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“Twas brillig, and the slithy toves
Did gyre and gimble in the wabe,
All mimsy were the borogroves,

And the mome raths outgrabe.

Lewis Carroll



1 Abstract / Zusammenfassung

Abstract Nonsense mediated decay (NMD) is an mRNA surveillance system present
in all eukaryotes, which regulates large quantities of transcripts, and has a considerable
impact on gene expression. NMD plays an essential role in survival and development,
and is regulated in response to various signals and stresses. Salinity stress is a
major threat to crop yields worldwide, and interestingly, affects NMD as well. To
understand the mechanism that mediates NMD impairment under salt stress, a
reliable assay to measure mRNA decay in plants was first established. Using this
assay, it was demonstrated that NaCl-mediated NMD inhibition had a dose-response
relationship, was specific to the NMD pathway and did not result from changes in
general decay. NaCl-mediated NMD also shows specificity to NaCl, as KCl did not
elicit the same degree of response. Furthermore, transcripts of several NMD core
components possess NMD triggering features, and therefore NMD feedback regulation
of these transcripts were examined. Using the established assay, and mutants deficient
in NMD, several transcripts of the NMD core components were confirmed to be also
under regulation of NMD. Under salt stress these transcripts were further stabilized in
addition to the stabilization caused by the mutants, indicating the partially retained
NMD function can further be shut off by additional salt. To address the upstream
regulatory mechanism, abscisic acid (ABA) was found to be neither sufficient nor
required for salt mediated NMD inhibition, nor were downstream SNF1-RELATED
KINASES 2 (SnRK2s), as determined by analysing class I and class III SnRK2
mutants. SnRK2s and its phosphorylation target VARICOSE (VCS) were tested
as they had been reported to play a role in mRNA stability under osmotic and
salt stress. Downregulation of VCS in VCS artificial microRNA knockdown lines,
seems to inhibit NMD target transcripts under control conditions, but exhibit little
difference compared to wild type (WT) under salt stress. NMD is also tightly
linked to translation. Using cycloheximide, a translation elongation inhibitor, the
accumulation of NMD targets suggests NMD inhibition involves interference with
translation elongation. However, analyzing components of translation initiation by
inducing EUKARYOTIC INITIATION FACTOR 2a (elF2a) phosphorylation via
chlorsulfuron, or by using mutants, which lack the kinase GENERAL CONTROL
NONDEREPRESSIBLE 2 (GCN2), does not seem to affect the decay of NMD
targets. Other stresses such as heat stress were examined. Heat at 30 °C showed
accelerated degradation and 38 °C showed the stabilization of transcripts, possibly
due to heat stress granule formation at 34 °C, according to recent literature. Mutants
deficient in decapping components, that are associated with UP-FRAMESHIFT 1
(UPF1), which are also P-body and stress granule components seem to regulate

NMD target transcripts under control conditions, but show little difference in their



1. ABSTRACT / ZUSAMMENFASSUNG

expression compared to WT under salt stress. Phosphorylation is likely involved in
NaCl-mediated NMD inhibition, based on the rapid and reversible stabilization and
destabilization of NMD target mRNAs in response to salt exposure. Stimulation
of cytosolic Ca®" influx and application of external H,O, mimics the stabilization
pattern of NMD targets under salt. Using paraquat, reactive oxygen species (ROS)
produced at the chloroplast seemed not to affect NMD. SALT OVERLY SENSITIVE
(SOS) mutants, sosI-1 and sos2-2, show hyperstabilization of NMD targets, while
s0s3-1 does not exhibit difference from WT control. In a Phos-tag gel, SMG7 could
not be detected in sos2-2, but is detected on the western blot. This could indicate
the phosphorylated form of SMGT present in sos2-2 was extracted under suboptimal
conditions, and thus cannot be visualized. Taken together with data from Ca®" and
H,0, experiments, as well as recent publications, I propose a mechanism in which
SMGT is phosphorylated in a calcium-dependent manner, which can be triggered by
(but not limited to) apoplastic HyO, under salt stress conditions. According to this
model, changes in the phosphorylation status of SMG7 in turn affects the efficiency
of NMD, allowing for dose-dependent, fine adjustments to transcript control in the

cell.

Zusammenfassung Nonsense mediated decay (NMD) ist ein mRNA-Kontrollmecha-
nismus in Eukaryoten, der eine Vielzahl von Transkripten reguliert. Daher hat er
auch einen groflen, direkten Einfluss auf die Expression vieler Gene. NMD spielt
eine zentrale Rolle in der Pflanzenentwicklung und ist Teil von vielen Stressant-
worten. Salzstress ist eine grofle Bedrohung fiir Nutzpflanzen weltweit, und hat
auBerdem einen Einfluss auf NMD. Um die zugrundeliegenden Mechanismen der
durch Salzstress vermittelten Beeintrichtigung des NMD néher zu untersuchen,
wurde zuerst eine zuverlassige Methode zur Messung des RNA Abbaus etabliert.
Mittels dieser Messmethode konnte gezeigt werden, dass die Salzstress-vermittelte
Inhibition des NMD Dosis abhéngig ist, sowie spezifisch auf den Mechanismus des
NMD wirkt, und nicht von einer allgemeinen Beeinflussung der RNA Abbauprozessen
her rithrt. Die Salzstress vermittelte NMD Inhibition scheint spezifisch fiir NaCl
zu sein, da andere Salze wie z.B. KCl keinen vergleichbaren Effekt zeigen. Zudem
weisen einige Transkripte zentraler NMD Komponenten NMD auslésende Charak-
teristika auf, was uns dazu veranlasste, NMD vermittelte Riickkopplungseffekte
an diesen Transkripten zu untersuchen. Mittels der von uns etablierten Methode
zur Erfassung von RNA Abbauprozessen sowie verschiedenen NMD defizienten Mu-
tanten gelang es uns zu zeigen, dass tatsdchlich einige dieser Transkripte selbst
einer Regulation durch NMD unterliegen. Die in NMD Mutanten auftretende Sta-
bilisierung dieser Transkripte wurde unter Salzstress noch verstarkt. Dies weist
daraufhin, dass die noch teilweise Erhaltene NMD Funktion der Mutanten durch

applizierten Salzstress weiter verringert werden kann. Im Bestreben iibergeordnete,
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regulatorische Prozesse zu identifizieren, wurde festgestellt, dass Abszisinsaure (ABA)
weder ausreicht, noch benétigt wird fiir Salzstress abhangige NMD Inhibition. Die
untergeordneten SNF1-RELATED KINASES 2 (SnRK2s) ist ebenfalls unbeteiligt,
was anhand von Analysen der Klasse I und III SnRK2 Mutanten gezeigt werden
konnte. SnRK2s und das davon phosphorylierte VARICOSE (VCS) wurden tber-
priift, da andere Studien eine Rolle in die Regulation von mRNA Stabilitat wahrend
Salzstress zeigten. Die Reduktion der VCS Expression in VCS amiRNA Linien
zeigte eine Inhibition von NMD regulierten Transkripten unter Kontrollbedingun-
gen, jedoch keinen signifikanten Effekt unter Salzstress im Vergleich zum Wildtyp
(WT). Des Weiteren weist NMD eine enge Verbindung zu Translationsprozessen
auf. Die Applikation des Translations-Elongations Inhibitors Cycloheximid hat die
Akkumulation von NMD regulierten Transkripten zur Folge. Dies legt nahe, dass
eine NMD Inhibition die Beeintréachtigung der Translations-Elongation zur Folge
hat. Dennoch konnte durch die Applikation von Chlorsulfuron, einem Induktor der
Phosphorylierung des EUKARYOTISCHEN INITTATIONSFAKTORS 2 o (elF2a),
kein Effekt auf den Abbau von NMD regulierten Transkripten festgestellt werden.
Ein Effekt war ebenfalls nicht detektierbar in gen2 (general control nondepressible
2) Linien. GCN2 vermittelt in-vivo die elF2a phosphorylierung. Auch andere Stress-
faktoren wie z.B. Hitzestress wurden untersucht. Bei 30 °C konnte ein beschleunigter
Abbau von regulierten Transkripten festgestellt werden, bei 38 °C hingegen eine
Stabilisierung derselben. Ausgehend von jiingster Literatur, konnte dies von der Bil-
dung von Hitzestress-Korperchen (Heat stress-granules) bei 34 °C herrithren. Unter
Kontrollbedingungen scheinen Pflanzen mit mutierten Decapping Komponenten,
die mit UP-FRAMESHIFT PROTEIN 1 (UPF1) interagieren, und des Weiteren
Bestandteile von P-bodies und Stress-Korperchen (Stress granules) sind, NMD reg-
ulierte Transkripte beeinflussen. Unter Salzstress zeigen diese jedoch nur minimale
Anderungen in Threr Expression im Vergleich zum WT. Basierend auf der schnellen
und reversiblen (De-) Stabilisierung von NMD regulierten Transkripte, sind sehr
wahrscheinlich Phosphorylierungsprozesse in die NaCl vermittelte NMD Inhibition
involviert. Das Stabilisierungsmuster von NMD Transkripten unter Salzstress kann
sowohl durch die Stimulation von cytosolischem Ca®" Influx, als auch durch externe
H,0, Applikation nachgeahmt werden. Eine mittels Paraquat Behandlung ausgeloste
Reaktive Sauerstoffspezies (ROS) Akkumulation in den Chloroplasten hingegen zeigte
keinen Einfluss. Die SALT OVERLY SENSITIVE (SOS) Mutanten sosi-1 und
sos2-2 zeigen eine Hyperstabilisierung von NMD regulierten Transkripten, sos3-1
jedoch zeigen keinen Effekt. In einem Phos-Tag Gel konnte SUPPRESSOR WITH
MORPHOLOGICAL DEFECTS IN GENITALIA 7 (SMG7) in sos2-2 Pflanzen
nicht nachgewiesen werden. Auf dem entsprechenden Western-Blot war der Nach-

weis moglich, was die Folge einer suboptimalen Extraktion des phosphoryliertem
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SMG?7 sein kénnte. Zusammen mit den Daten der Ca*" und der HyO, Experimente,
sowie von neuesten Publikationen, schlage ich einen Mechanismus vor, in welchem
SMG7 Ca’" abhingig phosphoryliert wird, was wiederum unter anderem durch
apoplastisches H,O, im Rahmen einer Salzstress Antwort ausgelost wird. Ausge-
hend von diesem Modell wird mittels des Phosphorylierungsstatus von SMG7 die
NMD Effizienz moduliert, was wiederum eine dosis-abhéngige Feinjustierung der

Transkriptkontrolle in der Zelle erlaubt.
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2 Contributions

Several graphs in this study were the combined efforts of multiple people. They have
been included to provide extra context of the reasoning behind several experimental
approaches, or as control conformations (that the mutants or wild type are behaving
as expected). The research was designed by Prof. Andreas Wachter and myself, data
interpretation was a combined effort between Prof. Andreas Wachter and myself. If
not mentioned otherwise, all data collection and analysis, including graph plotting,
half-life and rate constant calculation, decay regression, statistical test calculations,
were done by myself. The choice of figure display and which statistical test to use

was a combined decision between Prof. Andreas Wachter and myself.

Figure 10 Data collected by Siliya Koster-Hofmann.
Figure 28 Data collected by Siliya Koéster-Hofmann.

Figure 34 Data collected in collaboration with Caroline Wall. Graph reworked from

Wall (2017), incorporated regression curves with rate constant calculations.
Figure 45 Data collected by Siliya Koster-Hofmann.
Figure 46 Data collected by Siliya Koster-Hofmann.
Figure 47 Data collected by Siliya Koster-Hofmann.
Figure 48 Data collected by Siliya Koster-Hofmann.

Figure B.1 Figure and text generated by Prof. Andreas Wachter, data generated

by Patrizia Ricca, Natalie Faiss and others.

Figure C.1 Figure and text generated by Prof. Andreas Wachter. Data generated
by others.

Figure D.1 Data and graphs generated by myself, figure assembled and figure legend
written by Prof. Andreas Wachter.

Figure G.1 Figures and legend generated by Prof. Andreas Wachter. Data from
(A-D) generated by others, data from (E-F) generated by myself.

Figure H.6 Data collected by Caroline Wall. Graph reworked from Wall (2017),

added in error bars.
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3 Introduction

Life is only possible if cells can store, retrieve, execute and regulate the genetic
information required to create and maintain a living organism. This information is
passed on from a cell to its daughter cells, and is encoded in genes. The journey of
gene expression begins with transcription, where deoxyribonucleic acid (DNA) is
transcribed into ribonucleic acid (RNA), which can either be functional, or act as

an intermediate template for translation into protein. RNA biogenesis starts with

transcription.
Open Reading Frame
5'UTR 3’UTR
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Figure 1: Overview of the biogenesis and fate of mRNA (transcripts). In eukaryotes,
precursor mRNA (pre-mRNA) is created as a first product of transcription, and post-
transcriptional modifications such as 5’-capping, 3’-polyadenylation, and (alternative)
splicing occurs to form mature mRNA. The mRNA is then exported out of the
nucleus to be translated, sometimes stored, or degraded. RNA steady state levels
refers to the homeostasis resulting from RNA biogenesis and degradation. Nuclear
RNA degradation can also take place, and various degradation pathways are outlined
in Figure 4. The promoter is depicted in green, 5'- and 3’-UTRs are depicted in beige,
and start and stop codon in black. The terminator is shown in brown and extends
beyond the 3’-UTR. The open reading frame is shown as blue for exons (which can
include the 5’-UTR and start codon, or 3'UTR, stop codon, and terminator), and lines
for introns. The 5’-cap and poly-A tail that are added co- and post-transcriptionally
are shown in red.

Transcription initiates with the binding of RNA polymerase to DNA, and the
non-coding strand of the DNA is used as template for transcription. The RNA
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polymerase travels on the template strand from 3’—5’, synthesizing a new RNA
molecule from 5'—3’. In eukaryotes, pre-mRNAs are the first product of transcription,
which are then processed to form mature messenger RNA (mRNA) (Figure 1). Since
Gene expression constantly undergoes fluctuations, and cellular status can change
substantially, therefore, the regulation of genetic information is particularly important.
RNA biogenesis and degradation are two sides of the same coin, and both are required
to control RNA levels in the cell. This is called RNA (transcript) steady state levels.
Several different types of RNA are produced as a result of transcription. The products
of transcription are also referred to as transcripts. Apart from mRNAs, which most
(but not all) are protein coding, transfer RNA (tRNA) and ribosomal RNA (rRNA),
which are involved in translation, there are many non-coding RNA (ncRNA)s, that
are not translated into protein. These ncRNAs, such as short interfering RNA
(siRNA), micro RNA (miRNA), or ribozymes (ribonucleic acid enzymes), which
are enzymatically active RNA molecules, are functionally important, and involved
in many biological processes. During and after transcription, the pre-mRNA are
processed. These processes include 5’-capping, 3’-polyadenylation, and (alternative)

splicing.

3.1 Co- and Post-transcriptional processing

5’-capping As the nascent pre-mRNA is being synthesized, the 5-end of the pre-
mRNA is modified with a 7-methyl guanosine (‘mG) cap. Through a 5 to 5’
triphosphate linkage, a guanine nucleotide can be connected. This guanosine is then
methylated on the 7th position by a methyltransferase (Shatkin, 1976; Banerjee,
1980; Marcotrigiano et al., 1997; Sonenberg and Gingras, 1998). In the nucleus,
"mG-capped RNA is bound by the nuclear cap-binding complex (CBC), which is
recognized by the nuclear pore complex and exported. In the cytoplasm, after
the pioneer round of translation (Section 3.4), the nuclear CBC is replaced by
the cytoplasmic CBC, namely EUKARYOTIC INITIATION FACTOR 4 (elF4)E
(Maquat et al., 2010). elF4E is part of the elF4F complex, which consists of elF4E,
elF4G (Results section 4.12) and elF4A. This complex forms an RNA loop with
poly[A]-binding protein (PABP) to ensure productive translation, and the elF4E/G
complex protects the mRNA from decapping enyzmes. The 5-cap serves as a
starting point where the ribosome binds, and scanning begins, and is critical for the
construction of functional mRNAs (Cooper and Hausman, 2007). Removal of the
cap (decapping, Section 3.3.1) will lead to degradation of the RNA (Section 3.3.1).

3’-polyadenylation Upon transcription termination, the pre-mRNA is cleaved by
a set of proteins, and a stretch of adenosine monophosphates are attached to the
3’-end of the pre-mRNA (Bienroth et al., 1993; Hunt et al., 2008). This is referred
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to as the 3’ polyadenylated (poly[A]) tail. In some genes there are more than one
possible site for the poly[A] tail to attach, and alternative polyadenylation may occur.
The poly[A] tail acts as the binding site for PABP, which promotes nuclear export,
translation, and cytoplasmic mRNA stability (Bernstein and Ross, 1989; Babbs et al.,
1989; Sachs, 1990; Coller et al., 1998). Effective translation depends on the formation
of an mRNA loop, caused by interactions between the PABP and elF4G, which is
part of the cytoplasmic CBC, which acts as a scaffolding protein, connecting PABP
and elF4E. As the tail shortens over time, or if deadenylation (Section 3.3.1) occurs,
the mRNA is degraded (Guhaniyogi and Brewer, 2001). Although the poly[A] tail
promotes stability in eukaryotic mRNAs, polyadenylation promotes RNA degradation
in bacteria and organelles (Steege, 2000; Slomovic et al., 2006), and in some cases
eukaryotic ncRNAs (Anderson, 2005; Reinisch and Wolin, 2007; Zhuang et al., 2013).

Splicing Splicing is present in both eukaryotic and prokaryotic cells. However, even
though there are self-splicing introns in prokaryotes, splicing through the spliceosome
is unique to eukaryotic cells. Under guidance of the spliceosome, introns are removed
and exons are joined to form mature mRNA (Figure 2). Most commonly, at the
5" end of the intron that is to be removed, a splicing donor site begins with GU,
and ends with AG as the acceptor site at the 3" end. These sequences are strongly
conserved and mutation in the main sites would result in activation of alternative
cryptic sites, or sometimes splicing inhibition. Approximately 5-40 nucleotides (nt)
upstream of the 3’ end of the intron is a polypyrimidine tract (poly[Y]i5-20) followed
by the branch point, which always contains an adenine (A), but is loosely conserved
in other respects (Black, 2003; Clancy, 2008). A general consensus would look like
YNYYRAY, with Y representing a pyrimidine, N as any nucleotide, R as any purine,
and A as adenine (Clancy, 2008; Taggart et al., 2012). Specific sequences of these
elements and number of base pairs between the branch point and the 3’ acceptor
site will affect splice site selection (Corvelo et al., 2010; Taggart et al., 2012). The
spliceosome consists of five small nuclear RNAs (snRNAs) and the spliceosomal
proteins. Combined with protein factors, these RNA-protein complexes form small
nuclear ribonucleoproteins (snRNPs) (commonly pronounced “snurps”). The snRNPs
that make up the spliceosome are named U1, U2, U4, U5, and U6, due to the snRNAs
being rich in uridine (U). Additional proteins such as U2 small RNA auxiliary factor
(U2AF)35 and U2AFG65 are required for spliceosome assembly as well (Graveley et al.,
2001; Black, 2003; Matlin et al., 2005). Splicing begins as the exon borders are
brought close, Ul binds to GU at the 5-end of the intron and is cleaved, U2AF65 to
the poly[Y]i5-20, and U2AF35 at the 3’ splice site (Guth and Valcércel, 2000). U2
binds to the branch point, and places 2” OH of the protruded adenosine in a favorable
position (Newby and Greenbaum, 2002). U5/U4/U6 forms a trimer, with U5 binding
to the 5" end of the exon, and U4/U6 binding to U2. Ul is released, U5 shifts from
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Figure 2: Overview of mRNA splicing. In the preemRNA within the introns, a
donor site (GU) is located at the 5 end, a branch site (A) close to the 3’ end,
followed by a polypyrimidine stretch (YYYYY) and an acceptor site (AG) at the 3’
end. Spliceosome Ul binds to the donor site and cleaves the 5’-end of intron (“p”
represents phosphate at the cut site), and U2 small RNA auxilary factors (U2AF)
binds to the polypyrimidine tract. U2 binds to the branch site and is bridged by
U5/U4/U6 to the 3’-end. U6/U2 forms a lariat with the 2’ OH of the A in the branch
site and the 5" end of the donor site, and the 3’ end of the intron is cleaved and the
lariat is released. Exons are joined through ATP hydrolysis, and the spliceosomes

are disassembled and recycled.

exon to intron, and U6 binds at the 5’ splice site (Staley and Guthrie, 1998; Burge
et al., 1999). U4 is released, U6/U2 ligates the 5" end of GU to the 2’ end of the
branch point through transesterification, and forms the lariat structure (Staley and
Guthrie, 1998; Burge et al., 1999; Fica et al., 2013). The 3’ site is cleaved, exons are
ligated through ATP hydrolysis, the lariat is released with U2/U5/U6, which later
disassembles and gets recycled (Black, 2003; Clancy, 2008; Cheng and Menees, 2011;
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Fica et al., 2013; Matera and Wang, 2014).

Alternative splicing Alternative precursor mRNA splicing (AS) is a major source of
transcriptome diversity in eukaryotes. According to current knowledge, genome-wide
transcriptome mapping in plants shows AS events ranges anywhere from 42-61 %
(Filichkin et al., 2010; Reddy et al., 2013; Marquez et al., 2012; Klepikova et al.,
2016), which probably still does not include all events, and is likely a lower estimate
of total occurrences. There are a couple of modes which splice sites can be joined
together (Figure 3) (Black, 2003; Matlin et al., 2005; Pan et al., 2008; Sammeth
et al., 2008; Xin et al., 2008; Tian and Manley, 2016):

« Cassette exons are exons that be skipped or included from the mRNA. Cryptic
exons (cassette exons) that are included in some but not all transcripts, opposed
to constitutive exons which are always included. Cryptic exons are on average
shorter, and flanked by weaker splice sites than constitutive exons (Berget, 1995;
Stamm et al., 2000).

o Mutually exclusive exons, only one of two or more exons are kept after splicing.

« Alternative donor site are competing 5 donor sites that change the 3" end of
the upstream exon.

« Alternative acceptor site are competing 3’ acceptor sites that change the 5’
end of the downstream exon.

e Intron retention, where an intron is either retained or spliced out.

o Alternative transcription start sites resulting from multiple promoters can
be used in conjunction with AS to regulate gene expression (Ayoubi and Van
De Ven, 1996; Matlin et al., 2005; Xin et al., 2008), although it does not necessarily
need to be at the level of splicing.

« Alternative polyadenylation or alternative 3’ end positions can also be used
in conjunction with AS to regulate gene expression (Barbas et al., 1988; Chen
et al., 2017a; Li et al., 2017a), and does not need to be at the level of splicing.

Splicing decisions are complex with many components at play. Two major universal
splicing regulatory factors consists of serine-arginine-rich (SR) proteins and the
heterogenous nuclear ribonucleoprotein (hnRNP) protein family, which interact with
splicing activators and suppressors depending on context (Wachter et al., 2012).
In addition to the known factors, there are still unknown aspects of this waiting
to be resolved. Physiologically, AS in plants is known to have many regulatory
functions, including components of the circadian clock (Deng et al., 2010; Sanchez
et al., 2010; Jones et al., 2012; Seo et al., 2012; Filichkin et al., 2015), temperature
sensing and flowering (Song et al., 2012; Lee et al., 2013; Posé et al., 2013), biotic
stress (Dinesh-Kumar and Baker, 2000; DeYoung and Innes, 2006; Palma et al., 2007)

and abiotic stress responses (see Section 3.5).

10
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Figure 3: Different modes of alternative splicing (AS). (A) Cassette exons can be
spliced out or retained, (B) one out of two or more mutually exclusive exons will be
retained after splicing, (C) alternative 5’ donor site or (D) alternative 3’ acceptor
site, as well as (E) retained introns are AS events. In combination with AS, (F)
alternative transcription start sites, resulting from promoters (Xin et al., 2008) or
(G) alternative 3’ UTR end positions (alternative polyadenylation) can regulate gene
expression (Tian and Manley, 2016). Constitutive exons or 3’-untranslated region
(UTR) are exons or 3’ UTRs that are consistently conserved after splicing.

3.2 Alternative splicing and abiotic stress

A large number of plant stress response genes are regulated through AS. One
field of study would be heat shock induced transcriptional regulation, where 22°C
would result in a full-length transcript with a spliced out intron (HsfA2), but
37°C activates a 31 bp cryptic exon within the intron and produces a premature
termination codon (PTC) containing variant (HsfA2-1I) which is degraded via
nonsense mediated decay (NMD) (von Koskull-Doring et al., 2007; Sugio et al., 2009).
Under extreme heat 42-45°C | a third splice form (HsfA2-III) is produced by an
alternative 5’ splice site, at the expense of HsfA2-II (Liu et al., 2013b). HsfA2-111
encodes a truncated protein which binds to the HsfA2 promoter and forms a positive
autoregulatory loop. Reactive oxygen species (ROS) (Section 3.5.2) is also linked to
AS. In maize, ZmrbohB has two AS isoforms, ZmrbohB-o and an intron-retaining -3,
which contains a PTC, and is a likely target of NMD. ZmrbohB was differentially
expressed spatially and temporally, and ZmrbohB-«a transcripts accumulate under
various abiotic stresses, such as wounding, cold (4°C), heat (40°C), ultraviolet
(UV) and salinity stress (Lin et al., 2009a). In rice, through AS, DEHYDRATION-
RESPONSIVE ELEMENT-BINDING PROTEIN 2 (DREB2B) can be produced
rapidly, independent of transcriptional activation. OsDREBZ2B are alternatively

11
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spliced in heat and drought stresses. Under control conditions, OsDRE2B1 is
more abundant and contains an exon insertion that creates an open reading frame
(ORF) shift. When exposed to high temperatures, the isoform which the cassette
exon is spliced out (OsDREB2B2) dominates (Matsukura et al., 2010). A similar
mechanism is also reported for its orthologues in wheat, barley and maize (Xue
and Loveridge, 2004; Egawa et al., 2006; Qin et al., 2007). Abscisic acid (ABA)
signaling is also associated with plant stress responses as well as RNA processing
factors. Proteogenomic analysis shows AS and translation to play a role in ABA
response (Zhu et al., 2017). The preemRNA of HAB1 is regulated with AS by a
protein that binds to the last intron. Two splice isoforms HAB1.1 and HAB1.2 are
produced. HABI1.1 encodes a protein which inhibits the kinase activity of sucrose
non-fermenting-1 (SNF1)-related protein kinases (SnRK)2.6 and turn ABA signaling
off. HABI1.2 can still interact with SnRK2, but is unable to regulate kinase activity,
leaving ABA signaling on (Wang et al., 2015; Zhan et al., 2015). Therefore, as a result
of AS, two antagonistic, functional proteins are produced, showing the importance of
AS for ABA signaling. Salt stress induces genome-wide AS in Arabidopsis thaliana
as well, and influence 5- or 3’-splice site selection, intron retention, which can
contain PTCs (Ding et al., 2014; Feng et al., 2015). Knockout mutants of HIGH
OSMOTIC STRESS GENE EXPRESSION 5 (HOS5), RS40, RS/1 show salt and
ABA hypersensitivity and significant intron retention in stress-related genes (Chen
et al., 2013). Several hnRNPs regulates seed germination, early development, stomatal
movements under cold, salt or drought stress in A. thaliana (Kim et al., 2007, 2008).
In particular, using a RNA immunoprecipitation (RIP) analysis combined with
reverse transcription (RT)-coamplified polymerase chain reaction (PCR), Streitner
et al. (2012) was able to show direct binding of an hnRNP-like RNA-binding protein
to mRNA, causing alternative 5-splice site choices. CAP-BINDING PROTEIN
(CBP)20 and CBP80 are also involved in salt and drought stress responses during
seed germination, ABA sensitivity and stomatal closure (Hugouvieux et al., 2001;
Papp et al., 2004; Kong et al., 2014; Daszkowska-Golec et al., 2017). These proteins
are involved in cap-binding and found to influence AS in A. thaliana, particularly
the 5’-splice site of the first introns (Raczynska et al., 2010). Ski-interacting protein
(SKIP) is a splicing factor, which confers osmotic tolerance under salt stress through
regulation of salt-tolerance genes by AS, providing further links of AS and plant salt
responses (Feng et al., 2015).

3.3 mRNA Decay

Opposite of biogenesis, degradation is equally important for regulating RNA levels.

RNA stabilities can differ drastically in different organisms, for example bacterial

12
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mRNA half-lives can range from seconds to 90 minutes (m), averaging at around
1-3m (Lewin et al., 2011). In plant cells, half-lives can range from minutes to over
24 hours (h) (Narsai et al., 2007). Degradation is a dynamic process with transitions
in composition and structural elements, occuring at almost any stage, even during
transcription (Brannan et al., 2012) or translation (Hu et al., 2009; Pelechano et al.,
2015; Yu et al., 2016; Tat et al., 2016) (Figure 4). Considering relevancy for this
study, cytoplasmic mRNA degradation will be briefly introduced here, which will be

discussed as two overall groups: general and specialized degradation pathways.

3.3.1 General Decay

Ribonuclease (RNase) is a nuclease that catalyzes the degradation of RNA. It can
be categorized into endoribonucleases and exoribonucleases. Exoribonucleases can
further be categorized into 5’- or 3’-exonucleases, which hydrolyzes RNA starting

from the 5- or 3’-end, respectively.

3'—5’ decay Deadenylation is the first step to both 3’—=5" and 5'—3’ decay. It is
predominantly carried out by two multiprotein complexes, poly[A]-specific nuclease
(PAN)2/PAN3 and carbon catabolite repressor 4 (CCR4)/NOT in yeast (Wahle
and Winkler, 2013; Wolf and Passmore, 2014; Collart, 2016), which are mainly
localized in the cytoplasm (Tucker et al., 2001; Cougot et al., 2004; Yamashita et al.,
2005). In yeast, PAN was the first deadenylating enzyme discovered (Sachs and
Deardorff, 1992), and in humans and yeast, PAN2 is a hydrolytic 3’-exonuclease and
is responsible of the catalytic activity of the complex (Uchida et al., 2004; Wahle
and Winkler, 2013). However, no homologues of PAN2/PAN3 have been identified
in plants, and deadenylation is rather performed by the CCR4/NOT complex (Chou
et al., 2014, 2017). The CCR4/NOT complex consists of two catalytic components:
CCR4 and CCR4 associated factor 1 (CAF1), which are Mg*"-dependent poly[A]-
specific exonucleases, and NOT is thought to act as a central scaffold (Wahle and
Winkler, 2013). In plants, CCR4, CAF1 and poly[A]-specific ribonuclease (PARN) are
involved in embryogenesis (Chiba et al., 2004; Reverdatto et al., 2004), development,
stress and defense responses (Sarowar et al., 2007; Liang et al., 2009; Walley et al.,
2010a,b; Zhang et al., 2013; Yan, 2014; Chen et al., 2016). After deadenylation,
the mRNA body can by degraded via the 5" pathway through decapping, or the 3’
pathway through exonucleolytic digestion by the exosome (Houseley and Tollervey,
2009).

First discovered in yeast and animals, the eukaryotic exosome is essential for the
3’—5’ degradation of many RNA substrates. The core of the RNA exosome (Ex09)
consists of nine conserved subunits — six RNase pleckstrin homology (PH)-like
proteins that form a ring-like structure (Rrp41-Rrp45, Rrp42-Mtr3, Rrp43-Rrp46
heterodimers), and three RNA binding proteins (Rrp4, Rrp40, Csl4) which forms a
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“cap” to the ring (Lange and Gagliardi, 2010; Makino et al., 2013; Januszyk and Lima,
2014; Labno et al., 2016). Although structurally similar bacterial exoribonucleases
exists (Janke et al., 2016), it will not be discussed here, as it does not fall in the scope
of this study. Plants possess homologues of all nine subunits, and the plant core
complex contains RRP4, CSL4, RRP41, RRP42, RRP43, RRP46 and MTR3, which
have been purified and characterized using transgenic A. thaliana lines (Chekanova
et al., 2007; Lange and Gagliardi, 2010). Some targets of the plant exosome include
rRNA precursors, mRNAs, and intermediates of microRNA biogenesis (Chekanova
et al., 2007). In contrast to yeast and animals, where Exo9 do not have phosphorolytic
activity, and depend on hydrolytic ribonucleases, it has been demonstrated that
Ex09 in A. thaliana possess phosphorolytic catalytic activity, and acts on specific
rRNA maturation by-products (Sikorska et al., 2017).

