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SUMMARY

Plants can respond to environmental changes with various mechanisms occurred at transcriptional and

translational levels. Thus far, there have been relatively extensive understandings of stress responses of

plants on transcriptional level, while little information is known about that on translational level. To

uncover the landscape of translation in plants in response to drought stress, we performed the recently

developed ribosome profiling assay with maize seedlings growing under normal and drought conditions.

Comparative analysis of the ribosome profiling data and the RNA-seq data showed that the fold changes of

gene expression at transcriptional level were moderately correlated with that of translational level globally

(R2 = 0.69). However, less than half of the responsive genes were shared by transcription and translation

under drought condition, suggesting that drought stress can introduce transcriptional and translational

responses independently. We found that the translational efficiencies of 931 genes were changed signifi-

cantly in response to drought stress. Further analysis revealed that the translational efficiencies of genes

were highly influenced by their sequence features including GC content, length of coding sequences and

normalized minimal free energy. In addition, we detected potential translation of 3063 upstream open read-

ing frames (uORFs) on 2558 genes and these uORFs may affect the translational efficiency of downstream

main open reading frames (ORFs). Our study indicates that plant can respond to drought stress with highly

dynamic translational mechanism, that acting synergistically with that of transcription.
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INTRODUCTION

Water deficiency is one of the major abiotic stresses for

crops (Ciais et al., 2005; Cattivelli et al., 2008). To elucidate

the drought response is therefore very important for global

agricultural development. Over the years, due to the rela-

tive easiness on the measurement of the products of tran-

scription using methods like microarray (Seki et al., 2002)

and the high-throughput second generation sequencing

based RNA-seq technology, large amounts of transcription

related studies have been performed (Wang et al., 2009;

Kakumanu et al., 2012). As a result, a series of drought

responsive genes and their corresponding transcriptional

responsive networks were identified in plants (Seki et al.,

2002; Shinozaki and Yamaguchi-Shinozaki, 2007; Harb

et al., 2010; Kakumanu et al., 2012).

Researches in drought stress response at translational

level, however, have relatively lagged behind owing to the

lack of efficient tools. It was observed that polysomes,

which were the indicators of active translation, shifted to

monosomes in maize and tobacco under drought treat-

ment, suggesting the potential inhibition of mRNA transla-

tion (Hsiao, 1970; Kawaguchi et al., 2003). RNA blot

analysis revealed that a water deficit would alter the pro-

portion of polysomes of putative lipid transfer protein (ltp),

Osmotin (osm), ribulose bisphosphate carboxylase/oxyge-

nase small subunit (rbcS) and eukaryotic initiation factor

4A (eIF4A) compared with control in tobacco (Kawaguchi

et al., 2003). Based on microarray data, the translational

state of ~71% of 2136 genes in Arabidopsis (Arabidopsis
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thaliana) which were estimated by ribosome loading rate

were found to have decreased under drought stress (Kawa-

guchi et al., 2004). Due to the limitation of methodology,

the overall understanding of translational response in

plants has been highly limited.

A novel method called ribosome profiling had recently

been developed, which can provide a single-nucleotide res-

olution measurement of protein synthesis through deep

sequencing of ribosome protected mRNA fragments (RPFs)

(Ingolia et al., 2009). As a major methodological advance-

ment, ribosome profiling has been rapidly applied to the

understanding of translational landscape in various spe-

cies, including mouse (Ingolia et al., 2011), zebrafish (Chew

et al., 2013), human (Michel et al., 2012), fruit fly

(Dunn et al., 2013), and yeast (Ingolia et al., 2009; Gerash-

chenko et al., 2012). In plants, this method was also

recently applied to analyze the photomorphogenesis and

hypoxia translational response in Arabidopsis (Liu et al.,

2013; Juntawong et al., 2014). In addition, a simplified

microarray based ribosome profiling was also developed to

elucidate the translation processing of chloroplast genes in

four nuclear mutants in maize (Zoschke et al., 2013). Ribo-

some profiling revealed diverse mechanisms in translation

by which plants achieve fine-tune regulation of gene

expression under the stimulation of light (Liu et al., 2013),

heat (Shalgi et al., 2013), hydrogen peroxide and hypoxia

(Gerashchenko et al., 2012; Juntawong et al., 2014). These

translational responsive mechanisms act through mediat-

ing ribosome density to enhance or repress translation, or

even sometimes causing frameshift or stop codon read-

through (Gerashchenko et al., 2012; Liu et al., 2013; Shalgi

et al., 2013; Juntawong et al., 2014). In addition, it was

shown that upstream open reading frame (uORF) can be an

important regulatory element in translational response (Liu

et al., 2013; Juntawong et al., 2014).

Here, we report the generation of RNA-seq and ribo-

some profiling data on 14-day maize seedling before and

after drought stress treatment. Our analysis showed that

the progressive drought stress induced moderate correla-

tion between the levels of gene expressional changes on

transcriptional and translational levels, with less than half

of the differentially expressed genes were shared by tran-

scription and translation, and a large number of genes had

significantly altered translational efficiencies under

drought stress. The translational efficiency of different

genes varied three orders of magnitude and was highly

influenced by their sequence features. In addition, large

numbers of short uORFs were identified and were shown

to be potentially translated. These uORFs might repress

the translation of downstream main ORFs. Our study

clearly demonstrates that plants can respond to drought

stress with highly dynamic translational change, which

functions independently and synergistically with the tran-

scriptional response.

RESULTS

Data generation and ribosome profiling data

characteristics

To systematically examine the transcriptional and transla-

tional response to drought stress, we performed RNA-seq

and ribosome profiling on both well-watered (WW) and

drought-stressed (DS) maize seedlings (Figures 1 and S1a).

Both data types had two biological replicates.

