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ABSTRACT

Plants are subject to a variety of abiotic and biotic stresses, including virus infection.
This leads to enormous losses in crop yield and quality worldwide. Understanding how plants
respond to these stresses can enable researchers to develop more healthy and robust plant
varieties. The main objective of my research is to explore (i) the transcriptional and translational
control of cellular gene expression in response to virus infection and (ii) the role(s) of viral
noncoding subgenomic (ncsg)RNAs during infection. For this, | used red clover necrotic mosaic
virus (RCNMV) as a model for economically important Tombusvirids. RCNMYV generates a 3’
coterminal viral ncsgRNA, called SR1f, that belongs to the class of viral subgenomic (sg)RNAs
that are functional in human flavivirus pathogenesis but which are still understudied in plant
virus infection. Additionally, I also explored how translation is regulated in plants during
unfolded protein response (UPR), which is elicited by many viruses and abiotic stresses.

A prerequisite for investigating viral SgRNAs is an RNA detection method that can
distinguish between the coterminal genomic and sgRNAs. Using RCNMV SR1f and the
analogous ncsgRNA from Zika virus (SfRNA), | developed a novel RT-PCR-based method,
called DeSCo-PCR (Detection of smaller coterminal RNAs by PCR), for simple, quick,
quantitative, and specific detection of viral SgRNAs. | demonstrate its advantages over the
traditionally-used northern blot hybridization for detecting viral SgRNAs. This is the first RT-
PCR method that distinguishes genomic from sgRNAs in most positive-sense RNA viruses.

Next, | wanted to assess the role(s) of RCNMV SR1f during infection. RCNMV SR1f
belongs to the class of exoribonuclease-resistant (xr)RNA-derived viral ncsgRNAs. In plants,
viral ncsgRNAs play a role in determining the severity of symptoms and the success of infection.

Therefore, to explore the functions and effects of SR1f, I (i) used RNA sequencing (RNA-seq) to
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compare how infection with RCNMV constructs, which can or cannot produce SR1f, affect the
transcriptomes of Nicotiana benthamiana and RCNMV, (ii) assessed the role of SR1f in
counteracting the antiviral RNA silencing response in Arabidopsis thaliana, and (iii) determined
the requirement of XRN4 for generating RCNMYV SR1f in A. thaliana.

Next, I used ribosome profiling (Ribo-seq) to assess how host and viral genes are
translationally regulated in RCNMV-infected plants. Most genome-wide host-virus interaction
studies have used RNA-seq, which does not provide any information on translational control.
Translational control is a tightly-regulated process that provides a more rapid change in gene
expression than a transcriptional response. Furthermore, viruses rely completely on cellular
translation machinery for viral protein synthesis. However, translational control during plant
virus-host interaction has rarely been studied at the genome-wide level. Therefore, | used Ribo-
seq to (i) assess the effects of RCNMV infection on the transcriptome and the translatome of A.
thaliana at early and late stages of infection, (ii) identify cellular genes that are transcriptionally
and translationally-regulated in response to virus infection, and (iii) assess the translational
landscape of RCNMV mRNAs in infected cells.

Finally, I also used Ribo-seq to assess the translational control in roots of Zea mays
seedlings during UPR. The PKR-like ER kinase (PERK)-mediated UPR pathway, which results
in phosphorylation of elF2a and subsequent inhibition of global translation in mammalian cells,
is absent in the plant system. Therefore, | wanted to determine if translational control is as
important in plants as it is in mammalian cells during UPR. | used Ribo-seq and other molecular
assays to (i) determine if there is global inhibition of translation in plants during UPR, (ii)
calculate the translational efficiencies of several UPR-responsive mRNAs, and (iii) determine the

fate of the UPR-responsive mRNAs that were transcriptionally upregulated during UPR.



CHAPTER 1. GENERAL INTRODUCTION

“We think of something that has four legs and wags its tail as being alive. We look at a
rock and say it’s not living. Yet when we get down to the no man’s land of virus particles and
replicating molecules, we are hard put to define what is living and what is non-Ziving. ” (Cyril

Ponnamperuma, 'The Seeds of Life', The Omni Interviews, 1984).

Since the emergence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
in 2019, the usage of the term “viruses” has gone viral among the general population worldwide.
Globally, SARS-CoV-2 has resulted in over 245 million cases (reported) of the coronavirus
disease 2019 (COVID-19) and over 4.9 million deaths (reported) by October 2021 (World Health
Organization). In addition to the deaths and hospitalizations, the toll on human mental health (1-
3), physical health (4, 5), and world economy (6, 7) has significantly exacerbated during this
pandemic.

In spite of the increased awareness of the importance of studying viruses, the attention is
mostly given to human viruses by the funding agencies and the general population alike.
Relatively little importance is given to plant viruses. It is surprising because plant viral diseases
have a direct implication to human health and the world economy (8). A rapidly growing human
population demands a rapid increase in agricultural productivity. However, plant pathogens and
pests, in addition to the weather extremes caused by climate change, pose a serious threat to
global food security. Almost 40% vyield of crops like maize, soybean, rice, wheat, and potato is
lost worldwide due to plant pathogen and pests, among which viruses are the most consequential
as they account for ~50% of the plant pathogens (9, 10). Furthermore, the economic impact of

plant viral diseases is estimated to be greater than $30 billion annually (11-13). With the



increasing plant viral diseases, crop quality, yield, and nutrition value is suffering. The resulting
global shortage of food supply and the increased malnutrition rate further worsen human health
and makes us more susceptible to diseases. Unfortunately, the epidemic of plant diseases
disproportionally affects developing countries. For example, maize lethal necrosis disease
(MLND) in east Africa, where maize is the major crop for subsistence, has devasted yields and
sometimes resulted in complete loss of the crop (14). MLND is caused by synergistic infection
of two RNA viruses: maize chlorotic mottle virus (MCMV) and a virus from the Potyviridae
family, such as sugarcane mosaic virus (SCMV). In another example, mungbean yellow mosaic
disease (MYMD) caused by mungbean yellow mosaic virus (MYMYV), from the Geminiviridae
family, has had a significant impact on the production of several legumes in India, Pakistan, Sri
Lanka, Bangladesh, Indonesia, Thailand, and Philippines (15). It has been a serious concern
mainly in India as pulses are the major source of protein, especially for the large vegetarian
population. Therefore, the development of crops that are resistant to viruses and other pathogens
is of utmost importance.