5’3’ decay The 5’—3’ degradation pathway is considered a major pathway for
cytoplasmic RNA degradation. 5’—3’ decay begins with deadenylation, resulting in
a reduction in PABP binding and translational repression (Mugridge et al., 2018).
One school of thought is that translation is the master regulator of mRNA decay
(Section 3.4). In A. thaliana, decapping is activated by DECAPPING (DCP)5 and
DCP1, which recruits the enzymatic DCP2 and the scaffolding protein VARICOSE
(VCS) (Xu et al., 2006; Goeres et al., 2007; Xu and Chua, 2009). These proteins are
localized to processing-bodies (P-bodies), and DCP5 is also required for formation
of P-bodies, translational repression, and recently has been co-purified with the
NMD core factor UP FRAMESHIFT (UPF)1 interactome in A. thaliana (Xu et al.,
2006; Xu and Chua, 2009; Chicois et al., 2018). In yeast, after decapping by Dcpl-
Dcp2, the cytoplasmic ScXRN1 degrades the uncapped mRNA by targeting the
5’-monophosphate ends (Parker, 2012). The XRN protein family are conserved in
plants as well, and three homologues are found in A. thaliana — AtXRN2, AtXRN3
and AtXRN/ (Kastenmayer and Green, 2000).

AtXRN4 has been localized in the cytoplasm, particularly in the P-bodies, while
AtXRN2 is localized in the nucleus (Kastenmayer and Green, 2000; Kurihara, 2017).
Although there are no data to date for the subcellular localization of AtXRN3, it is
speculated to localize to the nucleus, due to its function to degrade some nuclear
substrates (Kurihara, 2017). AtXRNs are involved in the processing of the miRNA
pathway. Using next generation sequencing (NGS), RNA sequencing (RNA-seq)
analysis revealed accumulation of precursor micro RNA (pre-miRNA) 3’ remnants,
in xrn3, and zrn2zrn3, xrn3zrnj double mutants (Kurihara et al., 2012), as well as
accumulation of loop remnants (products of Dicer-like (DCL)1 cleavage) in zrn2zrn3
(nuclear AtXRN mutants) (Gy et al., 2007). Target transcripts in AtXRN/ transfer
DNA (T-DNA) lines showed accumulation of 3’ cleavage products of miRNA-mediated

cleavage (Souret et al., 2004). Arabidopsis decapping components are influenced by
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environmental signals, such as phosphorylation of DCP1 under dehydration (Xu and
Chua, 2012), or VCS under osmotic or salt stress (Soma et al., 2017). Decapping is
also important for the transition of embryo to seedling development (Goeres et al.,
2007), and contributes to the regulation of ABA signaling (Wawer et al., 2018).
According to experimental data, AtXRN4 is involved in degradation of specific RNA
substrates as a part of stress response, such as drought, high light, and heat (Estavillo
et al., 2011; Rymarquis et al., 2011; Merret et al., 2013; Nguyen et al., 2015), further
showing the impact of RNA stability on plant development and stress resistance.
However, it is suggested that XRN4 is not essential for plant NMD, as NMD reporter
transcripts show similar expression to wild-type (WT) in zrn4 mutant plants (Merai
et al., 2013).

Endoribonucleolytic decay Endoribonucleases cut RNA internally, resulting in 5’-
or 3’- cleavage products. The cleavage products are then degraded by the exosome
(3’=57) or XRN4 (5’—3") (Labno et al., 2016). Some endoribonuclease examples
include RNaseA, which cleaves the 3’-end of pyrimidines on single- and double-
stranded RNAs (Farrell, 2010), or RNaseG, which cleaves guanine residues on the
3’-end of single-stranded RNA (ssRNA) (Pace et al., 1991). An example of a
well-known endoribonuclease from the RNase III family is the Dicer, which cleaves
double-stranded RNA (dsRNA) or pre-miRNA into siRNA or miRNA, respectively.
It plays a role in the assembly of RNA-induced silencing complex (RISC), serves as
a key enzyme in RNA interference (RNAi), where it guides RISC to complementary
RNAs to prevent translation or accelerate degradation (Doyle et al., 2012; Hull,
2014; Tennant et al., 2018). Relevant to NMD (Section 3.3.3), SUPPRESSOR
OF MORPHOLOGICAL DEFECTS ON GENITALIA (SMG)6 is an endonuclease
that cleaves mRNA in the proximity of the PTC, in metazoans as well as humans
(Huntzinger et al., 2008; Schmidt et al., 2015). Although human cells rely on SMG6-
mediated degradation, with SMG5-SMGT as a backup pathway, plants do not possess
SMG5 or SMG6 paralogues, and is suggested to degrade target transcripts through
exonucleolytic pathways (Riehs-Kearnan et al., 2012; Kerenyi et al., 2013).

3.3.2 Processing-bodies (P-bodies) and stress granules (SG)

Eukaryotic cells contain numerous compartments that are biomolecular conden-
sates, in which specific collections of proteins and nucleic acids are concentrated.
These granules are membraneless and compartmentalized through liquid-liquid phase
separation (LLPS) (Banani et al., 2017). For this study, P-bodies and SG, which are

such compartments, will be introduced.

Found in yeast, flies, plants, and mammals, P-bodies are ribonucleoprotein (RNP)
aggregates in the cytoplasm, usually consisting of translationally repressed mRNAs

and associated proteins, including decapping proteins DCP1/DCP2, cap-binding
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Table 3.1: Major protein components of P-bodies and stress granules (SG) that are
involved in decay

Components Function Predominantly in: Organism
Cerd/Not Deadenylase P-bodies Plant, Yeast, Human
CAF1 Deadenylase P-bodies Plant”
PARN Deadenylase P-bodies Plant
DCP1 Decapping P-bodies Plant, Yeast, Fly, Human
DCP2 Decapping P-bodies Plant, Yeast, Fly, Human
DCP5 Decapping, P-body formation, P-bodies Plant
Translation repressor
VCS Decapping scaffold P-bodies Plant
UPF1 NMD component P-bodies Plant,Yeast, Human
Upf2p NMD component P-bodies Yeast
UPF3p NMD component P-bodies Yeast
SMG7 NMD component P-bodies Plant, Human
PTBI1, PTB2, Splicing regulators P-bodies Plant
and PTB3 involved in
AS-coupled NMD

elF2a Translation initiation SG Mouse, Monkey, Human
elF4G Translation initiation SG Yeast, Monkey, Human
Pabp/PABP Poly-A binding protein SG Plant, Yeast, Mammalian
40S ribosomal Translation SG Yeast, Mammalian
subunit

elF4E Translation initiation Both Plant, Human
Xrnl 5’—3’ exonuclease Both Yeast, Mouse, Human
XRN4 5'—3’ exonuclease Both Plant

Sources: https://www.arabidopsis.org/; Parker and Sheth (2007); Xu and Chua (2009); Stauffer et al. (2010)
Decker and Parker (2012); Merai et al. (2013); Maldonado-Bonilla (2014); Protter and Parker (2016)
Chantarachot and Bailey-Serres (2018)

* Tolerance reduced to ROS, increased to NaCl in knockout (Walley et al., 2010b)

protein elF4E, and NMD components (Table 3.1, Section 3.3.1). Stress granules,
despite sharing similarities and protein components with P-bodies — such as coming
into contact with each other, or being induced by cellular stress (Stoecklin and
Kedersha, 2013) — are distinct in function and molecular composition in both plant
and mammalian cells (Weber et al., 2008; Luo et al., 2018). In yeast and mammal
studies, SG contains translation initiation factors, and typically associated with
storage of untranslated mRNPs, while P-bodies in yeast, plants and mammals are
linked with translational repression, RNA decay, or miRNA /siRNA silencing (Parker
and Sheth, 2007; Decker and Parker, 2012; Luo et al., 2018). In yeast, it has been
shown that NMD factors Upflp, Upf2p and Upf3p can localize to P-bodies, and
mRNAs that harbor PTCs accumulate in P-bodies when NMD is inhibited (Sheth
and Parker, 2006). Sheth and Parker (2006) also show in yeast that Upflp has a
central role in the targeting of mRNAs to P-bodies, whether the transcript harbors
NMD triggering features or not. Together with a phosphorylated AtUPF1, it is
suggested that AtSMGT recruits the NMD complex to P-bodies in for degradation
(Chantarachot and Bailey-Serres, 2018), although the full degradation mechanism is

not yet known, as XRN4-silenced leaves or xrn4 mutants show similar expression of

16



3. INTRODUCTION

NMD targets compared to WT (Merai et al., 2013).
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Figure 4: Decay pathways during mRNA processing in plants, unless specified
“Shown in yeast” (A) Capping failure results in transcription termination from degra-
dation by exoribonuclease (XRN)2/3 (Zakrzewska-Placzek et al., 2010). (B) Shown in
yeast: If clusters of Nab3/Nrdl are encountered during C-terminal RNA Polymerase
IT serine 5 phosphorylation (Ser5P) period, transcription is terminated and RNA
is degraded through the 3’-pathway, forming small nucleolar RNA (snoRNA)s in
some cases (Gudipati et al., 2008). Nrdl homologue exists in A. thaliana. (C) The
lariat is debranched by DBR1 and degraded from both ends, sometimes leading
to intron-encoded snoRNAs (Wang et al., 2004). (D) Shown in yeast: Errors in
cleavage and polyadenylation can leave the 3’-end stuck to the polymerase but the
5’-end no longer capped, leading to degradation by Ratl (West et al., 2008). Plant
homologue exists as XRN3, but it is unknown if this step happens in plants. After
polyadenylation, the mRNA is exported out of the nucleus. Failure to export leads
to decay by 5" or 3’ exonucleases, and the transcript is retained at the transcription
site (Rougemaille et al., 2008). After export, cytoplasmic degradation can occur
(Section 3.3.1, 3.3.3). (E) NMD degrades transcripts with certain features e.g. PTCs
(Section 3.3.3). (F-I) After the poly[A] tail is progressively shortened after iterative
translation, deadenylation (Section 3.3.1) with CCR4/NOT can occur, leading to
(H) 3—5’ degradation via the exosome, or (I) decapping with DCP1/DCP2 followed
by 5'—3’ degradation via XRN4 (Moore, 2005; Xu and Chua, 2011; Parker, 2012).
Other specialized decay pathways involved in aberrant transcript recognition include
(F) Non-stop decay (NSD), in which SKI7 recognizes transcripts lacking stop codons
(Brunkard and Baker, 2018) or (G) No-go decay (NGD), which targets mRNAs upon
ribosome stalling due to RNA secondary structures. Figure inspired by Houseley and
Tollervey (2009). Blue lines represent transcripts, red dot the 5’-cap. Degradation
enzymes are in bold and represented by PacMan-esque symbols, degradation step
highlighted in red text. Ribosome represented by dark purple symbol.
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3.3.3 Specialized Decay

Non-stop Decay Apart from general degradation pathways introduced in Sec-
tion 3.3.1, there are many specialized pathways that recognizes specific features
of a transcript, and target them for decay. For example, in yeast, NSD (Figure 4F)
targets transcripts that lack a termination codon (Maquat, 2002; Wagner and Lykke-
Andersen, 2002), with the purpose to detect two types of transcripts which do
not have stop codons — mRNAs that contain poly[A] tails caused by premature
polyadenylation, as well as mRNAs without poly[A] tails produced by endonucle-
olytic cleavage. NSD identifies these transcripts at the translation termination
step, where under normal circumstances, as the ribosome reaches the stop codon,
the EUKARYOTIC RELEASE FACTOR (eRF)1/eRF3-GTP termination complex
will bind to the A-site, induce conformational changes to eRF1, and subsequently
the protein is release and the ribosome is dissociated and recycled (Jackson et al.,
2012; Brandman and Hegde, 2016). However, if there is no in-frame stop codon,
the ribosome will reach the end of the transcript, the A-site will be empty and
the termination complex will fail to bind (Frischmeyer et al., 2002; Tsuboi et al.,
2012). In animal models, the NSD complex (Pelota/Hbs1-GTP) — resembles the
eRF1/eRF3-GTP translation termination complex, but does not have a stop-codon
identification sequence, nor a peptide release sequence — is recruited to the empty
A-site, and independently of the stop-codon, can bind to the A-site and terminate
translation (Shoemaker and Green, 2012; Inada, 2013). In yeast, the NSD target
transcript is then degraded from 3’—5’ by the SKI-exosome complex, or from 5'—3’
after decapping by the XRN1 (Halbach et al., 2013; Nagarajan et al., 2013). So
far in plants, the core proteins PELOTA, HBS1 and SKI2 are conserved, and the
plant NSD have shown to degrade non-stop transcripts, through a transient assay
(agroinfiltration) of NDS reporter constructs (no stop codon) compared to control
constructs (same constructs with stop codon) (Szddeczky-Kardoss et al., 2018a). In
plants, it has been proposed that the SKI-exosome complex are mainly responsi-
ble for the degradation of non-stop transcripts, or more specifically, in a transient
agroinfiltration assay, non-stop reporter transcripts accumulated in SKI2-silenced
lines, while the reporter constructs were barely detectable in XRN4-silenced lines
(Szédeczky-Kardoss et al., 2018a). It is also suggested that NSD and NMD systems
operate independently of each other in plants. In another transient assay, NSD and
NMD reporter transcripts (GFP with no stop codon, and GFP with long 3’-UTR,
respectively), as well as a control transcript (GFP with stop codon) were expressed
in Pelota-silenced (NSD-deficient) and UPF1-silenced (NMD-deficient) plants. The
NMD reporter accumulated to high levels in the UPF1-sileneced samples, while the
NSD reporter was barely detectable. Vice-versa, the NSD reporter accumulated to
high levels in PELOTA-silenced leaves while was barely detectable in UPF1-silenced
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leaves (Szadeczky-Kardoss et al., 2018a).

No-go Decay Another specialized degradation pathway is through NGD (Figure 4G),
which can be activated when translation elongation is inhibited, e.g. ribosomes stalled
from secondary RNA structure. Recent reports in yeast and mammals suggest that
the stalling of ribosomes leads to ribosome collision, and triggers ubiquitination of
certain ribosomal proteins (Garzia et al., 2017; Juszkiewicz and Hegde, 2017; Matsuo
et al., 2017; Simms et al., 2017; Sundaramoorthy et al., 2017). The transcript is
thereafter cleaved by endonucleolytic cleavage (so far unknown), and the fragmented
products are degraded by 5’- or 3’-exonucleolytic enyzmes (Doma and Parker, 2006).
In yeast, it has been reported that stem-loop structures, PTCs, rare (non-optimal)
codons, polybasic amino acid (AA) stretches (poly-lysine, poly-arginine tracts), and A-
stretches can induce NGD. In Nicotiana benthamiana, these NGD-inducing elements
were tested, and only long A-stretches triggered NGD. NGD-mediated cleavage
was more efficient on longer A-stretches, and after endonucleolytic cleavage, the
elimination of 5’- and 3’- fragments were dependent on SKI2 and XRN4, respectively
(Szadeczky-Kardoss et al., 2018b).

So far, not a lot is known about NSD or NGD in plants, and available plant studies
are primarily transient assays done with agroinfiltrated N. benthamiana. In this

study, the main focus will be on NMD.

Nonsense Mediated Decay NMD is an RNA surveillance mechanism which is
widespread in eukaryotes, and is a major player in quality control as well as gene
regulation (He and Jacobson, 2015; Lykke-Andersen and Jensen, 2015; Nasif et al.,
2018; Karousis and Muhlemann, 2019). Previously, NMD was considered mainly to
function as a quality control for aberrant (faulty) mRNAs, which arise from genetic
mutations, aberrant or abnormal splicing, or inaccurate transcription. In recent
years, it has come to light that NMD can regulate physiological (normal) transcripts.
For example, transcripts possessing upstream open reading frames (uORFs) in the
5-UTR, PTCs, introns located over 50-55 nt downstream of a stop codon, or long
3’-UTRs independent of PTCs (Schweingruber et al., 2013; Popp and Maquat, 2013).
Programmed ribosomal frameshifting, where the ribosome either skips forward, or
slips back one nucleotide (for review see Ketteler (2012)), have also been shown to
cause NMD targeting in yeast (Belew et al., 2008, 2011, 2014; Advani et al., 2013);
however, this mechanism has not been observed in higher plants so far. Another
major source of NMD targets are AS events, which can be triggered by both internal
developmental regulation, as well as external stimuli (Section 3.1), and the coupling of
AS with NMD is well established in plants (Kalyna et al., 2012; Drechsel et al., 2013)
as well as other organisms. In A. thaliana, some studies show 20 % of non-coding
and 1% of coding RNAs are regulated by NMD (Kurihara et al., 2009; Rayson
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et al., 2012b). However, Drechsel et al. (2013) show at least 17.4 % of all multi-exon,

protein-coding genes produce splice variants that are NMD targets.

The NMD mechanism is largely conserved in eukaryotes, and a wealth of knowledge
have been established primarily in yeast and metazoans. NMD activation starts
with UPF1. UPF1 is an ATP-dependent RNA helicase, and a phosphoprotein that
can be regulated through phosphorylation-dephosphorylation cycles. The cycle as
well as its helicase activity are essential for NMD (Czaplinski et al., 1995; Weng
et al., 1996; Bhattacharya et al., 2000; Ohnishi et al., 2003). Exon junction complex
(EJC)-triggered NMD is one of the ways to activate this surveillance system. During
splicing, an EJC is deposited approximately 20-24 nt upstream of exon-exon junctions
(Le Hir et al., 2000). In mammals, the EJC consists of four core proteins as well as
outer proteins, including UPF3 and UPF2. During translation, the EJC-UPF3/2
complex is removed from the mRNA by the ribosome. If the ribosome does not reach
the complex, e.g. stopped by a PTC, or a regular stop codon, it will not be removed.
During translation termination, a complex consisting of SMG1, UPF1 and eRFs
(SURF complex) binds to the ribosome. If an EJC-UPF3/2 complex is present (i.e.
has not been removed), UPF1 will bind UPF2, and UPF1 will be phosphorylated by
SMG1, recruiting mRNA decay systems. The targeted transcript will then undergo
deadenylation and decapping (Section 3.3.1), and degraded in the cytoplasm or
P-bodies (Isken and Maquat, 2007). In the end UPF1 is dephosphorylated by SMG5,
SMG6, and SMGT7-recruited phosphatase, and the components are recycled. In
yeast, Upfl can also recognize delayed translation termination. PABP binds to the
termination complex eRF1 and eRF3, and rapid termination is initiated. However,
if a long 3’-UTR hinders the interacting between eRF3 and PABP, termination is

delayed and Upfl-activated recruitment occurs.

It is proposed that plant NMD mechanism of long-3’-UTR-NMD are similar to
those of yeast, whereas EJC-NMD resembles those in mammalian cells (Kerényi et al.,
2008). Based on transient assays in plants, EJC-like complexes also mediate intron-
based NMD (Kerényi et al., 2008). Many plant orthologues have been identified,
including the EJC complex, as well as NMD core factors UPF1, UPF2, UPF3 and
SMG7. SMG5 and SMG6 have not been found in plants, and SMG1 is absent from
A. thaliana, but is present in almost all other examined plants, including Arabidopsis
lyrata (Lloyd and Davies, 2013; Causier et al., 2017). There are several aspects of
plant NMD that are unique. Unlike yeast or mammals, in transient assays, SMG7
in plants redirect UPF1 to P-bodies, where target transcripts can be subsequently
degraded (Merai et al., 2013). Comparison analysis suggests that plant P-bodies
are more closely related to mammals rather than yeast, with the difference that
plants posses XRN4 in their P-bodies, while mammals do not (Xu and Chua, 2011).
Considering new factors associated with P-bodies, such as VCS and DCPs, late stage

21



3. INTRODUCTION

NMD-degradation via the XRN4 (5'—3’ exonucleolytic) pathway in the P-bodies
have been proposed (Xu and Chua, 2011; Dai et al., 2016) as speculation. This
pathway still needs to be confirmed experimentally.

The transcripts of NMD core components are under NMD regulation. Accumulation
of steady state levels and increased half-lives of UPF1, UPF2, UPF3B, SMGI,
SMG5, SMG6 and SMG7 transcripts were observed in mammalian cells under NMD
deficiency (Huang et al., 2011; Yepiskoposyan et al., 2011). In plants, AtUPF3
(which contains a long 3-UTR) was found to be regulated by NMD (Degtiar et al.,
2015), as well as SMG7 of A. thaliana, N. benthamiana and Physcometrella patens
have intron-containing long 3’-UTRs (Kerényi et al., 2008; Lloyd and Davies, 2013).
AtUPF1, AtUPF3 and AtSMG7 have been shown to have elevated steady state levels,
as well as longer half-lives in NMD impaired mutants (Kesarwani, Lee, Ricca et al.,
2019).

3.4 Translation and mRNA decay

Translation is tightly coupled to mRNA turnover (Pelechano et al., 2015; Yu et al.,
2016; Tat et al., 2016), and the rate of translation is an important determinant
of transcript lifetimes. It has been shown in yeast, zebrafish and flies, mRNA
degradation rates depend on the efficiency of translation elongation, which in turn
can be determined by codon optimality (Presnyak et al., 2015; Bazzini et al., 2016;
Harigaya and Parker, 2016; Radhakrishnan et al., 2016; Mishima and Tomari, 2016;
Jeacock et al., 2018). Transcripts which are abundant in optimal codons (codons
decoded by tRNAs that are abundant in the cellular tRNA pool) are found to have
longer half-lives, while transcripts containing more non-optimal codons, are more
unstable. Synonymous substitution of optimal to non-optimal codons decreased
mRNA half-lives by 10-fold, while synonymous substitution of non-optimal to optimal
codons increased the half-life by over 7-fold (Presnyak et al., 2015). However, this
pathway is separate from NMD, and NMD is the stronger degradation pathway
compared to the codon-associated decay (Radhakrishnan et al., 2016). The connection
between translation efficiency and mRNA stability is linked to DEAD-box helicase
Dhh1/DDX6 (Radhakrishnan et al., 2016), which acts as a sensor for ribosome speed,
and is coupled to deadenylation (Sun et al., 2013; Bazzini et al., 2016; Mishima and
Tomari, 2016), likely through differential activities of CCR4-NOT nucleases, and
modulated by PABP (Stowell et al., 2016; Mugridge et al., 2018; Webster et al., 2018).
In A. thaliana, cotranslational RNA decay is XRN4 dependent, and the absence
of ABH1 — a part of a subunit in the nuclear cap binding complex — showed an
approximate 50 % decrease in cotranslational RNA decay (Yu et al., 2016).

Other ribosomal activities also link translation to decay through specialized path-

22



3. INTRODUCTION

ways, for example NGD, NSD, and of course NMD. NMD is a translation dependent
process (Section 3.3.3, Carter et al. (1995); Thermann et al. (1998); Karousis and
Muhlemann (2019)), and can be inhibited by various translation inhibitors, one of
those is cycloheximide (CHX) (Carter et al., 1995; Noensie and Dietz, 2001). CHX is
an elongation inhibitor that interferes with tRNA binding (Pestova and Hellen, 2003;
Schneider-Poetsch et al., 2010; Klinge et al., 2011). Under CHX treatment, NMD
target transcripts show strong accumulation (Noensie and Dietz, 2001; Pereverzev

et al., 2015), and is used in this study to observe the relationship between translation
and NaCl treatment on NMD (Section 4.6.4).

3.5 Abiotic stress

Plants are sessile organisms, and their well-being is dependent on environmental
factors. Abiotic stress is intrinsically unavoidable, and considered the most harmful
factor worldwide when it comes to the growth and productivity of crops, especially
when they occur in combination with each other, e.g. drought in combination with
salinity and heat (Mittler, 2006; Gao et al., 2007). Common abiotic stresses include
heat, drought and soil salinity. Stress response in plants first starts with signal
perception, followed by downstream changes in gene expression, and eventually
growth and developmental changes in physiology. In this section, the most relevant

abiotic stresses for this study will be introduced.

3.5.1 Salt stress

Salt stress affects up to 932.2 million hectares of soil worldwide (Shahid et al.,
2018), and threatens 19.5 % of irrigated and 2.1 % non-irrigated agricultural lands
(Neto et al., 2004). Na™ is not an essential nutrient for most plants. Accumulation
of high Na™ can cause K" deficiency, disrupt many enzymatic processes, and is an
energetic burden to the cell due to the necessity of active export of Na® (Munns
and Tester, 2008). Many enzymes are activated by K which cannot be substituted
by Na™ (Tester and Davenport, 2003). However, low to moderate Na™ levels are
usually not harmful and sometimes can even stimulate growth of plants under K*-
deficiency (Schulze et al., 2012), likely due to displacement of K* from the vacuole
into the cytosol (Méser et al., 2002; Rodriguez-Navarro and Rubio, 2006; Flowers
and Colmer, 2008). So far, no specific salt sensors have been identified in plants
(Wu, 2018). However, there are several candidates that are involved in salt signal
transduction. SALT OVERLY SENSITIVE (SOS)1, an Na*/H™ antiporter (Zhu,
2003), and histidine kinases (HKs) (Marin et al., 2003), for example AHK1/ATHK1
(Tran et al., 2007) have been suggested to function as osmosensors. Salt-induced
extracellular adenosine triphosphate (ATP) by plasma membrane purinoceptors

can induce other signaling events, such as production of ROS and elevation of
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Ca%* in cytosol ([Ca?*]ei) (Sun et al., 2012). Na™ intake can be mediated by the
Na™ transporter high-affinity K* transporter 1 (HKT1) against the electrochemical
gradient via the proton symporter, or by non-selective cation channels (Ward et al.,

2003). So far, SOS1 is the only characterized transporter for sodium exclusion from
the cytosol to the apoplast (Wu, 2018).

The Salt Overly Sensitive (SOS) pathway The SOS signaling pathway was orig-
inally discovered through the role of calcineurin B-like (CBL)s in salt tolerance
(Xiong et al., 2002; Shi et al., 2005). Three complementary sos mutants (sosi, sos2
and sos3) were identified through a root bending assay — where lack of SOS genes
showed hypersensitivity to salt, while overexpression increases salt tolerance (Yang
et al., 2009). Interestingly, these mutants showed to be also hypersensitive to Li™, but
not to K* or Cs* (Wu et al., 1996; Liu and Zhu, 1997; Zhu et al., 1998), indicating
certain ionic specificity. Through map-based cloning, the molecular identities for
these three genes were identified (Liu and Zhu, 1997; Liu et al., 2000; Shi et al.,
2000).

SOS3 is also known as CBL4, encodes a Ca®' sensor, and is predicted to contain
three typical EF-hand Ca®" binding motifs (Section 3.5.3). Mutation in the SOS3
gene and conformationally changes one of the EF-hand motifs (Liu and Zhu, 1997),
and is demonstrated to have reduced Ca”" binding through a gel mobility shift assay
(Ishitani et al., 2000). SOS3 can interact with SOS3-LIKE CALCIUM BINDING
PROTEIN 8 (SCaBP8), also known as CBL10, and together interacts with SOS2 to
confer salt tolerance in plants (Quan et al., 2007). SOS3 and SCaBP8 are partially
redundant in their function, and a double mutant of sos3/scabp8 displays similar
phenotype to sos2 (Quan et al., 2007). SOS2 is a serine/threonine protein kinase and
belongs to the SnRK3 family of protein kinases (Liu and Zhu, 1998; Halfter et al.,
2000; Liu et al., 2000; Hrabak et al., 2003), and the CBL-interacting protein kinases
(CIPK) family (CIPK24). SOS2 physically interacts with, and is activated by SOS3
(Halfter et al., 2000) and SCaBP8 (Quan et al., 2007) in a Ca’>" dependent manner.
SOS2 has two major domains, the C-terminal domain is a regulatory domain, which
can interact with the kinase domain at the N-terminal (Guo et al., 2001, 2004). This
results in an autoinhibitory structure, which can block access to the catalytic site.
Under salt stress, two calcium sensors SOS3 and SCaBP8 can accesses the regulatory
domain of SOS2 and open up the catalytic site for kinase activity (Guo et al., 2001,
2004; Quan et al., 2007; Xie et al., 2009). SOS2 is also capable of phosphorylating
ion transporters such as Ca2+/ H* antiporter CAX1, and the plasma membrane
Na*/H" antiporter SOS1 (Zhu, 2002; Shi et al., 2005), as well as vacuolar Na™/H*
antiporters (Qiu et al., 2004). Once the catalytic site of SOS2 is made available
by Ca®*-dependent binding of SOS3/SCaBP8, the SOS2 is recruited to the plasma
membrane (PM) by SOS3, where SOS2 activates SOS1 through phosphorylation
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(Quintero et al., 2011). SOS1 is an Na*/H" antiporter located at the PM, and is
essential for salt tolerance by extruding Na™ out of the cytosol (Shi et al., 2000,
2002, 2003; Qiu et al., 2002). Overexpression of SOS1 improves salt tolerance, and
sosl mutants show hypersensitivity to salt. SOS2 notably has many interaction
partners (Table 4.2), and is also known to autophosphorylate (Fujii and Zhu, 2009b).
Apart from CBLs, one interaction partner is the protein phosphatase 2C ABA
INSENSITIVE (ABI)2 (Ohta et al., 2003), which is a well known regulator of ABA
signaling. ABA is one of the major hormones that respond to stress. This suggests
interplay between ABA and the SOS signaling pathway, as SOS2 is a kinase and
ABI2 a phosphatase, and may cross-regulate their phosphorylation statuses, or have
common target substrates. SOS2 is also known to interact with 14-3-3 proteins.
Recently, SOS2-LIKE PROTEIN KINASE (PKS)5 have been shown to negatively
regulate the SOS pathway (Yang et al., 2019). Under normal conditions PKS5
phosphorylates SOS2 and promote the interaction between SOS2 and 14-3-3 proteins,
and under salt stress, inhibits SOS2 activity by increased interaction between PKS5

and 14-3-3 proteins.

3.5.2 Reactive Oxygen Species

ROS is an inevitable product of cellular aerobic metabolism. For a long time, ROS
has been thought to be harmful by-products that should be eliminated as quickly as
possible. However, now it is well established ROS can also act as important secondary
messengers. Plants monitor the rapid changes in compartmental redox caused by
environmental stimuli, as a signal for adaptive strategies to adjust metabolism
or physiology accordingly. ROS — hydrogen peroxide (HyO3), superoxide (O37),
and the hydroxyl radical (HO*) — can be produced in nearly every subcellular
compartment, roughly categorized: chloroplasts, mitochondria, peroxisomes and
the apoplast. Each site is buffered with antioxidant systems, with the exception
of the apoplast, which has a low antioxidant capacity (Foyer, 2016; Noctor et al.,
2016; Waszczak et al., 2018). The lifetime of each ROS depend on the presence and
activity of local dedicated scavengers (Mattila et al., 2015). For example, HO* is
highly reactive, with an estimated lifetime of nanoseconds, while more stable forms
of ROS like O3~ and HyO, can last from milliseconds to seconds (Waszczak et al.,
2018), and therefore is more likely to diffuse from the production site and function

as a signal.

