 and
ATRIKEN32280 specifically in roots. The identified upregulated sORFs, particularly those in roots, may
contribute to drought stress tolerance.
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Abiotic stresses severely limit crop production and reduce the
yield and quality of crops. Drought stress is a serious agricul-
tural constraint that has a significant impact on plant growth
and crop production. Water scarcity is predicted to increase in
future due to global warming and climate change. Thus, under-
standing the molecular response of plants to drought stress and
utilizing this knowledge to develop various molecular strategies
to ameliorate the harmful effects of water deficit is essential to
meet the demand for increases in food production.1-6 Plants
differentially regulate the expression of specific genes in roots
and shoots in response to drought stress, which results in
adjustments of osmotic potential and metabolism.7,8 During a
progressive drought stress, the transcriptional changes in roots
during the early phase of drought stress (3–5 d after the onset
of drought stress) are more significant than those that occur in
shoots; indicating that roots sense water scarcity much earlier
than shoots.8 The genes that are up-regulated in roots during
the initial stages of drought stress are related to ABA synthesis
and transport, as well as solute transport. Moreover, genes
belonging to major facilitator superfamily transporters, multi-
drug and toxin extrusion efflux transporters, microRNA genes,
suberin, pectin and secondary cell wall biosynthesis/modifica-
tion-related genes, pre-tRNA genes, and various S-adenosyl-L-
methionine (SAM) dependent transferases are also upregulated
in roots.8

Despite recent advances in genome and RNA sequencing, it
is still a challenge to identify genes encoding small proteins
(less than 100 amino acids). As a result, the contribution of
small open reading frames (sORF) to the development and
response to abiotic and biotic stresses has not been investigated

in much detail.9,10 Greater than 8,000 sORFs have been
reported in Arabidopsis11,12 and many of these have been
reported to be associated with morphogenesis.12 Although
some of the sORFs are present as antisense to the Arabidopsis
Genome Initiative (AGI)-annotated genes (4.78%), the majority
of these sORFs lie in intergenic regions. Several small peptides
putatively encoded by sORFs have also been identified through
ribosomal sequencing.13,14 Although transcriptional changes in
response to drought stress have been well documented,8,15,16

changes in the expression of sORFs in roots and shoots of Ara-
bidopsis plants have not been investigated. We recently devel-
oped a system in which plants are grown in a ceramics-based
granular soil. The characteristics of this substrate allows root
and shoot samples to be easily sampled independently, which
in turn enables a separate dissection of the root and shoot tran-
scriptome. Here we report that, similar to other reported genes,
Arabidopsis sORFs are also differentially regulated in roots and
shoots of Arabidopsis plants grown in a ceramics-based granu-
lar soil in response to a progressive drought stress. It is plausi-
ble that an increased understanding of the role of these sORFs
could provide the opportunity to develop novel approaches for
the development of drought-stress tolerant crop plants.

A customized microarray analysis was used to monitor the
expression of sORFs that respond to a drought stress.8 The
experimental conditions and the microarray data have been
previously described, and are available through GenBank under
accession number GSE76827.8 Briefly, seeds of Arabidopsis
thaliana (Col-0 ecotype) were grown on MS medium for 9 d
and were then transferred to a ceramics-based, granular soil
(size 2.5 L, Sakatanotane, Japan) and grown for 8 additional
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days at 22�C (16 h light/8 h dark cycle, 60 mmol m¡2 s¡1 pho-
ton flux density). The plants were then subjected to drought
stress by removing excess water and subsequently ceasing to
water the plants. Roots and shoots were separately harvested at
0, 1, 3, 5, 7, and 9 d after the onset of the drought treatment.
Three biological replicates were collected at each time point.
RNA was extracted with a mirVanaTM miRNA Isolation Kit
(Ambion, USA) as previously described.8 This kit is specifically
designed to extract small RNAs from tissue and cells using a
glass fiber filter (GFF)-based method, and is therefore also suit-
able for analyzing the expression of sORFs. A student’s t-test
(p-value) was performed on normalized microarray data and
the Benjamini and Hochberg False Discovery Rate (FDR; q-
value) procedure was used to control the certainty level.17

sORFs with at least a 2-fold change in expression and having a
q-value <0.1 were considered to be differentially expressed.