In order to develop virus-resistant plants, basic research to understand how viral
infections perturb and exploit host gene expression is crucial. It is also important to understand
the intricate mechanisms by which a virus regulates its own gene expression during infection.
Because human and plant viruses share a plethora of similarities, the knowledge gained by
studying plant viruses also sheds light on the infection mechanisms used by human viruses. My
doctoral research (Fig. 1.1) mainly focuses on a plant virus, called red clover necrotic mosaic
virus (RCNMV), and the noncoding subgenomic (ncsg)RNA of RCNMV, called SR1f. | have
developed a novel method to quantitatively detect viral coterminal subgenomic RNAs, including

SR1f and a ncsgRNA of Zika virus (Chapter 2 published in ref. 16). Subsequently, | assessed



how RCNMV SR1f affects the host and viral gene expression at the level of RNA abundance in
RCNMV-infected Nicotiana benthamiana (Chapter 3). Furthermore, | investigated how
RCNMV infection affects host as well as viral gene expression patterns, both at the level of RNA
abundance and their translatability to proteins in RCNMV-infected Arabidopsis thaliana
(Chapter 4).

In addition to my work on plant viruses, | also explored how protein synthesis is
regulated in the roots of Zea mays seedlings during the unfolded protein response (Chapter 5
published in ref. 17). Because my research involves a few distinct-but-related concepts (Fig.
1.1), I would like to introduce them one by one in the following section and discuss them in

detail in the respective chapters.

Red clover necrotic mosaic virus (RCNMV)

RCNMYV (genus Dianthovirus, family Tombusviridae) is a bipartite plant virus with the
virion size of ~36 nm (Fig. 1.2-A) (18, 19). Its genome is segmented into two positive-sense
single-stranded genomic (g)RNAs, RNAL and RNA2 (Fig. 1.2-B) (20-22). The genome
organization of RCNMV is depicted (Fig. 1.2-C) along with a northern blot that shows the
mobilities of subgenomic (sg)RNAs produced during the infection in Arabidopsis plants (Fig.
1.2-D).

RNA1 (~3.89 kb) has three open reading frames (ORFs) (Fig. 1.2-C), two of which are
translated from RNA1 to make p27 (27-kDa) and p88 (88-kDa) proteins (23). p27 is an essential
replication protein (22) and p88, which is a C-terminal extension of p27, is an RNA-dependent
RNA polymerase (RdRp) (24). The p88 protein is translated by a -1 programmed ribosomal
frameshift (-1 PRF) event immediately upstream of the p27 stop codon (25, 26). The p27-p27

and p27-p88 interactions are required for the formation of a 480-kDa replicase complex that



interacts with RCNMV RNAs and host factors to tightly associate with the endoplasmic
reticulum (ER) (27-30). This results in the formation of virus replication complexes (VRCs) at
the ER, the site of RCNMV replication (27, 28). It has also been shown that the formation of the
480-kDa replicase complex and the subsequent replication of RNAL or RNA2 can suppress the
antiviral RNA silencing response in N. benthamiana (31, 32). The 3’-proximal ORF on RNA1
(Fig. 1.2-C) is translated from a coat protein (CP)sgRNA to make the 37-kDa CP (33, 34). CP is
not required for replication or cell-to-cell movement but is required for long-distance movement
for systemic infection of a plant (35). RNA2 (~1.45 kb) has a single ORF (Fig. 1.2-C) encoding
a 35-kDa movement protein (MP) that is required for cell-to-cell movement in plants (35, 36).
Additionally, MP also functions as a viral suppressor of RNA silencing (37).

Similar to other tombusvirids, RCNMV RNAs lack a 5’ methyl guanosine cap and a 3’
poly(A) tail that are normally required for efficient translation (23, 36, 38, 39). Instead, RNA1
possesses a cap-independent translation element (CITE) in the 3’ untranslated region (UTR) (39)
that recruits the host translation machinery in order to synthesize the p27 and p88 proteins. The
3’ CITEs function by binding translation initiation factors for ribosomal recruitment and
translation initiation (40, 41). The 3’ CITE of RCNMV is called 3° TE-DR1 (Fig. 1.2-C) and
belongs to the barley yellow dwarf virus (BYDV)-like translation element (BTE) class of 3’
CITEs (39). BTEs associate with the translation initiation factor elF4F via binding to the elF4G
subunit for recruitment of translation machinery (42-45). As RNA1 and CPsgRNA have the
same 3° UTR, CP translation from CPsgRNA is considered to occur via 3’TE-DR1-dependent
mechanism (39). In contrast, RNA2 lacks any known 3’ CITEs that can replace the function of
the cap and therefore, RNA2 sequence by itself, in the presence of translation machinery, is

insufficient for translation in the absence of a 5° cap (46). Despite this, translation of RNA2



occurs in the presence of p27 and p88, which are required for RNA2 replication, possibly from
the newly replicated RNA2 molecules by coupling translation to its replication (46). In addition
to the viral proteins and the coding CPsgRNA, RCNMV also makes a noncoding sgRNA, called

SR1f, which is discussed in the later section.