Chloroplastic ROS production is strongly tied to photosynthetic reactions. O3~
produced during photosystem I (PSI) is quickly dismutated into HyO5 in the stromule,
through superoxide dismutase (SOD)s (Asada, 2006). Chloroplastic SODs — for
instance iron-SOD (FeSOD) and copper/zinc-SOD (Cu/ZnSODs) — are crucial

for chloroplastic function and development (Waszczak et al., 2018). The stromal
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H,0s is then detoxified by ASCORBATE PEROXIDASE (APX)s and other enzymes
(Asada, 2006). Apoplastic ROS accumulation often results from plant responses
to the environment, as the apoplast acts as a platform for exchange of nutrients
and signals between cells and the environment. ROS production in the apoplast
results from stimulation of ROS-producing enzymes like apoplastic peroxidases, or
the PM-localized NADPH oxidase (NOX), also known as RESPIRATORY BURST
OXIDASE HOMOLOGUE (RBOH)s (Kadota et al., 2015; Sierla et al., 2016; Kimura
et al., 2017). RBOHs are one of the most critical enzymes that produce ROS in

Table 3.2: Overview of relevant (to this study) AtRBOH members

Gene Name Localization Mutant phenotype
AtRBOHC  Root epidermis, root hairs  Short root hair, reduced O3~ production at root hair
apoplast
AtRBOHD  Root maturation zone, lat- Reduced primary root elongation, response to heat,
eral root primordia flooding, drought

AtRBOHF  Lateral root periphery, Reduced primary root elongation, delayed casparian
vascular tissue in leaves, strip formation
guard cells
phenotype in rbohd/f mutants: Increased lateral root number, reduced ABA-
mediated stomatal closure, increased survival under
salt or hypoxia stress

Table simplified from review from Chapman et al. (2019)

response to hormonal and environmental signals in plants (Suzuki et al., 2011). As
one of the most important class of apoplastic ROS producers, RBOHs produces O3~
by transferring electrons across the PM from cytosolic NADPH to O, (Waszczak
et al., 2018). The RBOH family consists of ten members, RBOHA-RBOHJ (Sagi
and Fluhr, 2006; Torres et al., 1998), each unique in expression and functional roles
under plant development or stress. In this study, rbohd/f double mutant and rbohc
are explored under salt stress (Table 3.2). RBOHD/F are involved in stomatal
closing (Kwak et al., 2003; Singh et al., 2017), and rbohd/f mutant phenotype shows
increased survival under salt and multiple other abiotic stresses (Miller et al., 2009;
Ma et al., 2012). RBOHC is involved in root hair formation (Foreman et al., 2003).
During stress, cell-to-cell communication plays an important role in how ROS signals
can affect the surrounding tissue, as well as the whole plant — and interactions
between apoplastic and organelle ROS contributes to central response (Miller et al.,
2009). There are several obstacles for signal transportation in plants. For example,
high levels of Ca®* in the apoplast makes it an unsuitable platform for conduction of
Ca’" signals. The apoplast also contains various ROS producers and scavengers (see
review Mittler et al. (2004)), and ROS signals are under constant production and
scavenging. The PM on the contrary is not a good platform for ROS signaling, due
to its sensitivity to lipid peroxidation, and Ca®" cannot travel long distances due

to its hydrophilic properties. The cytosol on the other hand, where Ca*" is tightly
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controlled, is an excellent medium for conduction of Ca*" signals (Section 3.5.3).
Therefore, long-distance (systemic) signals through tissue could be mediated through
apoplastic ROS signaling, electric signals through the PM, and [Ca?*].,, and ROS
for short distances in the cytosol (Gilroy et al., 2016a,b).

RBOHD has been discovered to play a central role in the apoplastic movement
of HyOy (Miller et al., 2009), along with intricate constitutional mechanisms for
NOX phosphorylation. For example, ROS-induced RBOHD phosphorylation by
Ca?"-dependent protein kinase (CPK)5 (Dubiella et al., 2013), and RBOHD and
RBOHF phosphorylation through CIPK26, CBL1 and CBL9 (Steinhorst and Kudla,
2014), are both important discoveries. CBL1 and CBL9 are both SOS2 interaction
partners (Table 4.2), and NOX-mediated ROS production leads to the stabilization
of the SOS1 transcripts (Chung et al., 2008), connecting RBOHD/F and the SOS
signaling pathway (Section 3.5.1). Under salt stress, RBOHD and RBOHF expression
are highly induced (Ma et al., 2012), and RBOHF mutants lacked ROS accumulation
in the vasculature, and display Na™ hypersensitivity in the shoots (Jiang et al., 2012).
Like SOS3, RBOHs also are identified as having EF hands (Keller et al., 1998; Torres
et al., 1998), classified as class B Ca?* sensors, tying both ROS and the SOS pathway

to Ca?" signaling.
3.5.3 Calcium signaling

In response to stimuli, the calcium signal is initially perceived by binding to Ca®"
sensors, roughly divided into four major classes — Class A: calmodulin (CaM), Class
B: CaM-like (CML) EF-hand containing Ca®*-binding proteins, Class C: calcium-
dependent protein kinases (CDPK), and Class D: Ca’-binding proteins without
EF-hand motifs (Roberts and Harmon, 1992; Poovaiah and Reddy, 1993; Day et al.,
2002). Most Ca®" sensors contain a conserved structural motif the “EF hand”, a
common structural motif. The EF hand is a helix-loop-helix structure that can bind
a single Ca®" ion (Kretsinger and Nockolds, 1973). Ca®" sensors can be categorized
into two types, sensor relays and sensor responders (Sanders et al., 2002). For relay
sensors, a conformational change occurs with Ca*" binding, and is then relayed to an
interaction partner. The interaction partner then undergoes changes and regulates
the functions of the effectors. This type of sensor includes CaMs, CMLs and CBLs.
SOS3 (Section 3.5.1) is such a sensor. For sensor responders, their own activity
or structure is altered through calcium binding. CDPKs are an example of sensor

responders in plants.

Calmodulins (CaM) The regulation of the ACA4 Ca’" pumps by CaM seems to
play an important role in salt tolerance (Geisler et al., 2000), and AtNHX1, which
encodes a vacuolar Na®/H" antiporter, also contains a CaM binding domain in its

C-terminus (Yamaguchi et al., 2005). AtNHX1 expression is upregulated through
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salt stress in an ABA-dependent manner (Shi et al., 2002). AtNHX1 can interact
with AtCaM15, and modify Na™ /K™ selectivity of the antiporter, decreasing Na™/H*
activity (Yamaguchi et al., 2005). These studies suggest salt stress induced Ca®t
signaling directly regulates ion transporters important for Nat and K* homeostasis

and salt tolerance in plants.

Calcineurin B-like (CBL) and CBL-interacting protein kinases (CIPK) CBLs
are named after their sequence similarity with calcineurin B subunit in yeast and
mammalian cells. Calcineurin is a calcium/calmodulin-dependent serine/threonine
protein phosphatase (Rusnak and Mertz, 2000). Its activity is dependent on Ca*"
and CaM, and is one of the most common intracellular transducer of Ca®" signaling
pathways. The four Ca*" EF-hand motifs in calcineurin B bind four Ca*" molecules
with high affinity, and the myristoylation (lipid modification) found in yeast is
conserved even in mammals, implying a crucial physiological role (Rusnak and
Mertz, 2000; Shi, 2007). In yeast, mutants deficient in the calcineurin gene confer
hypersensitivity to Na™ and Li*, but not K*, Ca*" or Mg*" (Nakamura et al., 1993;
Mendoza et al., 1994). Studies of SOS genes has made the connection of the role
of CBLs in salt tolerance (Xiong et al., 2002; Shi et al., 2005). Like yeast, the sos
mutants show hypersensitivity to Na™ and Li*, but not K™ or Cs* (Wu et al., 1996;
Liu and Zhu, 1997; Zhu et al., 1998) (see above Section 3.5.1). The SOS3 protein
(belongs to CBLs), like calcineurin B, also contains an N-terminal myristoylation
site (Ishitani et al., 2000). Despite no significant difference in membrane association
between myristoylated or the non-myristoylated forms of SOS3, expression of the
myristoylated SOS3 can complement salt hypersensitivity in sos3 mutants, while
the non-myristoylated cannot, suggesting that myristoylation of SOS3 is required for

salt tolerance in plants.

Ca’"-dependent protein kinases (CDPK) CDPKs are sensor responders, unique to
plants, and contain a N-terminus protein kinase domain and a C-terminus calmodulin-
like domain. Ca®' binding to the calmodulin-like domain causes conformational
changes that modifies the kinase activity (Shi, 2007). CDPKs exists throughout
the entire plant kingdom (Harmon et al., 2001; Hrabak et al., 2003), however have
not yet been identified in yeast, worms, files or humans (Shi, 2007; Xiao et al.,
2016). Studies have shown CDPKs are involved in hormone signaling, growth and
development, biotic and abiotic responses, including salt (Monroy and Dhindsa, 1995;
Berberich and Kusano, 1997; Saijo et al., 2000; Abbasi and Komatsu, 2004; Urao
et al., 1994; Botella et al., 1996; Patharkar and Cushman, 2000; Chehab et al., 2004;
Shi, 2007; Wang et al., 2016). CDPKs can interact with various proteins and mediate
abiotic stress signaling (Shi, 2007; Asano et al., 2012), including activation by lipid

messengers, phosphorylated by other kinases, and interact with 14-3-3 proteins,
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which could contribute to response specificity (Cheng et al., 2002; Sanders et al.,
2002; Ormancey et al., 2017).

Despite Ca®* to be an essential nutrient, high concentrations of Ca®" in the cytosol
is toxic, and is tightly regulated by plants. There are several ways which Ca*" is
regulated in the cells, major ones being Ca®t permeable channels, Ca®* pumps, and

Ca*"/H™ antiporters.

Ca’t permeable channels So far not much is studied about the effects of NaCl
on Ca®' permeable channels, however hyperpolarization-activated Ca?™ channel
(HACC)s have been implicated in drought stress, from studies in the guard cells
in response to ABA, where the application thereof elevates [Ca**].,; (Grabov and
Blatt, 1998; Pei et al., 1999). Induced by drought, ABA concentration increases,
HACCs activates and triggers Ca®" dependent events, including [Ca?*].y-dependent
release from intracellular stores, leading to stomatal closure (Blatt, 2000; White, 2000;
Schroeder et al., 2001; White and Broadley, 2003). ABA-induced stomatal closure
involves ROS (Section 3.5.2). In Arabidopsis, HyO, activates HACCs and cause an
increase in [Ca*"|y (Pei et al., 2000). This process demands NADPH, and NOX
might be a component in the signaling chain of ABA-H;0,—Ca?* elevation during
stomatal closure (Murata et al., 2001). The plasma membrane NOX AtRBOHC is
required for ROS production and the generation of root hair apical [Ca*"].y gradient
(Monshausen et al., 2007).

Ca’t pumps Ca®" pumps actively transport Ca®", and are directly energized by
ATP hydrolysis through Ca®t-ATPase, which exports Ca*" out against a steep
electrochemical gradient. There is a relationship between Ca®' pumps and salt stress
response, and can be accentuated by the fact that the expression of many Ca?'-
ATPases are increased upon exposure to high salinity, and some Ca*"-ATPases are
only expressed under stress conditions (Geisler et al., 2000; Garciadeblas et al., 2001).
For example, in yeast, the golgi-located Ca®"-ATPase PMRI1 regulates salt tolerance
through controlling the expression of the plasma membrane Na™-ATPase PMR2,
and pmrl mutants are more salt tolerant (Park et al., 2001). The plasma membrane
Ca®*-ATPase SCA1 from soybean is highly and rapidly induced by NaCl stress, but
not by osmotic stress (Chung et al., 2000). Arabidopsis AUTOINHIBITED CA**
ATPASE (ACA)4, which encodes a vacuolar Ca*" pump is regulated upon NaCl
treatment, and can enhance salt tolerance in yeast (Geisler et al., 2000). Expression
of AtACA genes are dynamic and these Ca>" pumps might be important for different
stress signaling — for example ACA1 is highly expressed under 100 mM NaCl in
roots, ACA12 and ACA13 are induced by both cold and salt, while ACAS8 is induced
by cold and ABA treatment (Cerana et al., 2006; Maathuis, 2006; Shi, 2007). The
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connection of induced Ca*"-ATPase genes, and increased [Ca?*].y under NaCl stress

suggest a link between Ca”" signaling through Ca*" pumps under salt stress.

Ca’* /HY antiporters Ca’" JH' antiporters are Ca”" transporters that depend on
the electrochemical gradients of H" to remove Ca*" from the cytosol (Evans and
Williams, 1998; Sanders et al., 2002). The Arabidopsis vacuolar cation/proton
exchanger 1 (CAX1) has low Ca?" affinity and high Ca®" transport capacity (Shigaki
et al., 2001), and is localized in the vacuolar membrane (Cheng et al., 2003). CAX1
has an N-terminal autoinhibitory domain that plays a role in CAX1 activity (Pittman
and Hirschi, 2001), and caz! mutants showed a significant increased expression of
other Ca*" /H" antiporters CAX3 and CAX/. CAX/ expression is induced by Mn*",
Na't, and Ni*" treatments (Cheng et al., 2002). CAX1 is implicated in salt stress
response, due to a study showing its activation from SOS2, where SOS2 was able
to interact with the N-terminus of CAX1 and activate its transport ability in a
SOS3-independent manner in yeast (Cheng et al., 2004). Salt sensitivity was also
seen in plants expressing a high level of deregulated CAX1, further implicating CAX1
might be a component of salt stress signaling, through modulating [Ca**].; and

subsequent signal transduction (Cheng et al., 2004).

3.5.4 Other stresses

Heat stress Gene expression and mRNA decay can also be affected by tempera-
ture. In Arabidopsis, heat can trigger total genome changes at the transcript level
(Larkindale and Vierling, 2008). Upon temperature increase, translation is one of
the first processes to be downregulated through inhibition of translation initiation,
and is positively correlated with the intensity and duration of stress (Munoz and
Castellano, 2012; Liu and Qian, 2014). The molecular mechanism is not yet clear
in plants, however in mammalian cells translation elongation can also be affected,
through accumulation of misfolded proteins, causing 5’-ribosome pausing (Liu et al.,
2013a; Shalgi et al., 2013). 5’-ribosome pausing is described in mouse and humans
where translation elongation is paused at around codon 65, and can be triggered with
severe heat stress (Liu et al., 2013a; Shalgi et al., 2013). Cytoplastic mRNA decay
generally occurs in a deadenylation-dependent manner (Section 3.3.1), and is tightly
tied to translation (Section 3.4). Merret et al. (2015) shows heat exposure can induce
ribosome pausing, and results in co-translation decay. Although P-bodies also have
mRNA decay components, and are induced by heat (Section 3.3.2), heat-induced
decay are unlikely to be linked to P-bodies, due to an observation of overaccumulation
of polysomal decapped mRNAs in XRN4-depleted seedlings following a treatment
for heat shock protein (HSP)70 inhibition (Merret et al., 2015). However, this does

not necessarily mean that P-bodies are not involved in other types of stresses.

Heat (and cold) can also change the fluidity of cellular membranes (Sangwan et al.,
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2002). Integral membrane proteins, such as channels, transporters or kinases can
sense these changes. In P. patens, changes in membrane lipid composition due to
heat can regulate the Ca’*-dependent heat-signaling pathway (Saidi et al., 2009,
2010, 2011). In A. thaliana, the ROS generating NOX RBOHD have been suggested
to rapidly produce an oxidative burst by [Ca®*].y; increase due to heat stress (Suzuki
et al., 2011).

Endoplasmic reticulum (ER) stress As one of the largest organelle in the endomem-
brane system, functions such as protein synthesis, folding, modification and export
takes place in the endoplasmic reticulum (ER). ER homeostasis is greatly affected by
environmental stimuli, and results in accumulation of misfolded or unfolded proteins,
and is referred to as ER stress (Walter and Ron, 2011). The activation of intracellular
signaling from ER stress is known collectively as the unfolded protein response (UPR),
which includes detection of aberrant proteins, activation of chaperone, and reduction
of membrane protein contents (Walter and Ron, 2011; Niu and Xiang, 2018). In
mammalian systems, NMD and the UPR are known to cross-regulate (inhibit) each
other (Karam et al., 2015; Goetz and Wilkinson, 2017; Li et al., 2017b). Under
strong ER stress, UPR is triggered and NMD is inhibited, and under “background”
ER stress NMD degrades transcripts of UPR components to prevent UPR activation
(Karam et al., 2015; Goetz and Wilkinson, 2017). Without ER homeostasis, UPR
triggers programmed cell death (Breckenridge et al., 2003; Hetz et al., 2006; Lin
et al., 2007; Lisbona et al., 2009; Walter and Ron, 2011).

3.6 Aims of this Study

Previous data on salt-mediated NMD target accumulation, or splice ratio changes
has only been described on the steady state level (Kesarwani, 2014). This means that
the degradation aspect of this observation is not accurately addressed. Therefore,
the first aim was to provide direct proof that it is the decay of transcripts that is
affected, and remove RNA biogenesis from the equation. The main obstacle here was
to establish this assay in fully developed plant cells, not protoplasts or suspension
culture cells, in a fashion where the treatment does not trigger excessive general or
other specialized degradation pathways. After this was successfully established, the
second goal was to identify the mechanism of how NaCl causes NMD inhibition. This
is completely novel and proves to be quite challenging, due to the complex network of
abiotic stress signaling triggered under salt stress, as well as intricacies of the mRNA
degradation systems of the cell. Lastly, finding a suitable statistical measurement is
critical for data interpretation and presentation. Traditionally, half-lives (¢./,) are
used. However, due to the nature of this study, where sometimes salt causes complete

stabilization, plus the imperfect integration of transcription inhibitors or other factors,
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results in a negative value for half-life (increased transcript levels). This then does not
allow for direct comparisons, since a negative half-life can be interpreted as having no
degradation (¢:,= 00), while low half-lives depict very unstable transcript. Therefore,
instead of half-lives, I argue to employ rate constants (K) in this study, as high K
correlates to fast degradation rates and can be compared linearly. The approach
used in this study to identify the underlying signaling pathway, is predominantly by
stress-testing WT and/or mutants with different chemicals or conditions. Following
this, through analyzing NMD targets (in some cases non-NMD targets), K is used
to determine the significance of these treatments. This allows the determination
of whether the NMD pathway is affected or not, with this specific treatment. By
testing a wide network of possible stresses and mutants that are connected to abiotic
signaling pathways, or associated with different mRNA degradation machineries, the

link between salt stress and NMD inhibition can be clarified.

32



4. RESULTS

4 Results

4.1 Measurement of mRNA half-lives in Arabidopsis thaliana

Posttranscriptional mechanisms play a fundamental and intricate role in gene expres-
sion and alter the quantity and quality of mRNA. Translational repression, silencing,
AS, mRNA surveillance and decay are all different examples of posttranscriptional
regulations, in addition to modifications such as N6-methyladenosine (m®A), which
for example has been shown to alter RNA structure and regulate RNA-protein
interactions (Liu et al., 2015). While many researchers are focused on the synthesis
via gene transcription, one particularly intriguing scope of this field is at the level of
mRNA degradation, as it can also control gene expression in a rapid and effective
manner. mRNA steady state levels — the sum of production and degradation —
are often used to assume that the stability has altered, due to technical ease of
determination. However, the changes are not necessarily caused by variations in
the stability itself. It can also be affected by alterations in the mRNA biogenesis,
such as transcription and processing, which can differ between developmental stages
or depending on environmental stimuli. Under physiological conditions, different
mRNAs show a wide range of stabilities, from minutes to over 24 h (Narsai et al.,
2007). The half-lives of certain transcripts can also vary to a great degree under
different environmental conditions, for example, various TIR domain-containing,
nucleotide-binding, leucine-rich repeat (TNL) immune receptor transcripts are sta-
bilized upon bacterial infection (Gloggnitzer et al., 2014). By tightly controlling
mRNA metabolism, the amount and constitution of mRNAs can be controlled, and
in turn regulate the expression of many proteins and manifold processes. One way to
study mRNA stability is to inhibit RNA synthesis and quantify mRNA levels over
time. Although seemingly straightforward, in reality there are several factors and
technical difficulties hidden beneath the simple methods present in various published
papers (Gutierrez et al., 2002; Gloggnitzer et al., 2014; Soma et al., 2017). One of the
biggest challenges to reach our goal — to follow up on the mechanisms underlying
steady state changes of NMD target transcripts under NaCl — was to establish a
consistent, reproducible method for reliable mRNA stability measurements, which

will be described below.

4.1.1 Comparison between transcription inhibitors

One consideration was the choice of transcription inhibitors. Here we discuss
two popular choices as previously used for studies in plants and other organisms,
actinomycin D and 3’-deoxyadenosine (cordycepin). Actinomycin D interferes with
transcription through binding DNA at the transcription initiation complex and

interferes with the movement of RNA polymerases (Sobell, 1985), while cordycepin
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is an adenosine analogue, and prematurely terminates RNA elongation when incor-
porated into the growing RNA molecule (Siev et al., 1969). However, actinomycin D
has been reported to impact cellular physiology and have been shown to alter the
stability of many mRNAs (Harrold et al., 1991; Seiser et al., 1995). This was
also reflected in the preliminary test we did with A. thaliana Columbia 0 (Col-0)
suspension culture cells. The effects of these two transcription inhibitors on two
transcripts MITOCHONDRIAL IMPORT INNER MEMBRANE TRANSLOCASE
(TIM14) (AT2G35795) and SMG7 (AT5G19400) were analyzed. TIM14 was pre-
dicted to have a longer half-life (Narsai et al., 2007), and SMG7, an NMD target,
was predicted to have faster decay. Therefore, if both transcription inhibitors are
effective, a rapid decay should be seen for SMG7, while a slower decay should be
seen for TIM14. However, under actinomycin D treatment, both transcripts showed
a prolonged stabilization over 4 hrs, compared with cordycepin, where a rapid decay
of SMG7 becomes visible, and a slower decay of TIM14 is observed (Figure A.1).
This indicates that cordycepin was successfully absorbed and incorporated, and
transcription was slowed to a degree where decay was measurable. Although this
transcript stabilization with actinomycin D was not as strong with plants grown in
liquid culture (described below), it did affect drastically one NMD target transcript
out of four that was tested (Figure 5), where the half life for AT2G45670+ during
the 1st hour was raised to 3.96 h with actinomycin D treatment, compared to 0.51h
with cordycepin (Figure 5B)). The other NMD targets SMG7, POLYPYRIMIDINE
TRACT BINDING PROTEIN (PTB)2+, and ARGININE/SERINE-RICH ZINC
KNUCKLE-CONTAINING PROTEIN 33 (RS2Z33)+, as well as the non-NMD

“_»

splicing variant RS2Z33—, was not affected. Transcripts with “+” or refer
to alternative splicing variants. The PTC containing (+) isoform, is a predicted
NMD target, and the non-PTC containing (—) isoform does not contain NMD target
features. Considering the results from suspension culture cells (Figure A.1) and
liquid culture (Figure 5), cordycepin was the transcription inhibitor of choice for all

future experiments.
4.1.2 Incorporation of transcription inhibitors in plants

Unlike mammalian cells, plant cells possess cell walls, and makes infiltration of any
type of solution difficult. To circumvent this problem, protoplasts or suspension cell
cultures can be used. However, protoplasts, while very useful in other applications, are
severely stressed and are not ideal for analyzing physiological transcripts. Suspension
cells are in a much better physiological state, but are also far away from being a
fully developed and differentiated plant. Thus, the ideal subject for physiological
analysis are whole plants. As mentioned before, the challenge lies within penetrating

the cell with desired solution, which should contain a transcription inhibitor and
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Figure 5: Slower decay of AT2G45670+ in actinomycin D treated seedlings compared
to cordycepin (n = 1). Transcripts with “4” or “—” refer to alternative splicing
variants. The PTC containing (4) isoform, is a predicted NMD target, and the non-
PTC containing (—) isoform does not contain NMD target features. (A) Comparison
of actinomycinD and cordycepin in decay of predicted NMD target transcripts,
with a non-NMD target isoform (RS2Z33—) as control. AT2G45670+ shows slower
decay during the 1st hour of treatment with actinomycin D, compared to cordycepin.
Dots represent individual values, line represents least squares non-linear regression,
described in Material and Methods 6.4. (B) Half lives of NMD target transcripts
during the 1st hour of treatment (left) and from 1-4 h of treatment (right).

other chemicals of interest.

Vacuum Infiltration At first, several attempts were made to replicate the half-life
assays with plate-grown seedlings as previously reported (e.g. Gloggnitzer et al.

(2014)). An infiltration solution containing cordycepin, detergents and buffering
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agents were vacuum infiltrated through the stomata and into the cell. However, using
such a forceful method destroys cellular membrane properties, and compromise RNA
integrity. This was demonstrated by analyzing nuclei staining through propidium
iodide, as well as quality control of total RNA samples with the Bioanalyzer™.
Propidium iodide is a dye that intercalates into nucleic acids. It is membrane
impermeable and therefore excluded from viable cells. With just 1 min of gentle
vacuum infiltration, staining of the nucleus was observed, and even stronger staining
with longer periods of time (Figure 6). Using an RNA chip in the Bioanalyzer
confirms the overall degradation of total RNA (Figure 7), where the RNA integrity
number (RIN) decrease drastically over time. Since the goal was to measure a specific
degradation pathway, vacuum infiltration should not be used, since a strong overall

degradation is present and would render the measurements inaccurate.

50 ym

Figure 6: Cellular integrity destroyed with vacuum infiltration, leading to the stain-
ing of the nucleus. 10-d-old plate grown A. thaliana Col-0 plants were submerged in
a propidium iodide (400 ug/ml) infiltration solution, and infiltrated at 200-250 mbar
for 0, 1, 2, or 5 minutes. Solution was de-gassed for 10 min at 100-150 mbar before
usage. Scale bar depicts 50 um and applies to all pictures.

Liquid Culture The physical damage caused by vacuum infiltration can be circum-
vented by growing the plants directly in liquid medium. The seeds were sterilized and
pipetted directly into growth medium, stratified overnight at 4°C and germinated
under growth conditions described in Material and Methods 6.1. During growth,
the seedlings often clump into little balls consisting of individual plants, due to the
nature of their environment (Figure A.2). They can be grown under this condition
for around 3 weeks. Growth typically starts to retard around 2.5 weeks, and by week
4 the leaves will start to yellow and look translucent. Herein and unless otherwise
mentioned, 7-d-old Arabidopsis seedlings grown in liquid culture are used for all

experiments.
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Figure 7: Vacuum infiltration impairs RNA integrity. Quality analysis via Bioana-
lyzer of total RNA was performed on samples from vacuum infiltrated seedlings in
conditions described in Fig. 5, and harvested at the indicated amount of time after
infiltration. Electropherograms (A) and gel-like view of corresponding data (B) are
depicted. RNA integrity number (RIN) calculated by the Bioanalyzer software with
default settings.

4.1.3 Downstream analysis for the half-life assay

The assay begins by taking 7-d-old liquid grown plants, washed with MilliQ) water
(H20), and distributing them among different treatments, containing 150 ug/ml of
cordycepin (Figure 8). In this study, wherever HyO is mentioned, it will refer to
MilliQQ water. Samples are then taken every hour up to 4 hours. In some cases, a
pretreatment is performed, where the plants are incubated in the treatment solution
without cordycepin for a designated amount of time. RNA is extracted, RT, and
the complementary DNA (cDNA) is diluted and used for quantitative PCR (q-
PCR). Several NMD targets were selected for analysis. The SMG7 transcript is a
strong NMD target, displaying several NMD target features, including introns in
the 3" UTR, long 3" UTR, as well as an uORF that overlaps with the main ORF
(Kesarwani, Lee, Ricca et al., 2019). SMG7 transcript levels are upregulated when
NMD was suppressed in N. benthamiana leaves (Kerényi et al., 2008) and in A.
thaliana seedlings (Rayson et al., 2012a). The pre-mRNAs of PTB2+ (AT5G53180),
RS2Z33+ (AT2G37340), and AT2G45670+ are alternatively spliced and include a
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PTC, which is a known NMD trigger.

WT Ma WT Somty die ma e somer

Figure 8: Setup of the half-life assay. Residual growth medium is washed off
the seedlings with MilliQQ water, and the seedlings are distributed for individual
treatments in caps of 15 ml tubes.

4.2 NMD inhibition responds to NaCl stress in a dose

dependent manner

As a major modulator of the A. thaliana transcriptome (Kalyna et al., 2012; Drechsel
et al., 2013), NMD is also involved in biotic stress responses in plants (Jeong et al.,
2011; Rayson et al., 2012a,b; Riehs-Kearnan et al., 2012; Gloggnitzer et al., 2014).
To address a potential function of this RNA surveillance mechanism in plants under
abiotic stress, expression of NMD factors were analyzed in A. thaliana plants exposed
to salt stress. If not otherwise mentioned, in this study salt will refer specifically
to NaCl. NMD factor transcripts and protein levels were found to be upregulated
under NaCl stress (Figure B.1; Kesarwani, Wachter, et al., unpublished). To
provide direct evidence for NaCl-mediated NMD impairment, the half-life assay was
performed on six NMD target transcripts (Figure B.2), three of which are NMD core
components: UPF1, UPF2 and SMG7 (Figure B.2A-C), three AS-PTC+ variants
PTB2+, AT2G45670+ and RS27Z33+ (Figure B.2D-F), and one non-NMD target
that is an AS-PTC— variant RS2Z33— (Figure B.2G). All NMD target transcripts
were stabilized upon 500 mM NaCl treatment (Figure B.2A-F), while the non-NMD
target RS2Z33— was barely affected by NaCl (Figure B.2G). Examination of the
PTC+/PTC— ratio of the AS-NMD target PTB1 showed a rapid decline over time
(Figure B.2H) under control conditions, due to the targeting of the PTC+ variant by
NMD. In the NaCl treated samples, PTC+/PTC— ratios remained stable over time,
showing stabilization of target transcript, through inhibition of NMD (Figure B.2H).

4.2.1 NMD targets are dose-dependently stabilized upon NaCl

Although this provides evidence that NaCl affects transcript turnover, however

the question still remains whether the NMD pathway behaves in a similar way under

38



4. RESULTS

NaCl concentrations present in natural or agricultural conditions. To determine an
appropriate NaCl concentration that is more physiologically relevant, the decay of
the NMD target transcripts SMG7, PTB2+ and RS2Z33+ were analyzed under
a range of NaCl concentrations. Liquid grown A. thaliana seedlings were treated
with 0, 50, 100, 200, and 500 mM of NaCl, and as a result the stability of these
transcripts clearly show a positive correlation with NaCl stress (Figure 9). The
half-life analysis was separated into two phases, one early phase from 0-1h typically
with rapid decay, and a later one from 1-4h typically showing slower decay. In the
early phase, NMD transcripts respond strongly to salt treatment, and are stabilized
rapidly, displayed by the rate constant (/) changes (Figure 9B ). K is solved through
graphing In[A]; = In[A]p — Kt (natural log of concentration at any given time, equals
the natural log of the initial concentration minus Kt, where the — K is the slope, t
is time). Since half-life (¢1/,) — a 1st order reaction — is assumed to be constant,
the relationship of half-life to rate constant is ¢,= In(2)/K. Therefore, the higher
the number K (unit expressed in reciprocal of time, in this case would be 1/hours),
the faster the degradation. If K <0, it is assumed that there is no degradation, and
the treatment has completely stabilized the target transcript. In the early phase, a
transcript increase of PTB2+ and RS2Z33+ with 200 mM NaCl (Figure 9) was seen,
and could be due to cordycepin not yet completely incorporated, and transcription
still partially active. It could also be due to post-transcriptional splicing on existing
pre-mRNAs, causing an increase of PTC+ isoforms, or a combination of both. In
the later stage, a much milder correlation between transcript stabilization and NaCl
concentration can be seen in SMG7 and RS2Z33+, but no obvious correlation is seen
in PTB2+ (Figure 9B), which could be due to the presence of different transcript

populations.

