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ABSTRACT

Little is known concerning the effects of abiotic factors on in vivo RNA structures.We applied Structure-seq to assess the in
vivo mRNA structuromes of Arabidopsis thaliana under salinity stress, which negatively impacts agriculture. Structure-seq
utilizes dimethyl sulfate reactivity to identify As and Cs that lack base-pairing or protection. Salt stress refolded transcripts
differentially in root versus shoot, evincing tissue specificity of the structurome. Both tissues exhibited an inverse correla-
tion between salt stress-induced changes in transcript reactivity and changes in abundance, with stress-related mRNAs
showingparticular structural dynamism. This inverse correlation ismore pronounced inmRNAswherein themean reactivity
of the 5′′′′′UTR, CDS, and 3′′′′′UTR concertedly change under salinity stress, suggesting increased susceptibility to abundance
control mechanisms in transcripts exhibiting this phenomenon, which we name “concordancy.” Concordant salinity-in-
duced increases in reactivity were notably observed in photosynthesis genes, thereby implicating mRNA structural loss
in the well-known depression of photosynthesis by salt stress. Overall, changes in secondary structure appear to impact
mRNA abundance, molding the functional specificity of the transcriptome under stress.
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INTRODUCTION

Transcriptome analyses often center on measuring chang-
es in mRNA abundance invoked by a stimulus, stress, or
developmental process (Walley and Dehesh 2010). In par-
ticular, regulation of mRNA abundance by the epigenome
(Jiang et al. 2014; Wong et al. 2017) and by transcription
factors (Song et al. 2016) has been a primary focus in
elucidation of mechanisms responsible for dynamic envi-
ronmental regulation of the transcriptome. Post-transcrip-
tional regulation, including alternative polyadenylation,
splicing, localization, and degradation has received less at-
tention, but also can substantially impact mRNA abun-
dance (Floris et al. 2009; Walley and Dehesh 2010; Feng
et al. 2015; Kawa and Testerink 2017; Wong et al. 2017;
Gu et al. 2018; Sorenson et al. 2018). Changes in mRNA
secondary and tertiary structures influence post-transcrip-

tional processes (Bevilacqua et al. 2016), as revealed
by many examples based on in depth analysis of specific
transcripts (Zaug and Cech 1995; Hull et al. 2016). More
recently, techniques have become available to query
mRNA structure in vivo and genome-wide (Ding et al.
2014; Rouskin et al. 2014; Talkish et al. 2014; Wan et al.
2014), which allows the possibility to elucidate general
principles underlying relationships between mRNA struc-
ture, post-transcriptional regulation, and transcript
abundance.

Plants, as poikilothermic multicellular organisms subject
to many extreme environmental stressors known to affect
RNA structure in vitro (Lambert and Draper 2007), provide
an ideal system in which to study in vivo RNA structure and
its regulation by tissue-type and environment. According-
ly, here we utilized Structure-seq to resolve the in vivo
structuromes of shoot and root tissue of the model plant
species, Arabidopsis thaliana, under both unstressed and
salt stressed conditions. Structure-seq (Ding et al. 2014;
Ritchey et al. 2017) employs dimethyl sulfate (DMS)
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(Tijerina et al. 2007) as a chemical probe of in vivo RNA sec-
ondary structure. DMS methylates unpaired and unpro-
tected adenosines (As) and cytosines (Cs) on the
Watson–Crick (WC) face, blocking subsequent reverse
transcription. The resulting truncated complementary
DNAs (cDNAs) are analyzed by next-generation sequenc-
ing methods, reading out a reverse transcription stop
one position prior to each DMS-modified nucleobase.
Salinity (NaCl) stress is one of themost common environ-

mental stresses affecting crop productivity worldwide (Roy
et al. 2014). Elevated soil salinity affects 932 million hect-
ares (Rengasamy 2006) of agricultural fields (roughly the
size of the entire United States) and causes US$ 27.3B in
crop losses annually (Tester and Davenport 2003; Qadir
et al. 2014). Saline soils cause cellular dehydration by ther-
modynamically opposing plant water uptake, and Na+ and
Cl− accumulation in plant tissues negatively affects plant
growth by hampering metabolic processes, disrupting K+

homeostasis, promoting oxidative stress, and reducing
photosynthetic efficiency (Tester and Davenport 2003;
Abogadallah 2010; Deinlein et al. 2014). Non-selective
cation channels are amajor conduit for Na+ entry into plant
cells (Isayenkov and Maathuis 2019); conversely, the Na+/
H+ antiporter, SOS1/NHX7, exports Na+ ions (Zhu 2002).
Classic genetic screens revealed that null mutation not
only of SOS1, but also of a serine-threonine kinase,
SOS2, or of a Ca2+ binding protein, SOS3, result in hyper-
sensitivity to saline conditions (Zhu 2002) identifying Ca2+-
and kinase-dependent processes in salinity sensing. In ad-
dition, recent studies have implicated the receptor-like ki-
nase (RLK) FERONIA (FER) and its peptide ligand, RALF1,
in cellular responses that regulate cell wall integrity and
seedling growth under salt stress (Feng et al. 2018; Yu
and Assmann 2018).
In addition to transport and cell signaling events trig-

gered by Na+, salt stress has dramatic impacts on the tran-
scriptome of Arabidopsis (Kreps et al. 2002; Anderson
et al. 2018) as well as on the transcriptomes of important
crops such as maize (Zhang et al. 2015), rice (Wang et al.
2018), tomato (Sun et al. 2010), barley (Bahieldin et al.
2015), sorghum (Cui et al. 2018), and cotton (Zhu et al.
2018). Transcript abundance reflects the balance between
mRNA transcription and mRNA turnover, and post-tran-
scriptional regulation is known to play vital roles in plant re-
sponses to environmental factors (Floris et al. 2009). For
example, salt stress changes alternative splicing patterns
(Feng et al. 2015) and mRNA decay pathways as assessed
in Arabidopsis and other species (Kawa and Testerink
2017), which provides layers of regulation on the transcrip-
tome and encoded proteome (Floris et al. 2009).
Based on in vitro studies, salt is generally known to en-

hance RNA folding and disrupt RNA–protein interactions
(Bloomfield et al. 2000), with implications for salt balance
in both plants and metazoans. RNA structure in vitro is
also known to be unfolded by proline (Lambert and

Draper 2007), a compatible solute synthesized in plants
during salt stress (Tester and Davenport 2003). However,
the impact of salt stress on RNA structures in vivo, both in-
dividually and as emergent properties of the RNA structur-
ome, has not been studied in any organism. Our results,
presented here, reveal compelling tissue-specific and
stress-modulated aspects of the mRNA structurome, with
attendant implications for mechanisms of post-transcrip-
tional regulation.

RESULTS

NaCl treatment and Structure-seq library
preparation and evaluation

We applied our Structure-seq2 protocol (Ritchey et al.
2017; Su et al. 2018) to 24-d-old hydroponically grown
Arabidopsis with or without treatment with 100 mM NaCl
for 48 h. We confirmed the effectiveness of this salt stress
treatment by observation of reduced rosette growth (Fig.
1A vs. B) and by significant increases in proline and Na+

content in our salt-stressed plants (see below).
Custom Structure-seq libraries (Supplemental Fig. S1,

three independent biological replicates per condition)
were generated from plants subjected to control and
salt stress conditions (See Materials and Methods).
Ultimately, we had 16,699 and 16,872mRNAs that met cri-
teria (See Materials and Methods) to derive reliable DMS
reactivity under control and salt conditions in shoot tissue,
and 17,282 and 16,334 corresponding mRNAs in root
tissue (Fig. 1C). Among all four data sets, a remarkable
12,978 mRNAs had sufficient coverage in all tissues
and conditions (Fig 1C), allowing structural comparison
of a set of common mRNAs. Reactivity data on all tran-
scripts and transcript regions (5′UTR, CDS, 3′UTR) used
in all analyses are available (Supplemental Data 1, 2), and
are searchable by their At locus identifier. The single-
nucleotide resolution of Structure-seq, and its ability to
resolve reactivities of all three canonical eukaryotic tran-
script regions (5′UTR, CDS, 3′UTR) is illustrated in Figure
1D, depicting the difference of reactivity of FERONIA
(AT3G51550.1) for eachAandCnucleotidebetween shoot
and root control conditions. FERONIA (FER) encodes a
receptor-like kinase (Haruta et al. 2014) that perceives
RALF peptide ligands; both FER and RALF are essential el-
ements in salinity response (Feng et al. 2018; Yu and
Assmann 2018).

Tissue-specific alteration of the mRNA structurome
by salt stress

We took advantage of the genome-wide nature of
Structure-seq data to determine universal structural trends
in salt stress response. For the majority of these analyses,
we deliberately focus on DMS reactivity changes, as the
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most direct readout of changes in the structurome. We ob-
serve a small but significant decrease in the average mean
transcript reactivity in shoot following salt stress (t.test P=
1.80× 10−10; Table 1; Fig. 2A; Supplemental Data 3: Table
S1A), while in root we observe the opposite trend, with an
appreciable increase in the average mean reactivity of
transcripts following salt stress (t.test P<2.20×10−16;
Table 1; Fig. 2B; Supplemental Data 3: Table S1A). The
distributions of per transcript change of mean reactivity
(Fig. 2C) illustrate the tissue specificity of salt stress-in-
duced change.