Viral subgenomic RNAs

Subgenomic (sg)RNAs refer to truncated functional RNA species that are generated from
the viral genomic (g)RNAs in infected cells. The gRNAs and sgRNAs usually have the same 3’
ends (Fig. 1.2-C) (47, 48). Viral sgRNAs can be coding (i.e., contain an ORF for translation of a
viral protein) or noncoding. Examples of SgRNA-producing medically important human viruses
and economically important plant viruses include dengue virus (DENV) (49), Zika virus (ZIKV)
(50), chikungunya virus (51), SARS-CoV (52), SARS-CoV-2 (53), barley yellow dwarf virus
(54), and maize chlorotic mottle virus (55).

Coding sgRNAs are made for the translation of 5’-distal ORFs in polycistronic genomic
RNAs, i.e., RNA with multiple ORFs. This is because during eukaryotic mRNA translation,
only the 5’-proximal ORF is translated by the 80S ribosomes which dissociate into 40S and 60S
ribosomal sub-units upon encountering the stop codon (56, 57). Therefore, ORFs encoding viral
proteins required early during infection, such as replicase proteins, are located 5’-proximal and
can be directly translated from the gRNA. Other ORFs encoding viral proteins that are required
at an intermediate or late stage of infection, such as coat protein, are usually located 5’-distal and
are translated from sgRNAs, thereby regulating the expression of viral proteins, both
quantitatively and temporally, during an infection. Almost all the mechanisms of sgRNA

production are viral RNA replication-dependent and have been reviewed earlier (47, 48).



The mechanism by which RCNMV CPsgRNA is synthesized is via transcription from a
prematurely-terminated RNA1 negative-strand (Fig. 1.3-A) (34, 58). RCNMV RNA2 MP
coding region has a 34 bp stem-loop element, called trans-activator (TA) (Fig. 1.3-A). The 8 bp
in the loop of TA are complementary to an 8 bp sequence in RNAL, called TA-binding site (TA-
BS). The intermolecular interaction between RNA2 TA and RNAL TA-BS blocks the viral
polymerase, upstream of the CPsgRNA promoter, during the synthesis of RNAL negative-strand.
This results in a truncated RNA1 negative-strand that is transcribed to make the CPsgRNA
positive-strand from which CP is translated (Fig. 1.3-A). Coding sgRNA production is one of
the many different strategies evolved by viruses for the translation of 5’-distal ORFs (48, 59-62).
A few other strategies for translation of 5’-distal ORFs include translation initiation from internal
ribosome entry sites (IRESs) (63) and translation reinitiation (64, 65).

Noncoding (nc)sgRNAs refer to the truncated but functional RNAs, without an ORF,
derived from the UTRs of viral gRNAs. RCNMV generates an ncsgRNA, called SR1f (Fig. 1.2-
C, D) (66). SR1f is generated by a host-dependent mechanism that is different from CPsgRNA
production. In the last decade, this new strategy for the production of sgRNAs was discovered
that is independent of virus replication but instead depends on the host 5°— 3’ exoribonuclease
(XRN) (66-74). Considering RCNMV as an example (Fig. 1.3-B), the host cell initiates the
degradation of the uncapped RCNMV RNAL and CPsgRNA via the plant XRN, progressing
from 5’ to 3’ end of the RNA. However, a stable exoribonuclease-resistant (xr)RNA structure at
the 5’end of the 3° UTR (Fig. 1.2-C, 1.3-B) blocks the progression of XRN resulting in the
accumulation of a truncated left-over degradation product, SR1f (Fig. 1.3-B).

Most xrRNA elements that have been identified in viruses are located in the 3° UTR and,

therefore, results in the formation of xrRNA-derived ncsgRNAs (66, 67, 69, 71, 75, 76).



However, a few XrRNA elements located in intergenic regions have also been identified that may
result in coding xrRNA-derived sgRNAs (72, 74, 77). xrRNA-derived ncsgRNAs (simply
referred to as ncsgRNAS hereafter) have been shown to have important functions during
infection. The extensively studied ncsgRNAs of flaviviruses, called sSfRNAs, have multiple
functions, some of which include inhibition of translation of interferon-stimulated genes in
mammalian cells, suppression of siRNA- and miRNA-induced RNAI pathways in insect and
mammalian cells, and regulation of the stability of host mMRNAs (75, 78-85). The ncsgRNA of
beet necrotic yellow vein virus (BNYVV), called ncRNA3, has been shown to boost the viral
RNA silencing suppression activity of BNYVV and enables long-distance virus movement in
plants (69, 86). As more xrRNA elements, that are structurally-diverse but functionally-
conserved, are being discovered in silico and experimentally in diverse virus families, it suggests
that the xrRNAs provide an evolutionary advantage to viruses (72, 77).

As discussed above, sgRNAS (coding or noncoding) play important roles in virus life
cycle. For studying these 3’ coterminal sgRNAs, an obvious requirement is a method to detect
them. Because sgRNASs are, simply, nucleic acids, reverse transcription (RT)-PCR would seem
to be the first choice. However, conventional RT-PCR cannot distinguish sRNA from the
gRNA. This is because any primer pair designed to hybridize to sgRNA will also hybridize to
the gRNA and result in amplification, irrespective of the presence of sgRNA. Because of this
fundamental limitation of RT-PCR, northern blot hybridization (NBH) (87, 88) is widely used
for the detection of sgRNAs. Northern blots have advantages over RT-PCR: (i) Northern blots
can detect all coterminal sgRNAs simultaneously and (ii) there is no requirement for sequence
information of the 5° ends of sgRNAs. However, northern blots suffer from several

disadvantages: (i) A large amount of input RNA is needed for northern blots, (ii) It is time-,



labor-, and cost-intensive, (iii) It is a complex method with several steps and therefore, training is
required, (iv) It involves hazardous chemicals like formaldehyde and usually radioactive
isotopes. Non-radioactive northern blot methods exist but are more expensive, time-consuming,
and less sensitive. To overcome these disadvantages of northern blots, | developed a novel RT-
PCR-based approach for quantitative and specific detection of sgRNAs, which I call DeSCo-
PCR (Detection of Smaller Coterminal RNAs by PCR). This is described in detail in Chapter 2.
To demonstrate the utility of this method, my collaborators and | used a plant virus (RCNMV)
and a human virus (ZIKV) to detect their 3’coterminal ncsgRNAs. Compared to northern blots,
DeSCo-PCR is simpler, quicker, cost-, and labor-effective (16).