Due to its large pore size, the water holding capacity of the
ceramics-based, granular soil is poor as compared to normal
soil; thus the drought stress progressed more rapidly than it
would in normal soil. The water retention capacity of the soil
was 119% at day 0, after which it dropped rapidly during the
early stages of the drought stress. By day 3, the water content
had decreased to 73% (Fig. 1A). The water content of ceramics-
based, granular soil dropped by 46% during the first 3 d of
drought stress. By day 5 of drought stress, the water content
continued to drop and reached 44%. By day 7 and 9, the soil
water content of the ceramics-based, granular soil was 16% and
4%, respectively. These data clearly indicate that the drought
progressed very rapidly in the ceramics-based, granular soil, as
compared to normal soil conditions which have a greater water
retention capacity. A water content around 38% and 15% has
been reported on the 8th and 13th day of drought stress in nor-
mal soil, respectively.18 Root and shoot fresh weight increased
up to the fifth day of the drought stress, and then began to
drop by the seventh day (Fig. 1B). The initial increase in root
and shoot fresh weight indicated that plants were actively grow-
ing, despite sensing the change in water availability during the
early stages of the drought stress, up to the point where soil
water content was approximately 44%.

Microarray data indicated that the expression of many
sORFs was impacted in roots and shoots in response to a pro-
gressive drought stress (Fig. 2). The effect on the expression of

these sORFs was slightly later than in AGI annotated genes. By
day 3 of the drought stress, several drought-stress related genes,
including RD29A, RD29B, PP2C1, PP2C2, PP2C3, and ABA
biosynthesis-related genes, were up-regulated,8 while no change
in the expression of the sORFs was observed in roots or shoots
on day 1 or day 3 of the drought stress treatment. By day 5, 7,
and 9 of the drought stress treatment, the number of upregu-
lated sORFs in roots progressed from 2 to 77, and 104, respec-
tively (Fig. 2). The two sORFs that were up-regulated on day 5
of the drought stress were also upregulated on day 7 and 9. In
total, 61 sORFs were up-regulated in roots in response to the
drought stress treatment at day 7 and day 9 (Fig. 2B). A total of
12, 45, and 158 sORFs were upregulated in shoots in response
to the drought stress treatment on day 5, 7, and 9, respectively
(Fig. 2). Among the 12 sORFs that were up-regulated at day 5,
the expression of 11 of these sORFs was also upregulated at day
7 and 9 (Fig. 2B). A total of 41 sORFs were up-regulated in
shoots at day 7 and day 9 of the drought stress treatment. Col-
lectively, 120 and 162 sORFs were upregulated in roots and
shoots, respectively (Fig. S1). Among these, 64 sORFs were up-
regulated in both roots and shoots.

None of the sORFs whose expression was impacted by
the drought stress treatment was down-regulated at day 1 or
3 (Fig. 2C). At day 5, 7, and 9, however, the number of
downregulated sORFs in roots was 1, 30, and 46 respectively
(Fig. 2C), while the number of down-regulated sORFs in
shoots was 4, 27 and 68, respectively. The down-regulation
of the majority of sORFs in roots and shoots occurred at
day 9 of the drought stress treatment (Fig. 2D). In total, 54
and 72 sORFs were downregulated in roots and shoots,
respectively, in response to the imposed drought stress
(Fig. S2). The expression of 14 of the sORFs was down-regu-
lated in both roots and shoots. Many of the sORFs identified
in the current study may be involved in drought stress
response through signal transduction or some other
unknown molecular mechanism. Some of these sORFs, how-
ever, may not be related to drought stress response and are
potentially involved in other physiological processes. For
example, since the plants started flowering on the fifth day
of the drought stress treatment as previously reported,8

many of the sORFs, particularly those that were upregulated
in shoots, may be related to flowering.