4.2.2 The study of NMD using low to moderate NaCl doses

In both phases, 500 mM of NaCl is shown to completely stabilize NMD target
transcripts in the decay graphs (Figure 9). However, 500 mM is beyond a natural
stress conditions, and if applied directly, likely induces salt shock instead of salt
stress (Shavrukov, 2013). To examine NMD target accumulation under different salt
concentrations, a co-amplification PCR was performed on RS2Z53, which can be
alternatively spliced to a PTC+ (NMD target) isoform and a PTC— (non-NMD
target) form. Primers were designed to cover the alternatively spliced region, and
to capture both splicing isoforms (Stauffer et al., 2010), and were quantified using
a Bioanalyzer™. The ratio of RS2735+ /— correlates positively with incubation
time, as well as NaCl concentrations, up to 200mM NaCl (Figure 10A). This
cannot be seen for seedlings under 500 mM of NaCl treatment, where NMD targets

no longer show accumulation relative to non-NMD targets (Figure 10A). Upon
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reverse transcription and quantitative PCR (RT-qPCR) analysis, RS2Z35+ is seen
to accumulate while RS2733— is unchanged, excluding that NaCl changes the
alternative splicing (Figure 10B,C). These data suggest that 500 mM NaCl was toxic
to the plants, and it could be speculated that the dysfunction of NMD could be an
indicator of cell death at high salt concentrations. Literature suggests that a single
application of NaCl levels of over 150 mM in general would cause salt shock (Pritchard
et al., 1991; Munns, 2002; Tang et al., 2011; Zhang et al., 2011), and 50-100 mM
is sufficient to study expression of genes responsive to salt stress (Roshandel and
Flowers, 2009; Shavrukov, 2013). The NMD targets already accumulate significantly
upon 50 mM of NaCl (Figure 10B), and the PTC+/— ratio display significance with
100 mM of NaCl in comparison to the control (Figure 10A). Therefore, taken together,
50 or 100 mM of NaCl was used for further experiments, due to observable changes in

NMD, under more practical NaCl concentrations that should not cause salt shock.
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Figure 9: NMD target transcripts are stabilized upon NaCl application dose-
dependently (A) Decay graphs of NMD targets SMG7, PTB2+ and RS2Z33+ under
0, 50, 100, 200, and 500 mM of NaCl treatment. Dots represent individual values
(n = 2), line represents least squares non-linear regression. (B) Rate constant K
of the above transcripts within the 1st hour of transcription inhibition (0-1h), and
from 1st—4th hour after transcription inhibition (1-4h). K is seen to decrease as
NaCl concentration gets higher, and eventually nearing or going below 0 under 200

or 500 mM of NaCl, showing complete stabilization of the target transcripts. *,

*

P < 0.05; **, P < 0.01 by unpaired t-test compared against H,O control, line

represents mean.
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Figure 10: NMD target transcripts accumulate upon NaCl stress, and PTC+/—
ratio culled in 500mM NaCl. (Data collected by Siliya Koster-Hofmann). (A)
Bioanalyzer analysis of RS2Z33% PTC+ /PTC— splicing variant ratios (n = 3). (B,
C) ¢-PCR analysis of RS2Z33+ and RS2Z33— steady state levels after 3h (B) and
4h (C) of NaCl treatment. Columns represent mean (n = 3), error bars represent
standard deviation (SD). *, P < 0.05; ** P < 0.01; *** P < 0.001 by unpaired
t-test compared against 0 mM NaCl control.
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4.3 Minor osmotic involvement in NaCl-induced inhibition

An osmotic component is present in the early phase of salt stress (Shavrukov, 2013),
therefore it was important to identify whether these transcript changes are due to
shared or stimulus-specific response. Kreps et al. (2002) have examined transcriptome
changes in A. thaliana with salt, osmotic and cold stress, and identified many genes
that are regulated upon both NaCl and osmotic stress, as well as genes that respond
specifically to NaCl, osmotic, or cold stress. Despite thousands of genes analyzed, the
NMD specific genes were not among those, therefore it was necessary to investigate
the osmotic component of NaCl-mediated NMD inhibition. Under steady state levels,
exposure of mannitol shows a much weaker accumulation of NMD target transcripts

(Figure C.1, Kesarwani, Wachter, et al., unpublished).
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Figure 11: NMD target transcripts are stabilized to a greater degree with NaCl
treatment compared to equimolar KCl, in both the 1st hour and hours 1-4. Decay
graphs (A—C) and rate constants (D-F) of NMD target transcripts of 7-d-old Ara-
bidopsis seedlings under 100 mM NaCl or 100 mM KCl treatment (n = 1). Color key
in (C) applies to (A-C), key in (F) applies to (D-F).

To further confirm that NaCl induced NMD inhibition was not purely osmotic,
half-life assays were performed to assess the transcript turnover of three NMD target
transcripts — SMG7, PTB2+ and RS27Z35+ — with 100mM NaCl and 100 mM
KCI (Figure 11). NMD targets show much lower decay rates under NaCl treatment
compared to KCI, which is especially evident during the 1st hour (Figure 11D-F).
In the later phase (1-4h) the same effect is still present, but to a lesser degree
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(Figure 11D-F). To take it even further, the concentration was lowered to 50 mM
(Figure 12), and the NaCl treated samples showed significant reduction in the decay
rate compared to KCI, in the 1st hour (Figure 12B). Altogether, data argues the
NMD inhibition is not caused purely by the osmotic component of salt stress, and

could be due to Na™ ion toxicity.

A SMG7 B SMG7
w 21 * %
(0]
> 394
@ 204 . . o —e— H,0
<1 S . &> --m-- NaCl
G 2°H O O . 521+ --4-- KCI
So2] ST -
g 2% . - 4 " \u * 5
329 A A
= s feg B
% 2 4 ] ° ° 0_ .T. [] A
Tos . . .

0 1 2 3 4 0-1h 1-4h

Time (h)

Figure 12: NMD target transcript SMG7 under 50 mM NaCl and 50 mM KCI.
Decay graph (A) and rate constant (B) shows higher stability under NaCl treatment
in the 1st hour. Color key in (B) applies to both figures. Dots represent individual
values, lines in (A) represent least squares non-linear regression, lines in (B) represent
mean (n = 3). * P < 0.05, t-test comparing NaCl with H,O control and KCI.

4.4 Transcript stabilization by NaCl is likely NMD specific

There are many pathways that carry out mRNA decay, some are triggered by par-
ticular features (Section 3.3.3), others simply undergo general decay (Section 3.3.1)
without additional recognition through special complexes. Decay pathways that
recognize specific features, e.g. NMD or miRNA-specific cleavage, target specific
mRNA substrates (Kervestin and Jacobson, 2012; Bologna and Voinnet, 2014), and
can channel transcripts in decay via general pathways. General decay involves exori-
bonucleases, which can degrade the bulk of RNA substrates from 3’—=5’ (exosome)
after deadenylation, or 5’—3’ (XRNs) following the decapping process (Garneau
et al., 2007; Schoenberg and Maquat, 2012; Zhang and Guo, 2017; Sorenson et al.,
2018). Before addressing the pathway specificity of NaCl inhibition, it should be
noted that under control conditions, non-NMD targets have slower degradation
compared to NMD targets (Figure D.1;Kesarwani, Lee, Ricca et al. (2019)). To
discuss the question whether the inhibition of RNA decay was NMD specific, or
an inhibition of general RNA decay, the decay of six non-NMD targets (Figure 13)
were analyzed in parallel with four NMD targets (Figure 14) which act as positive
controls. The non-NMD targets used were: SOS1 (AT2G01980), two splice variants
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of SERINE/ARGININE-RICH PROTEIN 30 (SR30) (AT1G09140) — SR30.1, a
productive splice variant, and SR30.2, a non-productive splice variant (Hartmann
et al., 2018) — PROTEIN PHOSPHATASE 2A (PP2A) (AT1G10430), WRKY6
(AT1G62300), and RBOHD (AT5G47910). Accompanied by NMD targets used
as control: SMG7, PTB2+, RS2Z33+, and AT2G 5670+ as described previously.
Seedlings were treated with 0 or 100 mM of NaCl and RNA decay measurements
were taken and analyzed via RT-qPCR. All four NMD target transcripts showed
significant stabilization upon NaCl treatment (Figure 14). Two of the non-NMD
targets, SOS1 and WRKY6, showed stabilization in the early phase of decay, but not
the later phase (Figure 14). A previous report has also observed an increase in steady
state levels of SOSI upon salt treatment (Shi et al., 2000), and it is reasonable to
assume that the stabilization of SOSI is due to increased Na' stress, and not NMD,
as SOS1 is an Na™/H" antiporter, which is essential to maintain low intracellular
levels of toxic Na™ under salt stress (Zhu, 2002; Qiu et al., 2002; Quintero et al.,
2002, 2011; Nunez-Ramirez et al., 2012). The curbed degradation of WRKY6 on the
other hand, could be due to indirect consequences which NMD and WRKY6 have in
common (for a more detailed discussion see Section 5.3.1): that downregulated NMD
and upregulated WRKY6 have similar responses in e.g. sensitivity to salt (Fan et al.,
2015), biotic and abiotic stress (Riehs-Kearnan et al., 2012; Gloggnitzer et al., 2014;
Rigby and Rehwinkel, 2015; Cai et al., 2015; Phukan et al., 2016), and increased
salicylic acid (SA) accumulation (Jeong et al., 2011; Choi et al., 2015).
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Figure 13: Non-NMD transcripts under NaCl treatment. Decay graphs (A) and
rate constant (B) from the RNA stability assay using 7-d-old A. thaliana seedlings
treated with 100 mM NaCl (n = 3). Data generated by RT-qPCR. *, P < 0.05; **
P < 0.01 by unpaired t-test compared against H,O control. Dots represent individual
values, line in (A) represents least squares non-linear regression; line in (B) represents

mean.

46



4. RESULTS

A SMG7 PTB2+ RS2733+ AT2G45670+
o o o I .
S g2y g 24 . s TR
2., 3, . 2, CI—— By B27Y ey TR
52 4 i--..._,:_ [ 52 [ [ A . : EZ 4 P : 1 3271. . .
52 = e I 5oy ] e 521 . 527 '\',
2 u = 2 ] = 2 H 22 ° ° . >
§2? 8221 . . 22 & vy e ] :
— L] — . — E=1 5]
g2 ; 227 S g2 t0 gll| —e— H20
5 o B ~ |
11275 . . . . 0:25 i i ° 12,5 i i i X o8 - - - X
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
Time (h) Time (h) Time (h) Time (h)
25 SMG7 207 . PTB2+ 157 . RS2733+ 20 AT2G45670+
20{ . 1 |
& = - 18 = 10{ —— - 15 e H0O
S 1.5 5 o] 5 . 5 o = NaCl
<} o 1 o) o 1
£ 1.01 = £ 0.51 * < LY
= dokk * = 05 *kk —w 2 - v x 2 051
v 0.57 ¥ . - ¥ 5 . ¥ : ke
—= e 0.0- - i = 0.0 .
0.0 . . . " ey
5 T T -0.5 T T -0.5 T T 0.5 T T
0-1h 1-4h 0-1h 1-4h 0-1h 1-4h 0-1h 1-4h

Figure 14: NMD target transcripts under NaCl treatment. Decay graphs (A) and
rate constant (B) from the RNA stability assay on 7-d-old A. thaliana seedlings
treated with 100mM NaCl (n = 3). Data generated by RT-qPCR. *, P < 0.05; **,
P < 0.01; ** P < 0.001, by unpaired t-test compared against HyO control. Line in
(A) represents least squares non-linear regression; line in (B) represents mean.
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S0S1, RBOHD and RBOHF are not NMD target transcripts Steady state tran-
script levels of SOS1, RBOHD and RBOHF are measured under 4h of 10 ug/ml
CHX treatment, and normalized to 4 h mock-treated A. thaliana Col-0 W'T plants
(Figure 15). Accumulation could be seen for RBOHD and RBOHF' but not for SOS1,
hinting RBOHD and RBOHF' could be NMD targets. Steady state transcript levels
of SOS1, RBOHD and RBOHF are measured in NMD mutants lba! and upf3-1 and
normalized to A. thaliana Col-0 WT plants. No transcript accumulation can be seen
for these three transcripts, further confirming SOS1 is not an NMD target transcript.
While RBOHD and RBOHF' are not NMD target transcripts, they are affected when

translation is inhibited, as a secondary effect of CHX treatment.

Steady state Figure 15: Steady state transcript levels
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4.5 NMD target transcripts stabilized in NMD mutants, and

further stabilized upon NaCl stress

4.5.1 NMD target transcripts are stabilized in NMD factor mutants

As previously discussed, fast and slow decay rates were observed for NMD targets
versus non-NMD targets, respectively. For a more specific scope of the NMD targeting
status, transcript decay were analyzed in NMD factor mutants: the UPF1 missense
mutant low-beta-amylase (lbal) (Yoine et al., 2006), and a transfer DNA (T-DNA)
insertion mutant upf3-1 (Hori and Watanabe, 2005). The hypomorphic smg7-1 T-
DNA insertion mutant shows strong growth defects, and is sterile when homozygous
(Riehs et al., 2008). Due to these strong phenotypes, the experimental procedures of
the half life assay was unsuitable for smg7-1 mutants, and therefore a separate set
of smg7-1 and Col-0 WT plants were grown on soil for 35 days (Figure E.1), and
steady state levels were analyzed without salt (Figure 16).

In total, the decay of eight different transcripts were analyzed. Four core NMD fac-
tor transcripts: UPF1, UPF2, UPF3 and SMG7 (Figure 17), and another four
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Figure 16: NMD targets accumulate in smg7-1 mutants. Steady state levels of
transcripts from NMD factor genes (A) and other NMD or AS non-NMD targets
(B). Transcript levels determined via RT-qPCR from 35-d-old soil-grown plants
(Figure E.1). All data normalized to Actin 7 as reference and expressed to one WT
sample. *, P < 0.05; ** P < 0.01, unpaired t-test comparing WT and mutants
(n=2).

AS transcripts that are not core regulators of the NMD machinery: PTB2+,
AT2G15670+, RS2Z33+ and RS2Z33— (Figure 18). Of the eight, UPF2 and
RS2733— were not NMD targets. The steady state measurements were also an-
alyzed for these eight transcripts, in NMD mutants smg7-1 (Figure 16), lbal and
upf3-1 (Figure 19). Analysis of the steady state levels in smg7-1 shows significant
accumulation of all NMD target transcripts except AT2G45670+ and SMG7, while
the non-NMD targets UPF2 and RS2Z33— showed little alterations compared to
WT (Figure 16). SMG7 transcript levels were greatly reduced in the smg7-1 mutant
(Figure 16A), most likely due to the T-DNA insertion in this locus. Of the NMD core
factors, only UPF2 was not stabilized in the lba! and upf3-1 mutants (Figure 17B, E).
All other NMD factors show a more pronounced stabilization in the upf3-1 mutant,
with moderate stabilization in lbal (Figure 17A, C-D, F-H). A similar pattern was
also seen in the other NMD targets, where the transcripts were more stabilized in
the upf3-1 mutant compared to lbal (Figure 18A-F). The non-NMD targets on the
other hand do not display such tendency (Figure 17B, E, Figure 18G-H). Steady
state levels of NMD targets also reflect transcript stabilization in lbal and upf3-1,
where NMD targets show transcript accumulation in the NMD mutants, with higher
accumulation in upf3-1 than lbal (Figure 19), with the exception being UPF3, where
there are significantly lower levels of transcript in the upf3-1 mutant (Figure 19C).
This likely is also due to the T-DNA insertion in this locus, similar as described

above for SMGT in the corresponding mutant (Figure 16A). While all measured
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Figure 17: NMD target transcripts stabilize in NMD mutants lba1 and upf3-1. Decay
graphs (A-C, G) and rate constants (D-F, H) of NMD core component transcripts
in 7-d-old A. thaliana seedlings. *, P < 0.05; **, P < 0.01; ***, P < 0.001, unpaired
t-test comparing WT and mutants (n = 3). Dots represent individual values, lines in
(A-C, G) represent least squared non-linear regression, lines in (D-F, H) represent
mean.

NMD targets display the aforementioned traits, the non-NMD target UPF2 do not
show higher accumulation in upf3-1 compared to lbal (Figure 19B), and RS2Z33—
— the AS counterpart of RS2Z33+ — shows only moderate accumulation in upf3-1
(Figure 19H). This excludes the level increase seen in RS2Z33+ is caused by altered
AS in favor of the PTC+ isoform of this transcript. Altogether, this assay shows
direct evidence that NMD activity is diminished in lbal and upf3-1 mutants, and
based on the data, upf3-1 has higher levels of NMD-impairment than lba1, in 7-d-old

liquid grown A. thaliana seedlings.
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Figure 18: NMD target transcripts stabilize in NMD mutants lbal and upf3-1.
Decay graphs (A—C, G) and rate constants (D-F, H) of NMD target transcripts in
7-d-old A. thaliana seedlings. *, P < 0.05; unpaired t-test performed comparing WT
and mutants (n = 3). Dots represent individual values, lines in (A-C, G) represent
least squared non-linear regression, lines in (D-F, H) represent mean.
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Figure 19: Steady state levels of NMD targets accumulate in NMD mutants. Steady
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4.5.2 Transcripts stabilize further with NaCl application in NMD mutants
Having established the baseline for NMD target stabilization in NMD mutants,

the next interesting thing would be to see the behaviour of these transcripts when
salt is added. In all cases, transcripts have stabilized with the addition of NaCl
in both mutants, which can be seen in the decay graphs for lbal (Figure 20), and
upf3-1 (Figure 21), which was quantified with the rate constants (Figure 22). The

stabilization upon salt treatment in the mutants were to a similar degree as in W'T.
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Figure 20: Transcripts stabilize in lba! under 100 mM NaCl. NMD core transcripts
(A-D) and NMD target transcripts (E-G). Non-NMD target transcripts are (B)
UPF2 and (H) RS2Z35— (n = 3). Dots represent individual values, lines represent
least squared non-linear regression.

In this experiment, it is probable that transcription was not completely blocked,
particularly obvious in AT2G45670+ and RS2Z335—, indicated by the positive slope
of the regression lines in the decay graphs (Figure 20F, H, Figure 21F, H) and the
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Figure 21: Transcripts stabilize in upf3-1 under 100 mM NaCl. NMD core tran-
scripts (A-D) and NMD target transcripts (E-G). Non-NMD target transcripts
are UPF2 (B) and RS2Z35— (H) (n = 3). Dots represent individual values, lines
represent least squared non-linear regression.

negative value in rate constants (Figure 19F, H). Due to instances like this, salt and
mock controls were performed for each individual half-life assay, and comparisons
are done within each independent experiment itself. Reasons for variation could be
from plant growth, discrepancy in time of day the experiment was conducted, or
deviations between different batches of cordycepin that were used. Taken together,
these transcripts which were further stabilized with NaCl treatment could be explained
by neither of these mutants are complete knock-outs, and NMD was inhibited to a
greater degree upon NaCl stress. In this case, with 100mM NaCl treatment, the
transcripts are already giving almost complete stabilization in the WT, therefore no

additional effect can be seen in the mutant. A repeat with lower concentrations of
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Figure 22: Slowed decay of NMD core transcripts (A-D) and NMD target transcripts
(E-G) under 100mM NaCl in NMD mutants lba! and upf3-1. Non-NMD target
transcripts are UPF2 (B) and RS2Z33— (H). *, P < 0.05; ** P < 0.01; ***
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(n = 3).

NaCl should be performed to observe possible subtle changes in these mutants.
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4.6 Translation inhibition is involved in NaCl-mediated NMD

inhibition, but not through elF2aa phosphorylation, nor
TOR inhibition

4.6.1 Induction of elF2a phosphorylation is insufficient for NMD inhibition

It is well documented that NMD is tied tightly to translation, with obstructed
ribosomes acting as one of the central elements for recruitment of NMD factors
(Carter et al., 1996; Thermann et al., 1998; Maquat et al., 2010; Brogna et al.,
2016; Karousis et al., 2016; Raimondeau et al., 2018). In mammalian cells, stress-
induced NMD inhibition has been shown to involve the inhibition of translation
through phosphorylation of the EUKARYOTIC INITIATION FACTOR 2 (elF2a)
(Gardner, 2010; Karam et al., 2013), and this phosphorylation have also been shown
to occur under stress in A. thaliana (Lageix et al., 2008; Zhang et al., 2008). In A.
thaliana, treatment with 100 mM NaCl showed transient increase of phosphorylated
elF2a and using chlorsulfuron — an inducer of elF2o phosphorylation (Lageix et al.,
2008; Zhang et al., 2008) — resulted in a massive accumulation of phosphorylated
elF2o (Wachter et al., unpublished). In order to see if the phosphorylation of elF2u
results in NMD inhibition in A. thaliana, the decay pattern of five NMD target
transcripts were analyzed under chlorsulfuron treatment (Figure 23). Out of the five
transcripts, SMG7 showed a trend of slight decrease in decay within the 1st hour
(Figure 23), albeit not statistically significant (Figure F.1). The other four NMD
targets PTB2+, AT2G45670+, RS2Z33+ and UPF3 all showed no stabilization
(Figure 23, Figure F.1).

4.6.2 elF2a phosphorylation is not necessary for salt-mediated NMD
inhibition

The kinase GENERAL CONTROL NON-DEREPRESSIBLE 2 (GCN2) is manda-
tory for the phosphorylation of elF2ua (Lageix et al.; Zhang et al., Wachter et al.,
unpublished). To examine if elF2a phosphorylation is required for NMD inhibition,
the decay of NMD target transcripts SMG7, RS2Z33+ and PTB2+ were analyzed
in Col-0 WT and gen2 mutants. If elF2a phosphorylation is necessary for NMD
inhibition under NaCl stress, then no NMD inhibition would be expected in gcn2
mutants, when NaCl is applied. In all three transcripts under control conditions,
no trends were observed comparing WT and gen?2 in the steady state level (Fig-
ure 24G). Slight tendency for stabilization were seen for the decay patterns in gen2
(Figure 24A-C), though not enough to be statistically significant (Figure 24D-E).
With the addition of 100 mM NaCl, data shows the same extent of stabilization in
gen2 and WT (Figure 24A, B, D, E), suggesting that elF2a phosphorylation is not

necessary for NMD inhibition under NaCl stress.
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Figure 23: NMD target transcripts not stabilized under chlorsulfuron treatment.
Decay patterns of NMD target transcripts in 7-d-old A. thaliana seedlings treated
with OmM or 0.6 uM Chlorsulfuron. Data derived from RT-qPCR. Dots repre-
sent individual values, lines represent least squares non-linear regression (n = 3).
Corresponding rate constant plotted in Figure F.1.

4.6.3 NaCl-mediated NMD inhibition is not dependent on TOR regulated

translation

Target of rapamycin (TOR), a Ser/Thr protein kinase, is a major regulator of
growth and development in all eukaryotes (Cafferkey et al., 1993; Kunz et al., 1993;
De Virgilio and Loewith, 2006). In Arabidopsis, manipulating TOR kinase activity
or TOR expression levels leads to changes in growth and development (Menand
et al., 2002; Deprost et al., 2007; Ren et al., 2011; Xiong and Sheen, 2012; Caldana
et al., 2013; Xiong et al., 2013). TOR controls various components of the translation
initiation machinery (Ma and Blenis, 2009; Thoreen et al., 2012; Gandin et al., 2016;
Sesma et al., 2017), and the inactivation of mTOR during hypoxia reduces the
translation of specific mRNAs with 5’ terminal oligopyrimidine (TOP) tracts and
overall protein biosynthesis (Spriggs et al., 2010; Thoreen et al., 2012).

To investigate if NMD inhibition through NaCl is due to translation being affected in
a TOR dependent manner, T-DNA insertion lines of SULFITE REDUCTASE (SIR)1,
sirl-1 (Khan et al., 2010; Dong et al., 2017; Speiser et al., 2018) and MUTANT,
SNC1-ENHANCING (MUSE)6, muse6 (Xu et al., 2015) were used to analyze NMD

target transcript behavior. These mutants have been reported to have decreased
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Figure 24: NMD target transcripts are not destabilized in gen2 upon 100 mM NaCl.
Decay graphs (A—C), rate constant (D-F) and steady state mRNA levels (G) of
NMD target transcripts (n = 3). Color key applies to all graphs. Data derived from
RT-qPCR, dots represent individual values, lines in (A—-C) represent least squares
non-linear regression, (E-F) represent mean. *, P < 0.05, t-test of gen2 against WT
control. Box plot in (G) represents first quartile, median, third quartile, whiskers
represent min and max.

translation, likely due to downregulated ribosome biogenesis (Dong et al., 2017), and
decreased TOR activity (Speiser et al., 2018). muse6-1 has also been reported to be a
negative regulator of NOD-LIKE RECEPTOR (NLR)-mediated immunity (Xu et al.,
2015). The degradation patterns of NMD target transcripts SMG7 and RS2Z33+
were analyzed in WT, sirl-1 and muse6 in the Col-0 background, with 0 mM, 50 mM
and 100 mM of NaCl treatment (Figure 25). If TOR regulated translation played

a major role in NaCl-induced NMD inhibition, the expected outcome would result
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in a destabilization of NMD target transcripts under NaCl treatment. Both NMD
transcripts showed mild stabilization in sir7-1 and muse6 in the control group with
no NaCl (Figure 25A,D). This trend was continued in 50 mM and 100 mM NaCl
treated groups, while no obvious trend was realized for RS2Z33+ in 100 mM NaCl.
In all cases, no destabilization was observed (Figure 25), indicating downregulated
translation through the TOR pathway do not abolish the NaCl-induced transcript
stabilization.

Furthermore, the TOR inhibitor AZD8055 was used to look at the relation TOR
regulated translation has with NMD. AZD8055 in known to inhibits the phospho-
rylation of TORC1 as well as TORC2 and downstream proteins. The decay of five
NMD targets were analyzed — SMG7, PTB2+, AT2G/5670+, RS2Z33+ and UPF3
— with or without the TOR inhibitor (Figure 26). Out of the five NMD targets,
only SMG7 displayed a trend of decreased decay (Figure 26), however it was not
statistically significant (Figure F.1). All other four transcripts behaved similar to
the control treatment (Figure 26, F.1).
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Figure 25: NMD target transcripts are not destabilized upon NaCl treatment in
translationally downregulated mutants sirf-1 and muse6. Transcripts SMG7 and
RS2733+ in Col-0 WT, sirl-1, and muse6, treated with 0mM (A, D), 50mM (B,
E) and 100mM (C, F) NaCl (n = 1). Color key in (A) applies to all graphs. Dots
represent individual values, lines represent least squares non-linear regression.

29



4. RESULTS

SMG7 PTB2+ AT2G45670+

» 21 » 21 » 21

() (5] ()

3 204 3 204 3 24

Eoa Eoa Eou

2 2 2

9 2»2. E 2-2_ S 2-2_

223 2 2% 2 2%

% 2-4] % 2-44 % 244

o [vd o

0 0 0 1 2 3 4

Time (h) Time (h) Time (h)
RS2733+ UPF3

» 21 » 21

() (8]

3 294 3 294

B B

521 5 2™ —e— H,0

2 2 ’

8 22 g 272 --@-- TOR inhibitor

223 2 2%

§ 4 E 4

&J 24 & 24

0 1 2 3 4 0 1 2 3 4

Time (h) Time (h)

Figure 26: NMD target transcripts do not show increased stability upon TOR
inhibition. Decay graphs of 7-d-old A. thaliana seedlings treated with 5 uM TOR
inhibitor (AZD8055) or H,O as control. Data derived from RT-qPCR, dots repre-
sent individual values (n = 3), line represents least squares non-linear regression.
Corresponding rate constant (K) shown in Figure F.1.

4.6.4 NMD targets accumulate upon translation inhibition by CHX

Although the data here shows NaCl-induced NMD inhibition is independent of
elF2a phosphorylation and TOR regulation, other modes of translation inhibition
cannot be excluded. As supporting evidence for affirmation, four NMD target
transcripts (SMG7, PTB2+, AT2G45670+, RS2Z33+) and one non-NMD target
(RS2Z33—) was analyzed in samples treated with the translation inhibitor CHX
(Figure 27). Since this experiment was done before the liquid culture was established,
it was performed with 10-d-old plate grown seedlings, where the treatment was done
with plate flooding, and transcripts were normalized to elF/A1 (AT3G13920). A.
thaliana seedlings were pre-treated with mock (flooding with H,O) and NaCl for 6 h,
and under steady state conditions, an accumulation of NMD targets (Figure 27A)
was detected compared to mock, consistent with previous data in Section 9. The
same plants were then treated with CHX for 4 h, which the NMD targets in mock
plants (H,O followed by addition of CHX) showed an accumulation in all four NMD
target transcripts, while the plants pretreated with NaCl (NaCl treatment followed
by addition of CHX), showed no further accumulation of NMD target transcripts
(Figure 27B). The non-NMD transcript RS2Z33— remains unchanged (Figure 27B).
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Foremost, this further confirms that NMD targets accumulate upon NaCl, in spite of
flooding stress (Figure 27A), and furthermore shows translation inhibition can also
cause NMD target accumulation (Figure 27B). On top of that, the NMD targets in
NaCl pretreated plants do not further accumulate upon CHX treatment (Figure 27B),
showing that inhibition of NMD target transcript decay by CHX could be along
the same pathway as NaCl-induced inhibition, or that they act independently, but

maximum extent of stabilization has already been reached by NaCl treatment.

A - B
. g- Without CHX 4 h CHX treatment
8 " 30 %
3 g .
56- " ok s e e SMG7
= - e Mock © 3 20 _ = PTB2+
@ > = NaCl 25 **
% o - . ) S 2 ) v A AT2G45670+
S . _ . S @ " v RS2733+
2, . ) =510 "o + RS2233-
I -:- - LL E *k A
[) s Y o o 3 t_tS o
x 0L, | | | | g 0 ° R -o."'n:—.a_*w
A X x X
A S AL Mock NacCl
NP g
T ¥ IV o
,(1/0 QL &
v

Figure 27: Steady state levels of NMD target transcripts accumulate under NaCl
and CHX, but does not further accumulate when treated with CHX under NaCl
conditions. (A) 10-d-old plate grown A. thaliana seedlings were pre-treated for 6 h
with mock or 500 mM NaCl. Data derived from RT-qPCR, genes normalized to
elFJA1. ** P < 0.01; *** P < 0.001, t-tests performed comparing against mock
treated plants. Dots represent individual values (n = 3), line represent mean. (B)
The same plants from (A) were subsequently treated with 10 ug/ml CHX for 4 h,
and fold change of NMD target transcripts were calculated against corresponding
samples in (A). t-tests were performed against corresponding samples in (A). Data
derived from RT-qPCR, transcripts normalized to elF4A1.

4.7 ABA and downstream SnRK2s do not have major

involvement in NMD inhibition under NaCl

The phytohormone ABA is involved in many plant developmental processes, and
is a major responder to environmental stresses, including drought and soil salinity
(Zhu, 2002). Therefore, the relationship between ABA and NaCl-induced NMD
inhibition was examined. NMD factor transcripts UPF1, UPF2, UPF3 and SMG7
were not altered with ABA treatment (Figure G.1A-D, Kesarwani, Wachter, et al.,
unpublished), while positive control genes ABII (Leung et al., 1997) and ZINK-
FINGER PROTEIN 2 (AZF2) (Drechsel et al., 2010) showed a massive induction
(Figure G.1A-D, Kesarwani, Wachter, et al., unpublished), showing increased ABA
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alone is insufficient for NMD inhibition. To check if ABA is required, the ABA-
insensitive mutant abi2-1 (Leung et al., 1994; Meyer et al., 1994) is compared to
the corresponding A. thaliana ecotype Landsberg (Ler) WT, which also did not
show significant differences (Figure G.1E,F), indicating that ABA is not required for
NaCl-induced NMD inhibition.