Next, | wanted to assess the effect(s) of plant viral ncsgRNAs in infected plants using
SR1f of RCNMV as a model (Chapter 3). To do that, | used wt RCNMV, which generates SR1f
in infected cells, and mutant RCNMVASRI1f, which does not generate SR1f. | showed that SR1f
is not required for RCNMV replication or systemic movement in N. benthamiana, which is
consistent with the previous report (66), but the absence of SR1f results in reduced viral RNA
accumulation and symptom severity. In wt Arabidopsis plants, only wt RCNMV replication was
detected even though it did not produce any symptoms. In transgenic Arabidopsis plants, which
were knocked-out in antiviral RNA silencing machinery, only wt RCNMV replication was
detected with severely symptomatic plants, consistently and reproducibly. Because knocking-out
the antiviral silencing machinery did not rescue the replication of RCNMVASRIT, | concluded
that the primary function of SR1f is something other than the suppression of RNA silencing. 1
also show that Arabidopsis 5’— 3’ exoribonuclease, XRN4, which is widely assumed to be
responsible for generating plant viral ncsgRNAs, is not required for the generation of SR1f.

Additionally, I conducted a comparative transcriptomic analysis of wt RCNMV- and



RCNMVASRIf- infected N. benthamiana to assess the effects of virus infection with or without
SR1f. More details about the experiments, results, possible functions of SR1f, and the
limitations of our study are discussed in Chapter 3.

Furthermore, | was also interested in understanding how plant virus infection affects the
host and viral gene expression in RCNMV-infected Arabidopsis, both by transcriptional and
translational regulation, on a genome-wide scale. The importance of studying translational
control of gene expression and the technique used, called ribosome profiling, are discussed

below.

Translational regulation of gene expression

Translation refers to the process of protein synthesis programmed by the sequence
information encoded in the mRNA. The process of translation can be broadly divided into four
stages (89-91): (i) Translation initiation includes recruitment of the 40S ribosomal subunit and
the initiator methionyl transfer RNA (Met-tRNAMe) to the 5> end of a capped mRNA with the
help of several eukaryotic translation initiation factors (eIFs), scanning of the 5’ leader sequence
of an mRNA by the 40S ribosomal subunit in association with elFs until it encounters the start
codon of an ORF, and the subsequent association of 60S ribosomal subunit to the 40S subunit,
with the release of elFs, for the formation of 80S ribosomes with Met-tRNA;M® in the ribosomal
P-site, (ii) translation elongation includes the synthesis of polypeptide chain by ribosomal
translocation from one codon (3 nt) to the next, with aminoacylated tRNAs bringing the amino
acids to the ribosomes where peptidyl transferase activity of ribosomes synthesize the
polypeptide chains with the help of eukaryotic elongation factors (eEFs), (iii) translation
termination that occurs when ribosomes encounter the stop codon of an ORF where eukaryotic

release factors (eRFs) enable the release of the polypeptide chain and dissociation of 80S
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ribosomes into subunits, (iv) ribosome recycling includes the use of these ribosomal subunits for
subsequent rounds of translation.

The process of translation is faster than the total time taken by transcription, mMRNA
processing, nuclear export, and translation for synthesis of a protein. Therefore, a translational
response is much quicker than the transcriptional control (which includes translation), and in
response to any internal or external stimuli, regulating the translation of the required proteins can
yield a much faster and finely-tuned response (92). Additionally, translation is a highly energy-
intensive process and therefore, needs to be tightly regulated to minimize wasteful expenditure of
cellular energy (93-95). Translational control of gene expression has been shown to be
important in a variety of cellular, developmental, and neurological processes (96-100).
Dysregulated translation has been implicated in a gamut of human diseases (101) including
cancer (102, 103) and several neurological disorders (99, 104, 105).

Translational control is important during virus infection as well. Viruses are obligate
intracellular parasites that rely completely on the cellular translation machinery for the synthesis
of viral proteins. Therefore, host cells can regulate cellular translation to inhibit viral protein
synthesis that limits the viral infection and spread (106-108). For example, in vertebrates, the
cellular protein kinase R (PKR) gets activated when it senses dsSRNA that is produced as
replication-intermediates during ssSRNA virus replication (109). Subsequently, activated PKR
phosphorylates the alpha subunit of the translation initiation factor 2 (elF2a) resulting in global
inhibition of translation initiation, including the translation of viral proteins (110). However,
certain cellular antiviral MRNAs and those required for homeostasis can still be translated (111,
112). Even though host cells can regulate translation to limit virus infection, viruses have also

evolved counter-strategies to selectively limit the translation of cellular antiviral mMRNAs and
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preferentially translate viral mMRNAs and proviral cellular mMRNAs (62, 113-117). For example,
(i) Rift Valley fever virus can induce the degradation of PKR, thereby preventing elF2a
phosphorylation and global translation inhibition (118), (ii) polio virus-protease cleaves cellular
elF4Gs, which are essential for cap-dependent translation. This inhibits the translation of the
capped cellular MRNAs whereas the uncapped polio virus mRNA is preferentially translated by
cap-independent mechanisms via an IRES (119).

