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Summary

e Transcription and export (TREX) is a multi-subunit complex that links synthesis, processing
and export of mRNAs. It interacts with the RNA helicase UAP56 and export factors such as
MOS11 and ALYs to facilitate nucleocytosolic transport of mRNAs. Plant MOS11 is a con-
served, but sparsely researched RNA-binding export factor, related to yeast Tho1 and mam-
malian CIP29/SARNP.

e Using biochemical approaches, the domains of Arabidopsis thaliana MOS11 required for
interaction with UAP56 and RNA-binding were identified. Further analyses revealed marked
genetic interactions between MOS77 and ALY genes. Cell fractionation in combination with
transcript profiling demonstrated that MOS11 is required for export of a subset of mMRNAs
that are shorter and more GC-rich than MOS11-independent transcripts.

e The central a-helical domain of MOS11 proved essential for physical interaction with
UAP56 and for RNA-binding. MOS11 is involved in the nucleocytosolic transport of mRNAs
that are upregulated under stress conditions and accordingly mos77 mutant plants turned out
to be sensitive to elevated NaCl concentrations and heat stress.

e Collectively, our analyses identify functional interaction domains of MOS11. In addition,
the results establish that mRNA export is critically involved in the plant response to stress con-
ditions and that MOS11 plays a prominent role at this.

Introduction

In eukaryotic cells, pre-mRNAs are synthesised by RNA poly-
merase 1I within the cell nucleus. The pre-mRNAs undergo a ser-
ies of processing/maturation steps that partially occur
co-transcriptionally before transcript synthesis is completed. The
major processing steps comprise m’G capping of the 5end,
intron removal by the spliceosome and 3’end endonucleolytic
cleavage and addition of the poly(A) tail (Howe, 2002; Dar-
nell, 2013). Before cytosolic ribosomes can translate the mRNAs
into proteins, they must be exported from the nucleus. Nuclear
export of mature mRNAs to the cytosol occurs through
nuclear pore complexes and is mediated by a variety of proteins
that have been recruited to the mRNAs (Kohler & Hurt, 2007;
Wickramasinghe & Laskey, 2015).

A central function in linking RNA polymerase II transcription
and pre-mRNA processing with mRNA export is executed by the
transcription and export (TREX) complex. TREX consists of a
hexameric core termed THO that associates with various combi-
nations of additional proteins giving rise to alternative versions of
TREX (Katahira, 2012; Heath ez 4/, 2016). An important inter-
actor of THO is the DEAD-box RNA helicase UAP56 (Sub2 in
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yeast), which has RNA-stimulated ATPase and RNA unwinding
activity (Shen, 2009; Heath ez 4/, 2016). UAP56 is required for
the contact with further export factors including ALY (Yral in
yeast) and CIP29/SARNP (Thol in yeast) (Katahira, 2012;
Heath et al., 2016). Recently, the three-dimensional structure of
various versions of yeast and mammalian TREX complexes has
been uncovered, revealing that, for instance, a THO-UAP56 tet-
ramer forms the core of human TREX (Piihringer er al, 2020;
Schuller er al., 20205 Xie er al., 2021; Pacheco-Fiallos et al.,
2023). Ultimately, TREX components recruit the mRNA export
receptor that mediates interactions with nucleoporins of the
nuclear pore complex, resulting in nucleocytosolic translocation
of the mRNP (Heath ez 4/, 2016; Ashkenazy-Titelman et al,
2020).

Compared with yeast and metazoa, little is known about the
plant mRNA export pathway, including the fact that the export
receptor(s) are unknown. They are conserved between yeast and
mammals, but surprisingly, they are not encoded in plant gen-
omes (Xu & Meier, 2008; Merkle, 2011; Gaouar & Ger-
main, 2013; Ehrnsberger er 4/, 2019a). As demonstrated by
proteomics analysis, the THO core of Arabidopsis TREX resem-
bles the composition of metazoan THO rather than that of the
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yeast complex (Yelina ez al., 2010). Mediated by direct interac-
tions with the RNA helicase UAP56, the export factors ALY1-4,
UIEF1/2 and MOSI11 (orthologue of yeast Thol and mamma-
lian CIP29/SARNP) can be part of Arabidopsis TREX (Kammel
et al., 2013; Serensen ez al., 2017; Pfaff er al., 2018; Ehrnsberger
et al., 2019b). Based on in situ hybridisation analyses using
oligo(dT) probes, some THO subunits were shown to be
involved in mRNA export as in the respective mutant plants
mRNAs accumulate within cell nuclei (Pan e 4/, 2012;
Xu er al, 2015; Serensen er al, 2017). Similarly, the
UAP56-associated factors MOS11, ALY1-4 and UIEF1/2
(Germain er al, 2010; Pfaff er al, 2018; Ehrnsberger
et al., 2019b) are required for efficient mRNA export. MOSI1
was originally identified in a genetic screen as suppressor of the
Arabidopsis autoimmune mutant sucl (modifier of sncl, 11) and
MOSI11 proved to be a nuclear protein with similarity to
CIP29/SARNP (Germain er al, 2010). Compared with
wild-type (WT) plants, mosI1 mutants are phenotypically mildly
affected, but they exhibit an mRNA export defect resulting in
accumulation of mRNAs in nuclei (Germain et al., 2010), that is
increased in double-mutants deficient in MOS11 and the THO
subunit TEX1 (Serensen ez al., 2017). Recently, it was discovered
that MOS11 (and ALYs) are also involved in the nucleocytosolic
transport of mRNAs of the pararetrovirus CaMV in Arabidopsis
and that mosII (and a/y) mutants are partially resistant to CaMV
infection (Kubina ez al., 2021).

Since the RNA-binding properties of the Arabidopsis mRNA
export factor MOSI11 and its molecular interactions with the
RNA helicase UAP56 have not been studied in detail, we have
investigated these aspects using full-length MOS11 in compari-
son with various truncated proteins. To identify mRNAs, whose
export is affected in mos11 plants, we have profiled mRNAs iso-
lated from nucleus vs cytosol of mosi1and WT plants. In view of
the moderate phenotypic impairment of m0s11 plants under nor-
mal growth conditions, we have exposed m0s11 plants to abiotic
stress, demonstrating that MOS11 and mRNA export are critical
for proper stress response.