Figure 1. Soil water content and root and shoot fresh weight during a progressive drought stress treatment. (A): Percent soil water content, (B): Root and shoot fresh
weight. Data represent the mean § sd. n D 8.
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The sequence and expression profiles of the sORFs identified
in the present study can be acquired from the HanaDB-AT19

database maintained at http://evolver.psc.riken.jp/seiken/

search.html. The sORFs are predicted to encode peptides of
varying lengths (Table S1). For example, ATRIKEN27513 is
predicted to encode a peptide of 53 amino acids (a.a.),

Figure 2. Arabidopsis sORFs up or downregulated in response to a progressive drought stress treatment. (A-B): sORFs up-regulated by drought stress in roots and shoots.
A): Number of sORFs upregulated in response to a progressive drought stress. (B): Venn diagram of up-regulated sORFs at day 5, 7, and 9 of a drought stress treatment
(C-D): sORFs down-regulated in roots and shoots in response to a drought stress treatment. (C): Number of sORFs downregulated in response to progressive drought
stress treatment. (D): Venn diagram of down-regulated sORFs at day 5, 7, and 9 of a drought stress treatment.

Figure 3. sORFs upregulated specifically in roots in response to a progressive drought stress treatment. Normalized log2 values were used to plot the expression of sORFs
up-regulated specifically in roots in response to a progressive drought stress treatment. (A): ATRIKEN30472, (B): ATRIKEN30627, (C): ATRIKEN27491, (D): ATRIKEN28546, (E):
ATRIKEN28957, (F): ATRIKEN29196, (G): ATRIKEN29357, (H): ATRIKEN29359, (I): ATRIKEN29360, (J): ATRIKEN31692, (K): ATRIKEN32280. Data presented are the mean § sd, n D
3. Bars with an asterisk above are significantly different from Day 0 based on a q value<0.01, fold change �2.
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ATRIKEN28546 is predicted to encode a 35 a.a. peptide, while
ATRIKEN32280 is predicted to encode a 72 a.a peptide.
ATRIKEN27811 and ATRIKEN28145 are predicted to encode
peptides of 71 and 49 a.a., respectively, while ATRIKEN29195
and ATRIKEN29358 are each predicted to encode a polypeptide
of 70 a.a. (Table S1). The longer peptides may be representing
pre-peptides and may be truncated to encode functional pepti-
des, e.g. Arabidopsis CLE like (CLEL) genes encode precursors
of peptide hormones.20-22

While analyzing the microarray data, we focused on sORFs
that were up-regulated in roots at day 7 of the drought stress
treatment (q-value <0.1, fold change �2) and divided them
into 2 categories; sORFs upregulated only in roots (Fig. 3), and
sORFs up-regulated in both roots and shoots (Fig. 4). It is plau-
sible that the peptides encoded by sORFs that were specifically
upregulated in roots may be involved in root to shoot signaling.
In order to validate the data obtained in the microarray analysis,
RT-qPCR analysis was performed for sORFs that were specifi-
cally up-regulated in roots only (ATRIKEN 29196 and
ATRIKEN32280) or in both roots and shoots (ATRIKEN27811,
ATRIKEN28145 and ATRIKEN29195). The sequences of the
primers used to confirm the expression of different sORFs are
shown in Table-S2. Actin 2 was used as an internal control to
normalize the data. RT-qPCR analysis confirmed that
ATRIKEN29196 and ATRIKEN32280 were significantly upregu-
lated in roots (Fig. 3 and Fig. 5A-B). It would be interesting to