4.7.1 NMD targets unaffected in snrk2 mutants

The SnRK 2 family members are plant-specific serine/threonine kinases involved
in responses to abiotic stress and ABA-dependent plant development (Anderberg
and Walker-Simmons, 1992; Holappa and Walker-Simmons, 1995; Mikolajczyk et al.,
2000; Li et al., 2000; Fujii and Zhu, 2009a; Fujita et al., 2009; Nakashima et al., 2009).
The SNRK2 family members are divided into three groups based on phylogenetic
analysis (Kulik et al., 2011) — subclass I, which consists of kinases not activated by
ABA, subclass II, which are weakly or not activated by ABA depending on plant
species, and subclass 111, which are strongly activated by ABA. Subclass III kinases
(SRK2D/SnRK2.2, SRK2E/SnRK2.6 and SRK2I/SnRK2.3 in Arabidopsis) are prin-
cipal positive regulators of ABA signaling (Park et al., 2009; Ma and Blenis, 2009;
Nishimura et al., 2009; Santiago et al., 2009; Miyazono et al., 2009; Umezawa et al.,
2009) under osmotic stress (Fujii and Zhu, 2009a; Fujita et al., 2009; Umezawa et al.,
2009), and induce stress-responsive genes (Furihata et al., 2006; Fujii and Zhu, 2009a;
Yoshida et al., 2015a,b). Subclass I SnRK2s (SRK2A/SnRK2.4, SRK2B/SnRK2.10,
SRK2G/SnRK2.1, SRK2H/SnRK2.5 and SRK2J/SnRK2.9) on the other hand, are
ABA-unresponsive but are osmotic stress-responsive (Boudsocq et al., 2004; Fujii
et al., 2011; McLoughlin et al., 2012; Fujita et al., 2013), and furthermore shown
to regulate mRNA decay under osmotic and NaCl stress (Soma et al., 2017). As
nomenclature of SnRK2s are somewhat complicated, a concise summary is provided

in Table 4.1 for quick reference.

Table 4.1: Subclass, nomenclature, ABA and stress response of SnRK2s

Nomenclature ABA Subclass Associated stresses
SnRK2 A 2.4 unresponsive I Salt®®, Osmotic!3

B 2.10 unresponsive I Salt®%, Osmotic??

G 2.1 unresponsive I Salt?, Osmotic?

H 2.5 unresponsive I Salt?, Osmotic?

J 2.9 unresponsive I

C 2.8 weak response IT Salt?, Osmotic®, Drought*®°

F 2.7 weak response II Salt?, Osmotic®, Drought®

D 2.2 responsive 11 Salt3, Osmotic?

B 2.6 responsive 11 Salt®, Osmotic?

I 2.3 responsive 111 Salt®, Osmotic?

1. Mikolajczyk et al. (2000) 2. Yoshida et al. (2002) 3. Boudsocq et al. (2004) 4. Umezawa et al. (2004)
5. Mizoguchi et al. (2010) 6. McLoughlin et al. (2012)
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Seeds of snrk2abgh and snrk2dei were acquired from Kazuko Yamaguchi-Shinozaki
(Soma et al., 2017), and the decay and steady state levels of NMD transcripts
SMG7 and PTB2+ were measured (Figure 28). Variation in decay pattern was
observed, however it was not significant, and showed no general trend. Although both
transcripts showed no significantly altered decay in either mutants, under both control
and 50 mM NaCl treatment (Figure 28A, B, D, E, G, H), a steady state accumulation
can be seen in snrk2dei, which are categorized under the ABA-responsive subclass 11
SnRK2s. As this subclass of SnRK2s are known to directly modulate transcription
factors (Yoshida et al., 2002; Furihata et al., 2006; Fujii et al., 2007; Fujii and Zhu,
2009a; Nakashima et al., 2009; Canto and Auwerx, 2010; Kulik et al., 2011; Feng
et al., 2014; Sakuraba et al., 2015; Tan et al., 2018), increases in transcription levels
would be a likely explanation for the accumulation of SMG7 and PTB2+ in steady

state conditions.
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Figure 28: Decay of NMD targets not affected upon NaCl treatment in subclass I
and subclass III snrk2 mutants, but increased steady state levels of NMD targets
in ABA-responsive subclass III SnRK2 mutants were observed. (Data collected by
Siliya Koster-Hofmann). Decay graphs of NMD targets with or without 50 mM NaCl
treatment in snrk2abgh quadruple mutants (A, D) and snrk2dei triple mutants (B,
E). Dots represent individual values (n = 3), line represent least squares non-linear
regression. Steady state levels of NMD targets in snrk2abgh and snrk2dei (C, F). Box
plot represents first quartile, median, third quartile, whiskers represent min and max.
Dots represent individual values (n = 6), *, P < 0.05; ** P < 0.01, Mann-Whitney
rank test comparing mutants to WT. (G, H) Rate constants of NMD transcripts with
or without NaCl treatment, corresponding to (A, B, D, E). Dots represent individual
values, column represents mean.
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4.8 Extracellular Reactive Oxygen Species may play a role in
NMD inhibition under NaCl

4.8.1 Extracellular H,0, stabilizes NMD targets comparably to NaCl
Despite that ROS, such as O35~ and HyO,, are not only toxic by-products of aerobic

metabolism, but are also generated for signaling. ROS signaling is a major responder
to many types of stresses, and in the case of salt stress, there is a dramatic increase
of ROS such as HyO, (Vaidyanathan et al., 2003; Valderrama et al., 2006; Leshem
et al., 2007; Miller et al., 2010; Jiang et al., 2013; Nath et al., 2018). To determine if
ROS can also alter the stability of NMD target transcripts, extracellular H,O, was
applied in parallel with NaCl. 1 mM and 10mM of HyO, were tested, and the decay
of NMD targets SMG7 and PTB2+ were analysed. Both transcripts were stabilized
to a greater degree upon 10 mM compared to 1 mM H,0,, showing a first indication
of a dose-response relationship between extracellular H,Oy and NMD inhibition
(Figure H.1). Another repeat was performed with only 10 mM H,0,, and both NMD
target transcripts showed stabilization to a comparable level to NaCl (Figure 29,
H.2). In the 0-1h phase, decay rate constants show significantly decreased decay
compared to HyO control. This shows decreased decay of NMD target transcripts
when H,O, was applied extracellularly, and indicates ROS could either act as an

intermediate or separate pathway for NMD target stabilization under NaCl.
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Figure 29: NMD target transcripts stabilize upon HyO,. Decay graphs (A-B) and
rate constants (C-D) of 7-d-old A. thaliana under 100 mM NaCl or 10 mM H,0,
treatment. Dots represent individual values, lines represent least squared non-linear
regression (A-B) and mean (C-D). *, P < 0.05; ** P < 0.01, unpaired t-tests
performed against negative control H5O.

4.8.2 ROS generated at the chloroplast is not involved in NMD

Paraquat (or methylviologen; N ,N’-dimethyl-4,4’-bipyridinium dichloride) is a
rapid-acting, non-selective herbicide (Haley, 1979), and is widely used as a source
of O3~ radicals in the study of photosynthesis (Kurepa et al., 1998). Paraquat is a
redox-cycle reagent, accepts electrons from PSI and donates them to O,, producing
057, inducing membrane damage and cell death (Dodge, 1971; Haley, 1979; Babbs
et al.,; 1989; Fujii et al., 1990; Suntres, 2002; Bonneh-Barkay et al., 2005; Han et al.,
2014). O3~ has a lifetime in the range of milliseconds, and is quickly dismutated by
SODs to H20O4, staying close to the site of generation. HyO, has a longer lifetime,
from milliseconds to seconds (Waszczak et al., 2018), and thus can diffuse from the
generation site to fulfil a signaling function. Decay of NMD target transcripts SMG7
and RS27Z33+ were measured with or without paraquat, and treated samples showed
no changes compared to mock (Figure 30). Mock for this experiment was equimolar
sodium phosphate buffer (SPB) pH 7.0 in which the paraquat stock was solved in.
This indicates O35~ stress or HyOs signaling generated from the chloroplast is not

involved in NMD inhibition. However, a control to test for paraquat functioning is
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missing, and should be performed.
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Figure 30: NMD targets not affected by paraquat. Decay graphs (A-B) and rate
constants (C-D) treated with 7mM paraquat (n = 3) or under mock (n = 1) as
control. Paraquat stock was solved in SPB pH 7.0, mock was equimolar SPB in H,0.
Dots represent individual values, lines represent least squares non-linear regression
(A-B) and mean (C-D).

4.8.3 NMD targets are not destabilized in rbohd/f or rbohc mutants under

salt exposure

In order to determine whether ROS acts as a signaling pathway for NMD, as
H,0, is shown to stabilize NMD targets (Figure 29, Figure H.1), NMD targets
were observed with and without NaCl under altered ROS metabolism. This was
approached in two ways: through applying ROS scavengers (Supplement H), or
performing the half-life assay in mutants impaired in ROS production. Data obtained
from the ROS scavenger experiments were rather preliminary due to the limitations
of the control sets (Supplement H). Therefore, a more stringent way of testing NMD
under salt stress in the absence of ROS would be to directly employ mutants deficient
in ROS production to begin with.

One of the enzymatic systems that can actively produce ROS are NOXs. NOX
homologues in A. thaliana comprise the RBOH protein family. The 10 NOX homo-
logues RbohA-J, exhibit different patterns of expression in response to environmental
factors (Marino et al., 2012; Kurusu et al., 2015). RBOHD and RBOHF are calcium-
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dependent NOX that generates O3~ (Song et al., 2006) and has been shown to
be required for ROS accumulation in plant defence response (Torres et al., 2002),
ROS-dependent ABA signaling (Kwak et al., 2003), and are known to be inhibited by
diphenyleneiodonium (DPI) (Desikan et al., 2006; Fagard et al., 2007). Expression of
RBOHD and RBOHF are highly induced under salinity stress (Ma et al., 2012), and
an RBOHF mutant showed strong Na™ hypersensitivity (Jiang et al., 2012). RBOHC
is also a calcium-dependent NOX, and is required for HyO, production under K*
deficiency (Shin and Schachtman, 2004), affects stress-induced ROS generation, and
regulates root hair elongation in a Ca”"-dependent manner (Foreman et al., 2003;
Takeda et al., 2008; GB et al., 2009; Kurusu et al., 2015).

Seeds of rbohd/f and rbohc were acquired from Miguel Torres, and a luminol-based
oxidative burst assays were performed (Figure H.6, Wall (2017)), where ROS is
massively produced after the detection of pathogen-associated molecular pattern
(PAMP)s by receptors such as FLAGELLIN-SENSING 2 (FLS2) (Doke, 1985; Bradley
et al., 1992; Jabs et al., 1997). Wall (2017) confirmed rbohd/f remains unresponsive
to flagellin peptide flg22 (flg22) (Figure H.6A), while a weak response is triggered
in rbohc (Figure H.6B). Therefore, the half-life assay was performed with 50 mM
and 100 mM NaCl on rbohd/f double mutants, and NMD target transcripts SMG7
and PTB2+ were analyzed (Figure 31). No significant NMD target accumulation
were found comparing steady state levels of WT and rbohd/f (Figure 31G-H). Under
control conditions, SMG7 show no distinct trends comparing the rbohd/f mutant
with WT (Figure 31A, C, E). However, PTB2+ shows significant faster decay within
the 1st hour, but not from 1-4h (Figure 31B, D, F'). This shows a similar pattern
of PTB2+ in Section 4.5, where a rapid degradation is seen during the 1st hour
followed by a slowed decay (Figure 18A, D), which could be explained by altered
AS that affect two separate collections of PTB2+ mRNAs that undergo alternative
degradation pathways. With 100 mM NaCl treatment, the NMD targets were almost
completely stabilized in both WT and rbohd/f (Figure 31C-F), while with 50 mM of
NaCl, both transcripts display slightly faster decay within the 1st hour, albeit not
statistically significant (Figure 31A-B, E-F). Due to higher discernibility, 50 mM
NaCl was used to proceed with rbohd/f and rbohc mutants. Steady state levels
were analysed in rbohd/f and rbohc, and no significant accumulation was found in
both mutants compared to WT (Figure 32G-H). Results of rbohd/f once again did
not show significant difference when comparing to WT, under both control or NaCl
conditions (Figure 32A-B, E-F). In rbohc, however, both under control conditions or
NaCl, a faster decay was found within the 1st hour in SMG7 (Figure 32C, E). This
pattern was not present in PTB2+ (Figure 32D, F). There seems to be a general
trend in the 1st hour for SMG7 in both rboh mutants, where under control conditions

a faster decay was seen when compared to WT, but this effect was not sustained
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when NaCl was added. This could be caused by interference of actin by the lack of
RBOH (Eggenberger et al., 2017), as oxidative stress can cause the glutathionylation
of a critical cysteine residue (C374) in A. thaliana and disrupt actin remodeling
(Dixon et al., 2005). Under normal conditions, RBOH provides a base supply of O3~
that is available for signaling triggered by endogenous auxin. In combination with
phospholipase D (PLD) activity, this results in a homeostasis of capped and uncapped
cortical actin filaments with dynamic turnover (Chang et al., 2015). Therefore, a
disruption in RBOH, could very well also affect actin dynamics in the cell. However,
the relationship between actin and ROS has not been shown on a transcript level,
and the possible influence of altered RBOH production on actin is pure speculation
at this point. With everything combined, it is still open-ended if or how directly
ROS influences NMD activity under salt stress, nevertheless ROS may play a minor

role or act on a different pathway that influences NMD target transcripts.
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Figure 31: NMD targets under NaCl stress are not significantly destabilized in
rbohd/f. Decay graphs of NMD targets under 50 mM (A-B) and 100 mM NaCl (C-D)
in Col-0 WT and rbohd/f mutants (n = 3). Rate constants in (E) corresponds to
(A, C), and (F) corresponds to (B, D). Steady state levels (G-H) of Col-0 WT and
rbohd/f mutants (n = 9), box plot represents first quartile, median, third quartile,
whiskers represent min and max. Dots represent individual values, lines in (A-D)
represent least square non-linear regression, columns in (E-F) represent mean.
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Figure 32: NMD target transcript SMG7 shows faster decay in rbohc mutants, in
both HyO and NaCl treatment. Decay graphs of rbohd/f (n = 3) (A-B) or rbohc
(n = 3) (C-D) under 50 mM NaCl. Rate constants of SMG7 (E) and PTB2+ (F)
corresponding to graphs (A, C) and (B, D) respectively. Steady state levels of SMG7
(G) and PTB2+ (H) (n = 9). Dots represent individual values, lines in (A-D)
represent least squared non-linear regression, columns in (E-F) represent mean.
Lines in box plot (G-H) represents first quartile, median, third quartile, whiskers

represent min and max.
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4.9 NMD inhibition by NaCl is rapid and reversible

To understand whether the inhibition of NMD is caused by a signaling cascade
triggered by NaCl, or if sustained NaCl treatment was needed, a salt spike experiment
was performed. Two NMD target transcripts SMG7 and PTB2+ were analyzed,
with slight modifications to the half life assay. Before cordycepin treatment, 7-d-
old A. thaliana were “spiked” with 100 mM of NaCl for 5, 10, or 60 minutes. The
negative control remained in H,O, while the positive control remained under constant
salt treatment (Figure 33A). NMD transcripts of all “spiked” samples show no
stabilization compared to the negative control (Figure 33B, D, E, G), while NMD
transcripts remains stabilized in the positive control. Steady state levels show strong
accumulation of NMD targets after 60 min of incubation, with no prominent changes
after 5 or 10 min of incubation, except for SMG7 showing slight accumulation after
5 min, which could be due to statistical noise (Figure 33C, F'). This shows that the
NMD inhibition must be under continuous NaCl stress, and is not triggered and

sustained by a signaling cascade.

As the salt spike experiment indicated, constant NaCl stress is required for NMD
inhibition. In order to have a closer look at how quickly NMD inhibition can be
activated or reversed, a salt timing experiment was performed. 7-d-old A. thaliana
seedlings were incubated in H,O or 100 mM NaCl, and switched into or out of NaCl
treatment 2h after cordycepin was added. One set was pretreated for 60 min to
see if there are any priming effects, since previous reports indicate improved salt
tolerance after a period of priming (Sivritepe et al., 2003; Yan et al., 2015). The
negative control remained in H,O, and the positive control remained under 100 mM
NaCl treatment (Figure 34A). NMD targets SMG7 and PTB2+ were analyzed.
Starting from time window 1-2h, samples that were under NaCl treatment remain
stable and have low degradation rates (Figure 34B-E, maroon squares and green
inverted triangle), while samples without salt treatment showed faster degradation
(Figure 34B-E, black circles, grey triangles and blue diamonds). After switching
samples into or out of salt treatment, in the time window 2-4 h, the samples under
NaCl treatment show similar stability (Figure 34B-E, maroon squares, grey triangles,
blue diamonds), while samples that were moved out of salt treatment regained
degradation, on a comparable level to the negative control (Figure 34B-E, black
circles, green inverted triangles). In both time windows — before or after the switch
— the 60 min pre-treated samples (Figure 34 blue diamonds) showed degradation when
in H,O, and stabilization when under NaCl stress, indicating that pre-treatment has
no substantial priming effect on NMD inhibition. Based on the data from both the
salt spike (Figure 33) and salt timing (Figure 34) experiment, shows NaCl stress

inhibits NMD in a fast and reversible manner.
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Figure 33: Sustained NMD inhibition requires constant salt environment. (A)
Experimental scheme. Time at O h represents the time point when cordycepin was
added. Black represents 100 mM NaCl treatment, white represents H,O control.
7-d-old A. thaliana seedlings were pre-treated with 100 mM NaCl for 5, 10 or 60 min
before transcription was inhibited. The negative control sample was not treated by
NaCl, and the positive control was under constant NaCl treatment. Decay graphs
(B, E), steady state levels (measured at t = 0h) (C, F') and rate constants (D, G)
of NMD targets under negative (n = 3) or positive (n = 1) control conditions, or
pretreated with 100 mM NaCl for 5min (n = 1), 10min (n = 1) or 60 min (n = 1).
Dots represent individual values, lines in (B, E) represent least squares non-linear
regression. Columns in (C, D, F, G) represent mean.

4.9.1 Phosphorylation likely plays a role in NMD inhibition under NaCl stress

Given the quick reaction time and reversibility of NMD inhibition, it is probable
that phosphorylation signaling is involved. Therefore, a cell-permeable kinase in-
hibitor from Nonomuraea longicatena (K252a) (Kase et al., 1987; Hashimoto et al.,
1991; Raychaudhuri et al., 2004; Pan et al., 2007) was used. The decay of NMD
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Figure 34: NMD inhibition responds in a rapid and reversible manner. (Data
collection and analysis were combined efforts of Caroline Wall and myself.) (A)
Experimental scheme. Time at 0h represents the timepoint when cordycepin was
added. Black represents 100 mM NaCl treatment, white represents H,O treatment.
Samples (n = 2) were switched into or out of 100mM NaCl at the 2h timepoint,
indicated by the black or white bars. Decay graphs (B—C) and rate constants
(D-E) are separately calculated and plotted from 1-2h, and 2-4h. Dots in (B-C)
represent individual values, lines represent least squares non-linear regression. Dots
and columns in (D-E) represent a single K value corresponding to the decay graphs.
* P < 0.05; **, P < 0.01, by unpaired t-test against HyO negative control and
100 mM NaCl positive control.

transcripts SMG7 and PTB2+ were measured with and without K252a treatment,
under control or NaCl stress conditions. The K252a stock was dissolved in DMSO,
therefore the mock control for this experiment is equimolar DMSO in H,O. During

the early phase of decay from 0-1h, K252a shows a trend of stabilizing SMG7 under
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both mock and NaCl conditions, which becomes prominent in the decay phase from
1-4h (Figure 35A, C). For PTB2+ in decay phase 0-1h, K252a is seen to reverse the
stabilization caused by NaCl, however this occurrence disappears during phase 14 h,
and an opposite trend, where enhancement of transcript stability by K252a under
salt is seen instead (Figure 35B, D). On a similar vein, a phosphatase inhibitor was
also used to examine phosphorylation signaling in NaCl-mediated NMD inhibition.
Okadiac acid (OA) is a eukaryotic protein phosphatase inhibitor, known to remove
phosphate from serine and threonine residues (Cohen et al., 1990). Like K252a,
samples were treated with OA under mock or NaCl conditions, and the decay of
NMD target transcripts SMG7 and PTB2+ were measured. For SMG7, there were
no obvious trends compared between the samples with or without OA, in the early
decay phase 0-1h (Figure 36A, C). For PTB2+, however, a stronger decay was shown
in OA applied samples, although this was not seen when salt was applied (Figure 368,
D). During the 1-4 h phase, OA is shown to inhibit the decay of both NMD targets,
while comparing mock and OA samples, but this trend disappears again when a low
concentration of NaCl is applied (Figure 36). There are similarities and differences of
NMD target transcript behaviour under K252a or OA, and the treatment of kinase
inhibitors and phosphatase inhibitors do not derive to opposite results. First, when
looking at SMG'7, a NMD target not subject to alternative splicing, seems to have
consistent behaviour between K252a and OA in the later phase of decay. PTB2+
on the other hand, is a product of alternative splicing. During the early phase both
K252a and OA seems to stabilize PTB2+, and upon salt exposure, K252a is seen
to exaggerate the decay, while there is no difference in stability under OA. In the
later phase with SMG7, K252a and OA behave similarly, stabilizing whether salt
stress is present or not. However, this is not the case with PTB2+, where stability
remains nearly unchanged. This indicates that phosphorylation could be playing a
role in NMD targets affected by alternative splicing under NaCl stress conditions.
This result could also be due to the wide spectrum of targets K252a and OA affect.
For a more definitive description, specific kinase or phosphatase inhibitors should
be employed, for example, OA has no effect on the Mg- or Mn-dependent protein
phosphatase family, or tyrosine phosphatases. However, OA has different phosphatase
inhibition profiles, where the half maximal inhibitory concentration (ICso) for PP2A
ranges from 0.1 — 100 nM, while for PP2C the IC5q > 10,000 nM (Hescheler et al.,
1988; Haystead et al., 1989; Holmes et al., 1990; Honkanen et al., 1990; Huang and
Honkanen, 1998; Prickett and Brautigan, 2006; Swingle et al., 2007). By employing
a combination of different types and concentrations of various kinase or phosphatase,

one can narrow down the scope of which processes are involved.
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Figure 35: Kinase inhibitor K252a stabilizes NMD targets under both control
and NaCl treatment. Decay graphs (A-B) and rate constants (C-D) of 7-d-old
A. thaliana seedlings treated with 4 uM K252a with or without 50 mM NaCl, with
mock as negative control, and 50 mM NaCl treatment as positive control (n = 3).
Dots represent individual values, lines in (A—B) represent least squared non-linear
regression, lines in (C-D) represent mean. Unpaired t-tests were performed against
their respective controls, i.e. K252a is compared to mock, and K252a + 50 mM NaCl
is compared to 50 mM NaCl treatment. *, P < 0.05; **, P < 0.01, by unpaired t-test
comparing K252a to Mock, under control or NaCl conditions. Outliers determined
through ROUT (Motulsky and Brown, 2006) (Q = 5%), and are plotted in red.
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Figure 36: Phosphatase inhibitor Okadaic Acid (OA) stabilizes NMD targets under
both control and NaCl treatment. Decay graphs (A-B) and rate constants (C-D) of
7-d-old A. thaliana seedlings treated with 1 uM OA with or without 50 mM Na(Cl,
with mock as negative control, and 50 mM NaCl treatment as positive control(n = 3).
Dots represent individual values, lines in (A—B) represent least squared non-linear
regression, lines in (C-D) represent mean. Unpaired t-tests were performed against
their respective controls, i.e. OA is compared to mock, and OA+50mM NaCl is
compared to 50 mM NaCl treatment. Outliers determined through ROUT (Q = 5 %),
and are plotted in red.
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4.10 Increases in cytosolic calcium causes NMD target
stabilization, blocked Ca?* channels may increase NMD

sensitivity to NaCl

Apart from being an essential plant nutrient (Sanders et al., 2002; White and Broadley,
2003), Ca®* is one of the most important secondary messengers in response to stimuli
(Liese and Romeis, 2013; Valmonte et al., 2014; Simeunovic et al., 2016). Under
abiotic stress, cytosolic calcium ([Ca®t].y) rises rapidly and dramatically in plants,
almost without exception (White and Broadley, 2003). Both ROS (discussed in
Section 4.8) and Na™ stress are known to trigger [Ca%*]., influx (Pei et al., 2000;
Guan et al., 2013a), and affect a plethora of downstream processes (Figure 37).
Recently, an Arabidopsis CPK, AtCPK1, was shown to enhance salt or drought
tolerance, possibly through regulation of ROS signaling (Huang et al., 2018). It
has even been shown that plants lacking nuclear-localized calcium-binding protein
SHORT ROOT IN SALT MEDIUM 1 (RSA1) are hypersensitive to NaCl, but not
general osmotic stress (Guan et al., 2013a), in line with the finding that NMD
inhibition through NaCl is at least partially ionic stress specific (Section 4.3). In
humans, intracellular calcium have been found to regulate NMD (Nickless et al.,
2014). However, the role of Ca®" signaling in the context of NMD inhibition under
NaCl in plants have not yet been scrutinized.

Considering Ca?" is such an important signaling component, plant have a variety of
ways to regulate Ca?" and maintain homeostasis. This means [Ca®"].y; levels cannot
be increased by simply adding extracellular Ca?*, for example CaCl,. Therefore,
to avoid using NaCl or HyO, (in Section 4.8, H,Oy was shown to stabilize NMD
target transcripts), extracellular ATP was used in order to trigger a Ca®" spike (Song
et al., 2006; Shang et al., 2009). The decay of two NMD target transcripts SMG7
and PTB2+ were analysed with 1mM ATP, using H,O as negative control and
100 mM NaCl as positive control. Both NMD targets were stabilized to a comparable
degree with ATP treatment and NaCl (Figure 38, I.1). This stabilization has striking
similarities to the stabilization seen with 10 mM H,0O, (Figure 29, H.2). Tied in with
the results of Section 4.7 and Section 4.8.1 — where NMD targets were unaffected
by ABA, but stabilized by H,O, — it can be extrapolated that the ROS produced
by ABA stimulation is not enough to cause NMD target stabilization, but rather the
downstream [Ca?*t].y; influx caused by extracellular HyO, could be the main reason
for NMD inhibition.

To further investigate the role of Ca?" signaling in NMD inhibition under NaCl,
a calcium channel blocker was employed. The Ca?* channel blocker lanthanum
(IIT) chloride (LaCl;) has been shown to inhibit the transient elevation of [Ca®"].y
triggered by HyO4 in Nicotiana tabacum (Price et al., 1994). Rentel and Knight (2004)
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Figure 37: Simplified stress-triggered Ca?* signaling modules. Ionic stress by Na*

(A) triggers the SOS signaling pathway. Calcium binding proteins SOS3 and SCaBP8
(also known as CBL10) activate the protein kinase SOS2. SOS2 phosphorylates
itself (Fujii and Zhu, 2009b), SCaBP8 (Lin et al., 2009b), and SOS1, an Na*/H*
antiporter (Qiu et al., 2002; Quintero et al., 2002). Osmotic stress (B) may activate
CPKs and CBLs-CIPKs, which activates SnRK2s (Section 4.7.1) that leads to ABA
accumulation (Section 4.7). Activated SnRK2s phosphorylate RbohD/F, and ABA
induces second messengers phosphatidic acid (PA) which regulates proteins like
Rbohs. Arrows indicate activation, bars indicate inhibition, dashed lines indicate
postulated regulation. The orange P in a circle denotes phosphorylation. Scheme
adapted from Kulik et al. (2011); Zhu (2016).

have found that HyO4 trigger a biphasic [Ca2+]cyt influx in A. thaliana seedlings.
A quick, rapid, early phase located in the cotyledons, leaves and hypocotyl, and
a prolonged later phase located exclusively in the lower root sections. These two
peaks are independent of each other, and LaCls was able to inhibit the early peak,
with variable results in the second peak, but was mainly able to delay and decrease
the magnitude. The decay of two NMD targets, SMG7 and PTB2+ were analyzed
in the presence of LaCl; with or without NaCl. Under LaCl; treatment alone, the
decay patterns from 1-4h in the NMD targets show similarities to NaCl treatment
(Figure 1.2), indicating blocked Ca®* channels alone may already inhibit NMD. When
NaCl is added, both transcripts are even more so stabilized (Figure 1.2), indicating
that blocked Ca?t may enhance NaCl sensitivity of NMD in A. thaliana. For an
even closer look at the ties between NaCl sensitivity and calcium signaling, the

SOS pathway is examined. The SOS pathway is a calcium-dependent protein kinase
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Figure 38: NMD target transcripts stabilized upon ATP treatment, to a comparable
level with NaCl. Decay graphs (A-B) and rate constants (C-D) of 7-d-old liquid
grown A. thaliana seedlings treated with H,O, 100 mM NaCl, or 1mM of ATP
(n = 3). Dots represent individual values, lines in (A-B) represent least squared
non-linear regression, lines in (C-D) represent mean. *, P < 0.05, unpaired t-tests
were performed against their respective controls. Outliers determined through ROUT
(Q = 1%), and are plotted in red.

pathway for salt stress signaling and Na™ tolerance (Zhu, 2002), and is further

discussed in Section 4.11.

4.11 NMD targets are hyperstabilized in sosI-1 and sos2-2
mutants under NaCl treatment, but not via inhibition of

dephosphorylation of UPF1

4.11.1 NMD targets are hyperstabilized in sos1-1, sos2-2, but not sos3-1

A general signal transduction starts with signal perception by sensors, followed
by a Ca?* surge, along with production of other secondary messengers like ROS or
ABA, which could also regulate signal transduction independently. These signaling
components may feedback and trigger iterations of Ca2* increase, which initiates
a protein phosphorylation cascade, and in turn activates transcription factors that

regulate stress-responsive genes (Figure 39).
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In the previous sections, ABA (Section 4.7) involvement was ruled out, while ROS
(Section 4.8) seemed only to play a partial role in NMD inhibition under NaCl stress.
NMD target transcripts respond to manipulation of Ca?*, through either stimulating
[Ca?*].y influx or using Ca?* channel blockers (Section 4.10). Downstream of the
signaling transduction pathway comes phosphoprotein cascades, in which Section 4.9.1
shows prospect that phosphorylation plays a role in NMD inhibition upon NaCl
stress. Several well-known players include SnRK2s, CPKs, and serine/threonine
phosphatases like SOS2. Subclass I and II of SnRK2s, however, do not seem to have
major involvement in NMD inhibition (Section 4.7.1). This leaves other components
that respond to salt stress, including CPKs and SOS2. In this section, components
of the SOS signaling pathway, will be looked at in-depth regarding NMD inhibition.

Signal

l

sensor
ZQalling Tra?scription Geng
Ca?* molecules actors Sxpression
(e.g. ROS, ABA) l
L | Phosphoprotein cascades Response
> (e.g. SnRKs, CPKs, SOS2,

protein phosphatase)

Figure 39: General signal transduction for stress in plants. Stress signals triggers
receptor-mediated Ca?" influx and generate secondary signaling molecules, which
stimulate a secondary increase in transient Ca?*. The Ca?* transients from different
sources may have different biological significance with different outputs. Secondary
signaling molecules such as ROS or ABA may also regulate signal transduction
independently without Ca?*. Intracellular phosphoprotein cascades then transduce
and amplify the information. Major plant protein kinases are serine/threonine
kinases, for example SOS2, which plays a central role in the SOS pathway, SnRKs
as described in Section 4.7.1, or CPKs, which respond rapidly to drought and salt
stress, but not to temperature or ABA (Urao et al., 1994). Transcription factors are
then triggered, gene expression is modified, and subsequently a response is elicited
as output. Scheme adapted from Xiong and Zhu (2001); Xiong et al. (2002); Kulik
et al. (2011).