Materials and Methods

Plant material

Seeds of Arabidopsis thaliana (L.) Heynh. (ecotype Col-0) were
stratified in darkness for 48 h at 4°C, and plants were grown and
propagated at 21°C on soil in a phytochamber or on Murashige
and Skoog (MS, 1962) medium in plant incubators (PolyKlima)
under long-day conditions (16 h : 8 h, 21°C : 18°C, light :

dark) (Antosz ez al., 2020; Michl-Holzinger ez al., 2022). In some
experiments, the 0.5x MS medium was supplemented with
100 mM NaCl (Obermeyer et al, 2022). Heat stress (HS)
experiments (37°C) were conducted 14 d after stratification for
48 h, and the recovery was documented 7 d after HS (Ober-
meyer et al., 2023). The T-DNA insertion lines were obtained
Stock  Centre
(https://arabidopsis.info/) and were previously reported mosl1-2
(Germain et al., 2010), alyl-1, aly2-1, aly3-1 and aly4-1 (Pfaff

from  the Nottingham  Arabidopsis
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et al., 2018). Double and triple mutants were generated by
genetic crossing as previously described (Lolas ez al, 20105
Markusch ez al., 2023). Agrobacterium-mediated plant transfor-
mation, selection of primary transformants, characterisation of
transgenic lines and PCR-based genotyping of plants using pri-
mers specific for DNA insertions and target genes (Supporting
Information Table S1) as well as propagation and examination
for consistent phenotype were performed as previously described
(Antosz er al., 2020; Michl-Holzinger ez al., 2022). All phenoty-
pic analyses were performed independently at least twice, and
representative examples are shown that were documented as pre-
viously described (Lolas er al, 2010; Michl-Holzinger
etal., 2022).

Plasmid constructions

The required gene or cDNA sequences were amplified by PCR
with KAPA DNA polymerase (PeqLab) using A. thaliana geno-
mic DNA or ¢cDNA as template and the primers (providing also
the required restriction enzyme cleavage sites) listed in Table S1.
The PCR fragments were inserted into suitable plasmids using
standard methods. All plasmid constructions were checked by
DNA sequencing, and details of the plasmids generated in this
work are summarised in Table S2.

Production of recombinant proteins

Full-length MOS11 and truncated versions of the protein
(Table S2) were expressed in Escherichia coli using plasmid pQE9
(Qiagen) driving the expression of the MOS11 proteins fused to a
6xHis-tag. The proteins were isolated from E. coli lysates by
metal-chelate affinity chromatography using Ni-NTA beads
(Qiagen) as previously described (Kammel ez 2/, 2013). Eluted
MOSI1 proteins were further purified by FPLC ion exchange
chromatography using a Resource S column (GE Healthcare,
Freiburg, Germany) equilibrated in buffer D (10 mM sodium
phosphate, pH 9.0, 1 mM EDTA, 1 mM DTT, 0.5 mM PMSE).
Proteins were eluted with a linear gradient of 0-1 M NaCl in buf-
fer D and MOSI11 containing fractions were pooled and passed
through PD-10 columns (GE Healthcare) changing to protein
buffer D. Finally, proteins were characterised by SDS-PAGE in
combination with Coomassie staining and by mass spectrometry.

Circular dichroism (CD)

Purified recombinant MOS11 proteins (10 pM) were analysed
using a Jasco J-815 CD spectropolarimeter in a wavelength range
of 190-260 nm using a 0.02-cm cell as previously described
(Michl-Holzinger ez al., 2022).

MicroScale Thermophoresis (MST) binding assay

MicroScale Thermophoresis (MST) binding experiments were
carried out essentially as previously described (Pfaff ez 2/, 2018)
with 100 nM  25-nt Cy3-labelled ssRNA oligonucleotides
(Table S1). MST measurements were performed in protein
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buffer D with a range of protein concentrations at 25°C on a
Monolith NT.115 (NanoTemper  Technologies,
Miinchen, Germany).

device

ATPase assay

ATPase activity was examined with an adjusted protocol for
phosphate determination via malachite green adapted from (Lan-
zetta et al, 1979). 0.25 uM of UAP56, 10 mM ATP and
2.5 nM 13-nt RNA were incubated in 25 pl of ATPase assay
reaction buffer at 28°C for 30 min. Twenty microlitres of the
reaction mix was added to 80 pl of ATPase colour reagent in a
96-microwell plate and incubated at RT for 2 min. Ten microli-
tres of 34% (w/v) citric acid was added, and the samples were
incubated at RT for 10 min, before the absorption of the samples
was measured at a wavelength of 620 nm. For each assay, the cor-
responding blank sample lacking ATP was prepared and the sam-
ples were measured in triplicates along with respective blanks.

Helicase assay

In vitro RNA unwinding assays with 13-nt dsRNA were per-
formed as previously described (Kammel e 4/, 2013). Reaction
products were treated with proteinase K and analysed in 1x TBE
on 16% polyacrylamide gels. Boiling of the dsSRNA served as a
control for strand separation. Finally, the Cy3-labelled RNA was
visualised using a ChemiDoc Imaging System (Bio-Rad).

GST pull-down assays

Protein interaction assays using bait proteins fused to glutathione
S transferase (GST) with putatively interacting proteins were per-
formed essentially as previously described (Michl-Holzinger
et al., 2022; Markusch et al., 2023). Proteins were incubated for
30 min in reaction buffer (25 mM Hepes pH 7.5, 150 mM
KCl, 5% glycerol, 0.05% NP-40, 8 mM MgCl2, 1.25 mM ATP
and 0.2 mM PMSF) in a total volume of 150 pl, before eluted
proteins (along with input samples) were loaded onto glutathione
sepharose beads. Proteins were analysed by SDS-PAGE and Coo-
massie staining, and by immunoblotting using an antibody speci-
fic for the 6x-His-tag detecting putative interaction partners.

Yeast two-hybrid assays

Yeast two-hybrid assays were performed according to the manufac-
turer (Takara, Saint-Germain-en-Laye, France) as previously
described (Pfaff er al, 2018; Ehrnsberger er al, 2019b). Yeast cells
of the strain AH109 were co-transformed with pGBKT7 and
pGADT7 plasmids (Table S1) and grown at 30°C on
SD/-Leu/-Trp, SD/-Leu/-Trp/-His and SD/-Ade/-Leu/-Trp/-His

medium for 2 d.