investigate if the peptides encoded by sORFs specifically up-reg-
ulated in root tissue could contribute to signaling between roots
and shoots during the course of a drought stress. RT-qPCR
analysis also confirmed that ATRIKEN27811, ATRIKEN28145
and ATRIKEN29195 were upregulated at day 7 and 9 of the
drought stress treatment in both roots and shoots (Fig. 4 and
Fig. 5C-E). Interestingly, ATRIKEN29193, ATRIKEN29195, and
ATRIKEN29358 are tandemly located on chromosome 3 of Ara-
bidopsis (Fig. S3A) and there appears to be 2 copies of
ATRIKEN29193 and ATRIKEN29195. The two copies of
ATRIKEN29195 are also tandemly located, separated by a
1788 bp sequence. It is also interesting to note that the sequence
of ATRIKEN29193, ATRIKEN29195, and ATRIKEN29358 is
strikingly similar (Fig. S3B). Thus, primers used to monitor the
expression of ATRIKEN29195, also monitor the expression of
ATRIKEN29193 and ATRIKEN29358. A sequence similarity
among ATRIKEN29357, ATRIKEN29359, ATRIKEN29360, and
ATRIKEN29361, as well as other sORFs, was also observed
(Fig. S3C). Gene duplication is a prominent feature of plant
genome which might have played an important role in the evolu-
tion of phenotypic novelty within plants.23 Moreover, gene
duplication may be serving as a mechanism of genomic adapta-
tion to a changing environment.24 Thus sORFs may have been
duplicated during evolution, and sORFs having more than one
copy may have a greater likelihood of playing a role in the physi-
ology of a plant as well as in response to abiotic stresses.

Figure 4. Changes in the expression of sORFs in response to a progressive drought stress treatment. Normalized log2 values were used to plot the expression of sORFs
responsive to a progressive drought stress treatment. (A): ATRIKEN27513, (B): ATRIKEN27811, (C): ATRIKEN28145, (D): ATRIKEN28545, (E): ATRIKEN29050, (F): ATRIKEN29193,
(G): ATRIKEN29194, (H): ATRIKEN29195, (I): ATRIKEN29358, (J): ATRIKEN31456. Data presented are the mean § sd, n D 3. Bars with an asterisk above are significantly differ-
ent from Day 0 based on a q value<0.01, fold change �2.
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sORFs have been identified in several plant species, includ-
ing rice and Arabidopsis. The expression level of the majority
of sORFs in Arabidopsis tends to be significantly lower as com-
pared to other known coding genes. As a result, it is generally
assumed that sORFs do not play a significant role in regulating
plant processes.19 It was recently demonstrated, however, that
sORFs could play a significant role in various morphological
processes.11,19,25 More than 48,000 putative sORFs have been
identified in rice, which represents a much greater number
than the sORFs that have been identified in Arabidopsis.26

sORFs have also been identified in legumes.27,28 The regulation
of sORFs in rice in response to abiotic stresses has also been
discussed.26,29 In the current study, several sORFs were identi-
fied in roots and shoots that are differentially regulated in

response to a progressive drought stress treatment. Since these
sORFs does not possess any conserved sequences, it is
extremely difficult at this stage of our knowledge to predict the
function of these sORFs. Although the exact function of the
peptides putatively encoded by these sORFs remains unclear, it
is plausible that some are involved in root to shoot signaling in
response to drought stress. Cell-to-cell and root-to-shoot sig-
naling is extremely important in plants and both function to
regulate developmental changes10 and the response to abiotic
stresses. Secreted peptides are reported to play an important
role in cell-to-cell communication and are believed to coordi-
nate and specify cellular functions in plants during develop-
ment and the response to environmental stresses.30 For
example, peptides belonging to the GLV/RGF/CLEL secreted

Figure 5. RT-qPCR analysis of sORFs expression in response to a progressive drought stress treatment. Changes in the expression of (A): ATRIKEN29196, (B): ATRIKEN32280,
(C): ATRIKEN27811, (D): ATRIKEN28145 and (E): ATRIKEN29195 in response to a progressive drought stress treatment. Bars with an asterisk above are significantly different
from Day 0 based on a t-test (p < 0.05). n D 4.
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peptide family have been demonstrated to be involved in plant
developmental-related phenomenon, such as the development
of root hairs, root meristem maintenance; as well as gravitrop-
ism.20,31 Further experimentation is required to confirm
whether or not drought-responsive sORFs encode functional
peptides and to elucidate the mechanisms through which these
peptides work. In summary, the current study identified sORFs
that may represent new players that are involved in the
response of soil grown Arabidopsis roots and shoots to drought
stress.
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