One of the ways plants deal with Na™ toxicity and maintain ionic homeostasis,
is through the SOS signaling pathway (Clarkson and Hanson, 1980; Tester and
Davenport, 2003; Zhu, 2000; Ji et al., 2013). The SOS signaling pathway was
originally discovered through the role of CBLs in salt tolerance (Xiong et al., 2002;
Shi et al., 2005), and three major genes were identified: SOSI1 (Wu et al., 1996),
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SOS2 (Zhu et al., 1998) and SOS3 (Liu and Zhu, 1997). The sos mutants have
increased sensitivity to NaCl, and were identified through the root bending assay;,
where root growth was inhibited under NaCl but not mannitol or KCI, excluding the
involvement of osmotic stress (Wu et al., 1996; Zhu et al., 1998). Similarly, NMD
inhibition was weaker under equimolar mannitol or KCl compared to NaCl, also
showing ionic specificity (Section 4.3). It should also be noted that both SOS2 and
SOS3 are PTC-containing AS NMD targets, and shows significant transcript increase
in NMD mutants upfI-5, upf3-1, as well as under translation inhibition with CHX
(Kalyna et al., 2012).

To test the interrelation between NMD under salt sensitive plants, three sos mutants
were acquired through the Nottingham Arabidopsis Stock Centre (NASC), sosi-1
(N3862), sos2-2 (N3863) and sos3-1 (N3864) and genotyped (Wall, 2017). The decay
of NMD target transcripts SMG7 and PTB2+ were analysed in these sos mutants
with or without NaCl. These mutants were in the Columbia 5 (Col-5) background,
and therefore A. thaliana Col-5 were used as WT control. In both transcripts,
sos1-1 and sos2-2 showed hyperstabilization under NaCl treatment compared to WT
(Figure 40A-B, D-E, G-H), while so0s3-1 showed the same degree of stabilization
compared to WT under NaCl (Figure 40C, F-H). This hyperstabilization can be seen
in the 1st hour, and continues to be amplified during 1-4 h. Statistical significance
was found in the rate constants comparing sos mutant and WT under 50 mM NaCl
treatment, for SMG7 in sos1-1 during the phase 1-4h, so0s2-2 during both phases
0-1h and 1-4h (Figure 40G), and PTB2+ in sosl-1 during both phases as well
(Figure 40H). The steady state levels of SMG7 and PTB2+ were also analysed in
the sos mutants, and no noteworthy accumulation can be seen compared to WT
(Figure 41). Combined with the transcript decay data (Figure 40), we can conclude
the NMD machinery is functional in the sos mutants, and NMD inhibition under
NaCl stress is connected to SOS1 and SOS2, but not SOS3. This raises the question,
whether the hyperstabilization of NMD targets in sosi-1 and sos2-2 is a result of
a more effective NaCl stress, or due to impaired signaling. Even though all three
sos mutants show hypersensitivity to salt (growth > 20 more sensitive to inhibition
by NaCl (Wu et al., 1996)), sos! mutants seem to be the most sensitive (Ji et al.,
2013).
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Figure 40: Hyperstabilization in response to NaCl in sos/-1 and so0s2-2 but not
s0s3-1. Decay graphs (A-F) of sosi-1 (A, D), s0s2-2 (B, E), s0s3-1 (C, F) of 7-d-old
A. thaliana seedlings treated with or without 50 mM NaCl, with Col-5 WT control
(n = 3). Rate constants (G-H) of (A-F) (n = 3), unpaired t-tests performed on
mutants compared to WT, i.e non-treated mutants to HyO Col-5 WT, NaCl-treated
mutants to NaCl-treated Col-5. *, P < 0.05; **, P < 0.01. Dots represent individual
values, lines represent least squared non-linear regression (A—F), columns represent
mean value (G-H). Outliers determined through ROUT (Q = 5 %) and plotted in

red.
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Figure 41: NMD target transcripts do not accumulate in sos mutants under steady
state conditions under control conditions (no salt treatment). Steady state levels of
SMG7 (left) and PTB2+ (right) (n = 6). All values normalized to one WT sample.
Box plot represents first quartile, median, third quartile, whiskers represent min and
max. Dots represent individual values. *, P < 0.05; ** P < 0.01; Mann-Whitney
rank test comparing mutants to WT.
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4.11.2 UPF1 phosphorylation unchanged under NaCl in sosl-1 or sos2-2

As described above, SOS3 was ruled out of playing a major part in NMD inhibition
under NaCl, which leaves SOS1 and SOS2 under scrutiny. The A. thaliana SOS1 is
an Na® /HT antiporter localized at the PM, and is essential for plant salt tolerance
(Shi et al., 2000; Qiu et al., 2002; Zhu, 2002). SOS2 is a serine/threonin protein
kinase and belongs to the CIPK family (Liu et al., 2000), and has many interaction
partners (Table 4.2). Under NaCl stress, the binding of Ca?* and SOS3 causes a
change in shape and properties, which allows the dimerization of SOS2 and SOS3,
which then phosphorylates SOS1 at the PM (Shi, 2007; Sdnchez-Barrena et al., 2013).
SOS2 can also activate the vacuolar Ca®"/HT antiporter CAX1, implying CAX1
could regulate [Ca®*].,; signaling during salt stress (Cheng et al., 2004; Shi, 2007).
SOS2 may also affect activities of other transporters such as HK'T1, which is involved
in Na™ uptake (Laurie et al., 2002; Rus et al., 2001), and sodium /hydrogen exchanger
1 (NHX1) which removes [Ca?t]. into the vacuole (Apse et al., 1999; Maathuis,
2008). Among the many interaction partners of SOS2, 14-3-3 proteins are one of
them (Zhou et al., 2014; Tan et al., 2016). SMGT7 is an NMD core factor, has a
14-3-3 like domain, which is also conserved for SMG5 and SMG6 (Fukuhara et al.,
2005). SMGT is involved in the dephosphorylation of UPF1 (Yamashita, 2013), and
recently been shown in plants for the first time (Figure 42, Kesarwani, Lee, Ricca
et al. (2019)).

NMD activity is dependent on the phosphorylation and dephosphorylation of UPF1,
where the 14-3-3-like domain of SMG7 binds to the phosphorylated sites of UPF1
and is essential for the decay of the targeted RNA (Fukuhara et al., 2005; Riese et al.,
2007; Kerényi et al., 2008; Rayson et al., 2012a; Okada-Katsuhata et al., 2012; Jonas
et al., 2013; Lloyd and Davies, 2013; Merai et al., 2013). Therefore, changes to the
phosphorylation status of UPF1 was monitored in the sos mutants with or without
NaCl. A Phos-tag™ gel was used to separate phosphorylated protein extracts from
the non-phosphorylated counterparts. Leaves of 35-d soil-grown A. thaliana Col-0
WT and smg7-1 plants were taken as control, and 7-d liquid-grown whole seedlings of
A. thaliana Col-5 WT, sos1-1 and sos2-2 were treated for 4 h with 0, 50 or 100 mM of
NaCl. The expected size for UPF1 is 136.9 kilo Dalton (kDa), which is congruent with
the uppermost band, and hyperphosphorylation of UPF1 can be seen in smg7-1 as a
smear (Figure 42). Several bands of smaller sizes were detected as well, which could
be processing or modification products, as discussed in Kesarwani, Lee, Ricca et al.
(2019). Compared with liquid-grown seedlings, no hyperphosphorylation of UPF1 is
observed, in WT, sosI-1, sos2-2, treated or untreated. SMGT7 is expected at 117 kDa.
While the Col-0 soil-grown sample shows the correct size, in the liquid-grown samples,
only processing or degradation products are seen, with almost no signal in sos2-2
plants. This first hints at lower amounts of SMG7 in sos2-2, but normal SMG7
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Table 4.2: Interaction partners of SOS2 in A. thaliana

Gene Identifier Interaction Data Source

ABIl AT4G26080 Physical BioGRID interaction data set
ABI2 AT5G57050 Physical BioGRID, IntAct interaction data set
AT1G30860 Physical BioGRID, IntAct interaction data set
AT2G41090 Physical BioGRID interaction data set
CAM1 AT5G37780 Physical BioGRID interaction data set
CAM4 AT1G66410 Physical BioGRID interaction data set
CAM6 AT5G21274 Physical BioGRID interaction data set
CAM7 AT3G43810 Physical BioGRID interaction data set
CAMS AT4G14640 Physical BioGRID interaction data set
CAM9 AT3G51920 Physical BioGRID interaction data set
CAT?2 AT4G35090 Physical BioGRID, IntAct interaction data set
CAT3 AT1G20620 Physical BioGRID, IntAct interaction data set
CAX1 AT2G38170 Physical BioGRID interaction data set
CBL1 AT4G17615 Physical BioGRID, IntAct interaction data set
CBL2 AT5G55990 Physical BioGRID, IntAct interaction data set
CBL3 AT4G26570 Physical BioGRID, IntAct interaction data set
CBL5 AT4G01420 Physical BioGRID, IntAct interaction data set
CBL7 AT4G26560 Physical BioGRID, IntAct interaction data set
CBL8 AT1G64480 Physical BioGRID interaction data set
CBL9 AT5G47100 Physical BioGRID, IntAct interaction data set
CBL10 AT4G33000 Physical BioGRID, IntAct interaction data set
CCB1 AT3G26710 Physical BioGRID interaction data set
DET3 AT1G12840 Physical BioGRID, IntAct interaction data set
EIN3 AT3G20770 Physical Quan et al. (2017)

ESE1 AT3G23220 Genetic Quan et al. (2017)

GDU4 AT2G24762 Physical BioGRID interaction data set

GI AT1G22770 Physical BioGRID interaction data set
HAT2 AT1G07430 Physical BioGRID interaction data set
TAA11 AT4G28640 Physical BioGRID, IntAct interaction data set
NDPK2 AT5G63310  Physical, Genetic Verslues et al. (2007)
PDE331 AT2G01190 Physical BioGRID, IntAct interaction data set
PKP-ALPHA AT3G22960 Physical BioGRID, IntAct interaction data set
SOS1 AT2G01980 Physical BioGRID interaction data set
SOS3 AT5G24270 Physical BioGRID, IntAct interaction data set
TCH3 AT2G41100 Physical BioGRID interaction data set
TUF AT4G11150 Physical BioGRID, IntAct interaction data set
VAB1 AT1G76030 Physical BioGRID, IntAct interaction data set
VAB2 AT4G38510 Physical BioGRID, IntAct interaction data set
VAB3 AT1G20260 Physical BioGRID, IntAct interaction data set
VHA-A AT1G78900 Physical BioGRID, IntAct interaction data set
VMA10 AT3G01390 Physical BioGRID, IntAct interaction data set

https://thebiogrid.org
https://www.ebi.ac.uk/intact

For details visit:

transcript levels (Figure 41), and normal decay patterns (Figure 40B, G). Tubulin is
expected at 50 kDa, and surprisingly, phosphorylation of Tubulin can be seen under
NaCl treatment in liquid-grown seedlings. With a-Tubulin, a shift is visible with
100 mM NaCl in Col-5 WT and sos2-2, but a shift can already be seen in sosi-1
mutants with 50 mM NaCl. This shows Tubulin in sosi-1 plants are more readily
phosphorylated compared to sos2-2 or WT plants under salt. The same blot was

used for all three antibodies.
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An immunoblot was performed with a standard sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) gel with the same samples and amounts of total
protein for comparison (Figure 43). Immunoblot analysis of UPF1 for the soil-grown
plants were weak relative to liquid-grown seedlings, most likely due to difference
in age and material of samples. This is also seen for the Tubulin blot, which is
meant as control. Blotting with a-SMGT shows bands of the expected size as well as
degradation products, and shows equally strong signals in the sos2-2 mutants as well.
This argues against changes in total SMG7 levels sos2-2 mutants. Band intensity in
the control samples of 35-d soil grown (Col-0) are generally weaker compared to 7-d
liquid grown (Col-5) for a-UPF1 and a-Tubulin blots, while with the a-SMGT blot,
a different band pattern is observed (Figure 42, 43). The 35-d soil grown sample
shows a stronger band at the expected size, with some degradation products visible,
while the 7-d liquid grown sample shows more processing or degradation products,
with less intensity at the expected 117 kDa. An explanation for this, as well as the
weaker signal of SMG7 in the Phos-gel (Figure 42) could be attributed to sample
harvested at different growth stages in plants, as well as different tissue samples
as well, where leaves were sampled in soil-grown plants, and whole seedlings were
sampled in the liquid-grown plants. There is also the unlikely possibility that SMG7
in the Col-5 ecotype differs from Col-0.
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Figure 42: UPF1 not phosphorylated in WT, sosI-1, sos2-2, with or without NaCl.
An immunoblot of Phos-tag™ gel separation of a-UPF1 (top), a-SMG?7 (middle)
and a-Tubulin (bottom) proteins in 35-day soil grown A. thaliana Col-0 and smg7-1
plants (60 ug total protein per lane), and 7-day liquid cultured A. thaliana Col-5 WT,
sos1-1 and sos2-2, which were treated with 0, 50, or 100 mM NaCl for 4h (20 ug
total protein per lane). Samples were extracted using a native extraction buffer.
Immunosignals were derived from the same membrane by subsequent detection with
the three respective antibodies. “P-” represents phosphorylated versions of indicated
protein.
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Figure 43: SMGT proteins present in sos2-2. Immunoblot analysis using standard
SDS-PAGE separation of a-UPF1 (top), a-SMG7 (middle) and a-Tubulin (bottom)
proteins in 35-day soil grown A. thaliana Col-0 and smg7-1 plants (60 ug total
protein per lane), and 7-day liquid cultured A. thaliana Col-5 WT, sosI-1 and s0s2-2,
which were treated with 0, 50, or 100 mM NaCl for 4 h (20 ug total protein per lane).
Samples were extracted using a native extraction buffer (the same samples that
were run in parallel with Figure 42). Immunosignals were derived from the same
membrane by subsequent detection with the three respective antibodies.
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4.12 Processing bodies and stress granules are involved in
mRNA decay

Stress granules are aggregates of proteins and untranslated mRNAs, which are formed
in response to stress, and can protect the RNA from degradation (Protter and Parker,
2016). In plants, stress granules can be induced by hypoxia, heat, salt, oxidative
stress, and various other stresses (Nover et al., 1983; Weber et al., 2008; Pomeranz
et al., 2010; Sorenson and Bailey-Serres, 2014; Yan et al., 2014; Gutierrez-Beltran
et al., 2015; Lokdarshi et al., 2016). In yeast, stress granules formed from heat
shock can vanish after cells are returned to non-shock temperatures (Parsell et al.,
1994; Cherkasov et al., 2013), and shows near-complete reversibility of aggregation
(Wallace et al., 2015). Recently, several P-body and stress granule associated proteins,
were identified as UPF1 interacting proteins — DCP5, elF4G, and DEAD-box ATP-
dependent RNA helicase 14 (RH14) — are shown to have decreased steady state
level of NMD targets in their T-DNA mutants in A. thaliana (Chicois et al., 2018),
indicating that they are negative regulators of NMD. Given these connections, to see
if the stabilization of NMD transcripts during salt stress was caused by the protection
RNA due to the formation of stress granules, deps-1, eif4g and rh14 were used to
study the decay of NMD targets (SMG7, PTB2+, AT2G45670+, RS2Z33+) and
non-NMD target (RS2Z33—) transcripts.

4.12.1 The stability of several transcripts are increased in dcp5-1

Arabidopsis DCP5 is an Sm-like (LSM) domain-containing RNA-binding protein
(RBP), and is required for decapping and the formation of P-bodies (Xu and Chua,
2009). Under steady state conditions, in 7-d-old liquid grown A. thaliana seedlings,
depH-1 show lower amounts of NMD target accumulation under steady state levels
compared to WT (Figure 44A-D), consistent with the study by Chicois et al. (2018).
The non-NMD target RS2Z33—, however, also shows lower amounts of transcript
accumulation (Figure 44E), indicating it is not necessarily NMD specific. The decay
graphs show slower decay of SMG7, PTB2+ and RS2Z33+ in dcp5-1 during the
Ist hour under control conditions as a general trend (Figure 45), with the 0-1h
stabilization in PTB2+ (Figure J.1B) being the only one that was statistically
significant. Since dcpd-1 is a knockdown mutant with residual decapping activity
(Xu and Chua, 2009), the moderately slowed decay can be attributed to the disrupted
decapping mechanism, partially protecting these transcripts from degradation, or
the extent of impairment in the mutant is not sufficient to result in a change of these
transcripts. AT2G45670+ and RS2Z33— show barely any difference between deps-1
and WT control (Figure 45C, E), which could indicate these transcripts are not direct
targets of DCP5. Since all the tested NMD targets show decay, compared to the

non-NMD target that remains unperturbed (Figure 45), indicates at least an overall
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Figure 44: Steady state transcript levels in depd-1, eif4g, and rhi1/j. Reduction of
NMD target transcripts (A-D) and non-NMD target (E) in deps-1. Accumulation of
NMD target and non-target transcripts in eif/g, and accumulation of SMG7 (A) and
RS2Z33— (E) in rh14. All values normalized to one WT sample. Box plot represents
first quartile, median, third quartile, whiskers represent min and max. Dots represent
individual values. *, P < 0.05; **, P < 0.01; Mann-Whitney rank test comparing
mutants to WT. Outliers determined through ROUT (@ = 5%), and plotted in red.
Data derived from RT-qPCR.

functional NMD system in depd-1 mutants. This also holds true in eif/g (Figure 46)
and rh14 (Figure 47) mutants. Under NaCl stress, all tested transcripts in deps-1
show minimal difference to WT. In the case of PTB2+ and RS2Z35+ however, since
transcript levels in dep5-1 under control conditions were elevated (Figure 45B, D),
there was little stabilization seen for these transcripts under NaCl stress in dep5-1.
In particular, NaCl showed weak effects during the 1-4 h phase. These transcripts
that are partially protected from degradation through decapping and do not further
stabilize when NMD is inhibited, suggesting the decapping handicap is sufficient for

protection of these transcripts.
4.12.2 NMD targets stabilize slightly in eifdg

The methylated “mG mRNA cap structure is a binding site for e[F4F. Higher
plants encode a second elF4F complex, elFiso4F, which comprises of small cap-
binding subunit eIF4E (elFiso4E) and a larger scaffolding protein eIF4G (elFisodG)
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Figure 45: Several transcripts are stabilized in dcpd-1 mutants. Several NMD
target stabilize to a similar degree as NaCl treatment in dep5-1 and NaCl-treated
dep5-1 samples do not stabilize further. (Data collected by Siliya Koster-Hofmann).
Decay graphs of NMD target transcripts (A-D) and non-target transcript (E) in
depb-1 and Col-0 WT, with or without 50 mM NaCl treatment. Dots represent
individual values, lines represent least squared linear regression. Outliers determined

through ROUT (@ = 5%) and plotted in red.
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(Browning et al., 1992; Browning, 1996), which serves to circularize mRNA, leading
to the assembly of the 80S ribosome (Aitken and Lorsch, 2012). In A. thaliana,
elFiso4G mutants have reduced tolerance to salinity (Lellis et al., 2010), and eIlF4G
have been co-purified with NMD core factor UPF1 (Chicois et al., 2018).
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Figure 46: NMD targets stabilize slightly in eif/g. Both HyO control as well as
NaCl treated samples in eif4g stabilize slightly compared to their respective controls
in WT. (Data collected by Siliya Koster-Hofmann). Decay graphs of NMD target
transcripts (A-D) and a non-target (E) in A. thaliana Col-0 WT and eif4g, with or
without 50 mM NaCl treatment. Dots represent individual values, lines represent
least squared linear regression. Outliers determined through ROUT (Q = 5%) and
plotted in red.

In eif}g, steady state accumulation is seen for all measured transcripts, even the
non-NMD target RS2Z33— (Figure 44). This again could indicate the transcript
accumulation in eif/g is not NMD specific. Under control conditions, the decay
graphs of these transcripts show slight stabilization of NMD targets in eif4g mutants
compared to WT (Figure 46), more so with PTB2+ and RS2Z33+ compared to
SMG7 or AT2G45670+. This could be due to impaired translation, as translation
inhibition is shown to be strongly tied to NMD (Section 4.6). Upon NaCl treatment,
eif4g shows further stabilization of NMD target transcripts (Figure 46), indicating
the mechanism of NMD inhibition by NaCl stacks with the mode of transcript decay
inhibition by eifsg, and elF4G acts on a different pathway for transcript decay.
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4.12.3 The stability of several transcripts are increased in rh14

Previous reports show DEAD-box RNA helicases and RBPs contribute to biotic
and abiotic stresses in plants (Gong et al., 2005; Li et al., 2008; Germain et al., 2010;
Guan et al., 2013b). RH14, also known as ARABIDOPSIS THALIANA DEAD
BOX RNA HELICASE 1 (AtDRH1), is associated with the nucleoporin (NUP)
complex and required for mRNA export (Du et al., 2016). RH14 is also known to be
involved in NMD, pre-mRNA splicing, and ribosome biogenesis (Bond et al., 2001;
Guan et al., 2013a; Chicois et al., 2018). Under steady state levels in rh14, only
statistical significant accumulation was seen for one of the NMD targets SMG7, and
RS27Z33— (Figure 44). In the decay graphs, under control conditions rh14 showed
stabilization in three of the NMD target transcripts during the 1st hour — SMG7,
PTB2+ and RS2Z33+ (Figure 47A, B, D). The stabilization of these transcripts
were not statistically significant (Figure J.1). There was little difference in the decay
patterns of AT2G/5670+ (Figure 47C, E), indicating that only some NMD target
transcripts are affected by RH14. Upon NaCl treatment, only SMG7 showed slight
stabilization (Figure 47A), while PTB2+, AT2G45670+, RS2Z33+ and RS2Z33—
did not show substantial changes (Figure 47B-E), indicating salt does not further
stabilize transcripts in rhi14. This could be due to the impaired nuclear export
functions, causing a retention of mRNAs in the nucleus, making it inaccessible the
NMD machinery.
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Figure 47: Several NMD targets stabilize in rh14. NaCl-treated rh14 samples do
not stabilize further. (Data collected by Siliya Koster-Hofmann). Decay graphs of
NMD target transcripts (A-D) and non-NMD target transcript (E) in 7h1/ and
Col-0 WT, with or without 50 mM NaCl treatment. Dots represent individual values,
lines represent least squared linear regression. Outliers determined through ROUT
(Q = 5%) and plotted in red.

95



4. RESULTS

4.12.4 Accelerated mRNA decay in VCS-knockdown line no.2

One major cytoplasmic RNA degradation pathway is through mRNA decapping.
Decapping of mRNA is carried out by the DCP2-DCP1 heterodimer (Coller and
Parker, 2004; Parker, 2012), and in plants, the scaffolding protein VCS is required
(Deyholos et al., 2003; Xu et al., 2006; Goeres et al., 2007). VCS contributes to
decay of 68 % of the transcriptome, especially of short-lived RNAs (Sorenson et al.,
2018), and have been found to regulate mRNA decay under osmotic stress conditions,
through phosphorylation by SnRK2s that are localized to P-bodies (Soma et al.,
2017). To test the relationship between VCS and NMD, two VCS-artificial microRNA
(amiRNA) knockdown lines: VCS-knockdown line no.2 (VCS-ami no. 2) and VCS-
knockdown line no.4 (VCS-ami no.4), and the WT provided by Soma et al. (2017)
were used to analyze two NMD target transcripts, SMG7 and PTB2+. Steady state
levels show a significant accumulation of both NMD target transcripts in VCS-ami
no. 2, and a lesser accumulation albeit not statistically significant in V(CS-ami no. 4
(Figure 48C, F). The decay of SMG7 and PTB2+ were also analyzed in these samples,
with or without 50 mM of NaCl. Under H,O control conditions, in both transcripts,
VCS-ami no. 2 showed a faster decay within the 1st hour, and decayed at a similar
rate to WT from 1-4h (Figure 48A, D, G-H), with SMG7 showing a stronger decay
compared to PTB2+. On the other hand, in contrast with VCS-ami no.2, VCS-ami
no. 4 showed similar decay to the WT in the 1st hour, but had stronger decay from
1-4h (Figure 48B, E, G-H), also more prominent in SMG7. With the addition
of NaCl, NMD transcripts in both VCS-ami lines stabilized to a similar degree of
WT without NaCl treatment, and did not stabilize to the degree of WT with NaCl
treatment. These results suggests that a lack of VCS contributes to accelerated
mRNA decay, and NMD target transcripts are stabilized in VCS-ami lines upon salt
stress. The NaCl response observed in the knockdown lines suggests that VCS is not
involved in NaCl-mediated NMD impairment.
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Figure 48: Decay in VCS-ami lines are altered in control conditions. (Data collected
by Siliya Koster-Hofmann). Decay graphs of NMD targets with or without 50 mM
NaCl treatment in VCS-ami no.2 (A, D) and VCS-ami no.4 (B, E). Dots represent
individual values (n = 3), line represent least squares non-linear regression. Steady
state levels of NMD targets in VCS-ami no.2 (C) and VCS-ami no.4 (F). All
values normalized to one WT sample. Box plots represent first quartile, median,
third quartile, whiskers represent min and max. Dots represent individual values.
* P < 0.05; ** P < 0.01, Mann-Whitney rank test comparing mutants to WT
(n =6). (G, H) Rate constants of NMD transcripts with or without NaCl treatment,
corresponding to (A, B, D, E). Dots represent individual values, column represents
mean. *, P < 0.05; ** P < 0.01, ** P < 0.001, unpaired t-tests performed on the
NaCl treated amiRNA lines against their respective controls (n = 3).
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4.13 Other stresses

4.13.1 ER stress is unlikely to be the cause of NMD inhibition under NaCl

Driven by interest, it was compelling to test other types of stresses, and if it can
cause NMD impairment as well. The lumen of the ER is an oxidative environment,
and is crucial for formation of the proper folding of proteins, as well as the formation
of disulfide bonds. Stress in the ER can be triggered by 1,4-Dithiothreitol (DTT), a
reducing agent that disrupts disulfide bonds. This results in a massive aggregation of
unfolded or misfolded proteins, and is shown to induce autophagy (Ron and Walter,
2007; Liu et al., 2012; Pérez-Martin et al., 2014). In mammalian systems, NMD is
shown to be inhibited by ER stress (Karam et al., 2015; Goetz and Wilkinson, 2017;
Li et al., 2017b), and forms a cross-inhibition loop with UPR (Introduction 3.5.4).
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Figure 49: Turnover of NMD targets is not affected by DTT. Decay graphs (A-B)
and rate constants (C-D) for samples from 7-d-old A. thaliana seedlings treated with
1.6mM DTT (n = 3) or under H,O (n = 1) as control. Dots represent individual
values, lines represent least squares non-linear regression (A-B) and mean (C-D).

To test the relationship of ER stress and NMD in plants, the decay of two NMD
target transcripts SMG7 and RS2Z33+ were analyzed in the presence or absence of
DTT (Figure 49). Samples treated with DTT show little change compared to H,O
control, with only RS2Z35+ showing slightly slower degradation during the 1st hour
(Figure 49B, D). This slight change could be from attenuated mRNA translation
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in response to ER stress, caused by increased protein-kinase activity of protein
kinase RNA-like endoplasmic reticulum kinase (PERK), which phosphorylates elF2a
and inhibits translation (Harding et al., 1999). This result shows similar decay
patterns to Figure 23, and further confirms the result in Section 4.6.1 and 4.6.2,
where phosphorylation of elF2ua does not seem to play a dominant role in NMD
inhibition under NaCl.

4.13.2 Heat affects NMD target transcripts and some non-NMD target
transcripts

Like many other abiotic stresses, heat has a complex impact on cell function. It is
known to affect membrane-associated processes due to alterations in permeability
and fluidity (Alfonso et al., 2001; Sangwan et al., 2002), changes or loss of enzyme
function from protein denaturation (Vierling, 1991; Kampinga et al., 1995), and
promote programmed cell death (Swidzinski et al., 2002; Vacca et al., 2004). Recent
studies in A. thaliana has not only revealed networks involving many transcriptional
regulators during heat shock (Ohama et al., 2017), but also epigenetic modifications
(Lamke et al., 2016). Ca*" and ROS are triggered as initial signaling factors that
respond to heat shock (Dat et al., 1998a,b; Gong et al., 1998; Larkindale and Knight,
2002; Sangwan et al., 2002; Swidzinski et al., 2002; Liu et al., 2005; Suzuki and
Mittler, 2005; Volkov et al., 2006; Suri and Dhindsa, 2007; Saidi et al., 2009; Baxter
et al., 2014). When heat shock occurs, increase in PM fluidity causes Ca*" influx
into the cytosol (Sangwan et al., 2002; Saidi et al., 2009), and ROS are generated,
mainly in the chloroplasts (Mittler, 2002), but are also actively generated by NOXs,
RBOHB and RBOHD (Konigshofer et al., 2008; Wang et al., 2014). To study the
effect of heat on NMD, the decay of three NMD targets SMG7, PTB2+, RS2Z33+
and two non-NMD targets RBOHD and PP2A were analyzed. 7-d-old liquid grown
A. thaliana Col-0 seedlings were placed in 38 °C for heat treatment, or remained
under 22 °C growth temperature as control. All NMD target transcripts and RBOHD
showed stabilized pattern under heat treatment (Figure 50A-D, F-I), while PP2A
did not show visible changes (Figure 50E). Only SMG7 showed statistical significance
of decreased rate constants (Figure 50F). Interestingly, at 30 °C, the NMD target
SMG7 show significantly faster degradation (Figure 51), and RS2Z33+ also shows a
slight trend of destabilization, in contrast to strong stabilization of some transcripts
in plants at 38°C. This could likely be from the temperature threshold of stress

granule formation at 34 °C, discussed in Section 5.9.
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4. RESULTS

Figure 50: High heat affects NMD target transcript and some non-NMD target
transcripts (data collected by Siliya Koster-Hofmann). Decay graphs (A-E) and rate
constants (F-J) of NMD targets (A-C, F-H) and non-NMD targets (D-E, I-J) of
7-d-old A. thaliana seedlings under growth temperature (22°C) or heat treatment
(38°C). Dots represent individual values (n = 3), lines represent least squares
non-linear regression (A-E) and mean (F-J). ** P < 0.05, unpaired t-test of heat
treated samples against control.
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Figure 51: Moderate heat destabilizes NMD targets (data collected by Siliya Koster-
Hofmann). Decay graphs (A-B) and rate constants (C-D) of NMD targets SMG7
and RS2Z33+ in 7-d-old A. thaliana seedlings under growth temperature (22°C)
or heat treatment (30°C). Dots represent individual values (n = 3), lines represent
least squares non-linear regression (A-E) and mean (F-J). ** P < 0.05, unpaired
t-test of heat treated samples against control.
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5 Discussion and Outlook

5.1 Experimental design

There are various ways to measure the decay of mRNA (Table 5.1), most of which are
well established in yeast or mammalian cells. Common methods include transcription
inhibition either using chemicals or through inducible promoters (Chen et al., 2008).
Other recent methods include metabolic labeling with 4-thiouridine (4sU), also
known as s4U or 4tU (Rédle et al., 2013; Russo et al., 2017; Chan et al., 2018), and
variations of the nucleoside analogs 5-bromouridine (5BrU) (Tani et al., 2012; Tani
and Akimitsu, 2012; Paulsen et al., 2014; Maekawa et al., 2015) and 5-ethynyluridine
(5EU) (Abe et al., 2012). Isotope labeling such as [*H]-adenine or [**P]-phosphate
(Hynes and Phillips, 1976; Herrick et al., 1990) have also been used in the past
but have since lost popularity, mostly due to cellular damage (e.g. DNA double-
strand breaks) caused by radiation. Each method has their own advantages and
disadvantages, and half-lives obtained from one method should not be compared
side-by-side with another, as it could differ (Wada and Becskei, 2017).