Studies on yeast and mammalian cells (Kertesz et al.
2010; Wan et al. 2012, 2014; Rouskin et al. 2014), as well
as on rice seedlings (Su et al. 2018), have indicated that

RNA structure is not uniform along the length of mRNAs.
We accordingly separated our whole transcript reactivity
data into distinct transcript regions (5′UTR, CDS, 3′UTR)
in both shoot and root and compared them in the same
fashion as whole transcripts (Table 1; Supplemental Fig.
S2; Supplemental Data 3: Table S1A). In both tissues,
5′UTRs and 3′UTRs exhibit greater standard deviation in
mean reactivity than the CDS in both control and stress
conditions, suggesting that UTR regions are more structur-
ally malleable than CDS regions. These results highlight
the potential of UTRs as structural mediators of regulation,
consistent with their multiple functions (Srivastava et al.
2018).We also calculated theGini index of reactivity (Rous-
kin et al. 2014) as an additional metric of variability

A

D

B C

FIGURE 1. The effect of salt stress on Arabidopsis phenotypes and structurome coverage. (A,B) 24-d-old hydroponically grown Arabidopsis (A)
exhibits growth reduction (B) after exposure to 48 h of 100mMNaCl stress. (C ) Total number of transcripts with Structure-seq coveragewithin and
between each tissue and condition surveyed. (D) Differences in reactivity at a single-nucleotide resolution on the transcript of FERONIA
(AT3G51550.1) between shoot and root under control conditions. White dashed lines indicate the boundaries of the 5′UTR, CDS, and 3′UTR.

TABLE 1. Summary of reactivity changes

Sample A Sample B Category n t-test P Mean A Mean B SD A SD B r

Shoot control Shoot salt Transcript 15,875 1.80×10−10 0.28 0.27 0.04 0.06 0.89
5′UTR 14,435 8.43×10−07 0.19 0.19 0.11 0.11 0.87
CDS 15,719 2.20×10−16 0.32 0.31 0.06 0.07 0.88
3′UTR 14,393 2.20×10−16 0.14 0.15 0.08 0.09 0.92

Root control Root salt Transcript 15,725 2.20×10−16 0.27 0.29 0.04 0.06 0.88
5′UTR 14,334 9.67×10−14 0.21 0.22 0.11 0.13 0.84
CDS 15,570 2.20×10−16 0.31 0.33 0.05 0.07 0.87
3′UTR 14,213 1.43×10−03 0.15 0.15 0.08 0.09 0.88

Shoot control Root control Transcript 13,974 2.20×10−16 0.27 0.21 0.04 0.07 0.68
5′UTR 12,861 2.20×10−16 0.19 0.16 0.11 0.10 0.67
CDS 13,845 2.20×10−16 0.32 0.24 0.06 0.08 0.63
3′UTR 12,803 2.20×10−16 0.14 0.11 0.08 0.07 0.80

Shoot salt Root salt Transcript 13,737 2.20×10−16 0.27 0.22 0.04 0.06 0.72
5′UTR 12,681 2.20×10−16 0.18 0.16 0.11 0.10 0.72
CDS 13,607 2.20×10−16 0.31 0.25 0.06 0.08 0.69
3′UTR 12,586 2.20×10−16 0.15 0.11 0.09 0.07 0.83

Average mean reactivities, standard deviations (SD), and t-test results accompanying Figure 2. An extended version of this table can be found in
Supplemental Data 3: Table S1A.
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between conditions (Supplemental Fig. S3; Supplemental
Data 3: Table S1C).

Root and shoot structuromes converge following
NaCl stress

A comparison of the composite shoot and root structur-
omes against each other in both control and salt stressed
conditions revealed noteworthy patterns. We found a
strong trend wherein the global average of the mean tran-
script reactivity (Table 1; Fig. 2D,E; Supplemental Data 3:
Table S1A) and the mean reactivity of each transcript re-
gion (5′UTR, CDS, 3′UTR; Table 1; Supplemental Fig. S4;
Supplemental Data 3: Table S1A), is distinctly lower in
root as compared to shoot (t.test P<2.20×10−16, all re-
gions). This trend is evident under both control (Fig. 2D)
and salt stress (Fig. 2E) conditions. However, while these
differences between the global averages of shoot and
root transcripts persist under salt stress, they become
smaller, because the shoot transcriptome decreases in
mean DMS reactivity (Fig. 2A) while the root transcriptome
increases in mean reactivity under salt stress (Fig. 2B). The
density of change between shoot and root is shifted closer
to the 0.0 line under salt stress relative to control condi-

tions (Fig. 2F), illustrating this convergence. To elaborate
on this concept of structurome relatedness under stress,
we found that every inter-tissue correlation (whole tran-
script, 5′UTR, CDS, 3′UTR) had a stronger correlation coef-
ficient in salt stress than in control (Table 1; Supplemental
Data 3: Table S1A). Thus, transcript structures appear
more similar between tissues in salt stress than in control
conditions. To further compare these and proceeding cor-
relations, we used Fisher Z-tests; in this case, verifying the
correlations for transcripts, and each region between
tissues were indeed stronger in salt (Supplemental Data
3: Table S1A). Additionally, we did a parallel analysis
correlating the abundances of transcripts (See Materials
and Methods) between tissues in both conditions (Supple-
mental Data 3: Table S1B), demonstrating that, at least
among transcripts present and resolvable in both tissues,
their abundances were more different in salt than in con-
trol, though their mean reactivities were more similar. We
also calculated the Gini index of reactivity (Rouskin et al.
2014) as an additional metric of variability between tissues
(Supplemental Fig. 5; Supplemental Data 3: Table S1C).
We sought to identify the physiological/biophysical

basis of structurome convergenceunder salt stress. Proline,
a denaturant of RNA secondary structure (Lambert and

A

C F

B D E

FIGURE 2. Structuromes are tissue-specific and converge upon NaCl stress. We compared the distributions of mean reactivity of each transcript
as box-violins. (A,B) Distributions of transcript mean DMS reactivity are plotted for intra-tissue (control vs. NaCl) comparisons, with control con-
ditions colored in blue and NaCl-treated in yellow. Each line represents the change in mean reactivity between distributions of one transcript;
strong changes (≥0.075) have a more intense shading to highlight differences. (C ) The distribution of per transcript Δ mean reactivity after
NaCl treatment is negative in shoot (decrease of DMS reactivity) and positive in root (increase of DMS reactivity). (D,E) Distributions of mean re-
activity are plotted for inter-tissue (shoot vs. root) comparisons, with shoot conditions colored in blue and root in yellow. (F ) The distribution of per
transcript mean Δ reactivity between shoot and root is negative in both conditions, but less extreme under NaCl stress, illustrating structurome
convergence under NaCl stress. A statistical summary of these results can be found in Table 1 and Supplemental Data S3: Table S1A. Additional
plots detailing transcript regions (5′UTR, CDS, 3′UTR) are provided (Supplemental Figs. S2, S4)
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Draper 2007), is commonly accumulated in plants as a com-
patible solute following salt stress (Tester and Davenport
2003). We also observed this phenomenon in both shoots
and roots (Fig. 3A; Supplemental Data 3: Table S2A).Metal
ions, including Na+ and K+, also impact RNA structure
(Bloomfield et al. 2000). We quantified significantly in-
creased Na+ content in both shoots and roots of NaCl-
treated plants (Fig. 3B; Supplemental Data 3: Table S2B).
Root tissue often shows decreased K+ content post-salt
stress (Sun et al. 2015; Yu and Assmann 2015). We also ob-
served this phenomenon (Fig. 3C); shoot and root K+ con-
tent differed significantly under control conditions, but
converged to statistically identical levels under salt stress
(Fig. 3C; Supplemental Data 3: Table S3). These solute
changes further confirm the efficacy of our salt treatments.
The observation that RNA refolding cosolutes, proline,
sodium, and potassium, are present at similar levels in
both tissues post salt-stress provides a possible mechanis-
tic explanation for the stress-induced convergenceof shoot
and root mRNA structuromes (see Discussion).

Tissue-type strongly influences the RNA structurome

To further assess the impact of tissue type on the RNA
structurome, we compared all of the intra-tissue (control
vs. salt stress) correlations to the inter-tissue correlations

(shoot vs. root) (Supplemental Data 3: Table S1A). These
comparisons reveal that control and salt-stressed structur-
omes within a tissue are more related than are the shoot
and root structuromes within a condition. In other words,
tissue is a stronger determinant of the structurome than
salt stress, although both are significant. This pattern was
confirmed via a combined ANOVA approach (see Materi-
als and Methods; Supplemental Fig. 6; Supplemental
Data 3: Table S4).

Within each intra-tissue comparison, we next divided
transcripts into two categories: (i) those found only in shoot
or only in root in our data sets, approximating transcripts
that are tissue-specific (unique), and (ii) those present in
both tissues (shared). Then, in each tissue, we compared
several metrics between unique and shared transcripts
(Supplemental Data 3: Table S5A, S5B). Shoot unique tran-
scripts showed 24% more DMS reactivity change in re-
sponse to salt (t.test P<2.20×10−16) and root unique
transcripts showed 12% more reactivity change in re-
sponse to salt (t.test P=6.91×10−06) than shared tran-
scripts, that is, the absolute value of mean salt-induced
reactivity change was higher in both sets of unique tran-
scripts compared to their respective shared sets, suggest-
ing greater plasticity in the former. These results reinforce
an interaction between tissue type and stress in determina-
tion of RNA structure, as confirmed by ANOVA.