In plants, translational regulation has been shown to be important under stressed
conditions, including virus infection where translational control can be used either by plants to
inhibit virus infection or by viruses to inhibit the translation of cellular antiviral mMRNA and
preferentially translate viral and proviral cellular mMRNAs (17, 120-128). For example, (i)
overexpression of sucrose nonfermenting (SNF)-related kinase 1 (SnRK1) in plants has been
shown to limit geminivirus infection (129), possibly because of the global translation inhibition
via SnRK1-mediated phosphorylation of elF4E and elFiso4E (127, 130), (ii) Interaction between
a nucleotide-binding-leucine rich receptor (NB-LRR) protein in N. benthamiana and a virus
elicitor confers virus resistance by Argonaute 4 (AGO4)-dependent selective inhibition of viral
MRNA translation (131), (iii) Cauliflower mosaic virus (CaMV)-encoded transactivator protein
(TAV) not only promotes reinitiation of downstream ORFs in the polycistronic mMRNAs but it
also binds to cellular elF3 and ribosomal protein L24 to promote viral MRNA translation (132).
Even though translation is a highly conserved process among eukaryotes (133), there are certain
unique aspects of translational control in plants that have been extensively reviewed before (134,
135). A couple of examples include (i) the existence of multiple isoforms of elF4E/elFiso4E and
elF4G/elFiso4Gs only in plants that have redundant as well as specialized functions (89, 135,

136), (ii) phosphorylation of elF2a by the only known plant elF2a kinase, GCN2, does not
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necessarily lead to global inhibition of translation (137, 138), unlike mammalian and yeast
systems, where elF2a phosphorylation results in global translation inhibition (139). However,
whether elF2a phosphorylation always results in global inhibition of translation, even in other
non-plant eukaryotes, is still debated (140).

Several molecular techniques exist for the assessment of global and specific changes in
translation (124, 141-144). Some techniques, such as pulse labeling of translating polypeptides
with radioactive amino acid or the non-radioactive puromycin-based SUnSET (surface sensing
of translation) assay (145, 146), can directly measure the total amount of newly synthesized
proteins per unit time. However, these techniques monitor global change in translation and
cannot provide specific gene- or protein-level information. Other proteomics-based methods
such as p-SILAC (pulsed- stable isotope labeling of amino acids in culture) (147, 148) and
BONCAT (bio-orthogonal non-canonical amino acid tagging) (149) can be also be used for
proteome-wide direct quantification of nascent proteins. The proteomic approach assesses the
composition of the protein but, owing to the highly variable half-lives of proteins, it cannot be
ascertained that the high content of any protein is due to the high stability of the protein or due to
increased gene expression (150). Furthermore, if the increased protein content is due to
increased gene expression, it cannot be inferred whether the change is due to global change in
MRNA abundance or global change in the efficiency of translation of mMRNAs, i.e., these
techniques do not decipher the translational control. To overcome this, researchers have used
various methods to isolate polysomal mRNAs (151) either via polysome profiling (152, 153) or
TRAP (translating ribosome affinity purification) followed by RNA quantification methods such
as RNA sequencing, microarrays, or RT-PCR of selected genes (154-157) to assess the extent

of ribosome occupancy on the mRNAs as a proxy for translation status. This can be coupled
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with RNA sequencing from total RNA to ascertain the changes due to translational control.
Simple polysome profiles without any subsequent RNA measurements can also be used to
monitor global changes in translation. However, these methods provide low-resolution genome-
wide information on translationally regulated genes and cannot distinguish between translating
or stalled ribosomes on the mRNA. For example, ribosomes translating the upstream (u)ORFs
on an mRNA have been shown to repress the translation of the main ORF (158). Therefore,
polysomal mMRNAs will include those mMRNAs in which ribosomes are present only on the
UORFs with no translation occurring from the main ORF but such mRNAs will be incorrectly
identified as being translated. A technique that bypasses these limitations to provide high-
throughput genome-wide information on translationally-regulated genes with single-codon

resolution is ribosome profiling (159).

Ribosome profiling

Since the advent of next generation sequencing (NGS) technology, researchers have been
able to investigate an organism’s transcriptome and its regulation on a genome-wide scale in a
high-throughput manner (160). The majority of the NGS-related studies use RNA-sequencing
(RNA-seq) that measures the steady-state RNA abundance for differential gene expression
analysis (161). Even though steady-state RNA abundance takes both transcription and RNA
decay into account, it is generally assumed that changes in RNA abundance are caused by
transcriptional regulation, which is not always true (162, 163). Furthermore, RNA abundance or
transcription is used as a proxy for protein abundance but this proxy may be inaccurate because
protein abundance can also be regulated post-transcriptionally at the level of translation. In fact,
previous reports have shown that compared to RNA abundance, the translation rate is a better

predictor of protein abundance (148, 164-172).
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The translation rate is determined by the translation initiation step, which regulates how
many ribosomes are translating (ribosome occupancy) any given mRNA. Although translation
rate can be regulated at any stage of the translation process, translation initiation is considered to
be the main step that regulates translation rate as it is the slowest step compared to translation
elongation, termination, and ribosome recycling (124, 173). Therefore, ribosome occupancy
(other related terms include ribosome density or translation efficiency) can be used to assess the
translation rate of any mRNA. A simplistic illustration of how the interplay between RNA
abundance and ribosome occupancy determines the overall control of gene expression (protein
synthesis) is described as follows (Fig. 1.4): (i) Change in mMRNA levels with the same number
of ribosomes per MRNA would yield only transcription control, (ii) change in the number of
ribosomes per mMRNA without any change in mRNA levels yield translational control, and (iii)
changes in both the mRNA levels and the number of ribosomes per mRNA yield transcriptional
and translational control of gene expression.