In total, around 240 million and 150 million ribosome

profiling reads were generated for the WW and DS seed-

lings, respectively (Table S1). In addition, 32 and 48 million

RNA-seq reads were generated for the WW and DS seed-

lings, respectively (Table S2). The raw reads of the ribo-

some profiling were firstly processed to filter out rRNA

sequences as described in Experimental procedures and

then aligned to the maize B73 reference genome

(RefGen_v2) with Tophat (see Experimental procedures)

(Schnable et al., 2009; Trapnell et al., 2009). Due to the

large amount of rRNAs, the mapping efficiency in our

study was relatively low (~12%), which was comparable

with that in Saccharomyces cerevisiae (16%) (Ingolia et al.,

2009). There are high correlations between the two biologi-

cal replicates (R2 > 0.9) for both RNA-seq and ribosome

profiling data (Figure S1b, c).

Ribosome profiling among different organisms shared

several common features that are associated with the

Figure 1. Overview of experimental design. RNA-seq and ribosome profil-

ing were performed on well-watered seedlings (WW) and drought-stressed

seedlings (DS).
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translation mechanism and can therefore serve as hall-

marks of the successful generation of ribosome profiling

libraries (Ingolia et al., 2009, 2011; Liu et al., 2013; Junta-

wong et al., 2014). To explore whether drought stress may

affect the characteristics of ribosome profiling data, we

compared them between WW and DS seedlings. We found

that the length of RPF is around 30 nt in both WW and DS

samples (Figures 2a and S2a), which is similar to that in

mammals (Ingolia et al., 2011), zebrafish (Chew et al.,

2013), and Arabidopsis (Liu et al., 2013; Juntawong et al.,

2014), but slightly larger than 28 nt reported in yeast (Ingo-

lia et al., 2009). The triplet periodicity is a unique feature of

read density distribution by ribosome that advances three

nucleotides at a time during translation (Ingolia et al.,

2009; Guo et al., 2010; Chew et al., 2013). We observed a

strong three-nucleotide periodicity when scanned after the

start codon and before stop codon using the 50-end of each

read as a coordinate in both WW and DS seedlings (Fig-

ures 2b and S2b). The three-nucleotide periodicity was

also clearly observed when we scanned around the start

and stop codons using reads with different length sepa-

rately (Figure S3a, b). Subsequently, meta-gene analysis

was performed and revealed abrupt peaks of read density

surrounding the start and stop codons respectively

(Figure 2c). The observed peaks of RPFs indicated that

the translation initiation and termination might be the rate-

limiting steps for translation in maize seedlings. We also

observed an excess of normalized read density right

behind the peak at the beginning of CDS which can be

extended to ~200 nt. It was reported that a relatively high

frequency of rare codons distributed at the beginning of

CDS would slow down the initial translation speed to guar-

antee the following sequence to be translated more

smoothly with less energy consumption (Tuller et al.,

2010). We calculated the relative codon usage in first 150

codons and found that first five codons have lower relative

codon usage (Figure S3c), which indicated a relatively

higher frequency of rare codon (Wang and Roossinck,

2006). The rare codons existing at the beginning of CDS

could potentially contribute the relative higher read density

in this region (Figure 2c). The overall distributions of read

density at the beginning of CDS (the first 200 nt) between

WW and DS seedlings were highly similar (Figure 2c), dif-

ferent from that observed in yeast under hydrogen perox-

ide stress or in mammalian cell with heat treatment, in

which stress induced more ribosome accumulation at the

(a)

(c) (d)

(b)

Figure 2. The characteristics of ribosome profiling data in DS seedlings.

(a) Length distribution of ribosome protected fragments (RPFs) in DS seedlings. The grey and white bars refer to two biological replicates.

(b) Three-nucleotide periodicity at the first 50 nt and the last 40 nt of CDS in DS seedlings.

(c) Meta-gene analysis of RPF density along CDS start (left) and stop codon regions (right) in WW (blue) and DS (orange) seedlings, respectively. The dash lines

indicated normalized average read density which equals 1.

(d) The percentage of RPF reads located in CDS, 50UTR and 30UTR in WW (blue) and DS (orange) seedlings, respectively.
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beginning of translation (Gerashchenko et al., 2012; Shalgi

et al., 2013).

Until now, many small ORFs in the untranslated regions

(UTRs) were identified among several eukaryotes, such as

yeast (Young et al., 2015), mammalian and plants (Hayden

and Jorgensen, 2007; Barbosa et al., 2013). Here, 2.1% and

0.4% of RPFs were observed in the 50UTR and 30UTR

respectively while 97.5% of RPFs located in CDSs in the

WW seedlings (Figure 2d). The proportion of reads

mapped to CDS decreased to 95.9% while the proportion

in 50UTR and 30UTR increased to 3.6% and 0.5% respec-

tively under drought condition (Figure 2d). The fact that

RPFs mapped to UTRs, especially in 50UTR, indicated the

potential translation in UTR, which is consistent with the

reports in yeast and Arabidopsis (Ingolia et al., 2009; Liu

et al., 2013).

Drought stress altered expression at both transcriptional

and translational levels

It is well known that drought stress physiologically

represses plant growth by having less biomass accumula-

tion per unit area and lower rates of photosynthesis

(Degenkolbe et al., 2009; Harb et al., 2010; Kakumanu

et al., 2012). With both RNA-seq and ribosome profiling

data of seedlings that were grown under WW and DS con-

ditions, we were able to examine the effects of drought

stress on gene expression at both transcriptional and

translational levels simultaneously.

Firstly, we investigated drought stress induced gene

expression changes at the transcriptional and translational

levels separately. We detected 1646 up-regulated genes

and 2870 down-regulated genes at transcriptional level.

Meanwhile, 1779 up-regulated genes and 3832 down-regu-

lated genes were detected at translational level (Figure 3a).

The number of down-regulated genes was greater than the

number of up-regulated genes at both transcriptional and

translational levels, which indicates a general reduction of

gene expression at both levels. To confirm the transla-

tional repression, polysome profiling was performed as

shown in Figure 3(b). Compared with the WW seedlings,

the proportion of polysome in the DS seedlings decreased

from 49.9% to 33.9% and the monosome proportion

increased from 34.9% to 48% correspondingly, clearly

demonstrating a genome-wide repression of translation in

DS seedling (Figure 3b).