A B C D

E F G H

FIGURE 3. Root and shoot ion content converges after 48 h of NaCl stress. (A–C ) NaCl stress significantly increases the proline and sodium con-
tent of both shoots and roots, while significantly reducing the potassium content of roots, resulting in convergence of ion content between shoot
and root under NaCl treatment. (D–H) NaCl stress (D) significantly decreasesmagnesium content in shoots, (E) significantly decreases phosphorus
content in roots, (F) has no significant effect onmanganese content, (G) significantly decreases zinc content in roots, and (H) significantly decreas-
es iron content in roots. All accompanying measurements and statistics are provided (Supplemental Data S3: Tables S2A,B) as well as analysis of
these data via ANOVA (Supplemental Data S3: Table S3). Different letters used in the figures indicate P < 0.05 between treatments or tissues
via t.test.
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Salinity-induced DMS reactivity changes inversely
correlate with mRNA abundance changes

To assess a possible relationship between salinity effects
on transcript structure and transcript abundance we com-
pared changes in mean transcript reactivity between con-
trol and salt conditions (Δ reactivity) to changes in
transcript abundance between control and salt conditions
(Δ abundance), with the latter calculated from respective
−DMS libraries and expressed as log2 (TPM) (transcripts
per kilobase-million). We performed this analysis in both
shoot and root, for whole transcripts and each transcript
region (Table 2A; Fig. 4A–D; Supplemental Fig. S7;
Supplemental Data 3: Table S6A).
We found a prominent inverse correlation between Δ re-

activity and Δ abundance (P<2.20×10−16, both tissues, all
regions). In each tissue, whole transcript (Fig. 4A) and CDS
(Fig. 4C) showed the strongest negative correlation, fol-

lowed by 5′UTR (Fig. 4B) and lastly 3′UTR (Fig. 4D) with
root results mirroring this trend (Supplemental Fig. S7).
The relationship was stronger in each shoot comparison
than in each root comparison (e.g., whole transcript shoot
r=−0.73, root r=−0.58). In both root and shoot, tissue-
specific transcripts exhibited stronger correlations than tis-
sue-shared transcripts (Table 2B; Supplemental Data 3:
Table S6B; see Discussion).

Concordancy of transcript regions strengthens
the inverse relationship between reactivity changes
and abundance changes

The observation that the strongest inverse correlation of Δ
reactivity to Δ abundance occurred in the CDS (Table 2A;
Fig. 4; Supplemental Data 3: Table S6A) was unexpected
given that previous analyses appear to implicate UTRs as

TABLE 2. Δ mean reactivity vs. Δ abundance correlations

A) Δ mean reactvity vs Δ abundance

Sample A Sample B Region n r P

Shoot control Shoot salt Whole 15,875 −0.73 <2.2×10−16

5′UTR 14,435 −0.29 <2.2×10−16

CDS 15,719 −0.68 <2.2×10−16

3′UTR 14,393 −0.18 <2.2×10−16

Root control Root salt Whole 15,725 −0.58 <2.2×10−16

5′UTR 14,334 −0.16 <2.2×10−16

CDS 15,570 −0.55 <2.2×10−16

3′UTR 14,213 −0.10 <2.2×10−16

B) Shared vs. tissue-specific transcripts, Δ mean reactivity vs. Δ abundance

Tissue Region r All r Shared r Unique P all P shared P unique

Shoot Whole −0.73 −0.71 −0.79 <2.2×10−16 <2.2×10−16 <2.2×10−16

5′UTR −0.29 −0.27 −0.35 <2.2×10−16 <2.2×10−16 <2.2×10−16

CDS −0.68 −0.65 −0.76 <2.2×10−16 <2.2×10−16 <2.2×10−16

3′UTR −0.18 −0.16 −0.22 <2.2×10−16 <2.2×10−16 <2.2×10−16

Root Whole −0.58 −0.54 −0.66 <2.2×10−16 <2.2×10−16 <2.2×10−16

5′UTR −0.16 −0.14 −0.23 <2.2×10−16 <2.2×10−16 <2.2×10−16

CDS −0.55 −0.49 −0.65 <2.2×10−16 <2.2×10−16 <2.2×10−16

3′UTR −0.10 −0.08 −0.16 <2.2×10−16 <2.2×10−16 2.11×10−13

C) Δ mean reactivity vs. Δ abundance by region, fully concordant

Sample A Sample B Δ Reactivity n R P

Shoot control Shoot salt Whole 3155 −0.82 <2.2×10−16

5′UTR 3155 −0.58 <2.2×10−16

CDS 3155 −0.81 <2.2×10−16

3′UTR 3155 −0.55 <2.2×10−16

Root control Root salt Whole 3175 −0.65 <2.2×10−16

5′UTR 3175 −0.43 <2.2×10−16

CDS 3175 −0.63 <2.2×10−16

3′UTR 3175 −0.41 <2.2×10−16

Table 2A summarizes the Δ mean reactivity vs. Δ abundance correlations. Table 2B summarizes these correlations for shared (tissue-nonspecific) transcripts
vs. unique (tissue-specific) transcripts. Table 2C summarizes these correlations for fully concordant transcripts.
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more structurally dynamic and tied to mechanisms of
mRNA turnover (Narsai et al. 2007; Wan et al. 2012; Su
et al. 2018). To further assess the influence of UTRs, we de-
veloped a new principle and coined the term “concord-
ancy.” We define transcripts as concordant if all three
transcript regions (5′UTR, CDS, 3′UTR) share the same
sign of Δ reactivity in response to salt stress, that is, tran-
scripts wherein all three transcript regions show either an
average increase or an average decrease in DMS reactivity.
Conversely, transcripts were defined as discordant if all
three regions did not share the same sign of Δ reactivity.
In both shoot and root, we compared the Δ reactivity of
each region against the Δ reactivity of each other region
in the transcript (5′UTR:CDS, 3′UTR:CDS, 5’UTR:3’UTR)
(Supplemental Figs. S8, S9 [left-most columns]; Supple-
mental Data S3: Table S6C), finding no overall relationship
between the reactivity change between specific pairs of
transcript regions.

We parsed out transcripts wherein all three transcript re-
gions were concordant in their salt-induced reactivity
changes. Out of the 15,875 shoot and 15,725 root tran-
scripts resolved, 3155 and 3175, respectively, were fully
concordant (∼20%), leaving 12,720 and 12,550 (∼80%)
that were discordant (meaning two of the three regions

have different changes in reactivity in response to NaCl rel-
ative to the third region). Thus, concordancy amongst all
regions of a transcript is uncommon.

When all regions are concordant in their direction of
NaCl-induced change in reactivity both whole transcripts
and each transcript region show a stronger Δ reactivity to
Δ abundance correlation (Table 2C; Fig. 4E–H; Supple-
mental Fig. S7; Supplemental Data S3: Table S6D), as
evidenced by stronger r values for each respective correla-
tion (Fig. 4E–H as compared to Fig. 4A–D). The impact of
concordancy is observed in both shoot (Fig. 4) and root
tissues (Table 2C, Supplemental Fig. S7; Supplemental
Data S3: Table S6D, P<2.20×10−16, both tissues, all
regions): for example, concordant whole transcripts
shoot r= –0.82, root r= –0.65, contrasted to all transcripts
whole transcript shoot r= –0.73, root r= –0.58 (Fig. 4;
Supplemental Fig. S7). Interplay, that is, pairwise concord-
ancy, between the structuredness of two different tran-
script regions (5′UTR, CDS, 3′UTR) can also strengthen
the Δ reactivity versus Δ abundance relationship (Supple-
mental Figs. S8 [shoot] and S9 [root]; Supplemental Data
3: Table S6E).

Of the 3155 and 3175 fully concordant transcripts in
shoot and root, respectively, 2596 (∼82%) and 2688

A B C D

E F G H

FIGURE 4. Change in DMS reactivity inversely correlates with change in abundance. (A–D) For each transcript and transcript region in shoot, we
assessed the relationship between change inmeanDMS reactivity (Δmean reactivity, NaCl-treatmentmean reactivity− control mean reactivity, x-
axis) and change in relative abundance [Δ abundance, log2(TPMNaCl)− log2(TPMcontrol), y-axis] between control andNaCl treatment. This revealed
a strong inverse correlation (Table 2A; Supplemental Data 3: Table S6A). (E–H) Transcripts that share the same sign of Δmean reactivity amongst
their 5′UTR, CDS, and 3′UTR regions were subset as concordant. For each transcript and transcript region of these fully concordant transcripts, we
assessed the relationship between the change inmean reactivity (Δmean reactivity, NaClmean reactivity− control mean reactivity, x-axis) and the
change in relative abundance [Δ abundance, log2(TPMNaCl)− log2(TPMcontrol), y-axis] between control and NaCl-treatment in shoot, revealing a
strong enhancement of the inverse correlation in all regions (Table 2C; Supplemental Data 3: Table S6A,D). The identical analyses for root data are
provided (Supplemental Fig. S7).
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(∼84%) were present in both tissues, but only 628 (∼23%)
of these shared transcripts were fully concordant in both
tissues, suggesting that tissue-type is a strong determinant
of a transcript’s concordancy. Within this small set of 628
concordant shared transcripts, only 321 (∼51%) also
showed the same direction of concordancy change in
both tissues (Supplemental Data S3: Table S7), further
pointing toward tissue specificity of the concordancy
relationship.