To assess the genome-wide translational control with a single-nucleotide resolution, an
NGS-based technique, called ribosome profiling, emerged in 2009 (166). Ribosome profiling
(Ribo-seq) is a modified RNA-seq-based technique for genome-wide measurement of
translation. Instead of estimating the number of fragments of total RNA via RNA-seq, Ribo-seq
estimates only the number of fragments/mRNA regions that were occupied by the translating
ribosomes. The basis for this technique originated over 50 years ago in which a report showed
that eukaryotic ribosomes protect a discrete length of mMRNA region from ribonuclease digestion
and this can be used to precisely map the positions of the ribosomes on an mRNA (174, 175). In
2009, Nicholas Ingolia and colleagues in Jonathan Weissman’s lab developed Ribo-seq by deep

sequencing these ribosome-protected fragments (166).
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Ribo-seq can provide a panorama of the whole translation process (150, 159, 176-182).
Depending on the research objectives, translation initiation inhibitors, such as harringtonine
(183) or lactimidomycin (184), and translation elongation inhibitors, such as cycloheximide
(166) or emetine (183), can be used individually or in combination to arrest translating
ribosomes on MRNAs. Some of the aspects of translation that can be characterized using Ribo-
seq include, but are not limited to, identification of novel AUG-initiated ORFs, overlapping
ORFs, UORFs, small (s)ORFs, ORFs with a non-AUG start codon (166, 185-191) and
unexpected translation from RNAs that were previously annotated as noncoding RNAs (192—
196). It can also be used to (i) identify ribosomal pause sites that can regulate protein synthesis,
co-translational protein folding, and protein localization (197-200), (ii) identify translation
recoding events such as programmed ribosomal frameshifting and stop-codon readthrough (201—
205), (iii) identify mRNA features that regulate the translation of selective mRNAs in response
to a certain stimulus (206-211), and (iv) assess translation elongation kinetics and mechanics
(112, 183, 212-215).

Similar to RNA-seq, which can describe the entire transcriptome, Ribo-seq can be used
for the characterization of the entire translatome of a tissue or an organism (188, 216-221).
Ribo-seq has also been used to explore the canonical and non-canonical mechanisms of viral
MRNA translation, explore and study the breadth of virus-encoded peptides or proteins that
remained unidentified by other methods (186, 222-228). Conducting Ribo-seq and RNA-seq
from the same sample with cycloheximide can be used for genome-wide differential gene
expression analysis, both at the level of RNA abundance (transcriptional regulation) and

translation efficiency (translational regulation) (17, 121, 234, 235, 166, 208, 225, 229-233).
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The general methodology of Ribo-seq for the assessment of differentially translated
genes is described as follows (Fig. 1.5). Cells or tissues are lysed in a buffer that can maintain
the integrity of polysomes. Most importantly, the buffer contains a translation elongation
inhibitor, usually cycloheximide, that freezes the eukaryotic translating ribosomes on the mRNA
by halting ribosome translocation. The lysis buffer may also contain chloramphenicol for
arresting mitochondrial, chloroplastic, or prokaryotic translation. Following cell lysis, the crude
cell lysate is clarified by centrifugation and treated with a sequence-nonspecific
endoribonuclease (RNase) (236). The RNase digests the mRNAS except the regions that are
protected by the translating 80S ribosomes, yielding monosomes, i.e., mMRNA fragments with
single ribosome on them. These protected fragments are called ribosome protected fragments
(RPFs). The monosomes are pelleted by ultracentrifugation through a sucrose cushion followed
by RNA purification. The RPFs of the size 28-34 nt are excised from a denaturing gel following
electrophoresis. Subsequently, a DNA library is prepared from the size-selected RPFs via a
small RNA library preparation protocol and deep sequenced using an Illumina NGS instrument.
For RNA-seq (Fig. 1.5), total RNA is extracted from an aliquot of the same clarified lysate that
was used for Ribo-seq, followed by alkaline hydrolysis that results in random fragmentation of
the total RNA. The RNA fragments of the size 25-40 nt are excised from a denaturing gel
following electrophoresis. Subsequently, a DNA library is prepared from the size-selected RNA
via a small RNA library preparation protocol and deep sequenced using an Illumina NGS
instrument.

The bioinformatic analysis of Ribo-seq and RNA-seq data starts by assessing the quality
of raw data by tools such as FastQC (237), followed by processing via quality- and adapter-

trimming by tools such as Cutadapt (238). Subsequently, the processed reads are aligned to the
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organism’s reference sequences for the ribosomal (r)RNAs, transfer (t)RNAs, and small
nucleolar (sno)RNAs by alignment tools such as Bowtie (239, 240). The reads that do not align
to the previously-mentioned sequences are subsequently aligned to the reference transcriptome
using tools such as Bowtie (239, 240) or to reference genome using splice-aware tools such as
STAR (241). These mapped reads can be used for further downstream analysis depending on the
research objective. Some of the downstream analyses include P-site identification, determining
the hallmark quality characteristics of Ribo-seq data, de novo identification of ORFs, and
identifying genes that are differentially expressed, both at the level of transcription and
translation efficiency. A variety of bioinformatics tools have been developed for analyzing
Ribo-seq data (179, 242, 243).

There are specific hallmarks of Ribo-seq data that are absent in RNA-seq data. Because
RNA fragments similar to RPF-length can arise from secondary RNA structures and non-
polysomal ribonucleoprotein complexes, it is essential to determine if the majority of RPFs are
indeed true RPFs and not artifacts. The following hallmarks of true RPFs can be used to assess
the quality of Ribo-seq data.

(i) Narrow length distribution: Because ribosomes protect a specific number of
nucleotides from RNAse digestion, depending on the organism and RNase digestion conditions,
the length distribution of high-quality Ribo-seq data is enriched at a single or only a few RPF
length(s) (Fig. 1.6-A). In contrast, RNA-seq data gives a broad read-length distribution (Fig.
1.6-B). It has been shown that a narrow length-distribution of RPFs with the specific RPF length
usually yields good triplet periodicity (explained below). For example, Hsu et al. (2016) showed
that their narrow length distribution of RPFs in Arabidopsis, with a peak at 28-nt, gave a good

triplet periodicity from 28-nt RPFs (188). On the other hand, the RPF length distribution in
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Arabidopsis from Liu et al. (2013) (244) and Merchante et al. (2015) (206) was much broader
and did not have a peak at 28-nt RPFs but still, the best triplet periodicity was displayed by 28-nt
RPFs (188). The following are some of the studies with the RPF length that yields good triplet
periodicity: 28/29-nt RPFs in Arabidopsis (188, 209) (our data in Chapter 4, Fig. 4.3-A), tomato
(218), rice (219, 245), yeast (166) and 29-31 nt RPFs in maize (17, 220).