Next, we performed functional analysis of differentially

expressed genes based on the MapMan software. It

observed that the enriched pathways at the transcriptional

and translational levels were largely overlapped (Fig-

ure S4). For example, genes enriched in pathways such as

photosynthesis (Hayano-Kanashiro et al., 2009), lipid meta-

bolism, major carbohydrate (CHO) metabolism, cell wall

(Kakumanu et al., 2012), DNA synthesis and signaling were

prominently down-regulated (Figure S4). Meanwhile,

sucrose degradation, glutamate family synthesis, and

stress relevant pathways were up-regulated (Figure S4)

(Seki et al., 2002; Kakumanu et al., 2012).

It is worthwhile to note that large numbers of genes of

enriched pathways showed a discordant response at tran-

scriptional and translational levels (Figure S4). Figure 3(c)

indicated that less than half of responsive genes (26.2% of

up-regulated and 39.3% of down-regulated genes) were

shared between transcriptional and translational levels

(Figure 3c), which supported that discordant change at the

two levels took place. For example, Lhcb3 (chlorophyll a/b

binding protein 3, GRMZM2G155216) was clearly observed

to be repressed at only translational level (Figure S5a). 60S

ribosomal protein L38 (AC190609.3_FG002) was detected

(a) (b) (c)

Figure 3. Drought stress induced transcriptional and translational responses.

(a) The number of differentially expressed genes (fold change ≥2 and q-value ≤0.01) at transcriptional or translational levels under drought stress. The white and

grey bars refer to the number of up-regulated and down-regulated genes respectively.

(b) Drought stress decreased the proportion of polysomes. MP stands for the proportion of monosome and PP indicates the proportion of polysome. The white

and grey bars indicate MP (or PP) in WW and DS seedlings respectively. The mean values and standard deviation were from four independent experiments. Stu-

dent’s t-test was used for hypothesis testing. Single asterisk indicates a P-value <0.05.
(c) The relationship between drought responsive genes at transcriptional and translational levels. Genes analyzed in Figure 3(c) were derived from Figure 3(a).

© 2015 The Authors.
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to be up-regulated at the translational level without obvi-

ous change at the transcriptional level (Figure S5b). To

access the overall trend of expression changes at two dif-

ferent levels simultaneously, we calculated the fold change

of gene expression (FPKM) at both transcriptional and

translational levels. Our results showed that the changes at

transcriptional and translational levels were moderately

correlated (R2 = 0.69; Figure 4). We then classified genes

based on the fold change of FPKM (|log2(fold change)| > 1

as cutoff) into nine gene categories (Figure 4). Further

analysis revealed that 59% of the responsive genes were

among the accordant groups (classes C and G) which were

co-regulated with their expression increased or decreased

to a similar extent at both transcriptional and translational

levels. Meanwhile, 41% of responsive genes (1832 genes)

were located in the other six discordantly regulated groups

(classes A, B, D, F, H, and I; Figure 4).

Genes in four discordant regulated groups were further

analyzed for Gene Ontology (GO) enrichment. Genes in

classes D and F were regulated at transcriptional level

without significant change in translation. Among them,

319 transcriptionally down-regulated genes in class D were

enriched in metabolic and cellular processes (carboxylic

acid biosynthesis and glycolysis) (Figure S6a and

Table S3), while 399 transcriptionally up-regulated genes

in class F were observed to be enriched in heat shock pro-

tein binding (Figure S6b and Table S3). In contrast, genes

in classes B and H were regulated translationally without

detectable change at mRNA levels. In class H, 589 genes

with decreased translation were remarkably enriched for

membrane, transferase activity, and modification (Fig-

ure S6c and Table S3). There were 525 translationally up-

regulated genes (class B), involved in the pathways of

gene expression, ribosome, RNA binding, and translation

(Figure S6d and Table S3).

Drought stress introduced significant changes of the

translational efficiencies of a large number of genes

Translational efficiency (TE, calculated by FPKMribosome-pro-

filing/FPKMRNA-seq), which directly measures the efficiency

of RNA utilization, is an important index for translation

(Ingolia et al., 2009; Dunn et al., 2013). 100 bp pair-end

(PE) RNA-seq data was used to measure the transcriptional

abundance in maize for its higher mapping accuracy com-

pared with single-end reads. To answer whether any bias

may be generated as we have used different read length

(100 bp versus 26–34 bp) and sequencing strategy (pair-

end versus single-end) between RNA-seq and ribosome

profiling data, we simulated 30-bp single-end (SE) RNA-

seq reads from the 50-end of 100 bp PE data for the WW

seedling. Then, we compared it with our 100 bp PE RNA-

seq data (see Experimental procedures). We found that the

transcriptional abundance (FPKMs) and TE calculated from

100 bp PE and 30 bp SE RNA-seq data were highly corre-

lated (Figure S7a, c). Also, the distributions of FPKM of all

expressed genes were almost identical (Figure S7b). How-

ever, due to different methods of fragmentation and recov-

ery used for cellular and ribosome protected mRNA, there

may be potential bias for some particular mRNA frag-

ments.

Genome-wide TE analysis showed that TE of genes

varied more than ~4000-fold, which suggested that a

large number of genes underwent a highly dynamic

translational regulation (Figure 5a). For example, photo-

synthesis genes were among the most active pathways

in rapidly growing seedlings and reported to have a rela-

tive high transcriptional abundance (Li et al., 2010). We

observed both higher transcriptional abundance (P-

value = 6.45e-13) and higher TE (P-value = 2.64e-08) for

genes known to be involved in photosynthesis as com-

pared to the all other genes expressed in seedlings (Fig-

ure 5a). The increased TE of these photosynthesis related

genes indicated a further increase of translation efficiency

on top of their high activity of transcription during rapid

growth of seedling.

We next tried to explore whether plants can response to

drought stress through the change of translational effi-

ciency. Although, the global distribution of mRNA abun-

Figure 4. Fold changes of FPKMs at transcriptional and translational levels

under drought stress.