Forster resonance energy transfer (FRET)

FRET acceptor photobleaching (FRET-APB) was performed in

Agrobacterium-infiltrated  Nicotiana — benthamiana leaves as
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previously described (Pfaff ez al, 2018; Ehrnsberger
et al., 2019b) using a LSM 980 Airyscan 2 microscope (Zeiss).
eGFP was excited with an Argon laser at 488 nm, and mCherry
was excited/bleached with an DPSS laser at 561 nm. For accep-
tor bleaching, a circular area of 9 pm was bleached at 100% laser
power (561 nm) for 15 iterations. The bleaching intensity was
set to 50%. Twenty-five cycles were performed. For each repli-
cate, 8—12 nuclei were sampled. Protein interactions were quanti-

fied with their mean FRET efficiencies.

Confocal laser scanning microscopy (CLSM)

Expression and localisation of mCherry and eGFP fusion pro-
teins in Agrobacterium-infiltrated N. benthamiana leaf cells was
analysed using a LSM 980 Airyscan 2 instrument (Zeiss)
equipped with a 10x NA 0.3, a 20x NA 0.3, a 40x oil 1.3 or
63x oil NA 1.3 objective, as previously described (Markusch
et al., 2023). eGFP was excited with an Argon laser at 488 nm,
mCherry was excited using an DPSS laser at 561 nm. The emis-
sion of eGFP or mCherry was detected at 500-550 nm or
570-620 nm.

Whole mount in situ hybridisation

The relative distribution of bulk mRNA in nuclei and cytosol
was analysed in roots of 6-d-old seedlings grown on solid MS
medium as previously described (Pfaff ez 4/, 2018; Ehrnsberger
et al., 2019b). Hybridisation was performed with an Alexa Fluor
488-labelled 48-nt oligo(dT) probe and analysed using confocal

laser scanning microscopy with a Leica SP8 microscope.

Isolation of RNA, cDNA synthesis and analysis by qPCR

Nuclear and cytoplasmic fractions were prepared from rosettes of
14-d plants adapting a previously described protocol based on
differential centrifugation (Park ez al, 2005). RNA was isolated
from nuclear and cytoplasmic fractions using the RNeasy Plant
Mini Kit (Qiagen). After DNase treatment, reverse transcription
was performed using 1.5 pg of RNA, random hexameric primers
and 200 U Reverse Transcriptase (Thermo Fisher Scientific,
Miinchen, Germany) as previously described (Pfaff ez al., 2018).
Subsequent analysis by qPCR was performed as previously
described (Obermeyer ez al., 2022, 2023).

RNA-seq and data analysis

RNA was isolated from the nuclear and cytoplasmic fractions as
described above. Additionally, the ERCC RNA Spike-In Mix
(VWR, Darmstadt, Germany) was added to the isolated RNAs to
control for the technical performance of library preparation and
subsequent sequencing (Jiang et al., 2011). Library preparation
and RNA-seq were performed at the Genomics Core Facility
(University of Regensburg, www.kfb-regensburg.de), employing
the following modules: NuGEN Universal Plus RNA-Seq with
NuQuant User Guide v3 (Tecan Genomics, Crailsheim,
Germany) in combination with Arabidopsis rRNA AnyDeplete
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module, the Illumina NextSeq 2000 System (Illumina, San
Diego, CA, USA) and the KAPA Library Quantification
Kit-Illumina/ABI Prism (Roche Sequencing Solutions, Penzberg,
Germany). To remove PCR duplicates from the analysis, unique
molecular identifiers (UMIs) were attached to the sequencing
barcodes (Smith ez 4/, 2017). Equimolar amounts of each library
were sequenced on an Illumina NextSeq 2000 instrument con-
trolled by the NExTSEQ 2000 Control Software (NCS,
v.1.4.0.39521), using two 50 cycles P3 Flow Cells with the dual
index, paired-end run parameters. Image analysis and base calling
were done by the ReEaL TIME ANALysis Software (RTA, v.3.9.2).
The resulting “.cbcl’ files were converted into .fastq’ files with the
BCL2FASTQ (v.2.20) software.

Quality control was performed using FASTQC (v.0.11.9) and
MULTIQC (v.1.11) (Ewels ez al, 2016). After the initial quality
assessment, the UMIs were extracted and added to the header for
each read using umi_tools extract (v.1.1) (Smith ez al, 2017).
The remaining reads were mapped to the TAIRIO genome
(Lamesch ez al, 2012) and ERCC sequences using STAR
(v.2.7.8a, ‘--outFilterType BySJout --outFilterMultimapNmax
20 --alignSJoverhangMin 8 --alignSJDBoverhangMin 1
--outFilterMismatchNmax 999 --alignIntronMin 10
--alignIntronMax 1000000 --outFilterMismatchNoverReadLmax
0.04 --outSAMmultNmax 1 —outMultimapperOrder Random’).
After tagging duplicated sequences using PicaRD MarkDUPLI-
CATES (v.2.21.8) (https://broadinstitute.github.io/picard/), the
UMIs were used to remove technical duplicates using umi_tools
(v.1.1). For the differential gene expression analysis, the resulting
reads from the pipeline outlined above were used to create a
count table using the FEATURECOUNTS function of the rsubread
package (v.1.6.3) (Liao et al, 2019), which was then analysed
using the R BIoCONDUCTOR package DESEQ2 (v.1.38.3) (Love
et al., 2014). Genes encoded on the mitochondrial or chloroplast
DNA were removed before the analysis. To determine tran-
scripts, whose export is affected in mos/1 mutants, a likelihood
ratio test (LRT) was used. The full model ~compartment +
genotype + compartment:genotype was compared with the reduced
model ~compartment + genotype. Differentially distributed genes
were defined using an FDR of 5% and clustered after z-score nor-
malisation using k-means.

Gene set over-representation analysis was carried out using the
Metascape online tool (Zhou ez al, 2019). Selected over-
represented terms from Metascape analysis were visualised using the
Bioconductor package CLUSTERPROFILER (Wu ez al., 2021).