Abundant transcripts preferentially show reactivity
increases and abundance losses

When we assess our individual structuromes for the rela-
tionship between whole transcript mean reactivity and
transcript abundance, we find a strong positive correlation
(Supplemental Fig. S10) which is further confirmed in our
contrasted structuromes (Fig. 5A; Supplemental Fig. S11;
Supplemental Data 3: Tables S8A,B), that is, those used
to investigate how this relationship is affected by changes
between conditions. Gregory and coworkers reported a
similar relationship based on in vitro structurome analysis
(Li et al. 2012). These results may seem to be in contradic-
tion with our in vivo observations of an inverse relationship
governing changes in these two parameters. Our further
investigation resolved this apparent paradox as follows.
Transcripts that increase in reactivity in response to salt
stress have a higher mean abundance in control conditions
compared to transcripts that decrease in reactivity [Fig. 5B,
Mean log2(TPM) increases 4.56, decreases 3.61, t.test P=
2.2×10−16)]. Transcripts that decrease in abundance in re-
sponse to salt stress also have a higher mean abundance in

control conditions compared to transcripts that increase in
abundance under salt [Fig. 5C, Mean log2(TPM) decreases
5.07, increases 3.65, t.test P=2.2×10−16]. The 5% most
extreme changes of reactivity (Fig. 5B) and abundance
(Fig. 5C) in shoot highlight these patterns; root data exhib-
ited largely parallel results (Supplemental Fig. S11;
Supplemental Data 3: Table S8C). Taken together, highly
abundant (i.e., high reactivity) transcripts disproportion-
ately increase in reactivity and decrease in abundance un-
der salt stress. In other words, the transcripts undergoing a
loss in abundance, correlated with an increase in reactivity,
were abundant to start with. Conversely, low abundance
(i.e., low reactivity) transcripts disproportionately further
decrease in reactivity and increase in abundance following
salt stress. As an additional validation of this trend, insuring
it was not a methodological artifact, we implemented a
down scaling analysis of our data and obtained the same
general trends within experimental error (Supplemental
Fig. 12; Supplemental Data 3: Table S8D; see Materials
and Methods).

Gene ontology analyses reveal key reactivity
changes in photosynthetic and stress-relatedmRNAs

We next discovered that different functional categories of
genes exhibit different structural responses to salt stress
and tissue type, thereby reshaping the encoded function-
ality of the transcriptome. We performed GO analyses via
agriGOv2 (Tian et al. 2017) to identify the enrichment of
functional categories that change in each comparison
(Supplemental Data 4). In both tissues, transcripts from
genes related to the ribosome and ribonucleoprotein

A B C

FIGURE 5. Relationship between DMS reactivity and abundance and its modulation by salt stress. (A) Transcript mean reactivity in shoots is pos-
itively correlated with transcript abundance under control conditions. A similar direct relationship was observed for the shoot transcriptome under
NaCl stress, as well as for the root transcriptome under both conditions (Supplemental Fig. S10, all tests in Supplemental Data S3: Tables S8A,B).
(B) Transcripts within the top and bottom 5%most extreme salt stress-induced reactivity increases and decreases [Mean log2(TPM) increases 5.77,
decreases 3.73, t.test P=2.2×10−16]. (C ) Transcripts within the top and bottom 5%most extreme salt stress-induced abundance changes [Mean
log2(TPM) of decreases 5.89, increases 3.04, t.test P=2.2×10−16]. Transcripts with high initial abundance in control conditions tend to increase in
reactivity and decrease in abundance, while transcripts with initial low abundance tend to decrease in reactivity and increase in abundance
(Supplemental Data S3: Table S8C). Similar patterns are observed for the root transcriptome (Supplemental Fig. S11; Supplemental Data S3:
S8C). All data shown are under the initial, unstressed conditions, that is, reactivity increases are those transcripts that increase in reactivity after
salt stress.
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complex, abiotic stress, and response to oxidative stress
gain reactivity; there is also a pronounced shoot-specific
gain of reactivity in transcripts encoding photosynthesis-
related genes (Fig. 6A). In both tissues, transcripts that
lose reactivity were enriched in abiotic stimulus, response
to water deprivation, and response to both osmotic and
salt stress (Fig. 6B). We analyzed our inter-tissue results
in the same way (Supplemental Fig. S13).

We then performed GO analyses (Tian et al. 2017) on
the subsets of fully concordant transcripts, examining
transcripts that increased in abundance and lost reactivity
(concordant protection) and those that decreased in abun-
dance and increased in reactivity (concordant exposure)
between conditions in both tissues (Supplemental Data 4).

The striking impact of concordancy is illustrated by pho-
tosynthesis genes in shoot, which are categorically over-
represented in transcripts that gain reactivity across all
transcript regions and lose abundance under salt stress
(Fig. 7A). Single transcripts of four well-known photosyn-
thesis-related genes (Fig. 7B–E) illustrate the single nucle-
otide reactivity increases in all transcript regions following
salt stress. Conversely, in both tissues (Fig. 7A; Supple-
mental Data 4), concordant loss of reactivity/gain in abun-
dance transcripts are enriched in functions related to
response to salt stress, osmotic stress, and response to wa-
ter deprivation. Figure 7F–I illustrates single nucleotide re-
activity changes of four “response to salt stress” genes
from shoot data, visualizing this decrease in reactivity
upon salt stress.

Tissue sensitivity of changes in predicted RNA
structures

To approximate in vivo structural effects induced by salt,
we used our DMS reactivity profiles as restraints to guide

transcript folding (Deigan et al. 2009; Ding et al. 2014;
Tang et al. 2015; Tack et al. 2018) (seeMaterials andMeth-
ods; Supplemental Data 5). We found that fewer base-pair-
ings were conserved between salt stress and control
conditions in root compared to shoot (Fig. 8), mirroring
the greater root change in mean reactivity following stress.
The 5% of transcripts with the most or the fewest shared
base-pairings in the two conditions (high or low Positive
Predictive Value [PPV], respectively) were separately sub-
jected to GO analysis (Tian et al. 2017). In both tissues,
transcripts with high PPV are categorically enriched in
translation and ribosome biogenesis (Fig. 8; Supplemental
Data 4), as illustrated with the predicted structures of two
ribosomal proteins (Fig. 8G,H). In root, but not shoot,
GO categories “response to stimulus” and “protein trans-
port” are enriched in the 5% of transcripts with lowest PPV
(Fig. 8B). This low PPV category is illustrated in Figure 8E,F
by RALF1 and “low temperature and salt responsive pro-
tein family” genes. Interestingly, RALF1 is a peptide ligand
for the RLK, FERONIA, and both have been implicated in
tissue sensitivity to salt (Feng et al. 2018; Yu and Assmann
2018).

DISCUSSION

RNA performs many distinct roles in the cell and has the
ability to switch conformations in differing chemical envi-
ronments. Examples of changes in RNA structure that con-
fer molecular function include RNAs functioning as small
molecules and assisting in translational control in mamma-
lian cells (Parker and Sheth 2007). We and others have de-
veloped ways to probe RNA structure in vivo and genome-
wide, implicating functional roles of RNA structure in splic-
ing and polyadenylation (Ding et al. 2014; Rouskin et al.
2014; Wan et al. 2014; Bevilacqua and Assmann 2018;

FIGURE 6. Gene ontology analyses reveal enrichment of stress-related transcripts in transcripts with NaCl responsive structures. Results from
multiple GO analyses are combined and displayed as heat maps, where color indicates the significance of enrichment within an analysis.
Categorical enrichment of transcripts and transcript regions within the top 5% of reactivity increases (A) or decreases (B) after salt stress are dis-
played. The full results of these GO analyses are provided (Supplemental Data S4). The total number of genes classified within a GO category are
listed beside each category name.
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Ritchey et al. 2019) while suggesting the broad conserva-
tion of structure between two plant species (Deng et al.
2018). However, little is known concerning how abiotic fac-
tors known to affect structures of in vitro transcribed RNAs
impact the in vivo structurome. There is strong evidence
that specific motifs in prokaryotes act as thermal sensors
or “RNA thermometers” (Narberhaus et al. 2006) and
that mRNA secondary structure globally modulates pro-
tein expression during cold shock (Zhang et al. 2018).
Additionally, we have recently observed dynamic changes
in RNA structure following heat shock in rice, which sug-
gest that heat-induced RNA unfolding increases suscepti-
bility to degradation machineries (Su et al. 2018). Despite
these advances, studies to date have not investigated the
tissue specificity of the structurome nor the importance
of the three primary transcript regions. Here we provide
the initial investigation of genome-wide RNA structural
changes at the single nucleotide level invoked in two dis-
tinct plant tissues by a long-term, salinity stress treatment
(Fig. 1).
RNA-seq methods have revolutionized the study of tis-

sue and cell-specific transcriptomes (Pennisi 2018), but
comparable studies on the RNA structurome are lacking.
Structurome studies focused on viruses, yeast, or mamma-
lian cell lines have made important contributions (Kertesz
et al. 2010; Rouskin et al. 2014; Dethoff et al. 2018) but can-
not address this issue. Here, we directly compared the
structuromes of two distinct plant organs, discovering
that tissue type has a stronger influence on the structurome
than salinity stress (Table 1; Fig. 2; ANOVA analyses