Nine squares in different colours indicated nine responsive groups (fold

change ≥2 and q-value ≤0.01).
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dance and TE were highly similar between the DS seed-

lings and the WW seedlings (Figure S8a), we still detected

538 genes with decreased TE (less than 2.8-fold, z-score

< �2) and 393 genes with increased TE (more than 2.7-fold,

z-score > 2) after drought treatment (Figure 5b), demon-

strating that adjusting gene translational efficiency can be

an important way of stress responses for plants.

As the transcriptional and translational abundance both

contributed to the translational efficiency, we next checked

the distribution of gene with decreased and increased TE

in previous determined nine responsive categories to dis-

sect the change of TE at transcriptional and translational

levels respectively. As expected, the changes of transcrip-

tional and translational abundance could both contribute

to the changes of TE as showed in Figure S8(b, c). While,

genes which were solely regulated at transcriptional or

translational levels accounted for more than half of the

genes which TE significantly changed. For example, genes

in groups F (solely regulated at transcriptional level) and H

(solely regulated at translational level) together comprised

about 65% of the genes with significantly decreased TE

(z-score < -2) (Figure S8b). In addition, a proportion of

genes accordantly regulated at transcriptional and transla-

tional levels (groups C, E and G) can also lead to a signifi-

cant change of TE, due to a different degrees of fold

changes between transcriptional and translational abun-

dance (Figure S8b, c).

The translational efficiencies of genes were affected by

their sequence features

Sequence features of genes were reported to contribute to

the proportion of mRNAs associated with polysomes and

further affect protein abundance (Ringner and Krogh, 2005;

Vogel et al., 2010; Liu et al., 2012). To understand the

specific contribution of sequence features in translational

regulation in maize, we examined three sequence charac-

teristics (sequence length, normalized minimal free energy

(NMFE) and GC content) in CDS, 30UTR, and 50UTR of

genes, and estimated their potential effect on translational

efficiency of corresponding genes (see Table S4). For CDS,

we observed that genes with higher translational efficiency

(Log2(TE) > 1) tend to have shorter length, higher GC con-

tent, and lower NMFE (Figure 6a). For 30UTR, the differ-

ences were relatively minor between higher and lower

translational efficiency genes. Only genes in highest trans-

lational efficiency group (Log2(TE) > 1) tend to have shorter

length (Figure S9b), higher GC content and lower NMFE in

30UTR than other groups (Figure S9a, c). For 50UTR, how-

ever, genes with higher translational efficiency (Log2(TE) >
1) were found to hold the 50UTR with a higher NMFE,

shorter length and lower GC content (Figure S9d–f). The

sequence features of genes in different TE groups in DS

seedlings were consistent with the trends in WW seedlings

(Figure S9 g–i).

(a) (b)

Figure 5. Genome-wide translational efficiency (TE) analysis.

(a) An overview of the log2(TE) as a function of mRNA abundance in WW seedlings. The density is shown along the axes. Red and blue colours represent

nuclear genes and photosynthesis genes respectively. The red and blue dash lines indicate mean value of corresponding genes. P-values were determined by

single-tailed Student’s t-test.

(b) Histogram of the fold change in TE between WW and DS seedlings. The inset figure shows an overview of the TEs in WW and DS seedling. Red and green

colours indicate genes with significantly increased and decreased TE respectively. A z-score greater than 2 was adopted as the threshold for both the main fig-

ure and the inset figure.
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Next, we checked whether genes with accordantly and

discordantly expressed patterns differed in their sequence

features. Based on the Kolmogorov–Smirnov test (KS test),

the cumulative curve illustrated that genes located in

accordant group (genes in the overlapped parts in

Figure 3c) tended to have a higher GC content

(P-value = 3.7e-11) and lower NMFE (P-value = 1.6e-12) in

CDSs when compared with discordant ones (genes in the

non-overlapped parts in Figure 3c) (Figure 6b, c). Also,

genes with a lower GC content in 50UTRs tended to be

accordantly regulated (P-value = 1.2e-4; Figure S9j).

Widespread upstream open reading frames (uORFs)

Water deficiency increased the proportion of RPFs in

50UTRs by 1.7-fold (Figure 2d), similar to what was

observed in yeast under starvation or oxidative stress

(Ingolia et al., 2009; Gerashchenko et al., 2012), and in

mouse fibroblast under heat shock stress (Shalgi et al.,

2013). These observations implied that some elements

located in 50UTR could participate in the stress response.

uORFs, which consist of small open reading frames in

50UTRs, are well known to repress the translation of the

downstream main ORFs (mORFs) by reinitiation and leaky

scanning and have been identified in several organisms

(Morris and Geballe, 2000; Sachs and Geballe, 2006; Bar-

bosa et al., 2013; von Arnim et al., 2014). However, only

uORFs of two classical genes (Lc and O2) have been identi-

fied previously in maize (Ludwig et al., 1989; Damiani and

Wessler, 1993; Lohmer et al., 1993; Wang and Wessler,

2001). The ribosome profiling data generated in this study

made it possible to identify uORFs on a genome-wide scale

in maize.

We firstly performed uORF prediction across the maize

genome based on the presence of AUG start codons in

50UTR sequences. To identify uORF-containing genes accu-

rately, we focused on 26 971 maize genes in filtered gene

set (FGS) that are syntenic with four other grass species:

rice (Oryza sativa), brachypodium (Brachypodium dis-

tachyon), foxtail millet (Setaria italica), and sorghum (Sor-

ghum bicolor). As a result, 7927 (~30% of syntenic genes)

were predicted to have uORFs, with an average of 2.8

uORFs per gene and a median length of 36 bp

(Figure S10a, b). Among them, 2558 genes (including 45

classical genes like Lc) were shown to have 3063 ribo-

some-binding uORFs with median length of 105 bp (poten-

tially translated uORFs) in seedlings under normal growth

conditions (Table S5 and Figure S10c, d).