Results

The central helical domain of MOS11 is required for
interaction with UAP56 and RNA, while N-/C-terminal
regions enhance RNA-binding

Arabidopsis MOSI11 shares amino acid sequence similarity with
mammalian CIP29 (also known as SARNP) and yeast Thol (Ger-
main et al, 2010), but MOS11 lacks the N-terminal SAP domain
(Aravind & Koonin, 2000) found in CIP29 and Thol (Jacobsen
et al., 2016). Aligning MOS11 with the amino acid sequences of
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putative orthologues from mono- and dicot species revealed striking
conservation of the central part of the proteins, whereas the N- and
C-terminal regions are rather diverse (Fig. S1). In view of a
high-resolution NMR structure of Thol (Jacobsen ez al, 2016), it
became clear that the conserved central regions mostly correspond
to the o-helices identified in the C-terminal region of Thol
(Fig. S2a). While the domain in Thol consists of two antiparallel
a-helices that are connected by a structured loop, and whose helices
are packed against each other by hydrophobic faces, this domain is
duplicated in MOS11 and its plant (and mammalian) orthologues
(Jacobsen er al, 2016). Thus, in the plant sequences, the first
helix-turn-helix motif consists of helices a1/a2 and the second
motif consists of helices 03/a4 (Figs S1, S2a). Strikingly, each o
-helix ends with a glycine residue that is preceded by a phenylala-
nine (Fig. S1). Using helices al/02 and a3/04 of MOSI1 for
structure homology-modelling revealed that the pairs of helices each
exhibit an organisation of antiparallel o-helices, connected by a
loop (Fig. S2b), thus resembling the corresponding structure of
Thol (Jacobsen et al, 2016). Additionally, the protein sequence
alignment revealed a fifth conserved motif that appears to be speci-
fic for plant MOSI11 orthologues and which according to structure
predictions may represent another o-helix (Fig. S2). To study mole-
cular interactions of MOSI11, the full-length protein and truncated
versions were analysed (Fig. S3a). The MOSI11 proteins were
expressed as 6xHis-tagged proteins in E. coli and purified
(Fig. S3b). Analysis by circular dichroism (CD) spectroscopy of
full-length MOS11 and of MOS11ANC (lacking the N- and
C-terminal regions) yielded spectra consistent with o-helical struc-
ture, while the spectrum of MOS11Aa (lacking the central o-
-helical region) mostly reflects random coil (Fig. S3c). Together,
this indicates that the central part, which MOSI11 has in common
with yeast Thol and mammalian CIP29, indeed is o-helical.
MOS11 directly interacts with UAP56 in vivo and in vitro
(Kammel et al., 2013; Sorensen et al., 2017). To identify the part
of MOS11 that is required for the interaction with UAP56, the
yeast two-hybrid assay was used. As expected, full-length MOS11
fused to the activation domain clearly interacted with UAP56
fused to the DNA-binding domain (Fig. 1a). Analysis of trun-
cated proteins demonstrated that MOS11ANC interacted with
UAP56, whereas no interaction was observed with MOS11Aa.
To assess the protein interaction 7z planta, UAP56-mCherry and
MOS11-eGFP-NLS fusion proteins were expressed in leaf cells
of N. benthamiana, demonstrating that all fusion proteins localise
to nuclei (Fig. S4). Analysis of the protein interactions using
FRET-APB revealed significant FRET signals for MOS11 and
MOS11ANC, while only background levels were detected with
MOS11Ao  (Fig. 1b). Similarly, full-length MOS11 and
MOS11ANC interacted with GST-UAP56 in GST pull-down
assays in vitro, while no interaction occurred with MOS11Aa
(Fig. 1c). In conclusion, these assays demonstrate that the central
helical part of MOS11 is crucial for the interaction with UAP56.
The binding affinity of MOS11 to a fluorescently labelled
25-nt ssRNA was examined using MST. Full-length MOS11 effi-
ciently bound to the RNA (EC50 = 432.6 £ 34.6 nM)
(Fig. 1d) with an affinity in the range observed for other Arabi-
dopsis export factors such as ALY1 and UIEF1 (Pfaff ez al., 2018;
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Fig. 1 Central a-helical region of MOS11 is required for interaction with UAP56 and RNA. (a) Yeast two-hybrid assays with cells harbouring as indicated
UAP56-BD and MOS11-AD constructs grown on double, triple or quadruple drop-out medium. (b) Protein interactions analysed by FRET-ABP. Nicotiana
benthamiana leaves were co-infiltrated with vectors directing the expression of the indicated donor (eGFP, MOS11) — acceptor (mCherry, UAP56)
combinations as well as of positive and negative controls. Transiently transformed cells were analysed in two biological replicates by acceptor
photobleaching forster resonance energy transfer (FRET). Mean FRET-APB efficiencies (+SD, 8 analysed nuclei each) are shown, which were analysed
using Student's t-test (P < 0.001). (c) Glutathione S transferase (GST) pull-down experiments with UAP56-GST and the indicated 6xHis-tagged MOS11
proteins. Proteins eluted from GST-UAP56 or from GST were analysed by SDS-PAGE in combination with Coomassie staining (top) and Western blot
(bottom) using an antibody directed against the 6xHis-tag. Aliquots (10%) of the protein input are shown. (d) RNA-binding of full-length and truncated
MOS11 proteins analysed by MicroScale Thermophoresis. Increasing concentrations of the indicated MOS11 proteins were incubated with a Cy3-labelled

25-nt RNA oligonucleotide (5-AAAACAAAAUAGCACCGUAAAGCAC) and binding was fitted using Hill equation to determine EC50 values. Data
represent the mean =+ SD of at least three biological with three technical replicates. ****, P <0.0001.

Ehrnsberger et al., 2019b). Deletion of both the N-terminal or
C-terminal region severely reduced the affinity for RNA, indicat-
ing decreased binding only at higher concentrations (calculated
to be 6513 £ 245.1 and 4890 + 355.2 nM, for MOS11AN
and MOSI11AC, respectively). The individual central helical
domain bound to RNA with cdearly lower affinity
(1882 £ 108.2 nM) than full-length MOS11, whereas for
MOS11Aa, no RNA-binding was detected (Fig. 1d). Therefore,
the central a-helical domain is required for the RNA-binding of
MOS11, but both the N- and C-terminal regions have a marked
positive effect on the RNA interaction.