[Supplemental Fig. S6; Supplemental Data S3: Table S4]).
In particular, we found that transcripts that were tissue-spe-
cific in our data sets hadgreatermean reactivity changebe-
tween control and salt conditions (Supplemental Data S3:
Tables S5A and S5B) and stronger Δ reactivity to Δ abun-
dance correlations (Table 2B; Supplemental Data S3:
Table S6B) than transcripts that were shared between tis-
sues. These results hint that tissue-specific transcripts
may have implicit structural malleability calibrated for their
tissue environment. In the future, it will be of interest to fur-
ther dissect these tissue-specific signatures via Structure-
seq analyses of the component cell types of each tissue
(Dinneny et al. 2008).
Tissue specificity of the RNA structurome might have

been anticipated, but the convergence of the two structur-
omes under salinity stress is surprising. This convergence
arises as a result of the shoot transcriptome losing reactiv-
ity and the root transcriptome gaining reactivity (Table 1;
Fig. 2; Supplemental Data S3: Table S1A). Probing the
mechanistic basis of this effect, we measured proline and
ion content in the two tissue types under both conditions
(Fig. 3). We surmise that the structurome convergence
may partially be explained by NaCl-induced loss of the
high K+ levels present in the root tissue under control con-
ditions (Fig. 3) leading to nearly the same total K+ levels in
both tissues (Yu and Assmann 2015). Monovalent cations
generally promote RNA folding and disfavor RNA–protein
interaction (Bloomfield et al. 2000). Although available
techniques do not discriminate where these ions reside
within the cell, this trend is nonetheless consistent with

A B F

C G

D H

E I

FIGURE 7. Concordant transcripts reveal suppression of photosynthesis genes. (A) Concordant transcripts from shoot were separated into those
that increased in abundance and decreased in mean reactivity (+abundance/−reactivity) and those that decreased in abundance and gained in
mean reactivity (−abundance/+reactivity) after salt stress. These subsets were used in a series of GO analyses (Tian et al. 2017) and summarized as
a heatmap. The full results for shoot and root are also provided (Supplemental Data S4: Tables G33–G36). The set of (+abundance/−reactivity)
transcripts shows enrichment in categories pertinent to salt stress response. Conversely, the set of (−abundance/+reactivity) transcripts shows
functional categories not specifically associated with salt stress, and particularly illustrates that photosynthesis genes concordantly gain in reac-
tivity and lose abundance under salt stress. Concordant change of all three transcript regions therefore may particularly modulate stress-induced
abundance changes. (B–E) Single nucleotide changes of select concordant photosynthesis related genes. (F–I ) Single nucleotide changes of se-
lect concordant salt response transcripts. For both sets of single nucleotide plots, only A and C nucleotides are plotted; plots are extended to the
last 3′ nucleotide where a change in reactivity could be resolved.
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FIGURE 8. Folding analyses suggest core function of RNA structure in salt stress response. (A) PPV distribution of 15,708mRNAs in shoot (green)
and 15,557 mRNAs in root (gray). PPV is the fraction of base pairs that appear in two different structures of the same RNA; thus it is bounded by 0
and 1, with 1 indicating 100% identical base pairings. Thus, PPV values quantify the structural differences between control and salt stressed con-
ditions. Dashed lines indicate the mean PPV in root (gray; mean: 46.96) and shoot (green; mean: 51.30). (B) Tails of the PPV distribution were
submitted to agriGOv2 (Tian et al. 2017). GO categories “response to stimulus” and “protein transport” are overrepresented in the 5% of the
transcripts with lowest PPV in root (but not in shoot). (C ) Transcripts involved in translation and ribosome biogenesis are enriched in the 5% of
transcripts with highest PPV in shoot. (D) Transcripts involved in translation and ribosome biogenesis are also overrepresented in the 5% of tran-
scripts with highest PPV in root. (E) A low PPV transcript example (AT1G02900.1, RAPID ALKALINIZATION FACTOR 1 [RALF1], PPV=22.7) show-
ing structural changes between control condition (left) and salt stress (right). (F ) Another low PPV transcript example (AT4G30660.1, low
temperature and salt responsive protein family gene, PPV=0) with dramatic structural change between control (left) and salt stress (right). (G)
A high PPV transcript example (AT3G02190.1, 60S ribosomal protein L39 [RPL39B], PPV=87.79) with similar structure between control and
salt stress. (H) Another high PPV transcript example (AT2G19740.1, 60S ribosomal protein L31 [RPL31A], PPV=97.38) with similar structure be-
tween conditions. For E–H, all structures were generated from root data. Circle plots provide an abstraction of the base-pairing (Reuter and
Mathews 2010). Nucleotides are arranged in sequence order around the circle. Black lines link bases paired only in control; red lines link bases
paired only in salt stress, green lines link bases paired in both conditions. GO analysis results (Supplemental Data S4: Tables G37–G40) and all PPV
statistics (Supplemental Data S5) are provided.
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the shoot becoming less DMS reactive and the root be-
coming more DMS reactive upon salt stress. One caveat
is that increasing levels of monovalent cations can disfavor
RNA folding when adequate divalent ions are present
(Manning 1972; Heilman-Miller et al. 2001). Another cave-
at is that transcripts that are translationally repressedmight
becomemore reactive to DMS owing to a lack of ribosome
protection, although our recent study in a mammalian cell
line has not found evidence for this (Waldron et al. 2019),
and increased ribosome occupancy had a slight overall
positive effect on DMS reactivity in our study in rice (Su
et al. 2018). Slow translation speed has been associated
with mRNA decay in bacteria, yeast, trypanosomes, and
metazoans (Bazzini et al. 2016; Böel et al. 2016; Harigaya
and Parker 2016; Mishima and Tomari 2016; Narula
et al. 2019). Nevertheless, the observed trends suggest
that under salinity stress root and shoot transcriptomes
converge toward a common structural optimum. Owing
to a read length of 150 nt (see Materials and Methods),
many reads arising from genes with potential for alterna-
tive splicing could not be uniquely assigned to individual
transcript isoforms. Thus, we cannot identify changes in re-
activity that arise from changes in the ratio of alternative
isoforms; nonetheless, we believe such effects are minor
because RNA folding is typically determined by local
interactions.
We observed a striking inverse relationship between salt

stress-induced DMS reactivity changes and transcript
abundance changes (Table 2A; Fig. 4A–D; Supplemental
Data S3: Table S6A). This relationship was present in
both shoot and root structuromes, even though the
mean reactivities of those structuromes changed in the op-
posite direction in response to NaCl stress. We also ob-
served this inverse correlation in rice seedlings in
response to heat shock (Su et al. 2018). Its robustness leads
us to now propose a general mechanism: Stress-induced
mRNA unfolding contributes to decreases in mRNA abun-
dance. In rice (Su et al. 2018), further analyses suggested
that transcript unfolding promotes degradation by the
exosome and the 5′ exonuclease XRN4 (Nagarajan et al.
2013). Here, detection of this relationship over a much lon-
ger stress period, with ample time for transcriptional as
well as post-transcriptional regulation, raises the additional
hypothesis that structures of nascent mRNA transcripts
may influence their transcription rate and ultimately their
abundance (Watters et al. 2016).
Separate from RNA structure, a study on Arabidopsis

(Anderson et al. 2018) discovered a role of m6A modifica-
tion in protecting mRNAs from cleavage under salinity
stress, providing one example of post-transcriptional regu-
lation. That study and ours show similar impacts of salinity
stress on the transcriptome (Supplemental Fig. S14).
However, upon excluding from our data sets all transcripts
with an m6A methylation site detected in that report, our
inverse relationship between change in transcript reactivity

and change in transcript abundance is preserved
(Supplemental Fig. S15). This result further reinforces the
role of RNA structure as an environmental sensor and prin-
cipal driver that reshapes the transcriptome in response to
the environment.
We observed that the CDS shows a particularly strong