Translated uORF repressed the translation of mORFs

To depict the characteristic differences between translated

and untranslated uORFs, three parameters related to the

reinitiation of the mORF were compared: uORF length,

length of 50UTR, and NMFE (Sachs and Geballe, 2006; Bar-

bosa et al., 2013). We found that the translated uORFs had

a longer length (P-value < 2.2e-16) and stronger folding

potential (P-value < 2.2e-16) than untranslated ones (Fig-

ure 7a, c). However, genes with translated uORFs dis-

played a shorter 50UTR length (P-value < 2.2e-16;

Figure 7b). Further refining the influence of 50UTR length,

we observed that both the relative distance from the uORF

to the start codon of the mORFs (P-value < 2.2e-16), and

from the uORF to the transcription start site (TSS) (tran-

scription start site; P = 1.4e-9) in translated uORFs were

shorter (Figure 7d, e). The differences of sequence charac-

teristics between translated and untranslated uORFs in DS

seedlings were consistent with that in WW seedlings (Fig-

ure S11a–e).

Kozak consensus sequence with ‘GCCA/GCCAUGG,’

especially the position of �3(A/G) and 4(G) around AUG

start codon is important for start codon recognition as well

as translation initiation (Kozak, 1986, 2002). We firstly per-

formed motif analysis around the start codon of all FGS

(a) (b) (c)

Figure 6. The influence of sequence feature on translational efficiency.

(a) The difference of coding sequence (CDS) length, GC content and NMFE (normalized minimal free energy) among four TE groups. The letters a–d indicate sig-

nificant differences based on Student’s t-test (P-value <0.05).
(b, c) Graphs show the difference in CDS GC content (b), and NMFE (c) between accordantly (red) and discordantly (blue) regulated genes at transcriptional and

translational levels. P-values were determined by the Kolmogorov–Smirnov test.
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transcripts. The flanking sequence of start codon in FGS

genes coincided well with Kozak sequence (Figure S11f).

Subsequently, we compare the frequency of each base of

the flanking sequence around uORF start codon between

translated and untranslated ones. A high GC content of the

flanking sequence in translated uORFs was observed

(Figures 7f and S11 g). Furthermore, the probabilities of

guanine at the position of �3 (P-value = 0.02) and +4
(P-value = 3.0e-4) in translated uORFs were found to be

higher than in untranslated ones (Figure 7f).

In order to investigate the influence of the translated

uORFs upon the translation of the mORFs in maize, we

next analyzed the TE of three groups of genes: genes with

predicted uORFs but without translation, genes with one,

and with multiple translated uORFs. Compared with

untranslated uORFs, translated uORFs significantly

decreased the TE of corresponding genes (Figure 7g). Also,

the reduction of TE was shown to be further enhanced by

the increasing of the number of translated uORFs (Fig-

ure 7g).

uORFs were reported to response to sugar signal (Wiese

et al., 2004), light (Liu et al., 2013) and pathogen infection

(Pajerowska-Mukhtar et al., 2012). Then, we analyzed the

translational efficiency of uORFs in DS seedling. Compared

with WW seedling, the TE of uORFs was higher in DS seed-

lings which indicated the translation of uORFs was

enhanced globally under drought stress in maize (Fig-

ure 7h). The increased TE of uORF was consistent with the

increased proportion of RPFs located in 50UTR (Figure 2d).

DISCUSSION

Transcriptional and translational responses working

together on drought stress

By having successfully obtained the ribosome profiling

and RNA-seq data, we are not only able to address the

genome-wide gene expression changes at the translational

level after drought stress but also to investigate the inter-

play between transcriptional and translational responses.

In general, we observed a relative high Pearson correlation

(a)

(f) (g) (h)

(b) (c) (d) (e)

Figure 7. Characteristics of uORFs in WW seedlings.

(a–e) In the figure parts (a) to (e) show the difference between translated and untranslated upstream open reading frames (uORFs) in uORF length (a), 50UTR

length (b), NMFE (c), normalized distance from uORFs to CDS ATG start codon (d), and normalized distance from uORFs to the transcription start site (TSS) (e).

White and grey colours indicate translated and untranslated uORFs respectively. P-values were determined by Student’s t-test.

(f) Sequence composition between translated (top) and untranslated uORFs (lower) around the ATG start codon. Chi-squared test was used for significance anal-

ysis. Single and double asterisks indicate P-value <0.05 and P-value <0.01 respectively.

(g) The difference of TE among genes with none (green), one (blue) and multiple translated uORFs (red).

(h) The difference of uORFs’ TE between WW (red) and DS (blue) seedlings. P-values in (g) and (h) were determined by Kolmogorov–Smirnov tests.
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between the fold changes of gene expression of the tran-

scription and translation under progressive drought condi-

tion (Figure 4).

However, we observed 1832 genes (41% of drought

responsive genes) underwent discordant change at the

transcriptional or translational levels, which clearly indi-

cated independent stress responses at the two levels (Fig-

ure 4). There were 1114 genes that were exclusively

regulated at translational level. Translational response do

not need to produce new mRNA, therefore it can be a more

rapid and direct way of environmental response (Sonen-

berg and Hinnebusch, 2009). So despite being a fine-tuning

role as discussed before (Lackner et al., 2012), translation

itself apparently plays a relatively independent role in

stress response. On the other hand, we identified 718

genes in classes D and F that are exclusively regulated on

transcriptional level without detectable change of transla-

tion. These genes are primary function in basic physiologi-

cal processes. As reported in yeast with sodium chloride

treatment, the mRNA abundance at a denote time point

was better correlated with the abundance of protein at its

following time point than with that of the same time point,

demonstrating that the protein expression had lagged

behind the transcription in stress response (Lee et al.,

2011). Therefore, we hypothesize that the change of the

mRNA abundance of a group of genes in classes D and F

can be an indicator for the follow-up change of translation.

For the 399 genes observed with only increasing in tran-

scription in class F, it also could be that plants can modu-

late mRNA abundance to make up the reduction of

translational efficiency to maintain the essential processes

running. Another potential explanation is that the

increased mRNA abundance could form a reserved pool

for quick translation in the future once the stress relieves

(Shenton et al., 2006). Above all, the interweaving between

the transcriptional and translational response increases the

flexibility of gene expression, which is of benefit to adapta-

tion. It is possible that rapid and severe stress may lead to

quick and independent gene expression responses at both

transcriptional and translational levels; while chronic, mod-

erate stress may result in more coordinated regulation at

both levels.