MOS11 and ALY1 can form a complex with UAP56,
stimulating its enzymatic activities

The interaction between MOS11 and ALY1-4 with Arabidopsis
UAP56 was demonstrated iz vitro and in vivo by pull-down and

© 2024 The Authors
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yeast two-hybrid assays as well as FRET measurements in plant cells
(Kammel ez al, 2013; Serensen et al., 2017; Pfaff et al., 2018).
Consistently, these proteins co-purified with TREX components,
when isolated from Arabidopsis cells by affinity chromatography (Se
rensen et al., 2017). However, from these analyses, it could be not
elucidated, whether MOS11 and ALY proteins simultaneously can
interact with UAP56, which we addressed using a three-component
binding assay. To this end, GST-ALY1 was immobilised on glutha-
tione sepharose beads. Added 6xHis-MOS11 (in contrast to
6xHis-UAP56) did not bind to ALY1 and thus could not be
co-eluted from the beads (Fig. 2a). However, when 6xHis-UAP56
and 6xHis-MOS11 together were added to GST-ALY1, both
6xHis-UAP56 and 6xHis-MOS11 co-eluted from the beads.
Neither 6xHis-UAP56 nor 6xHis-MOS11 interacted in this assay
with unfused GST (Fig. 2a). This suggests that MOS11 and ALY1
together can interact with UAP56, as observed for the human
orthologues (Dufu et al, 2010).
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Subsequently, we tested whether the interaction between
MOS11 and ALY1 with UAP56 influences the enzymatic activ-
ities of the RNA helicase. First, the ATPase activity of UAP56
was analysed. As previously demonstrated, incubation of
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Fig. 2 MOS11 and ALY1 interact with UAP56, and stimulate its ATPase
and helicase activities. (a) Glutathione S transferase pull-down assay
illustrating that UAP56 can simultaneously interact with MOS11 and
ALY1. UAP56 interacts with GST-ALY1, but association with MOS11
requires the presence of UAP56. Input samples and proteins eluted from
the glutathione beads were analysed by SDS-PAGE (top panel) and
immunoblotting using an antibody against the 6xHis-tag (bottom panels).
Numbers on the left indicate the migration position of molecular weight
markers (kDa). (b) The ATPase activity of UAP56 is stimulated by the
addition of ALY1 and/or MOS11. Average values from three independent
biological and three technical assays are shown and error bars represent
the standard deviation. (c) The helicase activity of UAP56 is enhanced by
the addition of ALY1 and/or MOS11. dsRNA untreated (ds) or boiled

(b) served as references in the relative dsRNA unwinding assay. Average
values of three replicate assays are shown and asterisks indicate statistical
significance according to Student's t-test (*, P < 0.05; **, P < 0.01;

*kkk P < 0.0001)in b, c.

Arabidopsis UAP56 with ATP resulted in ATP-hydrolysis (Kam-
mel er al., 2013), while in the presence of ALY1, MOSI1 or
ALY1/MOSI11 only low levels of ATP-hydrolysis were observed
(Fig. S5a). Incubation of UAP56 along with ALY1 or MOSI1 or
with both proteins similarly increased the ATPase activity
approximately twofold (Fig. 2b). In addition to its ATPase activ-
ity, Arabidopsis UAP56 was shown to have ATP-dependent RNA
helicase activity (Kammel ez 4/, 2013). The helicase activity was
examined using a dsRNA unwinding assay and boiling of the
dsRNA served as a control for the strand separation (Fig. S5b,c).
No obvious RNA unwinding activity could be demonstrated for
MOSI11, ALY1 and ALY1/MOSI11 in the absence of UAP56
(Fig. S5b). Compared with incubation of the dsRNA with
UAP56 alone, the addition of MOSI11 slightly increased the
unwinding activity of UAP56 (Figs 2c, S5¢). Incubation of
UAP56 together with ALY1 or with ALY1 and MOS11 similarly
enhanced the unwinding activity of UAP56 approximately three-
fold. Taken together, ALY]l and MOSI11 can stimulate the
in vitro ATPase and RNA helicase activities of UAP56, but
simultaneous addition of both proteins does not exceed the effect

of the proteins added individually.

MOS11 and ALYs synergistically influence vegetative and
reproductive development as well as mMRNA export

The absence of MOS11 caused only mild effects on growth and
development of Arabidopsis plants (Germain ez al., 2010). Simi-
larly, double mutants defective in ALY1 and ALY2 or in ALY3
and ALY4 phenotypically resemble WT plants (Pfaff
et al., 2018). To examine the consequences of simultaneous loss
of MOS11 in combination with ALYs, we generated mosII alyl
aly2 and mosl1 aly3 aly4 triple mutants by genetic crossing. In
the course of these experiments, we realised that we were unable
to generate plants homozygous for all three mutations. However,
we obtained plants homozygous for two mutant loci and hetero-
zygous for one of the aly mutations with the genotypes mos1 1™~
alyl - 4113127/+ (termed in the following moslI alyl/2) and
mosl 1"~ 411}/5’7/+ 413147/7 (termed mos11 aly3/4) that we ana-
lysed in more detail. Consistent with earlier studies (Germain
et al., 2010; Pfaff et al., 2018), moslI single-mutant as well as
aly1/2 and aly3/4 double-mutant plants are phenotypically only
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Fig. 3 Arabidopsis thaliana plants deficient in (©) (d) (e) " (9) (h) g
MOS11 and ALYs exhibit severe vegetative and 3
reproductive defects. In the course of generating |
triple mutants lacking MOS11 in combination g
with ALY1/2 and in combination with ALY3/4 =
revealed that no triple homozygous plants could £
be obtained. Therefore, plants homozygous for )
two mutant loci and heterozygous for one of the §
aly mutations with the genotypes mos77~/~ 2
aly1='~ aly2="* (termed mos11 aly1/2) and g
mos11~/~ aly3™"" aly4~'~ (termed mos11 aly3/ g
4) were analysed. (a, b) Phenotype of the triple (i) () (k) ) g
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mildly affected including rosette diameter, plant height, bolting ~ showed (relative to the cytosolic signal) a stronger nuclear fluores- §
time and seed set (Fig. 3). Likewise, the size and shape of leaves  cence signal than that observed for Col-0 (Fig. 4), indicating e
resembles that of Col-0 WT plants (Fig. S6). In contrast to that, =~ mRNA export defects. Quantification of the fluorescent signals z
the phenotype of mosI1 alyl/2 and mosl1 aly3/4 plants differs  revealed that the impairment with the mosI1 aly1/2 and mosl1 8
strikingly from Col-0 and the parental lines. Thus, the triple  4/y3/4 mutants is even more prominent than with the 4xaly ]
mutants exhibit a decreased rosette diameter (Fig. 3a,i) with mutants. Thus, while the 70511 single-mutant exhibits only mild 2
smaller leaves (Fig. S6), reduced height (Fig. 3b,j), early bolting mRNA export defects (Serensen ez al., 2017), the combined inac- 4
(Fig. 3a,k) and reduced seed set (Fig. 3c-h,]). tivation of MOS11 and ALY1/2 or ALY3/4 caused severe defects §
In view of the severely affected phenotypes of the mosi1 alyl/2  in vegetative and reproductive development as well as it resulted §
and mosI1 aly3/4 plants, we examined them for possible mRNA  in a clearly negative impact on mRNA export. $
export defects using whole mount in situ hybridisation with a 3
f tly labelled oligo(dT) probe and confocal | i . . . g
flofescenitly ‘abetied o lgo( ) probe and confocal laser scanning MOS11 is required for nucleocytosolic transport of a subset 3
microscopy. For comparison, Col-0 plants were analysed and the £
g of mMRNAs s