(inverse) correlation of stress-induced changes in DMS re-
activity and abundance (Fig. 4C). This was unexpected giv-
en conventional wisdom wherein UTRs play primary
regulatory roles; as the CDS region is under selection for
peptide sequence and translational efficiency, it is reason-
able to posit that less constrained selection on the UTR re-
gions would have allowed the evolution of dynamic, stress-
responsive sequence and structural elements. Indeed, se-
quencemotifs in the 3′UTR that control transcript degrada-
tion are documented (Rabani et al. 2017), although little
information is available on how structure plays into this.
A recent study on mRNA decay in Arabidopsis showed
that transcripts with enriched A content and depleted G
content in 5′ UTRs exhibited faster decay rates (Sorenson
et al. 2018). Given that AU base-pairing is weaker than
GC base-pairing, those results may implicate salt-induced
5′ UTR unfolding (increased reactivity) as a mechanism that
exposes transcripts to ribonuclease attack. Indeed, our
present study also reveals particular diversity in the struc-
tural responses of the UTR regions compared to the CDS
regions following stress, here salinity stress (Table 1A;
Fig.4B,D; Supplemental Data S3: Table S1A). New re-
search suggests that the UTR sequence itself, which un-
doubtedly encompasses structural correlates, may be
predictive of expression level (Washburn et al. 2018).
To untangle the apparent conundrum between the pri-

macy of the CDS region in the inverse relationship and
the expected regulatory functionality of UTRs, we develop
here a new concept, that of concordancy between tran-
script regions. We discovered that when all three regions
(5′UTR, CDS, 3′UTR) increase in DMS reactivity or all three
regions decrease in DMS reactivity, both defined as “con-
cordancy,” the effect of reactivity change on transcript
abundance change is considerably more pronounced
(Fig. 4A–D vs. Fig. 4E–H; Table 2A vs. C; Supplemental
Data 3: Table S6A vs. D). This result illustrates the impor-
tance of the UTRs and suggests concerted protection
from or concerted exposure to various mechanisms of
mRNA abundance regulation. Moreover, concordant
change of reactivity between transcript regions is synergis-
tic (Supplemental Figs. S8, S9; Supplemental Data 3: Table
S6E). However, we do note that the majority of mRNAs
(∼80%) are discordant, with transcript regions changing
in different directions under salt stress. If we consider
that each coding sequence is flanked by two structural
switches (the UTRs), this opens the possibility of three-level
combinatorial regulation, which may allow more nuanced
post-transcriptional regulation of abundance for the bulk
of the transcriptome.
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Concordant reactivity increases may provide concert-
ed access to 5′ and 3′ exonucleases, as well as single-
strand-specific endonucleases. The strong effect of con-
cordant reactivity increases in promoting abundance de-
creases is consistent with the communication known to
occur between 5′UTRs and 3′UTRs during stress (Vicens
et al. 2018). For example, it is well-established that short-
ening of the poly(A) tail promotes decapping and subse-
quent 5′ to 3′ exonucleolytic degradation (Muhlrad et al.
1994; Yamashita et al. 2005; Jiao et al. 2008). That 5′

and 3′ ends of mRNAs interact is supported by our
own structurome data sets (Supplemental Fig. S8L vs.
O). Conversely, concordant reactivity decreases may ac-
company protective mechanisms. For example, in mam-
malian systems sequestration of transcripts in stress
granules, which is thought to protect transcripts from
degradation, is associated with overall transcript com-
paction (folding) (Khong and Parker 2018), which our as-
say would detect as a concordant decrease in DMS
reactivity.

It is of interest that concordant reactivity change in re-
sponse to salt stress is tissue-specific, that is, only a small
fraction (∼23%) of mRNAs are fully concordant in both tis-
sues, and an even smaller set (∼12%) show concordancy
in the same direction in both tissues (see Results for spe-
cific numbers). These observations support mRNA struc-
tural plasticity between tissues in their stress responses.
Our GO analysis (Fig. 7) of fully concordant transcripts
under salinity stress shows enrichment in both tissues of
encoded functions related to stress and to abiotic stimuli,
particularly for those transcripts that gain abundance and
lose reactivity under salt stress, suggesting that structural
mechanisms promote increased net expression of suites
of stress-related transcripts in each tissue. Our GO analy-
sis of fully concordant transcripts that gain reactivity and
lose abundance under salt stress in shoot shows a partic-
ular enrichment in genes related to photosynthesis (Fig.
7). This structure-related loss in transcript abundance mir-
rors, and likely contributes to, the well-known depression
of photosynthesis under salt stress (Takahashi and Murata
2008; Stepien and Johnson 2009). In short, the concerted
structural change appears to retool the transcriptome to
coordinate the physiological response to stress, enriching
stress-related mRNAs and depleting photosynthesis-relat-
ed mRNAs.

We further studied the distribution of structurally re-
sponsive transcripts across the transcriptome (Fig. 5;
Supplemental Data S3: Table S8C). We found that abun-
dant transcripts preferentially show concomitant abun-
dance decreases and reactivity increases following salt
stress, while rare transcripts preferentially show concomi-
tant abundance increases and reactivity decreases. Our
GO analyses (Figs. 6–8) support that the latter are enriched
in specialized stress-related mRNAs that are up-regulated
in response to salinity, while the former include transcripts

encoding everyday metabolic functions. In both tissues,
transcripts with the largest changes of reactivity between
control and salt stress were enriched in salt stress, response
to osmotic stress, and ion binding gene ontology (GO)
categories (Fig. 6). These results indicate that much of
the structural dynamism between conditions centers on
genes that respond to stresses. This pattern may reflect a
repartitioning of resources away from basic metabolism
and photosynthesis and toward stress amelioration, per-
haps analogous to growth-defense trade-offs (Huot et al.
2014).

Our previous study (Ding et al. 2014) on unstressed
Arabidopsis seedlings compared in silico versus in vivo
structures of ∼10,000 mRNAs, and raised the hypotheses
that housekeeping genes exhibit more stable structures,
perhaps having evolved to maintain homeostasis under
diverse conditions, and that signaling and stress-related
genes are highly plastic in their structures, possibly as an
intrinsic component of their environmental responsiveness
(Ding et al. 2014). As compared to solely assaying un-
stressed plants as in the earlier study (Ding et al. 2014),
our present experiments compare the in vivo structuromes
of stressed versus unstressed tissues, allowing a direct test
of these hypotheses. We find them to be supported: GO
analyses reveal an enrichment of “ribosome biogenesis”
and “translation” categories among the high PPV tran-
scripts of both root and shoot (Fig. 8C,D). Analysis of the
extremes of DMS reactivity changes (Fig. 6) highlights
overrepresentation of GO categories such as “response
to abiotic stimulus” and “response to stress” in both the
5% of transcripts with greatest salt-induced reactivity in-
creases and decreases (Fig. 6A,B), conveying their
malleability.

In conclusion, differences in transcript abundance, both
within and between transcriptomes, appear innately tied
to changes in RNA structure. In the future, parallel prob-
ing with DMS and EDC, a U- and G-specific probe
(Mitchell et al. 2019; Wang et al. 2019), to report on ab-
sence of base-pairing for all four nucleobases will allow
improved description of the RNA structurome and its bio-
physical nature, for example, determination of whether
certain structural motifs are more prone to stress-specific
refolding events. A deeper understanding of these mech-
anisms could augment efforts to engineer more salt-stress
resistant crops (Roy et al. 2014), and some structural ele-
ments have already been implicated as targets (Vashisht
and Tuteja 2006). Soil salinization arises from irrigation
practices and, increasingly, from seawater inundation as
a result of climate change (Vu et al. 2018). Given a predict-
ed world population of 9.1 billion by 2050, improvements
in crop stress tolerance and resilience to cultivation on
marginal lands will be critical to increase production,
highlighting a need for understanding the molecular
basis of how plants survive and thrive in challenging
environments.
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MATERIALS AND METHODS

Plant growth and salt treatment

Arabidopsis accession Col-0 was used in this study. Sterilized
Arabidopsis seeds were spread on agar plates containing 1⁄2
strength Murashige and Skoog (MS) medium with 1% sucrose
and 0.8% agar (A1296; Sigma) and stratified at 4°C in the dark
for 2 d. After stratification, the plates were transferred to a growth
chamber set at 21°C with an 8 h light/16 h dark photoperiod with
light intensity of 150 mol m−2 s−1and held vertically for 12
d. Seedlings were then transferred to a hydroponic setup (Yu
and Assmann 2015) and grown hydroponically for another 12
d. The hydroponic growth solution was 1⁄4 strength Hoagland’s
solution [0.25 mM KH2PO4, 3.71 µM FeNa-EDTA, 0.5 mM
MgSO4, 1.26 mM KNO3, 1.26 mM Ca(NO3)2, 11.56 µM H3BO3,
2.29 µM MnCl2, 0.20 µM ZnCl2, 0.073 µM CuCl2, 0.026 µM
Na2MoO4]. Solutions were changed twice per week. After a total
of 24 d of growth, half of the plants were exposed to salt stress by
addition of 100 mM NaCl (final concentration) to the hydroponic
solution, while the rest of the plants were maintained in the orig-
inal solution. After 48 h of NaCl or control treatment, the plants
were treated with DMS as described in a subsequent section
below.

Proline and ion content measurements

Twenty-four-day-old hydroponically grown seedlings were treat-
ed with or without 100 mM NaCl as above for 48 h. Shoots and
roots were separated, gently blotted dry using paper towels, fro-
zen in liquid nitrogen and dried in a CentriVap centrifugal vacuum
concentrator. Dry weight of each sample was measured, and pro-
line content was determined with a colorimetric assay (Ábrahám
et al. 2010). Briefly, plant tissues were ground in 3% sulfosalicylic
acid and centrifuged at 13,200 rpm for 5min at room temperature
using a benchtop centrifuge. Supernatant (100 µL) was trans-
ferred to a premade solution of 100 μL of 3% sulfosalicylic acid,
200 μL glacial acetic acid and 200 μL acidic ninhydrin. The reac-
tion mixture was incubated at 96°C for 60 min, followed by addi-
tion of 1mL toluene and vortexing to terminate the reaction. After
centrifugation for 2 min at 10,000g, the absorbance at 520 nm of
the chromophore in the toluene phase wasmeasured with a spec-
trometer. The proline concentration was determined using a stan-
dard concentration curve of L-proline (Sigma) and calculated on a
dry weight basis. Three independent replicates were performed
with three biological samples in each replicate. Dry weight mea-
surements are found in (Supplemental Data S3; Table S2A). We
also measured the levels of several ions on the same batch of
seedlings as used for proline measurement (Supplemental Data
S3: Table S2B) with three independent replicates, using induc-
tively coupled plasma atomic emission spectroscopy (Yu and
Assmann 2015). All ion data were also analyzed via ANOVA
(Supplemental Data S3: Table S3).