Sequence features of genes can have effects on the

translational efficiency

Except for the function of encoding proteins, genomic

sequences contain large amounts of information for

expression regulation. In this study, we found that genes

with different translational efficiency were observed to

have different sequence features, especially the features in

the CDS in both WW and DS seedlings (Figures 6a and

S9 g). These sequence features also were found to be

associated with different gene expression patterns under

drought stress (Figures 6b, c and S9j).

Previous research revealed that UTRs of genes contain a

number of translational regulatory elements. uORF in

50UTR is a cis-element which were widely reported to have

function on translation repression (Lohmer et al., 1993;

Wang and Wessler, 1998; Wiese et al., 2004). We here

observed that maize uORFs decreased the translational

efficiency of the mORFs on a genome-wide scale (Fig-

ure 7g). Internal ribosome entry site (IRES) which initiate

gene translation by cap-independent mechanism under

stress is another type of regulatory element in 50UTR

(Spriggs et al., 2008). It was reported that the IRES of alco-

hol dehydrogenase-1 (Adh1) in maize was also active in

tobacco plants and in vitro translation systems (Mardanova

et al., 2008). Besides, the translation of several genes in

Arabidopsis sharing two motifs (TAGGGTTT and

AAAACCCT) in the 50UTR was found to be enhanced after

light and hypoxia treatment (Liu et al., 2013). Experimental

evidence further proved that the two motifs could respond

to both light and hypoxia by increasing downstream gene

expression in vitro (Liu et al., 2013). It is possible that

many of these cis-elements in UTR would be identified in

maize in the future. In addition, codon usage, poly(A) tail

length and potential secondary structure were reported to

be involved in translational response (de Sousa Abreu

et al., 2009; Spriggs et al., 2010; Tuller et al., 2010). Much

of these regulatory mechanisms are still waiting to be

identified in plants.

Diverse mechanisms of uORF-mediated translation

repression

In this study, we found that uORFs repressed the transla-

tion of the mORFs and the repression was enhanced by

increasing the number of translated uORFs (Figure 7g).

This phenomenon was also observed in Arabidopsis (Liu

et al., 2013). Besides, multiple uORFs in mammalian were

reported to inhibit protein accumulation more seriously

than transcripts with one or none uORF based on mass

spectrometry data (Calvo et al., 2009).

uORFs in plant and mammalian may share a similar

translation repression mechanism which could be divided

into two categories: competing with the downstream

mORFs for translational initiation complex and affecting

mORF’s reinitiation. The start codon of uORFs can strongly

compete with that of mORF’s for translation initiation com-

plex and whether the start codon of uORF could be effi-

ciently recognized is the key for uORF-mediated repression

(Sachs and Geballe, 2006; Barbosa et al., 2013). Our results

suggested that the sequence flanking ATG was perfectly

accorded with Kozak sequence in mORFs (Figure S11f).

The sequence flanking ATG of translated uORFs was found

to be less conserved with Kozak sequence while that for

the untranslated uORFs were least conserved (Figure 7f).

Therefore, the start codons of uORFs have the possibilities

of being either ignored or recognized.
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Once being ignored, it would lead to leaky scanning and

the translation of mORFs. However, if they were recognized,

the translation elongation and termination of uORFs would

turn out to be the barriers for the reinitiation of mORFs

(Calvo et al., 2009; Barbosa et al., 2013). uORFs with longer

length and shorter distance from uORF to the mORF were

thought to be unfavourable for the reorganization of eIF-

GTP-Met-tRNA ternary complex, which was essential for the

translation initiation of the mORFs, so that the inhibition

could be more efficient (Sachs and Geballe, 2006). The

observation of translated uORFs with longer length and a

shorter distance from uORF to CDS start than untranslated

ones in this study supported this view (Figure 7a, d). Besides

uORF length, sequence context of uORF was also found to

be associated with uORF’s function in plant. A conserved

uORF of GGP in kiwifruit and Arabidopsis could respond to

high concentration of ascorbate and repressGGP translation

in a sequence-dependent manner (Laing et al., 2015). In

another case, two overlapping conserved uORFs of Ado-

MetDC1 in Arabidopsis could mediate ribosome arrest at

translation termination and further trigger nonsense-

mediated decay to respond to the change of polyamine level

(Uchiyama-Kadokura et al., 2014). Additionally, uORF

encoded peptide was reported to act in cis to repress the

translation of the mORFs. A heptapeptide encoded by an

uORF (gDcADC8) in carnation could repress the translation

of the mORFs in cis both in vivo and in vitro (Chang et al.,

2000). Very recently, frameshift mutants revealed that 11

CPuORFs (conserved peptide uORF) encoding peptides

acted in cis to inhibit the translation of the mORFs in Ara-

bidopsis (Ebina et al., 2015).

Upon the analysis of high-throughput RNA-seq and ribo-

some profiling data, our work reveals a highly dynamic

translational landscape of maize in response to drought

stress. However, methods used for most of the ribosome

profiling studies had measured the translational abun-

dance inferred from the monosomes digested from the all

ribosome protected mRNAs, which may risk the possibility

of overestimation (Ingolia et al., 2009; Gerashchenko et al.,

2012; Liu et al., 2013). Direct measuring of the polysome

protected mRNA is therefore highly recommended if it is

applicable (Juntawong et al., 2014).

EXPERIMENTAL PROCEDURES

Plant materials

The seeds of maize (Zea mays) inbred line B73 were sterilized by
immersion in 10% hydrogen peroxide for 30 min followed by six
washes in distilled water. The seeds were placed on the paper
towel at 28°C for 24 h, and then, transplanted to pots containing a
mixture of vermiculite and soil (1:1, v/v). Seedlings were grown in
a greenhouse at condition of 30°C for 16 h light and 25°C for 8 h
of darkness. A progressive drought stress was introduced after
sowing 4 days by water deficit until day 14. Aerial tissues were
harvested, immediately frozen in liquid nitrogen, and stored at

�80°C. Leaf tissues of 14 day WW and DS seedling were collected
for relative water content (RWC) determination to measure the
extent of drought treatment (Raymond Hunt et al., 1987).