quadruple 4xaly mutant that exhibited a severe mRNA export g
defect as demonstrated using this iz sitzu hybridisation assay (Pfaff =~ To identify mRNAs that are exported from the nucleus depended é’
et al., 2018). Both mosll alyl/2 and mosll aly3/4 mutants  on MOS11, we intended to sequence mRNAs of nuclear and 5
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Fig. 4 Plants deficientin MOS11 and ALYs are impaired in mRNA export. Plants of the indicated genotypes were analysed by whole mount in situ
hybridization with a fluorescently labelled oligo(dT) probe was performed in roots from 14 d after stratification seedlings. (a) Confocal laser scanning
microscopy images of representative sections of roots of the indicated genotypes with an Alexa Fluor 488 oligo (dT) signal (green) and the corresponding
DAPI signal (blue). Bars: 60 pm (top rows) and 20 um (bottom row). (b) Average nuclear/cytosol Alexa Fluor 488 signal ratio of > 60 nuclei per genotype.
The ratios are shown relative to Col-0 (ratio of 1), with error bars indicating SD. Data sets marked with different letters are significantly different as
assessed by a multicomparison Tukey's test (P < 0.05) after one-way analysis of variance.

cytoplasmic fractions isolated from mosi1 and Col-0 plants.
Nuclear and cytoplasmic fractions prepared from plants 14 d
after stratification were assessed by immunoblotting with antibo-
dies against histone H3 (nuclear marker) and UDP-glucose pyro-
phosphorylase (UGPase, cytoplasmic marker). The immunoblot
analysis revealed that o-H3 and o-UGPase reacted essentially
with proteins of the nuclear and cytoplasmic fractions, respec-
tively, illustrating the quality of the cell fractionation (Fig. S7a).

RNA isolated from the nuclear and cytoplasmic fractions was
examined by high-throughput sequencing (RNA-seq) to deter-
mine genotype-dependent changes in mRNA distribution. Prin-
cipal component analysis of the RNA-seq data demonstrated that
the replicates of each subcellular fraction and genotype grouped
distinctly (Fig. S7b).

We expected that export defects of transcripts would be mani-
fested by enrichment in the nuclear fraction and simultaneous
depletion of the transcripts in the cytoplasmic fraction in mosl I
compared with Col-0. Therefore, we designed a statistical test to
directly assess the changes in the nuclear and cytosolic transcript
abundance ratio compared with Col-0. Our analysis revealed 611
differentially distributed transcripts (FDR of 5%, Table S3),
which can be grouped into two clusters (Fig. 5a). Genes in Clus-
ter 1 (termed Cyt enriched, 7» = 315) showed a decrease in the
proportion of nuclear transcripts and a concomitant increase in
cytosolic transcripts. Cluster 2 (termed Nuc enriched, 7 = 296)
showed the opposite distribution to Cluster 1, conforming to the
expected feature of transcripts defective in export in mos11. Gene
ontology (GO) analysis of these differentially enriched transcripts
revealed that the GO terms ‘metabolic process’ and ‘response to
stimulus’ were prominent among the transcripts enriched in
nuclei of mosil plants grown under standard conditions
(Fig. 5b). In the category ‘response to stimulus’, examples related
to ‘light intensity’, ‘decreased oxygen levels’ and ‘response to
cold’” were found (Fig. 5¢), while mainly photosynthesis-related
transcripts comprised those of the category ‘metabolic process’
(Fig. S8). Subsequently, various molecular characteristics of the
differentially enriched transcripts were explored. Transcripts
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enriched in nuclei of mosi1 relative to Col-0 turned out to be
shorter (median 1314 bp) than transcripts enriched in the cyto-
plasm (median 2899 bp) or unaffected transcripts (median of
1874 bp) (Fig. 5d). In addition, the coding sequences (CDSs)
of nuclear enriched transcripts have a higher GC-content (med-
ian 46.5%) than those of other transcripts (median of 44.7%),
and the GC-content of the UTRs hardly differs between those
transcript categories (Fig. 5e—g). Since the export of GC-rich
transcripts appears to be particularly affected in mosi1 plants, we
tested whether MOS11 interacts differently with GC-rich relative
to AU-rich RNA. Using MST, the affinity of MOSI1 for
GC-rich and AU-rich RNA oligonucleotides was determined
revealing that the protein bound with clearly higher affinity to
the GC-probe (56.4 + 17.8 nM) when compared to the
AU-probe (2277.3 £+ 196.9 nM; Fig. §9a). UAP56 was analysed
for comparison, demonstrating that it bound similarly to both
probes (4401 £ 654.6 nM and 6467 + 720.3 nM, for the GC
and AU probes, respectively; Fig. S9b).

MOS11 promotes efficient response to environmental
conditions

In view of the mild phenotype of mosI1 plants and the promi-
nent enrichment of stimulus responsive genes among those differ-
entially affected in moslI plants, we considered analysing the
performance of mosl 1 plants under adverse conditions. Since we
have recent data sets, determining the transcriptomic changes
induced by exposure of Arabidopsis plants to 100 mM NaCl or
to heat treatment at 37°C (Obermeyer ez al., 2022, 2023), we
analysed the molecular features of the transcripts upregulated
under these conditions. Interestingly, the transcripts
upregulated under these stress conditions proved to be shorter
with more GC-rich CDSs than unaffected transcripts (Fig. S10a,
b). Therefore, the transcripts upregulated by elevated NaCl con-
centration and HS share features with transcripts enriched in
nuclei of mos11 plants. To test whether mos11 plants are affected