Table 5.1: Comparisons of mRNA half-life measurement methods

Method Advantages Disadvantages
Transcription inhibi- Measures global, endogenous Cellular stress and toxicity could
tion transcripts. Relative simplicity influence decay rate, and affects

Inducible promoters

Metabolic labeling
(non-radioactive)

in preparation and downstream
processing steps (speed). Cost
effective.

Less invasive and avoids toxiticy
issues. Tight and rapid genetic
switch.

Less invasive, less interference
with ongoing expression path-
ways. Can measure endogenous
mRNAs, and can be used to as-
sess downstream translation ele-
ments.

downstream pathways.

Cannot be used with endogenous
mRNAs, yields measurements of
single transcript. Artificial pro-
moters could influence decay rate.

Laborious, requires extra pull-
down steps. Higher sample-to-
sample variations. Variable up-
take, and impact on cell phys-
iology between each nucleobase
derivative. Can trigger nucleolar
stress response, which can inter-
fere with RNA stability measure-
ments. More expensive.

Chen et al. (2008); Russo et al. (2017); Wada and Becskei (2017); Chan et al. (2018)

This study (Results 4.1) uses cordycepin as a transcription inhibitor, a classic
method for mRNA decay measurement. Common downsides to global transcription
inhibition is the relative higher cellular stress that accompanies the treatment, as
transcription inhibition is toxic to cells, and in turn affect decay rates. However,
all currently known methods of RNA half-life measurements affect decay rates to

some degree (Table 5.1). The choice of transcription inhibitor was made from several
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pilot tests (Results 4.1), and suits the needs of this study well (Figure 5, A.1).
The advantage is the ability to measure endogenous mRNAs, relative speed, cost
effectiveness of this method due to simpler preparation, and downstream processing.
From a practical standpoint, this means less areas to troubleshoot if unexpected
problems arise, compared to the metabolic labeling method. Furthermore, due to
the global nature of affected transcripts, the samples have relatively higher flexibility
when it comes to future analysis, compared to the singular output from inducible
promoters. All in all, each method has their own individual value, and should be

considered when addressing different issues when it comes to experimental design.

5.2 Dose-response relationship between NaCl stress and NMD

In Section 4.2, to find a concentration of NaCl that elicits an NMD inhibitory
response, liquid cultured samples were treated with different concentrations of salt.
A positive correlation of transcript stabilization to NaCl concentration was found,
showing that NMD can be fine-tuned by different degrees of stress, opposed to
a binary on-off mechanism. From a physiological perspective, having precise and
tunable control makes sense for biological systems that need to respond to complex
signals quickly and continuously.

In Figure 9, 200 mM of NaCl stabilizes the transcripts more compared to 500 mM
NaCl, giving a negative rate constant in the 1st hour. In a perfect system, the
minimum value of rate constant (K) should be greater than zero (K > 0), as K =0
would indicate no degradation is taking place. However, several cases in this study
(Figure 9, 14, 20, 21, 31, 40), mRNA levels show an increase upon addition of the
transcription inhibitor. For instance, in Figure 9, the increase occurs during 0—1 h,
and ceases to rise in the 1-4 h phase. These rises in transcript levels during the 1st
hour indicate possible ongoing transcription, and could be due to delayed integration
of the transcription inhibitor, or other processes that regulate transcription, such as

chromatin accessibility.

Early and late phases of decay After data collection, rate constants K are calculated
individually for two phases: an early phase defined as 0—1h, and a later phase defined
as 1-4h. Conventionally, although half-lives (./,) are the standard measurement for
mRNA degradation, due to reasons described in Section 5.2, where in some situations
salt causes complete stabilization, plus the imperfect integration of transcription
inhibitors or other factors, results in a negative value for half-life (increased transcript
levels). This makes for invalid direct comparisons, since a negative half-life can be
interpreted as having no degradation (t.,= 00), low half-lives depict very unstable
transcript, and long half-lives show again more stable transcripts. Therefore, instead

of half-lives, rate constants (K') are calculated, as high K correlates to fast degradation
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rates and can be compared linearly. Furthermore, using half-lives only allows U-tests,
while t-tests can be performed with rate constants.

In WT samples under control conditions, it is characteristic of NMD transcripts
to display massive degradation during the 1st hour, followed by a milder decay in
the following hours (e.g. Figure 9), both of which are gradually stabilized under
increasing salt stress. In some cases, under higher concentrations of salt treatment,
there is an increase of RNA levels in the 1st hour (discussed in Section 5.2). This
shows the complexity of ongoing mRNA decay, quite likely with more than one
mechanism acting in different phases. Distinct transcript pools may be affected in
different ways as well. Although the bulk of degradation occurs in the cytoplasm
(Introduction 3.3.1, 3.3.3), possibly some transcripts are differentially accessible than
others, perhaps due to localization (e.g. cytoplasmic granules, Introduction 3.3.2),
speed of transcription or translation (e.g. codon optimality, Introduction 3.4), sus-
ceptibility to other degradation pathways, on-going AS events, or a combination of
those factors can all affect the rate of degradation. Possible mechanisms could act
additively, contributing to faster decay, or in an inhibitory manner which slows down
the decay. Speculations include localization of NMD targets to P-bodies or stress
granules, or activity of different nucleases affected by the transcription inhibitor
or treatment. Results of comparison of NMD vs. non-NMD transcripts in Results
Section 4.4 suggests, NMD is still the main pathway affected by salt treatment,
as NMD targets are stabilized with salt and non-targets in general are unchanged
(exceptions discussed in Section 5.3.1). Therefore, to simplify the analysis, a single
exponential function for one phase decay was employed (Material and Methods 6.4).
For future work, if one or more major degradation pathways that are overlapping
with NMD is discovered, the total decay rate should be calculated as the sum of
decay routes, that the sum of the two amplitudes (A) equals one. For example, in
the case of two processes, where ¢ is time and K; and K5 are the rate constants of

each process:
Ft) = (1= A)- et 4 4. oo 1)

5.3 NaCl specifically induces NMD inhibition

5.3.1 Salt stress specifically inhibits degradation of NMD targets

In Results 4.4, the stability of four NMD targets and six non-NMD targets
were analysed with and without NaCl. All four NMD targets stabilized upon salt
application, with significant decreases in K in both early and late phases, except
for PTB2+, which only showed significance in the early phase (Figure 14). Out of
six non-NMD targets, all transcripts except SOSI and WRKY6 showed no changes
(Figure 13). Although SOS? is not an NMD target transcript (Figure 15), it has been
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reported to accumulate under salt stress (Shi et al., 2003), and thus the weakened
decay is not unexpected. It should be noted that the K value is only significantly
decreased during the early phase (Figure 13B). Although in plants there is a group
of WRKY genes identified to be salt-responsive (Fan et al., 2015), WRKY6 behaves
differently even in the same genus. It is downregulated in Gossypium hirsutum
and upregulated in Gossypium aridum, indicating some orthologous WRKY genes
may have similar functions, while some may not. What is known about WRKY6
transcription factor (TF) in Arabidopsis is that it activates ABA signaling during
seed germination and early seedling development (Huang et al., 2016), and like NMD,
ABA is a major responder to stress. Apart from this connection, many members
of the WRKY gene family in plants respond to biotic and abiotic stresses (Phukan
et al., 2016). WRKY® is known to be upregulated and provide tolerance towards heat
and humidity stress, as well as upon Ralstonia solanacearum infection, and regulate
resistance to R. solanacearum in Capsicum annuum (Cai et al., 2015; Phukan et al.,
2016). In Oryza sativa , not only OsWRKY6 positively regulates defense response
as well as increase salicylic acid (SA) accumulation upon overexpression, it regulates
a SA-inducible promoter OsPR10a expression (Choi et al., 2015). NMD is also
known to regulate innate immunity in Arabidopsis, through inhibition under stress
(Riehs-Kearnan et al., 2012; Gloggnitzer et al., 2014; Rigby and Rehwinkel, 2015).
NMD mutants lbal and upf3 show SA accumulation (Jeong et al., 2011), similar
to the upregulation of WRKY6 under stress. So although WRKY6 is not a direct
NMD target, it could be influenced indirectly when NMD is affected due to the
commonalities in plant biotic and abiotic stress, as listed above. However, there is
no other direct evidence except the data in this study, that indicates the induction

in WRKY6 is due to reduced transcript decay, rather than transcriptional induction.

5.3.2 NMD inhibition is partially specific to Na™ ionic stress

In Results 4.3, NaCl significantly stabilized NMD target transcripts compared to
equimolar KCI during the early phase (Figure 12), showing an Na™ ionic component
to the stress specificity, and at the same time ruling out CI . When comparing KC1
to the H,O control, some stabilization is seen in the early phase, albeit not significant
(Figure 12). This could be from stress of elevated cation levels, or could indicate
that osmotic stress also plays a minor role, where NaCl-treated samples shows higher
accumulation of NMD target transcripts compared to mannitol-treated samples, and
the non-NMD target did not (Figure C.1). Under osmotic stress, SnRK2 protein
kinases and its phosphorylation target VCS have been shown to modulate mRNA
decay (Soma et al., 2017). In Results 4.7.1, the relationship between snrk mutants
and NMD are investigated under NaCl stress, and no strong inhibition of decay

in NMD target transcripts were measured in comparison to the WT (Figure 28),
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indicating only minor correlation between NaCl and NMD inhibition through the
SnRK2 network, if at all. As subclass IIT SnRK2s are major positive regulators of
ABA signaling, this result is in line with data from Section 4.7, where ABA is neither
sufficient nor required for NMD inhibition (Figure G.1). Assuming the mechanism
for NMD inhibition through NaCl is ion specific, and is separate from osmotic stress,
then the SOS pathway would be an important pathway to study. When comparing
growth of the sos mutants, they were found hypersensitive to Na®™ and Li", but not
K, Cst, Mg*", Ca*", CI', NO; or SO, (Wu et al., 1996; Liu and Zhu, 1997; Zhu
et al., 1998; Zhu, 2000), in line with the result of transcript stabilization upon NaCl
but not KCI. To further investigate if NaCl inhibition of NMD is through the SOS
pathway, Li* stress can be used as a positive control, where a similar stabilization to
NaCl would be expected.

5.4 The Salt Overly Sensitive pathway

NMD targets are found to be hyperstabilized in sosI-1 and sos2-2 (Results 4.11,
Figure 40). In Results 4.9, Figure 33, 34 show that NMD inhibition by NaCl is
rapid, and reversible, giving first indication that phosphorylation might be involved.
Results 4.9.1 furthermore show, NMD inhibition under NaCl is affected by kinase
and phosphatase inhibitors (Figure 35, 36). The kinase and phosphatase inhibitor
used were not specific enough to zone in on any specific pathways, however due to
the points in Section 5.3.1 and 5.3.2 discussed, SOS2 (Section 3.5.1, 4.11, Table 4.2)
would be a good candidate for further investigation. If a connection is found between
SOS2 and any of the NMD core factors, this would provide a direct connection
between Nat-activated stress pathway and NMD. The NMD machinery hinges on the
phosphorylation and dephosphorylation of UPF1, however no hyperphosphorylation
of UPF1 is seen in s0s2-2 mutants (Figure 42). One straightforward interpretation is
simply the NaCl inhibitory effects on NMD is not due to phosphorylation of UPF1.
Yet, it is possible that there is still catalytic activity in sos2-2, since the mutation in
s0s2-2 only abolishes the regulatory domain (Liu et al., 2000). Although both the
regulatory and kinase domain activity are required for Na® tolerance, this does not
exclude the possibility of SOS2 kinase activity with NMD components. Instead, as a
follow-up on this experiment, sos2 mutants sos2-5, s0s2-6, sos2-7 or sos2-8 should
be used instead, as they are predicted to disrupt the kinase catalytic domain (Liu
et al., 2000).

SMGT is involved in the dephosphorylation of UPF1. Given the data so far,
there is potential that SMG7 and SOS2 are interacting, and that this interaction
is changed under NaCl stress. This can either be a direct or indirect connection,

since it is known that SOS2 no longer self-inhibits under NaCl, and the catalytic
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domain is free to perform kinase activities (Guo et al., 2004). SMGT7 is a 14-3-3-like
adaptor (Fukuhara et al., 2005), and SOS2 is known to interact with 14-3-3 proteins
(Zhou et al., 2014; Yang et al., 2019). Recent evidence shows salt stress promotes
interaction between 14-3-3 proteins and PKS5, that represses kinase activity and
releasing inhibition of SOS2 (Yang et al., 2019). The calcium signatures generated by
salt stress modulates 14-3-3-dependent regulation of SOS2 and PKS5 kinase activity
(Yang et al., 2019), pointing to the involvement of calcium signaling as a probable

upstream component.

5.5 Ca’" signatures are likely involved in NaCl-induced NMD
inhibition

SOS3/SOS2 confers plant salt tolerance as a CBL-CIPK signaling pathway, and
furthermore SOS1 has also been shown to be regulated by RSA1, a nuclear-localized
calcium-binding protein, through a transcription factor (Guan et al., 2013a). In
mammalian cells, intracellular Ca®" is a key regulator of NMD, dependent on the
binding and inhibition of Na®™/K*-ATPase on the PM (Nickless et al., 2014). Even
though some calcium transduction systems are very different between animals and
plants, a comparative analysis reports that Ca®' elements with basic functions in cell
response, e.g. Ca*"-ATPase, Ca2+/ Na™ (K*) ion exchangers are basically conserved
between plants and animals (Nagata et al., 2004). This further demonstrates a
probability that Ca®' signaling could also regulate NMD in plants.

In this study, using external ATP to stimulate Ca®" influx reveals NMD target
transcripts in A. thaliana are stabilized to a comparable degree as those put under
salt stress (Figure 38, [.1), and calcium channel blocker LaCls-treated samples seems
to show hyperstabilization of NMD targets under salt (Figure 1.2). However, more
biological replicates are needed for Figure 1.2 for statistical conclusion. These findings
indicate that manipulation of Ca®' signaling can influence NMD targets under NaCl.
It should be noted, that LaCls is not a specific inhibitor, and is suggested to act on
PM calcium channels (Knight et al., 1996). This means the role of intracellular Ca*"
stores, and other Ca®" transport proteins (Introduction 3.5.3), could be interesting
to pursue to further investigate the inhibition of NMD, or mRNA decay in general.
Furthermore, although under salt treatment LaCls substantially decreases the initial
[Ca?T].y¢ spike, it does not completely inhibit the [Ca?t].,-spike, and in addition shifts
the amplitude of [Ca®"].y concentration post-spike, compared to untreated samples
(Knight et al., 1997). CDPKs are also responders to stress in plants. Interestingly,
AtCDPK1 and AtCDPK2 expression was rapidly induced by drought and salt, but
not by cold, heat or ABA (Urao et al., 1994). This shares some similarities with
salt-inhibited NMD — particularly, a quick response to salt (Results 4.9), and no

107



5. DISCUSSION AND OUTLOOK

involvement of ABA (Results 4.7). Since CDPKs are demonstrated to cross-regulate
14-3-3 proteins (Ormancey et al., 2017), it can be speculated that downstream of the
initial salt-induced calcium signature, CDPKs can play a part in the network that
influences NMD.

Calcium-dependent phosphorylation Another speculation would be phosphoryla-
tion of SMGT7 instead of UPF1 under NaCl. The 14-3-3-like domain of AtSMG?7 is
predicted to have 10 phosphorylation sites with a phosphorylation potential score
over 0.9 (Table I.1. NetPhos 3.1b: http://www.cbs.dtu.dk/services/NetPhos/, Blom
et al. (1999)), and AtSMGT has been already experimentally confirmed to have at
least one phosphorylation site at S602 (Wang et al., 2013; Rayapuram et al., 2014;
Roitinger et al., 2015; Rayapuram et al., 2018). Interestingly enough, AtSMG75692
is not phosphorylated through PAMP-triggered events (Rayapuram et al., 2014),
consistent with our findings where flg22 failed to trigger NMD inhibition (Wall, 2017).
However, this result is contradictory to findings in Gloggnitzer et al. (2014), where
flg22 was able to stabilize NMD targets in 14-d-old soil grown A. thaliana leaves.
Additionally, there are several studies showing phosphorylation of 14-3-3 proteins in
plants by CDPKs (Swatek et al., 2014; Chen et al., 2017b; Ormancey et al., 2017),
and in rice, 14-3-3 proteins are phosphorylated in response to salt (Chen et al.,
2017b). In Arabidopsis, salt-induced calcium signatures are perceived by 14-3-3 and
SOS3/SCaPB8 proteins, which then regulate cytosolic Na™ homeostasis (Yang et al.,
2019). This suggests a possibility that SMGT7 could either be an intended target, or
simply caught in the crossfire of salt-induced signal transduction, and in turn affect
the efficiency of NMD.

To test this theory, differential phosphorylation of SMG7 with and without salt
stress should first be identified. The critical phosphorylation sites can be distin-
guished through mass spectrometry, so the phosphorylation status of SMG7 can first
be confirmed under salt stress. Further experiments can be done using phosphomimet-
ics. If SMG7 at a constant phosphorylated state (e.g. SMG7592P) can mimic the
characteristics of salt-induced NMD response (dose-responsive, ABA-unresponsive
etc.), and a phosphorylation disabled SMG75024 cannot, then it would be a direct
link that the phosphorylation status of SMG7 affects NMD activity. In parallel, the
Phos-tag immunoblot should be optimized. Notably, in Figure 42, very faint and
almost no band could be seen for a-SMGT7. Apart from it simply being an artifact,
an explanation could possibly be that phosphorylated forms of SMG7 are abundant
in s0s2-2, however is not visible on the immunoblot due to different extraction condi-
tions needed for extracting phosphorylated SMG7 compared to UPF1. For example,
the phosphorylated UPF'1 can only be visualized on the Phos-tag gel when boiling
temperature and time is 95°C for 5m (data not shown), while other proteins need a

much lower boiling temperature with longer duration. The protocol for extracting
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phosphorylated forms of SMG7 should be optimized, and the immunoblot should be

repeated.

5.6 Apoplastic ROS as initiator of Ca’" signaling

In order for long-distance cell-to-cell signal transduction, Ca**-signaling alone is not
sufficient. While Ca*" in the cytosol is tightly regulated, and therefore is a good
stage for Ca®" signal transduction, the plasma membrane and the apoplast make for
poor platforms. Ca*" cannot journey for long under the hydrophilic characteristics of
the plasma membrane, and high levels of Ca®* in the apoplast makes it unsuitable for
transduction of specific Ca®t signatures. ROS however, can be constantly produced
and scavenged in the apoplast. As the plant perceives (salt) stress, NOXs are quickly
activated and produce O3~ on the apoplastic side of the PM. O3~ are then dismutated
to HyO, and diffuse to neighboring cells, which are sensed by Ca®' channels on the
PM, leading to an increased [Ca**|. concentration. Cell-to-cell signal transduction
continues with Ca?" binding to the EF-hands of RBOHD, and multiple CDPKs,
CBLs and calcium-dependent components are activated in orchestra (including the
SOS pathway). ROS accumulates in the apoplast of the neighboring cell, further
triggering ROS and Ca®*" sensors, and information is propelled forward (Waszczak
et al., 2018).

With respect to Results 4.8, the application of extracellular H,O4 stabilizes NMD
target transcripts similar to NaCl (Results 4.8.1, Figure 29, H.2), and also has a
dose-response relationship (Figure H.1), similar to that seen with NaCl (Results 4.2,
Figure 9). However, in rbohd/f (and rbohc) mutants, NMD targets were not desta-
bilized (Figure 31). This shows RBOHD/F and RBOHC are not crucial for the
interaction with NMD components, and hints that NMD inhibition through Ca®"
signaling is independent of NOXs, as Ca®'-signaling can be triggered separately
from ROS (Results 4.10, Figure 39). Furthermore, paraquat induced ROS at the
chloroplast seemed to not affect NMD target transcripts (Figure 30), showing not all
ROS causes NMD inhibition. These results reinforces the model described in the
above paragraph, and suggests the NMD machinery is affected by the downstream
signaling from apoplastic ROS, but not dependent on RBOHD/F. This ties into
Ca’" signaling, as discussed in Section 5.5, whether ROS-triggered or not, that NMD
inhibition could be caused through Ca®'-activated components that affect 14-3-3

proteins.

109



5. DISCUSSION AND OUTLOOK

5.7 NMD inhibition is involved with interference of translation

elongation, but not translation initiation

The degradation of mRNA is tightly tied to the translation machinery (Introduc-
tion 3.4). In mammals, NMD inhibition under stress involves the phosphorylation
of elF20, which results in translation inhibition (Wek et al., 2006; Gardner, 2010;
Karam et al., 2013). However, results in Section 4.6 seems to suggest induction of
elF2a phosphorylation itself does not seem to be sufficient for NMD inhibition in
A. thaliana (Figure 23). In plants, TOR is involved in the translation initiation
of mRNAs with uORFs in the 5" UTR (Schepetilnikov and Ryabova, 2018), which
happens to be an NMD triggering feature. All tested NMD target transcripts do
not show altered decay upon TOR inhibition (Figure 26, F.1), with the exception of
SMG7 showing slight but not significant stabilization, indicating that TOR is not
involved in the degradation of these mRNAs. As TOR has recently been shown to
phosphorylate PYL ABA receptors for stress regulation (Wang et al., 2018), this
supports data in Results 4.7, downstream of TOR, where ABA and SnRK2s also do
not have major involvement in NMD inhibition under NaCl. Both TOR and elF2a
are involved in translation initiation, which do not seem to play a big role in NMD
inhibition. CHX however, impedes translation elongation through interference with
tRNA translocation. The results from Section 4.6.4 (Figure 27) shows translation
inhibition through CHX is involved in NMD inhibition under NaCl. This indicates
either the mRNA stability has already reached saturation with NaCl, and can no
longer be further stabilized, or translation inhibition acts as an independent pathway
for mRNA decay. To further explore the relationship between translation, NMD,
and NaCl, the use of metabolic labeling methods could be worth the extra effort.
Metabolic labeling (Section 5.1) such as 4sU has been reported to be less invasive
compared to global transcription inhibition, and can be used to determine mRNA
stability in relation to translation (Chan et al., 2018). It also has the advantage of
also being able to monitor both transcription as well as degradation rates, and has
already been established in Arabidopsis (Sidaway-Lee et al., 2014; Sugliani et al.,
2016).

5.8 P-bodies and stress granules

DCP5, elF4G and RH14 are P-body and stress granule associated proteins that
were recently identified as UPF1 interacting proteins. It was observed in this study,
that the commonalities in the dcpd-1, eif4g and rh14 mutants are that NMD target
transcripts are stabilized in the early phase under control conditions (Results 4.12,
Figure 45, 46, 47). This could be due to disrupted interactions with UPF1, leading
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to slower degradation of NMD transcripts. Alternatively, the stability of these
transcripts could also be changed due to alterations in decapping in the case of
dcpb-1, or impaired translation in eif/g, or impaired nuclear export functions in rh14.
Although stress granules have been shown to regulate A. thaliana growth under stress
(Yan et al., 2014), Hamada et al. (2018) found, that 200mM NaCl solution can cause
stress granule formation but not 150 mM NaCl, for A. thaliana seedlings immersed
in liquid solution. In this study, with the exception for Section 4.2 and Figure B.2,
all test conditions were done in with either 50 or 100 mM NaCl, therefore it is
unlikely that the formation of stress granules could be the main reason for transcript
stabilization under salt. P-bodies, however, are not ruled out. P-bodies are strongly
associated with stress granules: they are also mRNA-ribonucleoprotein (mRNP)
aggregates, formed through LLPS, and can interact with stress granules. Despite
this, they are generally associated with degradation, consisting of multiple decapping
components, deadenylases, NMD components, and a 5’—3’ exonuclease (Table 3.1).
NMD target transcripts are also known to localize to P-bodies (Chantarachot and
Bailey-Serres, 2018). With this in mind, it could make sense to speculate NMD

targets could be partially degraded in P-bodies in some conditions.

5.9 Heat-induced stress granule formation may protect NMD

target transcripts from degradation

Heat stress is known to pause translation elongation in mouse, humans, as well as
plants (Shalgi et al., 2013; Merret et al., 2015). Merret et al. (2015) shows in A.
thaliana, heat-induced ribosomal pausing triggers XRN4-mediated mRNA decay.
The stabilization patterns (Figure 50) could indicate disruption of the translation
machinery through high heat (38°C), as NMD targets accumulate under inhibition
of translation elongation through CHX (Figure 27B), as well as RBOHD under CHX
treatment (Figure 15). Another possibility could be from stress granules, which are
formed at a temperature threshold of 34°C (Hamada et al., 2018) in A. thaliana
in liquid culture, and could be the reason for transcript stabilization under heat
treatment. This would explain the seemingly opposite results for plants treated with
30°C, where decay was accelerated instead. Under higher temperatures, cellular
biochemical reactions tend to be faster, therefore resulting in faster decay than the
control group at 22°C (Figure 51). As the temperature continues to rise, stress
granules are formed, and therefore certain transcripts are protected from decay
(Figure 50). It would be interesting to see if these affected transcripts are commonly
found in P-bodies, as it is known that P-bodies share some similar factors with stress
granules, and they can interact with each other as well (Section 3.3.2). Notably, at
least for two of the NMD targets, SMG7 and PTB2+, the heat-induced stabilization
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is seen mainly in the later phase from 1-4 h, while NaCl has a major effect in the 1st
hour. Coincidentally, SMG7 and PTB2 proteins are known to localize to P-bodies in
plants (Stauffer et al., 2010; Merai et al., 2013), which contain degradation enzymes
(Introduction 3.3.2). It could be speculated that under heat stress, a partial pool
of these transcripts (SMG7 and PTB2 in this case) are preferentially directed to
locations of these interacting LLPS compartments, possibly contributing to the
nucleation of these granules (due to on-site translation), fulfill their function locally
and then degraded. Although there is no direct evidence, and is pure speculation,
this could be a first glimpse at the difference between cytosolic degradation and

degradation in P-bodies.

5.10 Concluding Remarks

The starting point for this study was an observation of altered splice ratios and
steady-state accumulation of NMD-regulated genes under salt stress (Kesarwani,
2014). Behind a seemingly simple phenomenon, lies a complex network of pathways.
This study explored a wide range of components related to abiotic stress signaling, in
attempt to dissect the mechanism connecting salt stress to NMD, a dominant player in
specialized degradation pathways. The first and arguably the most important part of
this study was the establishment of a reliable method for measuring specialized mRNA
decay, without destroying cellular integrity, which causes mass global transcript
degradation, which leads to inaccurate measurements, and is especially significant
when studying specific degradation pathways. Thereafter, foundational aspects of
salt induced NMD inhibition was demonstrated as being 1. dose-dependent, 2. seemed
specific to the NMD pathway, and 3. involves an ion-specific (Na™) component.
With the current evidence obtained, the following mechanism is proposed as the
most likely (Figure 52): Phosphorylation of SMG7, possibly by SOS2, due to specific
calcium signatures triggered by NaCl. Phosphorylation is a likely component at
play, considering the rapid and reversible nature of salt-induced NMD inhibition, as
well as hyperstabilization of NMD targets under kinase or phosphatase inhibitors
under salt (Results 4.9). From Results 4.10, it is clear that stimulation of Ca*"-influx
mimics the effects of NaCl very accurately (Figure 38, I.1). What leaves to be
desired is a more conclusive experiment with Ca®' channel blockers, and to take
it further, Ca®" pumps and antiporters should be considered as well. The idea of
phosphorylation of SMG7 started out with the results of the Phos-tag gel, where
SMGY7 in s0s2-2 cannot be visualized (Figure 42), but is present in WT and sosI-1,
as well as in all WT and mutants on the western blot (Figure 43). This hints at
possibly non-optimal extraction conditions that destroys phosphorylated forms of
SMGT7, which is present in sos2-2. It should be noted that the mutation in sos2-2
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abolishes the regulatory domain, not the catalytic domain of the protein. Although
both domains are necessary for salt tolerance, it is possible that the catalytic domain
is still sufficient for phosphorylation of NMD components. Phosphorylation from
Ca’"-dependent signatures is based on 1. recent literature where 14-3-3-proteins are
phosphorylated in a calcium-dependent manner under salt stress (Yang et al., 2019),
2. and cross-regulation of CDPK and 14-3-3 proteins (Ormancey et al., 2017). 3.
The SOS pathway is a calcium-dependent pathway, with SOS2 (CIPK24/SnRK3.11)
acting as a central Ser/Thr protein kinase, which interacts with many proteins
(Table 4.2), including 14-3-3 proteins. 4. SMGT possesses a 14-3-3-like domain, and
5. has already been experimentally shown to have at least one phosphorylation site
(S602). 6. This theory compliments the results found in Results 4.8, where H,0, is
sufficient to induce transcript stabilization, but NOXs are not necessarily involved
in NMD (Discussion 5.6). The next steps to proceed would be mass spectrometry
to identify differentially phosphorylated sites, followed by phosphomimetics. In
parallel, the kinase activity of sos2-2 can be tested, and extraction conditions of
phosphorylated forms of SMG7 should be optimized, or a phospho-specific antibody
can be developed. Subsequently, Phos-gels should be repeated, with sos2-2 and a

sos2 mutant where the mutation is located in the kinase domain (Discussion 5.4).