Ribosome profiling

The method of ribosome isolation was adapted from Mustroph and
modified by Li (Mustroph et al., 2009; Li et al., 2013). Tissue powder
(2 g) was added to 10 ml PEB and homogenized (200 mM Tris–Cl
(pH 9), 200 mM KCl, 25 mM EGTA, 35 mM MgCl2, 0.2% Brj-35, 0.2%
TritonX-100, 0.2% Igepal CA630, 0.2% polyoxyethylene 10 tridecyl
ether, 5 mM DTT, 100 mg ml�1 cycloheximide, 100 mg ml�1 chlo-
ramphenicol, and a complete proteinase inhibitor cocktail). The
homogenate was passed through double layers of miracloth followed
by centrifugation at 10 000 g for 15 min at 4°C. The supernatant was
transferred and filtered through two layers of miracloth. The filtrate
was layered on top of a 1.7 M sucrose cushion and centrifuged at
170 000 g for 3 h at 4°C. The ribosome pellet was resuspended in RB
(Mix 20 mM Tris–Cl (pH 8.0), 150 mM NaCl, 5 mM MgCl2, 1 mM DTT
and 100 lg ml�1 cycloheximide, 100 lg ml�1 chloramphenicol).

Ribosome profiling was adapted from Ingolia (Ingolia et al.,
2012). In total, 600 lL ribosome solution at the value of 2 (A260)
was used to digest at the condition of room temperature for 1 h
with adding 15 ll RNase I (Invitrogen, cat. no. AM2294, http://
www.thermofisher.com/cn/zh/home/brands/invitrogen.html), then
stopped by adding 20 ll RNase inhibitor (Invitrogen, cat. no.
AM2694). Monosomes were collected by sucrose density gradient
centrifugation at 50 000 rpm (Beckman, SW55.1 rotor) for 1.5 h at
4°C. RNA protected fragments were extracted according to the
manual introduction of miRNeasy RNA isolation kits (Qiagen cat.
no. 217004, http://www.qiagen.com/). The RNA samples were then
subjected to 15% (wt/vol) polyacrylamide TBE-urea gel elec-
trophoresis and purified with the indication of oligoribonucleotide
chains: 50-AUGUACACGGAGUCGAGCUCAACCCGCAACGCGA-
(Phos)-50 and 50-AUGUACACGGAGUCGACCCAACGCGA-(Phos)-30

(TaKaRa). Universal miRNA linker was added to the purified RNA
fragments (New England Biolabs, cat. no. S1315S, https://
www.neb.com/). The ligation products were subjected to reverse
transcription and circularization. Sequence libraries were ulti-
mately obtained through PCR amplification. Ribosome profiling
libraries were sequenced on an Illumina Hiseq 2500 platform to
generated single-end 50 nt reads.

Polysome profiling

For polysome profiling, 1500 units OD260 of ribosome solution was
loaded on a sucrose with the gradient of 20–60% (w/v) and performed
ultracentrifugation at speed of 46 000 rpm (Beckman, SW55.1 rotor)
for 1.5 h at 4°C. Gradient Profiler (BioComp, http://www.biocompin-
struments.com/index.php) which contained EM-1 UV data acquisition
system (Bio-Rad, http://www.bio-rad.com/) was employed for compo-
nent analysis according to themanufacturer’s instructions.

mRNA sequencing library construction

Total RNA was extracted using TRIzol reagent (Invitrogen).
RNA-seq libraries were prepared according to the manufacturer’s
protocol of the Illumina Standard mRNA-seq library preparation
kit (Illumina, http://www.illumina.com/). RNA-seq libraries were
sequenced by paired-end 2*101 nt (both ends with 101 nucleotides
long) on an Illumina HiSeq 2500 platform.

Processing and alignment of ribosome profiling raw data

Raw reads were filtered by fastq_illumina_filter (version 0.1) with
parameters –keep N -v to keep better quality reads. Adapter

© 2015 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2015), 84, 1206–1218

Ribosome profiling of maize seedlings 1215

http://www.thermofisher.com/cn/zh/home/brands/invitrogen.html
http://www.thermofisher.com/cn/zh/home/brands/invitrogen.html
, http://www.qiagen.com/
https://www.neb.com/
https://www.neb.com/
 http://www.biocompinstruments.com/index.php
 http://www.biocompinstruments.com/index.php
http://www.bio-rad.com/
http://www.illumina.com/


sequence (50-CTGTAGGCACCATCAAT-30) were trimmed out by
fastx_clipper with parameters –Q 33 -a CTGTAGGCACCATCAAT -l
25 -n -v, then fastx_trimmer with parameters –Q 33 -f 2 was used
to trim out the first nucleotide from 50-end of each read for the
reason that it frequently represents an untemplated addition dur-
ing reverse transcription. We downloaded the rRNA reference
sequence from NCBI by searching the keywords ‘ribosomal DNA’,
then aligned reads against rRNA reference sequence by bowtie
(version 0.12.9) with parameters –chunkmbs 1000 -un -al to filter
out reads derived from rRNAs (Langmead et al., 2009). Cleaned
reads were mapped to maize B73 genome (RefGen_v2) by Tophat
(v2.1.0) with parameters –bowtie1 -N 2 -I 50000 -p 3. Mapping effi-
ciency was defined as the number of mapped reads divided by
the number of total input reads (Trapnell et al., 2009).

Calculation of translational abundance

Translation abundance of each gene was calculated by Cufflinks
(v2.2.1) with parameters –p 3 -G -u (Trapnell et al., 2009). Only
reads located in CDSs were used to calculate translational abun-
dance. -u option was used to more accurately weight reads that
mapped to multiple locations by a ‘rescue method’. FPKM was
used to measure the translational abundance of each gene.