by elevated NaCl concentrations, 7os// mutant plants along
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with Col-0 WT and mos1 harbouring a complementation con-
struct (expressing MOS11 fused to RFP under control of the
MOS11 promoter (Serensen et al., 2017), termed mosI1-C) were
grown on MS medium supplemented with 100 mM NaCl
Compared with Col-0 and mos11-C, the growth of mos11 plants
was clearly reduced in the presence of 100 mM NaCl, which is
also evident from the decreased rosette diameter (Fig. 6a,b). To
explore, whether transcripts of NaCl-regulated genes are differen-
tially exported in the three genotypes, nuclear and cytoplasmic
RNA was isolated from moslI, Col-0 and muosl1-C after 3 h
exposure to 100 mM NaCl or without. Three genes that are
upregulated upon 3-h exposure to 100 NaCl in Col-0 (L7P4,
SAG29, RAB18 (Obermeyer et al., 2022)) were selected for ana-
lysing transcript abundance by quantitative reverse transcription
polymerase chain reaction. Two housekeeping genes (EFla,
GAPC2) were examined for comparison. Expression level and
export of LTP4, SAG29 and RABI8 mRNAs in Col-0 was signif-
icantly increased after exposure to NaCl (Fig. 6¢—¢). For mosl1
plants, substantially lower levels of the three transcripts were
detected in the cytoplasm after NaCl treatment. In mos1-C, the
distribution of these mRNAs resembled that observed in Col-0.
Expression and distribution of EFlor and GAPC2 mRNAs was

New Phytologist (2024)
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not markedly affected by genotype and NaCl treatment (Fig. 6f,
g). This suggests that MOS11 is required for proper export of
mRNAs that are upregulated by NaCl exposure.

In addition, we investigated with mosII plants the conse-
quences of heat exposure. Treatment of mos! I with HS of 37°C
for 48 h resulted in lethality of ¢. 90% of the plants, whereas .
90% of Col-0 and mosI1-C plants recovered from the HS
(Fig. 7a,b). To evaluate the possible effects on mRNA distribu-
tion, nuclear and cytoplasmic RNA was isolated from mosi 1,
Col-0 and mos11-Cafter 3-h exposure to HS of 37°C or without.
Transcript abundance was determined by quantitative reverse
transcription polymerase chain reaction for four genes that are
upregulated upon 3-h exposure to HS of 37°C for 3 h in Col-0
(HSP101, HSP70, HSPI8.2, HSPI7.6B  (Obermeyer
et al., 2023)). Two housekeeping genes (EFIo, GAPC2) were
examined for comparison. A massive upregulation of the four
HS-induced genes was observed for all genotypes (Fig. 7¢,d).
Strikingly, when compared to Col-0, in mosII plants, a signifi-
cantly lower portion of the transcripts was detected in the cyto-
plasm. In mosl1-C, the distribution of these mRNAs resembled
that observed in Col-0. Expression and distribution of the
mRNAs of the two housekeeping genes differed hardly between
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technical replicates.

genotypes and treatment (Fig. 7g,h). These results indicate that
the export factor MOS11 is required for efficient nucleocytosolic
transport of mRNAs that are induced by HS.

Discussion

Export of mature mRNAs from the cell nucleus is intimately
coupled to transcription and pre-mRNA processing, and the
TREX complex plays a central role in the coordination of these
processes (Maniatis & Reed, 2002; Moore & Proudfoot, 2009;
Wickramasinghe & Laskey, 2015; Heath ez al., 2016). The yeast
and mammalian MOS11 orthologs, Thol and CIP29/SARNP,

© 2024 The Authors
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were identified as TREX components that exhibit RNA-binding
activity. Both proteins bind ssRNA and for Thol the main
RNA-binding activity resides within the C-terminal region of the
protein following the SAP domain (Jimeno et al., 2006; Sugiura
et al., 2007). In case of MOSI11, the central o-helical domain is
required for RNA-binding, but both the N- and C-terminal
regions clearly enhance the affinity for RNA. In addition, our
RNA-binding experiments demonstrated that compared with
AU-rich RNA, MOSI11 interacts preferentially with GC-rich
RNA, while UAP56 bound similarly to both probes. The associa-
tion between CIP29 and MOS11 with the TREX complex is
mediated by direct interaction with the RNA helicase UAP56 (or
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the mammalian paralog URH49) (Dufu et 4/, 2010; Yamazaki
et al., 2010; Kammel ez al., 2013; Serensen et al., 2017). Using
different assays, we have determined here that the central o-
-helical region of MOSI11 is required for the interaction with
UAP56 in vitro and in vive. This is consistent with a very recent
crystal structure of yeast Thol in complex with human UAP56
that demonstrated interaction of the Thol o-helices with
UAP56 (Xie et al, 2023). In line with an earlier study (Dufu
et al., 2010), structural information also indicated that ALY and
Thol/CIP29 can interact simultaneously with the N- and
C-terminal domains of UAP56, respectively (Xie er al., 2023).
Similarly, Arabidopsis UAP56 bridged the interaction between
MOS11 and ALY1 in GST pull-down assays. The addition of
MOS11 or ALY1 enhanced the ATPase and RNA unwinding
activities of UAP56, but the addition of both proteins had no
additive effect. Stimulation of the ATPase and helicase activities
of UAP56 was also observed for mammalian CIP29 and ALY
proteins (Sugiura et al, 2007; Chang et al, 2013). Thus,
MOSI11 (together with ALYs) as well as its orthologs in other
organisms may modulate the enzymatic activities of UAP56-type
helicases to remodel mRNPs during maturation and nuclear
export (Bourgeois er al., 2016).

Yeast cells lacking THO1 have no apparent phenotype and
grow with WT doubling time (Piruat & Aguilera, 1998). By con-
trast, yeast cells lacking Yral (ortholog of ALYs) are non-viable
(Strafer & Hurt, 2000). Arabidopsis moslI plants as well as aly
single- and double-mutant plants are phenotypically only mildly
affected (Germain et al, 2010; Pfaff er al, 2018). As both
MOS11 and ALYs are RNA-binding proteins that interact
directly with UAP56, we examined the consequences of a simul-
taneous loss of ALY1/2 or ALY3/4 in combination with MOS11
by generating the respective triple mutants. We were unable to
generate plants homozygously mutated for three loci, but we
could recover plants homozygous for two mutant loci and hetero-
zygous for one of the a/y mutations. These plants exhibit various
defects in vegetative and reproductive development. Interestingly,
the mosl1 alyl/2 and mosl1 aly3/4 triple mutants exhibit nuclear
accumulation of mRNAs that is even more pronounced than that
of the 4xaly quadruple mutant lacking all four ALY proteins
(Pfaff ez al., 2018). These results suggest a remarkable synergistic
action of MOS11 and ALY mRNA export factors in Arabidopsis.