In vivo DMS probing of Arabidopsis root
and shoot tissue

To obtain “single-hit” modification kinetics (Ding et al. 2014; Su
et al. 2018) in our DMS treatments, the duration of in vivo DMS

treatment was first optimized. All DMS treatment procedures
and RNA extraction procedures were conductedwith proper safe-
ty equipment following the instructions in our publications (Ding
et al. 2015; Ritchey et al. 2017; Su et al. 2018; Ritchey et al. 2019).
For single-hit kinetics determination, we separately tested shoot
and root tissue from Arabidopsis plants treated with/without
100 mM NaCl (control and salt stress). For the shoot tissue test,
the shoots from five individual plants were used for each sample.
For each condition, non-DMS-treated (−DMS) and DMS-treated
(+DMS) samples were prepared. For the +DMS sample, the ex-
cised shoots were immersed in 20 mL DMS reaction buffer (40
mM HEPES (pH 7.5), 100 mM KCl, and 0.5 mM MgCl2) in a 50
mL conical centrifuge tube. Then 150 µL DMS (D186309,
Sigma-Aldrich) was immediately added to the solution to a final
concentration of 0.75% (∼75 mM) with the following durations
of DMS treatment: 1, 5, 10, 15, and 20 min. After DMS treatment,
dithiothreitol (DTT) at a final concentration of 0.5 M was supplied
to quench DMS in the reaction for 2 min followed by two washes
with deionized water before immediately drying and freezing the
tissue in liquid nitrogen. The −DMS sample was processed
through the same procedure by placing materials in the DMS
buffer for 20 min but without addition of DMS. All procedures
for the root tissue test were identical as for shoot treatments, ex-
cept that the initial material was the root tissue from five plants,
due to the lesser per plant mass of roots versus shoots. RNA
was extracted from frozen samples using the NucleoSpin RNA
Plant kit (Cat# 740949, Macherey-Nagel, Germany) following
the manufacturer’s protocol.

Gene-specific reverse transcription for single-hit
kinetics determination

Gene-specific reverse transcription (RT) of 18S rRNA was per-
formed following the previous protocol (Ding et al. 2014). For
each RT reaction, 1 µg total RNA in 5.5 µL total volume of
RNase-free water was prepared. After adding 1 µL of 32P-radiola-
beled primer (∼250,000 cpm/µL) to target 18S rRNA (5′-
AACTGATTTAATGAGCCATTCGCAG-3′), the solution was incu-
bated at 75°C for 3min, then cooled to 35°C. Then 2 µL of reverse
transcription reaction buffer (5×) was added to a final concentra-
tion of 20 mM Tris–HCl (pH 7.5), 1 mM DTT, 100 mM KCl, 8 mM
MgCl2, and 1 µL of 1 mM dNTPs. Annealing was allowed to pro-
ceed at 35°C for 5 min, after which the reaction solution was heat-
ed to 55°C for 1 min, 0.5 µL of Superscript III reverse transcriptase
(Invitrogen; 100 U total) was added to the reaction, and the RT re-
action was allowed to proceed at 55°C for 15 min. Next, 1 µL of
1 N NaOH was added to the solution, which was heated to 95°C
for 5 min to hydrolyze all RNAs and denature the reverse transcrip-
tase. The RT product mixed with an equal volume of 2× loading
dye was then loaded onto a 10% denaturing polyacrylamide gel
(8.3 M urea) and run at 90 W for ∼2 h. The gel was dried and ex-
posed using a PhosphorImager (Molecular Dynamics) cassette.
Gel images were collected with a Typhoon PhosphorImager
9410, and bands were quantified using ImageQuant 5.2. Based
on these results (Supplemental Fig. S16), we chose 5 min DMS
treatment for shoot and 1 min DMS treatment for root to achieve
similar single hit kinetics for the two distinct tissue types. We then
utilized these conditions for DMS treatment and subsequent
Structure-seq library construction.
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Preparation of Structure-seq libraries

After determination of single-hit kinetics for each condition, the
plant materials for Structure-seq library generation were pre-
pared. For each individual library, ∼40 hydroponically grown
Arabidopsis plants were used, which were dissected into shoot
and root tissue. For the +DMS shoot sample, 40 excised shoots
from control or NaCl treatment were immersed in 20 mL DMS re-
action buffer (40 mM HEPES [pH 7.5], 100 mM KCl, and 0.5 mM
MgCl2) in a 50 mL conical centrifuge tube. Then 150 µL DMS
(D186309, Sigma-Aldrich) was immediately added to the solution
to a final concentration of 0.75% (∼75mM) for 5min of DMS treat-
ment, after which dithiothreitol (DTT) at a final concentration of
0.5 M was supplied to quench DMS in the reaction for 2 min, fol-
lowed by two washes with deionized water before immediately
drying and freezing the tissue in liquid nitrogen. The −DMS sam-
ple was processed through the same procedure by placing mate-
rials in the DMS buffer for 20 min but without addition of DMS.
Three independent biological replicates were prepared for both
control and NaCl-treated shoot libraries, and for both −DMS
and +DMS libraries, for a total of three control −DMS libraries,
three control +DMS libraries, three +NaCl −DMS libraries, and
three +NaCl +DMS libraries. All procedures for generation of
root Structure-seq libraries were identical as for shoot library
preparation, starting with the root tissue from 40 plants each of
control or NaCl treatment, except for a different duration of
DMS treatment to maintain comparable single hit kinetics
(Supplemental Fig. S16). Frozen samples were subjected to
RNA extraction using the NucleoSpin RNA Plant kit (Cat#
740949, Macherey-Nagel, Germany) following the manufactur-
er’s protocol.

Structure-seq libraries then were prepared according to the
gel-based Structure-seq2 protocol (Ritchey et al. 2017; Su et al.
2018) starting with ∼250 µg total RNA. In total, 24 Structure-seq
libraries were generated. Library cDNA size distribution and con-
sistency between biological replicates were assessed from
Bioanalyzer traces (Agilent 2100, Agilent Technologies). After
qPCR to quantify library molarity, a pool of all libraries at equal
molarity was made, and libraries were subjected to next-genera-
tion sequencing on an Illumina HiSeq 2500 at the Genomics Core
Facility of Penn State University to generate 150 nt single-end
reads. Five HiSeq runs were performed to collect sufficient reads
for downstream analyses, yielding a total of 1,109,349,671 reads
(Supplemental Data S6: Table W1).

Data handling and processing

All sequenced libraries (FASTQ format) were first trimmed with
Cutadapt (Martin 2011) (version 1.14) via StructureFold2 (Tack
et al. 2018) to remove 5′ and 3′ adapters, as well as low quality
base calls on the 3′ ends of reads (Supplemental Data S6: Table
W1). All individual sequencing runs of each library were com-
bined (Supplemental Data S6: Table W1) into a single FASTQ
file representing a biological replicate before aligning to the
TAIR10 (The Arabidopsis Information Resource [TAIR], https
://www.arabidopsis.org) cDNA reference sans ribosomal se-
quences, using Bowtie2 (Langmead and Salzberg 2012) (version
2.3.2) via StructureFold2 (Supplemental Data S6: Table W2;
Tack et al. 2018); this yielded an average of 90.3% of reads map-

ping to the transcriptome. These mappings were then post-pro-
cessed using SAMtools (Li et al. 2009) (version 0.1.19) to
remove reads aligned to the opposite strand, as well as reads
with more than threemismatches or indels compared to the refer-
ence, as well as any readwith amismatch at the first (5′) position of
the read via StructureFold2 (Supplemental Data S6: Table W3).
Every filtered SAM file was then changed into an RTSC (reverse
transcriptase stop count) file via StructureFold2 (Tack et al.
2018) before continuing with analysis. RT stop specificity was cal-
culated from these RTSC files, showing high specificity to ade-
nines (As) and cytosines (Cs) in DMS treated samples
(Supplemental Data S6: Table W4).