Alignment of 100 bp pair-end RNA-seq data, calculation of

transcriptional abundance and the simulation of 30 bp

single-end RNA-seq data for comparison with 100 bp PEs

Here 100 bp pair-end RNA-seq data were aligned to maize B73 gen-
ome (RefGen_v2) by Tophat (v2.1.0) with parameters –bowtie1 -N 2
-I 50000 -p 3. Transcriptional abundance was measure by FPKMs by
Cufflinks (v2.2.1) with parameters –p 3 -G -u. Only reads located in
exons were used to calculate transcriptional abundance. For the
simulation of 30 bp single-end RNA-seq data, we randomly
extracted the sequence from the 50-end of each read with length
ranged from 26 bp to 34 bp. The alignment and FPKM calculation
were performed as above. Pairwise Pearson correlation was used
to measure the association of transcriptional abundance between
100 bp PE RNA-seq and 30 bp SE RNA-seq data.

Correlation between two replicates of transcriptional and

translational abundance, calculation of translational

efficiency (TE)

Only genes with FPKM ≥1 at transcriptional and translational
levels were used to calculate the Pairwise Pearson correlation (R2)
between two replicates. TE was calculated by FPKM(translational

level)/FPKM(transcriptional level) with the FPKMs at two levels ≥1. Log2
transformed TEs were used to show the TE distribution of genes.

3-nt periodicity, ribosome A-site calibration and meta-

gene read depth analysis

The ribosome profiling reads were used to analyze the 3-nt peri-
odicity, calibrate the A-site position and perform meta-gene read
depth analysis. Due to the high reproducibility of two replicates,
we merged them and got the unique mapped reads according to
the tag (NH:i:1) in the bam file. For the 3-nt periodicity analysis,
the 50-end of each read was accurately assigned to a relative dis-
tance to the CDS start and end. Then we got the cumulative read
depth at each relative distance. Relative phasing of each site was
calculated by i = 4 9 read number i/(read number (i - 2) + read
number (i - 1) + read number (i + 1) + read number (i + 2)), then
plot the phasing value against each site to show 3-nt periodicity.
Reads uniquely mapped to CDS start and end were extracted

according to different read length (27~34 nt), then the read density
maps were constructed to re-calibrate A-site according to the 50-
end of each read relative to the CDS start and end. The aligned
reads were assigned to an A-site position based on the different
length of each read. The offset from 50-end of the alignment is 27–
29 nt, +15 nt; 30–32 nt, +16 nt and 33–34 nt, +17 nt. Then, meta-
gene read depth analysis was performed according to the
assigned A-site position of reads that mapped around CDS start
and stop. Read density at each nucleotide was firstly normalized
by the average read density on each CDS, then normalized by the
number of analyzable genes (FPKM ≥ 1).

The analysis of the sequence features among four groups

of different translational efficiency

For the genes with multiple transcripts, the one with longest
CDS was used to define the CDS of each gene. To improve the
accuracy of prediction of 50UTR and 30UTR, only genes that
were predicted to be syntenic with sorghum, foxtail millet, rice
and brachypodium from MaizeGDB were used (N = 26 971).
Normalized minimal free energy (NMFE) was used to define the
sequence stability of secondary structure, which was calculated
by RNAfold and normalized by the sequence length. The P-
value of the mean value difference of sequence features
between two TE groups were determined by two-tailed Stu-
dent’s t-test (a = 0.05).

Identification of potential uORFs and motif exhibition

around the start codon of uORFs

50UTR of syntenic genes as mentioned above with length
ranged from 30 bp to 1000 bp were used to predict uORFs
with the sequence structure of (ATG-3n-TAG|TAA|TGA).
Whether it was expressed of an uORF was determined by
FPKM ≥ 1 using Cufflinks with parameters above. R library
(SeqLogo) was used to show the motif enrichment around
the start codon between expressed and unexpressed uORFs
(Bembom, 2007).

Identification of differentially expressed genes and GO

analysis

Cuffdiff (v2.2.1) was used to identify the differentially expressed
genes at transcriptional and translational levels, respectively. We
set the parameter –FDR 0.01 to control thr False Discovery Rate
lower than 0.01, -u to use ‘rescue method’ for multiple mapped
reads. Multiple testing error was controlled using the Benjamini–
Hochberg correction. Only genes with q-value less than 0.01 and
with the fold change of FPKM larger than 2 were defined as differ-
entially expressed genes. Mapman (v3.5.1) was used to display the
diagrams of enriched metabolic pathways of differentially
expressed genes. For the GO analysis, the IDs of differentially
expressed genes were put into AgriGO (http://bioinfo.cau.edu.cn/
agriGO/) using Zea mays V5a transcripts as the background data-
bases (Du et al., 2010). The functional protein annotation was per-
formed by InterProScan 5.

Identification of accordantly and discordantly regulated

genes

We classified genes into nine categories according to the fold
change and q-value reported by Cuffdiff. Genes up-regulated or
down-regulated simultaneously at transcriptional and transla-
tional levels were defined as accordantly regulated genes. Other
categories, except for the category without change at two levels,
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were defined as discordantly regulated genes. The fold changes
at transcriptional and translational levels were used to calculate
the Pairwise Pearson correlation. IGV (Version 2.3.55) was used
to show the expression changes at transcriptional and transla-
tional levels simultaneously.

Identification of genes with significantly changed

translational efficiency (TE)

The comparison between TE and mRNA abundance on a gen-
ome-wide scale was performed according to the report (Rooi-
jers et al., 2013). To identify genes with significantly altered
translational efficiency (TE) after drought stress treatment, the
TEs of genes in DS seedling were divided by the ones in WW
seedling, then Log2 transformed to follow Normal Distribution.
Genes with a z-score ≥ 2 were defined as TE up-regulated
genes. While, genes with a z-score ≤ -2 were defined as TE
down-regulated genes.

Accession code: Sequencing data generated in this study have
been deposited at the NCBI short Read Archive under the acces-
sion SRP052520.
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