In plants, it is largely obscure to which extent mRNA export
factors function generally in nucleocytosolic transport of tran-
scripts or whether they influence only subsets of transcripts,
although for 4yl mutants reduced mRNA export affecting a por-
tion of mRNAs was reported (Choudury ez al, 2019). To iden-
tify mRNAs that require MOS11 for efficient nucleocytosolic
transport, Col-0 and mosI1 plants were comparatively analysed
by cell fractionation coupled with RNA-seq. The set of mRNAs
that were found to be enriched in the nuclei of mos11 plants were
shorter than non-affected transcripts and they exhibited a higher
GC-content within the coding sequences. In human cells,
GC-content correlates with cytosolic localisation of mRNAs
(Mordstein e al., 2020) and transcripts with higher GC-content
preferentially require the TREX components UAP56 and ALY
for nucleocytosolic transport (Zuckerman ez al., 2020). In line
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with our findings, the subset of mRNAs that were dependent on
CIP29/SARNP for export had a higher GC-content than
mRNAs, whose export was not altered by the knockdown of
CIP29/SARNP (Xie et al., 2023). The higher affinity of MOS11
for GC-rich RNA, as determined by our MST measurements,
suggests that the RNA-binding activity of MOS11 may influence
the selection of mRNAs for export. However, some mRNAs were
enriched in the cytoplasm of mos! I plants and showed the oppo-
site characteristics, being longer and having lower GC-content in
the coding region as mRNAs enriched in the nucleus. We can
only speculate about the causes of the cytoplasmic enrichment of
these mRNAs. In view of the mild phenotype of mosiI plants
and the comparatively slight export defect, conceivably in the
absence of MOS11 other export factors may take on its contribu-
tion in nucleocytosolic transport, resulting in altered composition
of cytoplasmic mRNAs.

There is accumulating evidence that besides transcriptional
reprogramming, plants make use of post-transcriptional regula-
tion mediated by range of mRNA-binding proteins in response
to biotic and abiotic stress, but it is unclear to which extent
mRNA export is involved therein (Chinnusamy ez al, 2009;
Parry, 2013; Staiger er al., 2013; Yan e al., 2022). Plants lacking
MOS11 exhibit a clearly enhanced sensitivity to elevated concen-
trations of NaCl and to heat stress, suggesting that MOS11 is
required for proper response to abiotic stress conditions, whereas
MOS11 apparently is not involved in basal pathogen resistance
(Germain et al., 2010). The mRNAs enriched in nuclei of mosI1
plants under normal conditions are shorter with more GC-rich
CDSs, characteristics that are shared by mRNAs upregulated in
Col-0 by elevated NaCl concentrations and HS. Interestingly,
under stress conditions, several such mRNAs were found to be
less efficiently exported from the nuclei of mosiI plants, when
compared with Col-0. This indicates that MOS11 is required for
efficient nucleocytosolic transport of subsets of mRNA that were
upregulated upon treatment with elevated NaCl or by HS.
Therefore, the function of MOS11 as mRNA export factor
appears to be critical under abiotic stress conditions. This is in
line with the role of the RNA helicase LOS4 in the response to
altered ambient temperatures (Gong ez al., 2005) and the func-
tion of the THO subunit HPR1 in modulating aluminium resis-
tance (Guo et al., 2020).

Many export factors are recruited co-transcriptionally to
mRNAs, which may be dependent on 5'-capping, splicing (exon
junction complex) and/or 3’-end processing (Heath et al., 2016;
Ashkenazy-Titelman ez al., 2020). Consequently, various export
factors including TREX are positioned along the mRNA in yeast
and metazoa, finally licencing it for nucleocytosolic transport
through nuclear pore complexes (Zenklusen e al, 2002;
Gromadzka er al., 2016; Shi er al., 2017; Fan et al., 2019; Vipha-
kone et al., 2019). Recent biochemical and structural analyses of
yeast and human mRNPs associated with TREX and export fac-
tors revealed that they are compact particles that contain multiple
copies of TREX and ALY (Yral in yeast) (Bonneau ez al., 2023;
Pacheco-Fiallos et al., 2023). The co-transcriptional packaging of
mRNAs appears to be a prerequisite for proper export of the tran-
scripts and TREX in combination with ALY plays an essential
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role in this process (Bonneau er al, 2023; Pacheco-Fiallos
et al., 2023). In addition, CIP29/SARNP that can bind simulta-
neously with ALY to UAP56 may contribute to mRNDP assembly
(Xie et al., 2023). Our finding that in Arabidopsis the concomi-
tant loss of MOS11 and ALYs results in severe growth and
mRNA export defects points to a scenario, in which the two types
of factors collaborate in the export of a subset of mRNAs. The
fact that in the mos! 1 single mutant only a portion of mRNAs is
enriched in the nucleus together with the preference of MOS11
for GC-rich RNA suggests a role for MOS11 in the selection of
certain transcripts, which evidently is particularly relevant under
abiotic stress conditions. It also illustrates that beyond transcrip-
tional reprogramming, adjustable mRNA export is a critical tool
in plant stress responses.
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Fig. S1 Amino acid sequence alignment of MOS11 and related
sequences of different plant species.

Fig. S2 Proteins related to MOS11 contain conserved o-helical
domains.

Fig. §3 Recombinant MOS11 proteins and the corresponding
circular dichroism spectra.

Fig. S4 Nuclear localisation of UAP56-mCherry as well as of
full-length and truncated MOS11-eGFP fusion proteins.

Fig. S5 Influence of MOS11 and ALY1 on the ATPase and heli-

case activity.
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Fig. S6 mosl1 aly triple mutants are clearly affected in rosette
and leaf morphology.

Fig. 87 Validation of the cell fractionation and principal compo-
nent analysis of the RNA-seq analysis.

Fig. S8 Enriched Gene Ontology subterms of the parent term °
metabolic process’ and their associated transcripts enriched in
either nuclei or cytoplasm of mos! 1 plants.

Fig. 9 MOS11 binds preferentially to GC-rich RNA.

Fig. §10 Transcripts upregulated upon exposure of Col-0 plants
to elevated NaCl concentrations or heat stress are shorter and
more GC-rich within their CDS than unaffected transcripts.
Table S1 Oligonucleotides used in this study.

Table S2 Plasmids used in this study.

Table S3 Genes of differentially enriched transcripts.
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