(if) CDS enrichment: Because Ribo-seq captures RPFs only from the 80S translating
ribosomes, it is expected that when these RPFs are mapped to the reference transcriptome, the
majority of the reads will map back to the coding DNA sequence (CDS) and very few reads will
map to the untranslated regions (UTRs) of an mRNA (Fig. 1.6-C). In contrast, RNA-seq data is
obtained from random fragmentation of total RNA and therefore, would include a substantial
proportion of reads that map to the UTRs as well (Fig. 1.6-D).

(iii) Triplet periodicity: If any specific nucleotide (let’s say the first nucleotide) of an
RPF is mapped to the reference transcriptome, it would correspond to a certain reading frame,
which is described here as frame 0, 1, or 2, according to the nucleotide position relative to the
start codon (Fig. 1.6-E). During translation elongation, because ribosomes pause at each codon
(3 nt) after translocation, we would get more reads at every third nucleotide, i.e., at a specific
reading frame (Fig. 1.6-E). This 3-nt phasing of Ribo-seq data is called triplet periodicity. In
contrast, because RNA-seq data is obtained from random fragmentation of total RNA, we do not
expect to see any triplet periodicity (Fig. 1.6-F). In addition, CDS enrichment in Ribo-seq data
and lack thereof in RNA-seq data can be observed in the same triplet periodicity plot, also called
metagene analysis (Fig. 1.6-E, F). Another way to assess Ribo-seq data quality is to determine
triplet periodicity over CDS and UTRs separately (Fig. 1.6-G, H). Only the Ribo-seq reads

mapping only to the CDS (true RPFs) would show triplet periodicity (Fig. 1.6-G). In contrast,
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Ribo-seq reads mapping to UTRs and RNA-seq reads mapping either to CDS or UTRs would not
show triplet periodicity (Fig. 1.6-G, H).

The rationale behind Ribo-seq is based on the fact that an mRNA that is translated
efficiently will have more ribosomes initiating translation, which will yield more RPFs, than an
inefficiently translated mMRNA. RPFs represent the translated mRNA and its abundance is
proportional to mMRNA abundance and the rate of translation initiation on that mRNA. To
uncouple both of these effects, translation efficiency (TE) is estimated to assess the translational
control of gene expression. TE is calculated as the ratio of RPF abundance to RNA abundance
and represents how well an mRNA is being translated. RNA abundance from RNA-seq can be
used to measure how transcription is regulated, and translation efficiency can be used to study
translational control.

In this dissertation, | used Ribo-seq to study the extent of translational regulation of gene
expression in Arabidopsis in response to RCNMV infection and explore the translational
landscape of RCNMV RNAs during infection (Chapter 4). | collected systemic non-inoculated
leaves of RCNMV-infected dcl2-1/dcl4-2t Arabidopsis plants at early and late infection stages. |
identified the genes that were transcriptionally- and/or translationally-regulated. | found that the
early translational response was specific to the plant’s defense response against pathogen
infection whereas the late translational response included many pathways that were dysregulated
as a result of RCNMV infection. | showed that the unfolded protein response was elicited by
RCNMV during the late infection stages. My collaborators and | also analyzed the Ribo-seq and
RNA-seq reads that mapped to RCNMV. Ribo-seq data clearly demonstrated the translation of
RCNMYV p88 protein by -1 PRF. We also identified a putative ribosomal pause site in the MP

ORF of RCNMV RNAZ2.
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| also used Ribo-seq to study the translational control of gene expression in the roots of

maize seedlings during unfolded protein response (Chapter 5).

Unfolded protein response

The correct three-dimensional conformation of proteins is responsible and required for
their proper localization and function. After the mRNA recruits the translation machinery and
initiates translation, an endoplasmic reticulum (ER)-targeting signal peptide at the N-terminal of
the protein is translated first that emerges out of the ribosomes and targets the protein, co- or
post-translationally, into the ER lumen (246-248). In the ER lumen, several molecular
chaperones and co-chaperones associate with the nascent protein and initiate co-translational
protein folding in a step-wise manner via several steps such as cleaving off the signaling peptide,
sequential addition and trimming of N-linked glycans, and formation of disulfide bonds (249—
258). Once the correct conformation is achieved, the protein is exported out of the ER to the
Golgi for further modifications and protein sorting (259-261).

Protein folding is an error-prone process that is easily disturbed by a variety of different
biotic and abiotic stressors. Improperly folded proteins are detected via the ER-quality control
(ERQC) system and degraded by the ER-associated degradation (ERAD) system (262—-265).
However, aggregation of misfolded proteins faster than their refolding or degradation results in
an increased accumulation of misfolded proteins in the ER triggering ER-stress (266-268). ER-
stress can potentially be toxic to the cell and therefore, in response, the cell elicits an adaptive
response, called unfolded protein response (UPR) that aims to increase the folding capacity of
the ER (266, 269-273). In humans, the accumulation of misfolded proteins and dysregulated
UPR have been shown to be responsible for many diseases (274-277), including

neurodegenerative diseases such as Alzheimer’s and Parkinson’s disease (278-280). In plants,
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biotic stress such as pathogen infection, pest infestations, and abiotic stress such as high
temperature, drought, and salinity can trigger ER-stress (264). An important point to note is that
several stressors that do not disrupt protein folding can also elicit the UPR (281). In addition to
the UPR elicited by the stressors, UPR is also involved in normal plant vegetative and
reproductive development (282). Elicitation of UPR can serve to limit pathogen infection but
can also be exploited by pathogens, mainly by viruses, to exploit UPR as a proviral process
(282).