DMS library RT stop correlation analyses

We pooled the RTSCs for all +DMS biological replicates of each
condition to calculate total transcript coverage within that condi-
tion (Supplemental Data S6: Tables W1–W3) via StructureFold2
(Tack et al. 2018). We define coverage as the number of se-
quenced RT stops per A and C present in each transcript in the
pool of all +DMS biological replicates of a condition. Thus, our
coverage threshold of ≥1 mandates that we sequenced an aver-
age of one or more RT stops for each A or C residue of a given
transcript within a condition in order to consider the structural in-
formation for that transcript to be resolvable (Kertesz et al. 2010).
For all transcripts with coverage ≥1 in a condition, we correlated
the component biological replicates within the condition in
two ways. First, we performed all pairwise correlations between
each pair of biological replicates on the entire transcriptome for
each condition, that is, correlated the number of RT stops on
each A and C on every base in the transcriptome from transcripts
above the combined coverage threshold for that condition using
R (R Core Team 2019) (cor.test) and plotting with ggplot
(Wickham 2016; Supplemental Fig. S1, hexbins); the DMS-in-
duced RT stops in the replicate libraries under each condition
were highly reproducible (mean r=0.95). Second, we used the
plyr (Wickham 2011) package to organize our data such that we
could perform a sub-correlation (cor.test) for the RT stop values
of each individual transcript between each biological replicate
in each condition, plotting the distribution of each of these r val-
ues using ggplot (Supplemental Fig. S1, violins). Given the high
reproducibility, library data from the three replicate libraries of
each condition were merged as the final data sets for downstream
analyses (Ding et al. 2015).

Reactivity calculations and statistical analyses

We calculated per base reactivity separately for each sample an-
alyzed in each individual contrast using StructureFold2 (Tack et al.
2018), subtracting pooled −DMS reads indicative of natural stops
and natural stop-inducing modifications from corresponding
+DMS modification RT stops (see StructureFold2 manual for
equations, “rtsc to react module”). Every sample within each con-
trast was normalized to the same 2%–8% normalization scale (Low
andWeeks 2010), where each scale contains separate 2%–8% val-
ues for each transcript. The particular 2%–8% scale used for nor-
malization is relative, as all data sets being contrasted are
normalized to the same scale. This normalization of raw reactivity
values from multiple samples by such a common scale (average
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reactivity of the top 8% of bases’ reactivities after ignoring the top
2%) ensures that all reactivity measurements between samples
are relative to the same set of highly reactive bases. In both in-
tra-tissue comparisons, the respective control scale was applied
to the salt data, in both inter-tissue comparisons, the respective
shoot scale was applied to the root data (Supplemental Data 1).
The shoot control scale was used when comparing all four
data sets (Supplemental Data 1). When there was no direct com-
parison between structuromes, for example, when comparing
abundance tomean reactivity (Supplemental Data 2; Supplemen-
tal Fig. S10), each structurome’s internal 2%–8% scale was used
for normalization.

Transcript reactivities were summarized by the reactivity statis-
tics module in StructureFold2, filtering the data to include only
those transcripts with an overlapping coverage ≥1 in all samples
present in a given contrast. As an additional filter, we restricted
analysis to transcripts containing 10 or more As plus Cs before
the last 30 bp of the transcript, such that mean reactivity values
had a suitable number of measurements. These processed data
can be found in Supplemental Data S1; shoot control versus salt
(D1–D4), root control versus salt (D5–D8), control shoot versus
root (D9–D12), salt shoot versus root (D13–D16), and four-way
(D17–D20) comparisons. We estimated transcript abundance via
the StructureFold2 (Tack et al. 2018) RTSC abundance module,
calculating TPM (transcripts per kilobase-million) from the reads
in our corresponding pooled −DMS biological replicates for
each sample (Supplemental Data S1: Tables D21–24). Data for
the individual structuromes are also summarized (Supplemental
Data S2: Tables R1–R16). Unless specified, all downstream analy-
sis was done with R (R Core Team 2019) and plots were generated
via the ggplot (Wickham 2016) package. Base R functionality was
used for all tests and analyses; all t-tests were carried out using t.
test(), all correlations carried out using cor.test(), aov() was used for
ANOVA and information was extracted with summary() and
TukeyHSD(). We note that for reporting P-values, P<2.2×10−16

is the smallest floating point number that base R reports by de-
fault. StructureFold2 formats all such data to be readily used by
R. Concordant transcripts and regions were grouped by compar-
ing the reactivity change of transcript regions between conditions
via subset(), that is, regions that shared the direction of reactivity
change were considered concordant. For computing the P-value
of the Fisher Z-test between two correlations, we used the cocor.
indep.groups() function from the R cocor package (Diedenhofen
and Musch 2015); by default this package displays P-values to
four decimal places, thus all Z-tests have a different formatting
for P-values than those derived with base R. When determining
the membership of shared and unique transcript regions (i.e.,
5′UTR, CDS, 3′UTR), we used the shared/unique status of the tran-
script (Supplemental Data 3: Table S5A). As an additional set of
tests, we determined shared and unique based on the individual
regions (Supplemental Data 3: Table S5B); to be shared a region
had to be from a shared transcript and resolved in both tissues,
whereas it only had to originate from a shared transcript in the for-
mer analysis.

To downscale our data, we used the StructureFold2 rtsc_down-
scale module at 0.50, 0.25, and 0.125 ratio settings on both frac-
tional (the stop counts on each base are multiplied by the ratio)
and random read (each individual stop has the specified ratio ran-
dom chance of being retained) modes on both (−) and (+) RTSC
files for shoot control, and recalculated all derived statistics

(Supplemental Fig. S12; Supplemental Data 2: Table R17;
Supplemental Data 3: Table S8D).

GO analyses

For our intra-tissue contrasts, we examined the top and bottom
5% of increased and decreased mean reactivity between control
and NaCl stress conditions, for whole transcript and each tran-
script region, in both tissues (Supplemental Data S4: Tables
G1–G16). For our inter-tissue contrasts, we examined the top
and bottom 5% of increased and decreased mean reactivity be-
tween shoot and root, for whole transcript and each transcript re-
gion, in both conditions (Supplemental Data S4: Tables G17–
G32). For the GO analyses on concordant transcripts, we qualita-
tively subset our transcripts into those that increased in abun-
dance and lost reactivity (concordant protection) and those that
decreased in abundance and increased in reactivity (concordant
exposure) (Supplemental Data S4: Tables G33–G36). For the
GO analyses using PPV, we selected the 5% top and bottom ex-
tremes of PPV between conditions (Supplemental Data S4: Tables
G37–G40). All transcript subsets were reduced to reflect
their gene locus of origin before use in GO analyses via
agriGOv2 (Tian et al. 2017), which was done because the 150 nt
maximum read length results in a number of reads that cannot
be mapped to a unique isoform. These individual results were
then combined via a custom Python script back into a convenient
csv for easy analysis and plotting of several GO analyses simulta-
neously using R and ggplot (Figs. 6, 7; Supplemental Fig. S13;
Wickham 2016).

ANOVAs of mean reactivity

To contrast all of our structuromes together, we implemented a
series of large scale ANOVAs. We used the 2%–8% normalization
scale from shoot control and also applied it to shoot salt, root
control, and root salt as a common normalization scale such
that all the data would be comparable. Moreover, we used
only transcripts that had a coverage ≥1 in the corresponding
+DMS sample of every condition (Fig. 1C; Supplemental Data
1; D17–D20). This allowed four two-way ANOVAs (whole tran-
script: n=12,978, 5′UTR: n=12,117 UTRs, CDS: n=12,870,
3′UTR: n=12,278) comparing the mean reactivity of whole tran-
script and each region against their treatment and tissue (mean
reactivity∼ treatment× tissue). We combined the separate tran-
script regions, and ran a three-way ANOVA such that region
could also be used as determinant of mean reactivity (mean
reactivity∼ treatment× tissue× region) (Supplemental Fig. S6;
Supplemental Data S3: Table S4). Tissue and treatment:tissue
were always stronger effects than treatment alone. When “re-
gion” was included as a factor, it was also a stronger determinant
than treatment.

Structure prediction and derived statistics

Reactivity files generated from intra-tissue comparisons were
used as restraints to guide folding of each transcript and transcript
region above the coverage threshold in both control and NaCl
conditions within a tissue via the RNAStructure (Reuter and
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Mathews 2010) Fold program with StructureFold2 (Tack et al.
2018). The output is a predicted minimum free energy structure
for each transcript and transcript region. We then calculated
PPV (Positive Predictive Value) between each pair of in vivo re-
strained folds by driving the RNAStructure scorer program with
StructureFold2, thereby assaying how similar the folds of
each transcript were between conditions (Supplemental Data
S5: F1–F8). Circle plots between folds were generated with
CircleCompare (Reuter and Mathews 2010) and GO analyses
were performed on the top and bottom 5%most extremePPV val-
ues in both tissues via agriGOv2 (Tian et al. 2017).

Comparison to Anderson et al. (2018) data

We extracted the salt stress-induced gene fold changes from
Supplemental Table S3 of Anderson et al. (2018). These fold
changes were used as overlay colors on all transcripts of these
genes in our shoot Δ mean reactivity versus Δ transcript abun-
dance plot (Supplemental Fig. S14), showing high parity of salin-
ity-induced abundance changes between studies. We extracted
the genomic coordinates of high confidence m6A modifications
from Supplemental Table S4 of Anderson et al. (2018), and as-
signed these peaks to genes. All transcripts of genes with a
detected m6A peak in either condition were removed from
our shoot data, and the remaining transcripts were plotted exact-
ly as in our Δ reactivity and Δ abundance plots, showing the in-
verse correlation of Δ reactivity and Δ abundance is retained in
transcripts with no detected m6A modifications (Supplemental
Fig. S15).

DATA DEPOSITION

Library sequences are available at the NCBI Gene Expression
Omnibus (GEO) database as accession GSE124866.
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