In a more global context, so far, not a lot is known about the specific mechanism
which controls NMD under stress in plants. However, NMD feedback regulation was
shown to manage steady state levels of NMD targets in animals and plants (Huang
et al., 2011; Degtiar et al., 2015). For example, NMD is attenuated upon amino
acid deprivation in yeast (Mendell et al., 2004), and under hypoxic environments in
mammalian cells (Gardner, 2008). In plants, UPF3 levels affect the sensitivity of A.
thaliana plants to NaCl, and salt stress can induce UPF3 expression (Vexler et al.,
2016). UPF3 is an NMD core factor, and apart from UPF3, transcripts of some NMD
core factors are also under NMD regulation. For example, plant UPF1, UPF3 and
SMG7 transcripts have NMD triggering features and are targets of NMD (Kerényi
et al., 2008; Lloyd and Davies, 2013; Nyiko et al., 2013; Rayson et al., 2012a; Degtiar
et al., 2015; Vexler et al., 2016; Kesarwani, Lee, Ricca et al., 2019). In mammals,
UPF1, UPF2, UPF3B, SMG1, SMG5, SMG6 and SMG7 showed increased steady
state levels and half-lives upon NMD impairment (Huang et al., 2011; Yepiskoposyan
et al., 2011), and disrupting this feedback control can affect growth in mammalian
cells (Huang et al., 2011), and stress tolerance in A. thaliana (Vexler et al., 2016). It
has been proposed that NMD has evolved for defense against RNA pathogens and
later repurposed for endogenous transcript regulation (Hamid and Makeyev, 2016).
For example, NMD is known shown to restrict mammalian RNA virus replication
(Balistreri et al., 2014; Wada et al., 2018), and has also been shown in mammals
to be inhibited upon virus infection (Wada et al., 2018). In plants, NMD is also
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Figure 52: Proposed model of salt-induced NMD inhibition. [Ca®']., signaling
induced by NaCl or HyO, triggers the SOS pathway. SOS3 and SCaBP8 binds
to SOS2, which can activate Ca2+/ H* antiporters to regulate Ca’>" homeostasis,
and Na*/H" antiporters at the vacuole or plasma membrane (PM) to regulate Na™
homeostasis. SOS2 possibly interacts with the 14-3-3-like domain of SMG7 and
alters its phorphorylation status, and in turn affects NMD efficiency. HyO, can be
produced at the PM when superoxide dismutase (SOD) dismutates O3~ produced by
RBOHD (Introduction 3.5.2). The apoplastic HyO, can then trigger cytosolic Ca*"
signaling. Other stresses that also elicit similar Ca®" signatures may also trigger
similar NMD responses. The orange-red question mark indicates the next step that
needs to be investigated. Orange “P” denotes possible phosphorylation. * SOS1
interacts with RADICAL-INDUCED CELL DEATH (RCD)1 to confer oxidative
stress tolerance in Arabidopsis (Katiyar-Agarwal et al., 2006).

inhibited upon pathogen infection (Jeong et al., 2011; Gloggnitzer et al., 2014). NMD
mutants show a constitutive immune response and elevated pathogen resistance in
A. thaliana (Jeong et al., 2011; Rayson et al., 2012b,a; Richs-Kearnan et al., 2012).
NMD has also been shown to control the turnover of numerous TNL transcripts,
which encode for immune receptors (Gloggnitzer et al., 2014). At least in one case,
the Turnip crinkle virus has evolved to evade NMD by having an unstructured region
immediately downstream of the coat protein stop codon, and this is suspected that

it might be a prevalent strategy for protecting transcripts that otherwise would
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be NMD-sensitive (May et al., 2018), further displaying the complexity between
NMD and immunity. There could be several physiological implications of NMD
inhibition. In plants, NMD has been reported to compete for RNA substrates with
post-transcriptional gene silencing, which is triggered through the production of
dsRNA, that goes through siRNA-directed ARGONAUTE-mediated endonucleolytic
cleavage (Moreno et al., 2013). Therefore, restriction of the NMD pathway may
be necessary for certain functions in post-transcriptional gene silencing. In the
recent years, more and more physiological mRNAs are being reported as under NMD
regulation (Drechsel et al., 2013; Lykke-Andersen and Jensen, 2015; Nasif et al.,
2018), and NMD has a positive correlation with the “strength” of NMD-triggering
features in that particular transcript. For example, in plants, a reporter construct
with a longer 3’-UTR is more efficiently degraded (Kertész et al., 2006; Hori and
Watanabe, 2007), or in mammals, UPF1 preferentially associates with longer 3>-UTR
lengths, enhanced binding to PTC-containing mRNAs, and further enhanced binding
along a 3’-UTR in the presence of an EJC (Kurosaki and Maquat, 2013). This
tunable control of transcript turnover argues for its potential in precise control over
gene expression. Taken together, profound evidence indicates that NMD acts as a
dampener under normal circumstances, constantly turning over stress responsive
transcripts (such as TNLs) that are constitutively expressed. Once exogenous stress is
perceived, NMD is diminished to varying degrees, and the plant can quickly respond
to environmental changes in a controlled manner. It is important to gain a deeper
insight on how this machinery is regulated, in order to dissect the significance of

NMD in the complete picture of physiology and cellular stress.
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6 Materials and Methods

6.1 Plant associated Methods

Seed sterilization A. thaliana seedlings were surface sterilized with 3.75 % NaOCI
and 0.01 % Triton X-100, vortexed for 3 min, and incubated for an additional of 2 min.
Seeds were briefly spun down and washed with sterile ultrapure water of Type 1
laboratory use Milli-Q water (defined by ISO 3696) from the Millipore Corporation

(MilliQ) water 3—4 times or until water turns clear.

Liquid culture 0.03 g of sterilized seeds are pipetted into 100 mL of autoclaved half
strength Murashige and Skoog medium without sucrose (Duchefa M0222; 1/2 MS, 2.2 ¢
in 1L) in 500 mL Erlenmeyer flasks. Flasks were placed in 4°C darkness overnight for
stratification, and grown under constant aeration through shaking at approximately
100 rpm, in 8 h dark, 16 h light cycles, at 22°C. 100-250 mL Erlenmeyer flasks can
also be used, but shaking speed should be adjusted to roughly 110 rpm. 50 mL flasks
are not recommended, but when used, seed amount and medium volume should be

halved, and shaking speed increased to roughly 115 rpm.

Hydroponics A. thaliana were grown on 1/2MS with 2% sucrose and 0.8 % plant
agar (Duchefa P1001) on plates for two weeks and moved to a hydroponic system
(0.5mM KHyPOy, 0.5mM MgSOy, 0.125mM KySOy4, 25 M KCI, 15 uM HyBOs3,
2.5 uM MnSOy, 0.5 uM ZnSO,, 0.5 uM CuSO,, 0.5puM NaMoy, 0.125 mM CaCl,,
0.5 mM KNO3, 0.05 mM Na-Fe-EDTA | adjusted to pH 5.8 with KOH). Seedlings were
balanced in holes with 4 mm diameter, with only the roots submerged in hydroponic
medium. Medium was exchanged daily, and supplemented with 100 mM or 200 mM

for 24 or 48 h before samples were taken.

Suspension culture Cell culture performed by Dr. Caterina Brancato from Central
Facilities in Zentrum fir Molekularbiologie der Pflanzen (ZMBP), Tiibingen, Germany.
10 mL of old culture of A. thaliana Col-0 cells” were grown in 50 mL Medium “MSCol”
(4.3 g/L MS salts, 1 mg/L Nicotin acid, 1 mg/L Pyridoxin-HCI, 10 mg/L Thiamin-HCI,
100 mg/L myo-Inositol, 30 g/L Sucrose, adjusted to pH 5.8, with 1 mg/L 2,4-D added
after autoclave. Stored in 4°C darkness). Put on shaker at 120 rpm in 250-300 mL
sterile flasks. "Cell culture from Prof. Dr. Karen Schumacher, ZMBP — Plant
Physiology, Tiibingen, Germany.

Soil Seeds were sown on water-saturated soil and placed in 4°C darkness overnight
for stratification with a plastic dome to retain moisture, and moved to the long-day
growth chamber, with 8 h dark and 16 h light cycles, at 22°C. Plastic dome was
removed after 3 days and plants were alternately treated with nematodes or Confidor

periodically for pest control.
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6.2 Biochemical Methods

Antibody Purification The UPF1 antibody were purified from raw serum (rabbit,
23404) by affinity purification using recombinant protein (construct 980, N-terminal
half of UPF1, detects UPF1 and degradation products) separated on an SDS-PAGE
gel, blotted on a nitrocellulose membrane. Raw serum were diluted 1:1 in 2 % milk
in Tris buffered saline (TBS) (20 mM Tris, 150 mM NaCl, pH7.5), and bound to the
antigen at 4 °C for 1h. Subsequently, nitrocellulose strips were washed three times
for 10 min with 2 % milk-TBS, followed by short washing steps with TBS and water.
Antibodies were eluted in two steps by a pH shift. Strips were eluted for 3 min in
elution buffer 1 (5 mM Gly and 0.5 M NaCl, pH 2.8) on ice with robust shaking. After
the first elution, the supernatant was neutralized immediately with Tris, pH 8.0, to
a final concentration of 90 mM Tris. The elution was repeated with elution buffer
2 (5mM Gly and 0.5M NaCl, pH2.2) on ice with robust shaking, then elution
fractions were combined and supplemented with 0.1 % bovine serum albumin (BSA).
Finally, all elution fractions were concentrated using Pierce™ Protein Concentrators

(ThermoFisher 88516).

Protein Extraction Buffers used for proteins to be run in the Phos-tag gels cannot
contain the chelating agent ethylenediaminetetraacetic acid (EDTA), therefore, all
chemicals should be EDTA free. Proteins extracted using 300 ul native extraction
buffer (50 mM Tris-HC1 pH 7.9, 120mM NaCl, 2mM MgCl,, 0.1 % Triton X-100,
10 % Glycerol, 1 mM {-Mercaptoethanol (3-Me), 2mM phenylmethylsulfonyl fluoride
(PMSF), 1x cOmplete ULTRA EDTA-free Protease inhibitor (Roche 05892791001),
1x Phos-STOP Phosphatase inhibitor EDTA-free (Roche 04906837001)) to 100 mg
plant material. Sample concentration were determined via standard bradford analysis,
and were boiled in sample buffer (0.125 mol/L Tris-HCI pH 6.8, 20 % (w/v) Glycerol, 4
% (w/v) Sodium-Dodecyl-Sulfate (SDS), 10 % (vol) -Me, 0.002 % Bromphenolblue)
at 95 °C for 5min. Samples were loaded freshly and ran on Phos-tag and a standard
SDS-PAGE gel.

Phos-tag Gels 60 ug of total protein of 35-d soil-grown A. thaliana or 20 ug total
protein of 7-d liquid grown seedlings were separated on Zn?*-Phos-tag™ SuperSep
Pre-cast gels (Wako 192-17401). The WIDE-VIEW™ Prestained Protein Size
Marker (Wako 230-02461) was used. Proteins that were phosphorylated runs slower
than un-phosphorylated proteins, causing separation. The samples were run in 4°C
at 100V for 5min, and the voltage was turned down to max. 40V with fixed current
10mA and run for 24h. Gel was incubated in transfer buffer (48 mM Tris-Base,
39 mM Glycine, 0.0375 % SDS, 20 % (vol) ethanol (EtOH)) supplemented with 10 mM
EDTA for 10m, and washed with transfer buffer without EDTA 3x for 10 min before
blotting onto a polyvinylidenfluorid (PVDF) membrane. Membranes were detected
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using Ultra sensitive HRP substrate (TaKaRa T7104A). Membrane was stripped (in
0.1L: 20mL 10% SDS, 12.5mL 0.5M Tris HCL pH6.8, 67.5mL H,0, 0.8 mL 3-Me)
at 50 °C for 45 min before incubation with a-SMG7. Secondary antibody a-Rabbit
(Sigma A6154).

Western Blots Same amount of total protein as the Phos-tag gels were loaded on
a standard SDS-PAGE gel and run at 100 to 200 Volts (V) until finished in room
temperature. Gel transferred to a PVDF membrane. Blots handled in the same

manner as Phos-tag gels described above.

6.3 Molecular Methods

RNA Extraction Total RNA was extracted from approximately 100 mg of plant
tissue using the Universal RNA Purification kit (Roboklon E3598), including on-
column DNasel (Thermo Fisher EN0521) treatment performed according to the
manufacturer’s instructions. RNA was eluted in 40 ul RNase free water and stored
at —20°C.

Reverse Transcription All RNA was transcribed using Superscript II (Thermo
Fisher 18064014) except for the following: Figure A.3 as indicated, and AMV Re-
verse Transcriptase Native (Roboklon E1372) was used for Figure B.1, Figure C.1,
and Figure G.1. In Figure A.3 Protoscript II is from New England BioLabs (Cat. No.
M3068). All reverse transcriptase were used according to the manufacture’s instruc-
tions. For all half-life assays, after RNA extraction, all RNA samples were measured
on a Nanodrop™ machine and adjusted to equal amounts before performing reverse
transcription to ensure Ct values from qPCR would fall in range of the relative

standard curve (described below).

Quantitative PCR Quantitative PCR (qPCR) was performed with the Biorad
CFX384 realtime PCR system, with MESA GREEN qPCR Mastermix Plus (Eu-
rogentec). Serial dilutions of the templates were conducted to determine primer
efficiency and plot a standard curve each time. Data were analyzed by interpolation
between cycle threshold (Ct) values and the relative standard curve, and expression
was normalized relative to Actin7 (AT5G09810) transcript levels if not otherwise
mentioned. Three technical replicates were performed for each biological replicate,
outliers were defined as 0.5 Ct above or below minimum or maximum value, respec-
tively. For example, if the Ct values for three technical replicates read 28.89, 28.91,
and 28.43, 28.43 would be removed as the outlier and the average of 28.89 and 28.91

would be used for further calculations, described in Section 6.4.

Co-amplification PCR Co-amplification PCR is performed with one set of primers

which could amplify alternatively spliced regions of the same gene. A ¢cDNA tem-
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plate was used and products of two different sizes can be separated on standard

electrophoresis gels, or quantified using a Bioanalyzer™.

Bioanalyzer The Bioanalyzer™ (Agilent, http://www.chem.agilent.com) was used
to check RNA quality or quantify co-amplified PCR products.

6.4 Computational Analysis

Primer efficiency, Interpolation Primer efficiency and interpolation for qPCR. anal-

ysis were calculated in Microsoft Excel using the following functions:

Slope:
ACt
lope = ———— 2
Bope Alog cDNA @)
Axis intercept:
Intercept = ACt — slope - AlogcDNA (3)
Primer efficiency:
Efficiency = 1097 — 1 (4)
Interpolation of relative cDNA amounts:
f([)?) — 1O(m—intercept/slope) (5)

Normalization to reference gene:

_ Interpolated cDNA amounts of Gene of interest

() (6)

o Ct represent cycle threshold, and is the number of cycles required for the

~ Interpolated cDNA amounts of Reference gene

fluorescent signal to cross the threshold and exceeds background level. Ct levels
are inversely proportional to the amount of target nucleic acid in the sample.

Ct is the mean of the three technical replicates performed.

o cDNA would be theoretical relative cDNA amounts, as each step of the dilution
series would theoretically yield half the amount of cDNA of the step before.

o Primer efficiency is a percentage of how efficient that specific primer pair is.
An ideal efficiency would be 100 %, meaning that specific primer pair doubles
the amount of target sequence per cycle. If the efficiency is higher than 100 %,
the primer pair has higher efficiency and amplifies the target sequence more
than once, and vice versa. As a result, if the primer efficiency is exactly 100 %,

the Ct value would increase by 1 per serial dilution.
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GraphPad Prism Values from qPCR are input into GraphPad Prism version 8.0.1
for Windows, GraphPad Software, Sandiego, California USA, www.graphpad.com.

Least squares non-linear regression equation (one phase decay) as follows:
Y = (Y, — Plateau) - e 4 Plateau (7)

o Yj is the Y value when X (time) is zero. It is expressed in the same units as Y.

o Plateau is the Y value at infinite times, expressed in the same units as Y. This
parameter is restricted to 0. The Y, — Plateau is described as amplitude (A)

in Section 5.2.

o K is the rate constant, expressed in reciprocal of the X axis time units. If X

is in hours, then K is expressed in inverse hours.

o Span is the difference between Y, and Plateau, expressed in the same units as
the Y values.

Half-life (t./,) is in the time units of the X axis and calculated as such:

by, = 2 (®)

Unpaired t-tests for K values uses fewer assumptions and analyses each row (0-1h
and 1-4h) individually, and reports the corresponding two-tailed P value. Statistical
significance defined with a = 0.05.

Mann-Whitney rank test for relative transcript levels in steady state conditions.
More power to detect a shift in the median, but less power to detect differences in
the shape of the distributions. Unpaired nonparametric test, P value is two-tailed,

definition of statistical significance: P < 0.05.
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6.5 Oligonucleotides

Table 6.1: List of Primers used for co-amplification PCR

Gene name

Identifier

Primer code

Primer sequence (5'—3’)

AWHD46  CTCAGGCCAAACTCAGTTCC

PTBI AT3GOII50  \\WHD4T  TGCACAAATCCAAAAGCAGA
AWTU483  TTAGGGCTTCCGTGTTTOG

RS2235  AT2G37340 \\wrussd  TCGCTTCATATCCACATCTCG

Gene name

Table 6.2: List of Primers used for RT-qPCR

Identifier

Primer code

Primer sequence (5'—3’)

o B IGCIIGORICONCT
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Table 6.3: List of Primers used for genotyping

Gene name Identifier Primer code Primer sequence (5'—3’)

dSpm transposon dSpm1 BL040 CTTATTTCAGTAAGAGTGTGGGGTTTTGG
dSpm transposon dSpm11 BL041 GGTGCAGCAAAACCCACACTTTTACTTC
AtRBOHC AT5C51060 BL042 TAGCTTCTCCATGTGACCGCG

BL043 ATCTAAAGCTAGATGCCTTAGC

BL044 GTCGCCAAAGGAGGCGCCGA

AtRBOHD AT5G47910 BLO45  GGATACTGATCATAGGCGTGGCTCCA

BLO6  CTTCCGATATCCTTCAACCAACTC
AtRBOHF AT1G64060 BLOAT  CGAAGAAGATCTGGAGACGAGA

SALK line SALK LBbl.3 BL0O67 ATTTTGCCGATTTCGGAAC

BL061 GAACGCACCAGAGTGCTTATC

elFg AT3G60240 BL062  AGGTTCATGTTGATCAATGCC
BL063  ATATCGTGGTTGCAACTCCTG

RH14 AT3G01540 BLO64  TACCTCTGCCACCATAACCAG
Do ATIGZ6100 BL0G5  CCATCAGCAGAGGATGAAGAG
AT1G26110 BLO66  GTCCCAAAATTCAAGGCCTAG

6.6 Chemical usage, handling and storage

Table 6.4: Chemical data, handling and storage used in this study

Common Name Product number Stock Solvent End conc. Storage
Actinomycin D Sigma A4262 20mg/ml in DMSO 100 pug/ml —20°C
Cordycepin Sigma C3394 1mg/ml in Hy,O 150 pg/ml  Used freshly
Cycloheximide Sigma C7698 5mg/ml in H,O 10 pg/ml —-20°C
DF Sigma D9533 0.1M in H,O 1mM Used freshly
DMTU Sigma D188700 1.5M in MeOH 15 mM —20°C
DPI Sigma D2926 12.5M in DMSO 250 uM —-20°C
K252a Sigma K1639 1mM in DMSO 4 uM —-20°C
LaClg Sigma 262072 1M in H,O 1mM n.a.
Okadiac Acid Sigma O7760 0.1mM in H,O 1 pM —20°C
Paraquat Sigma 36541 1M in SPB pH 7.0 7 uM 4°C

n.a.: Not applicable, chemical used only once, no storage was involved.
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A Measurement of mRNA half-lives in Arabidopsis thaliana
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Figure A.1: Rapid decay of NMD target transcript SMG7 becomes visible with
cordycepin treatment in suspension culture cells. (A) Decay curve of TIM14 and
SMG7 upon treatment with cordycepin or actinomycin D. Dots represent individual
values (n = 1), lines represent least squares non-linear regression. (B) Rate constant
K (1/hours), relation to half-life is ¢/, = In(2)/K. As aresult, a higher K represents
faster degradation. If K < 0, it is assumed that there is no degradation.

Figure A.2: 7-d-old A. thaliana seedlings grown in liquid culture, with various
degrees of clumping. Scattered seedlings (far right) were seen in mutants with
possible atypical root morphology, for example rbohc seedlings.
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Figure A.3: Reverse transcription from Superscript II (SSII) produces lower Ct
values. (A) qPCR data of RT with random hexamers (d(N)g) comparing SSII and
Roboklon, housekeeping gene PP2A and U2 spliceosomal RNA. Three biological
replicates (samples 1, 2¢ and 3a from working set RSD), error bars represent standard
deviation of three technical replicates. (B) qPCR data of RT with oligo dTs (d(T)q)
comparing SSII and Protoscript II (PSII). Four biological replicates (samples 27, 28,
29, 30 from working set L.C40), error bars represent standard deviation from three
technical replicates.
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B NMD responds dose-dependently to NaCl stress
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Figure B.1: NMD factor transcript and protein levels in roots and shoots of
hydroponically grown A. thaliana upon NaCl exposure (Kesarwani, Wachter, et al.,
unpublished. Figure generated by Prof. Andreas Wachter, data generated by myself
and others.) (A, B) levels of NMD factor transcripts in roots (A) and shoots (B) of
4-week-old A. thaliana plants exposed for the indicated time periods to different NaCl
concentrations (key in (B) applies to all panels) in the liquid medium. Data derived
from RT-qPCR (mean values +SD, n = 3). (C) Ratios of alternative splicing variants
for the indicated genes in samples derived from mock-treated or NaCl exposed (24 h,
100mM) A. thaliana roots. PTC+ and PTC— correspond to previously described
NMD target and non-NMD target splicing variants, respectively. Data are normalized
to mock and correspond to mean values +SD (n = 4). (D) Immunoblot analysis of
the NMD factors UPF1, UPF3, SMG7, and the splicing factor PTB3 in shoots (left)
and roots (right) of A. thaliana exposed for 24h to 0 (mock, white), 100 mM (light
gray), and 200 mM (dark gray) NaCl in the hydroponic system. Sizes and positions
of marker bands are indicated. A representative amido black-stained membrane is
shown (Amido).
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Figure B.2: NaCl stress causes NMD target stabilization. (A-G) RNA stability
assays from samples of 7-d-old A. thaliana seedlings treated with mock or 500 mM
NaCl. Transcript levels were measured using RT-qPCR, data represent individual
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values (n = 3). Color key in (G) applies to all panels. Dots represent individual

values, line represents best-fit non-linear regression. (H) Ratio of PTB1 PTC+/PTC-
alternative splicing variants of seedlings treated with mock or 500 mM NaCl as
described before, with cordycepin added at Oh. AS ratios were quantified using a
Bioanalyzer. Data are normalized to O h time point and represent mean values +SD

(n =3).
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C NaCl-mediated NMD inhibition is not solely due to osmotic

stress
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Figure C.1: Steady state NMD factor transcript accumulation in 12-d-old plate
grown A. thaliana seedlings exposed to 0.5 M NaCl (left) or 1 M mannitol (right), rel-
ative to mock treatment (Kesarwani, Wachter, et al., unpublished. Figure generated
by Prof. Andreas Wachter, data generated by others than myself.) Data derived
from RT-qPCR measurements (mean values + SD, n = 3).
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D Transcript stabilization by NaCl is likely NMD specific
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Figure D.1: NMD targets are subject to rapid turnover (Kesarwani, Lee, Ricca et al.
(2019). Data and graphs generated by myself, graphs assembled and legend text
written by Prof. Andreas Wachter). (A) Coamplification of the PTC— (411 bp, white
dot) and the PTC+ (513 bp, black dot) splicing variants of PTB1 at indicated time
points upon transcription inhibition in 7-day-old liquid-grown A. thaliana seedlings
by cordycepin treatment. Top: gel picture of representative data set, with size marker
(M) in 100bp increments. Bottom: Ratio of PTB1 PTC+/PTC- quantified via
Bioanalyzer. Data are normalized to O h time point and represent mean values +SD
(n =3). (B-D) Transcript decay curves as measured via RT-qPCR from seedlings
subjected to transcription inhibition as described in (A). Data are normalized to
reference and represent three biological replicates indicated by symbols. Lines show
exponential regression starting from 1h time point. (E-F) Half-lives of indicated
transcripts as determined by exponential regression for intervals from 0 to 1h (E)
and 1 to 4 h (F). Symbols show values from three biological replicates each, lines
depict mean values.
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E NMD target transcripts stabilized in NMD mutants, and
further stabilized upon NaCl stress

Figure E.1: 35-d-old soil grown A. thaliana Col-0 WT (left) and smg7-1 (right).

The mutant smg7-1 exhibits strong growth defects, and is sterile when homozygous
(Riehs et al., 2008).
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F NaCl mediated NMD inhibition involves translation but
independent of elF2o. phosphorylation and TOR
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Figure F.1: Rate constants (K) of NMD target transcripts under control conditions,
0.6 uM chlorsulfuron or 5 M mTOR inhibitor (AZD8055). Unpaired t-tests were
performed on both treatments compared to the control, and none were found to be
significant (o = 0.05). Dots represent individual values, lines represent mean.
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G ABA and downstream SnRK2s do not have major

involvement in NMD inhibition under NaCl
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Figure G.1: NaCl-Mediated Induction of NMD Factor Transcripts Is Independent
of ABA (Kesarwani, Wachter, et al., unpublished. Figure generated by Prof. Andreas
Wachter, data in A-D generated by others than myself). (A-D) 12-day-old, plate-
grown A. thaliana seedlings were sprayed with 0.01 % Tween 20 (Mock, white) or
additionally 100 uM ABA (black), followed by RT-qPCR analysis of the indicated
transcripts 0.5h (A), 2h (B), 6h (C), and 24h (D) after treatment. Data are
normalized to mock and are displayed as mean values +SD (n = 3). (E, F) 12-day-
old A. thaliana Landsberg erecta (Ler) seedlings (WT and abi2-1 mutant) were
incubated on plates with mock or 500 mM NaCl solution for 24 h (E) and 48 h (F).
Transcript levels were determined by RT-qPCR and normalized to PP2A and are
presented as means relative to mock values +SD (n = 3-4). Color key in (A) applies
to all graphs.
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H ROS may play a minor role in NMD inhibition under NaCl
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Figure H.1: NMD target transcripts stabilize upon H,O, in a dose-dependent
manner. Decay graphs (A-B) and rate constants (C-D) of 7-d-old A. thaliana under
H,0 control (n = 3), 100mM NaCl (n = 1), ImM (n = 3), or 10mM (n = 3) H,0,
treatment. Dots represent individual values, lines represent least squared non-linear
regression (A-B) and mean (C-D). Unpaired t-tests performed with 1 mM or 10 mM
H,0, against negative control H,O.

ROS scavengers do not destabilize NMD targets under NaCl

A previous study has shown that ROS production during salt stress was blocked
by inhibition of the NADPH oxidase with DPI (Mazel et al., 2004), and that the
intracellular ROS produced by NOX is a response to ionic but not osmotic stress
(Leshem et al., 2007). This situation is similar to that discussed in Section 4.3, where
osmotic stress is shown not to be the major cause of NMD inhibition under NaCl.
Therefore three ROS scavengers were selected for this purpose: N, N’-dimethylthiourea
(DMTU), which is widely used for HyO, suppression (Levine et al., 1994; Béhmer
and Schroeder, 2011; Ben Rejeb et al., 2015; Gendreau et al., 2017), DPI, an NOX
inhibitor, and DF, an iron/aluminum chelator. Under physiological conditions,
H,0, oxidation power is believed to be observed in combination with Fe(II) (Fenton
reaction) (Huang et al., 2005). For that reason DF was chosen, because one of

the mechanisms of actions for suppressing ROS formation, is by inhibiting the
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Figure H.2: H,0, treatment stabilizes NMD target transcripts comparibly to NaCl.
90 % confidence interval (CI) of rate constants of SMG7 (left) and PTB2+ (right)
with 10 mM H,045 and 100 mM NaCl treatment in Figure 29C-D from 04 h.

enzyme systems or chelating metal elements which produce free radicals (Carocho
and Ferreira, 2013).

DMTU was used in conjunction with NaCl in the half-life assay, and two NMD
targets SMG7 and PTB2+ were analysed. DMTU stock was solved in methanol
(MeOH), therefore the mock for this experiment was equal concentration (% v/v)
MeOH. NMD targets in DMTU alone showed slight stabilization compared to mock,
particularly during the 1-4h phase of decay (Figure H.3). Although it is not
statistically significant, this could indicate the suppression of HyO5 might partially
inhibit some aspects of NMD. Upon the addition of NaCl, however, samples that
were treated with DMTU did not show significant reduction of stability in NMD
target transcripts in either phases (Figure H.3), which indicates the stabilization
of NMD targets caused by NaCl acts through a different mechanism besides ROS
signaling.

The results from the NOX inhibitor DPI were surprisingly similar. In this case,
DPI stock was solved in dimethylsufoxide (DMSQO), and therefore mock was equal
concentration (% v/v) DMSO. Compared to mock, DPI alone was shown to slightly
stabilize NMD target PTB2+, particularly in the 1-4 h phase (Figure H.4B, D), while
the decay was almost parallel to mock in SMG7 after the first hour (Figure H.4A,
C). Under NaCl treatment, both transcripts show decay within the first hour, but

none of the results were significant (Figure H.4).

In the case of the metal chelator DF, three NMD targets SMG7, PTB2+, and
RS2733+ were analysed. At a glance, under NaCl, DF is shown to hyper-stabilize
NMD targets (Figure H.5). However since the sample size of both positive and
negative controls were n = 1, and one 1h sample point in the positive control

was missing due to technical failure in RNA extraction, it would be pre-mature to
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Figure H.3: ROS scavenger DMTU do not significantly destabilize NMD targets
under salt stress. Decay graphs (A-B) and rate constants (C-D) of 7-d-old A.
thaliana seedlings under mock (n = 1), 100mM NaCl (n = 1), 15mM DMTU
(n = 3), and 15mM DMTU + 100mM NaCl (n = 2). Dots represent individual
values, lines in (A-B) represent least squares non-linear regression, columns in (C-D)
represent mean. Unpaired t-tests were performed comparing DMTU samples against
their respective controls, i.e DMTU to Mock, NaCl + DMTU to NaCl. Data not

significant.

conclude that DF could have astounding effects on NMD under NaCl.
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Figure H.4: ROS scavenger DPI do not significantly destabilize NMD targets under
salt stress. Decay graphs (A-B) and rate constants (C-D) of 7-d-old A. thaliana
seedlings under mock (n = 1), 100mM NaCl (n = 1), 250 uM DPI (n = 3), and
250 uM DPI + 100mM NaCl (n = 3). Dots represent individual values, lines in
(A-B) represent least squares non-linear regression, columns in (C-D) represent mean.
Unpaired t-tests were performed comparing DPI samples against their respective
controls, data not significant.
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Figure H.5: ROS scavenger DF do not destabilize NMD targets under salt stress.
Decay graphs (A-C) and rate constants (D-F) of 7-d-old A. thaliana seedlings under
mock (n = 1), 100mM NaCl (n = 1), 1mM DF (n = 3), and 1 mM DF + 100 mM
NaCl (n = 3). Dots represent individual values, lines in (A-C) represent least
squares non-linear regression, columns in (D-F) represent mean. Unpaired t-tests
were performed comparing DF-treated samples against their respective controls, data
not significant. Due to technical issues the 1h sample in NaCl is unavailable, and
thus no data (n.d.) was plotted in 0-1h (D-F). Color key in (C) applies to all graphs.
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Figure H.6: None or weak oxidative burst triggered in rboh mutants under flg22
treatment (Wall, 2017). (A) Oxidative burst assay with 1uM flg22-treated A.
thaliana Col-0 WT (n = 11), rbohd/f (n = 13), with Col-0 in HyO as negative control
(n =8). (B) Oxidative burst assays with 1M flg22 treated Col-0 WT, rbohc, and
negative control fls2 (n = 8). Line and dots represent mean, error bars represent
+SD. Data adapted from Wall (2017), figures reworked.
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| Increases in cytosolic calcium causes NMD target stabilization,
and blocked Ca?* channels may increase NMD sensitivity to
NaCl
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Figure I.1: ATP treatment stabilizes NMD target transcripts comparibly to NaCl.
90 % CI of rate constants of SMG7 (left) and PTB2+ (right) with 1 mM ATP and
100 mM NaCl treatement in Figure 38C-D from 0-4 h.

Table I.1: Predicted phosphorylation sites with a score over 0.9 for the 14-3-3-like
domain of AtSMG7 (NetPhos 3.1b: http://www.cbs.dtu.dk/services/NetPhos/, Blom
et al. (1999))

Position  Context (analysed residue centered) Score (range [0.000-1.000])

12'S KTTASSSWE 0.925
14 S TASSSWERA 0.998
20 S ERAKSIYDE 0.997
22Y AKSIYDEIA 0.945
93 S VLASSTSTA 0.917
105 S VKGPSKAEQ 0.924
156 S SQNLSDKDG 0.997
195 S AEGDSRSRQ 0.943
2318 VASYSRDEF 0.966
268 S KNRQSYEKL 0.996
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Figure 1.2: LaCl;s treatment may enhance NaCl sensitivity of NMD in A. thaliana.
Decay graphs (A-B) and rate constants (C-D) of 7-d-old A. thaliana seedlings treated
with 1 mM LaCls with or without 100 mM NaCl, with mock as negative control, and
100 mM NaCl treatment as positive control (n = 1). Dots represent individual values,
lines in (A-B) represent least squared non-linear regression, lines in (C-D) represent
mean. Unpaired t-tests were performed against their respective controls, data not
statistically significant. Due to technical issues the 1h sample in NaCl is unavailable,
and thus no data (n.d.) was plotted in 0—1h (C-D). Color key next to B applies to
A-B, color key next to D applies to C-D.
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J Stress granules are involved in mRNA decay
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Figure J.1: Rate constants of WT, depd-1, eif4g and rhi1j samples with and
without NaCl, corresponding to decay graphs in Figure 45, Figure 46 and Figure 47
respectively. Dots represent individual values, column represents mean. *, P < 0.05,
unpaired t-test against the respective control: (B) HyO deps-1 vs WT.
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