Even though UPR is a highly conserved process among eukaryotes, there are certain
features that differ between plant and mammalian systems. There are three arms of the
mammalian UPR signaling pathway, two of which are present in plants as well (discussed
further in Chapter 5) (267, 270). The third arm of the pathway that is not present in plants
involves protein kinase RNA-like ER kinase (PERK). In mammalian cells, PERK-dependent
inhibition of global translation via elF2a phosphorylation is observed during UPR (283). This
serves to reduce the protein folding load on the ER. Because plants lack any known PERK
homolog, it needs to be determined if there is a global inhibition of translation during UPR in
plants and if there is, what is the mechanism?

For studying UPR in a plant system, we induced persistent ER-stress in maize seedling
by tunicamycin (Tm) treatment (284) followed by ribosome profiling of the roots at 0, 6, and 12
hours post Tm-treatment (Chapter 5). We found that Tm-treatment resulted in bzip60 splicing, a
marker of UPR. However, unlike mammalian systems, we did not detect any global translation
inhibition. Instead, we determined that the translation efficiencies of several mMRNAs, including
UPR-responsive genes, were modestly decreased. Furthermore, we found that the reduction in

translation efficiency was not due to reduced ribosome loading (or reduced translation) but
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instead, was due to increased transcription of UPR-responsive genes without the concomitant
increase in ribosomes on those MRNAs. Most of those mMRNAs became sequestered in stress
granules (SGs). Therefore, the calculated translation efficiency (RPF abundance to RNA
abundance ratio) decreased because of the increase in the abundance of mMRNAs that were not
being translated. We proposed a model in which UPR leads to the increased transcriptional
upregulation of UPR genes from which only a subpopulation of mMRNA molecules is translated
while the rest are temporarily sequestered in SGs. As and when required, the cell can release
those MRNA molecules from the SG for translation. This strategy ensures a low protein-folding
load on the ER and a quick fine-tuned response according to the cellular needs while conserving

energy.

Summary

My doctoral research is divided into four separate projects as follows: (i) A rapid and
simple quantitative method for specific detection of smaller coterminal RNA by PCR (DeSCo-
PCR): Application to the detection of viral subgenomic RNAs (Chapter 2 published in ref. 16).
(i) Effects of the noncoding subgenomic RNA of red clover necrotic mosaic virus in virus
infection (Chapter 3, manuscript under review). (iii) Translational regulation of gene expression
in Arabidopsis in response to virus infection (Chapter 4, manuscript in preparation). (iv)
Control of translation during the unfolded protein response in maize seedlings: life without

PERKSs (Chapter 5 published in ref. 17).
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of purified RCNMV particles from infected N. benthamiana plants. Virus purification was conducted
according to ref. 19. TEM was conducted by Tracey P. Stewart from the microscopy facility at the lowa
State University. (B) Agarose gel electrophoreses showing the genomic RNAs extracted from the
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Figure 1.6. Hlustration of specific hallmarks of Ribo-seq data. (A) Read-length distribution of Ribo-seq
data shows a unimodal distribution. (B) Read-length distribution of RNA-seq data shows a relatively
uniform and broad distribution. (C) Ribo-seq data maps predominantly to the CDS of all the mRNAs
whereas only a few reads map to the UTRs. (D) Substantial number of reads from RNA-seq data map to
the UTRs as well as the CDS. (E) Metagene analysis representing the triplet periodicity of Ribo-seq data.
Because ribosomes move 3 nt at time during translation elongation, the RPFs would map to every third nt
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in the reference transcriptome. (F) Metagene analysis representing the lack of triplet periodicity of RNA-
seq data because it is obtained from random fragmentation of ribosome-free total RNAs. (G) Triplet
periodicity of Ribo-seq data is only observed for the reads that map to the CDS (true RPFs) and not for
those that map to the UTRs. (H) No triplet periodicity is observed in RNA-seq data for reads that map
either to the CDS or to the UTRs. The figure only includes illustrations of a high-quality Ribo-seq data
and does not represent real experimental data. (nt) nucleotide, (RPFs) ribosome-protected fragments,
(CDS) coding DNA sequence, (UTRs) untranslated regions.
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Abstract

RNAs that are 5'-truncated versions of a longer RNA but share the same 3’ terminus can
be generated by alternative promoters in transcription of cellular mRNAs or by replicating RNA
viruses. These truncated RNAs cannot be distinguished from the longer RNA by a simple two-
primer RT-PCR because primers that anneal to the cDNA from the smaller RNA also anneal
to—and amplify—the longer RNA-derived cDNA. Thus, laborious methods, such as northern
blot hybridization, are used to distinguish shorter from longer RNAs. For rapid, low-cost, and
specific detection of these truncated RNAS, we report detection of smaller coterminal RNA by
PCR (DeSCo-PCR). DeSCo-PCR uses a nonextendable blocking primer (BP), which
outcompetes a forward primer (FP) for annealing to longer RNA-derived cDNA, while FP
outcompetes BP for annealing to shorter RNA-derived cDNA. In the presence of BP, FP, and
the reverse primer, only cDNA from the shorter RNA is amplified in a single-tube reaction
containing both RNAs. Many positive strand RNA viruses generate 5'-truncated forms of the
genomic RNA (gRNA) called subgenomic RNAs (sgRNA), which play key roles in viral gene
expression and pathogenicity. We demonstrate that DeSCo-PCR is easily optimized to
selectively detect relative quantities of SgRNAs of red clover necrotic mosaic virus from plants
and Zika virus from human cells, each infected with viral strains that generate different amounts
of sgRNA. This technique should be readily adaptable to other sgRNA-producing viruses, and

for quantitative detection of any truncated or alternatively spliced RNA.

Introduction

Many positive sense RNA viruses generate 3’ coterminal subgenomic RNAs (sgRNAs) in
infected cells. These include many pathogens such as human norovirus, chikungunya, Zika, and

dengue viruses, and important plant pathogens such as barley yellow dwarf (BYDV) and maize
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chlorotic mottle viruses. Most viral sgRNAs, including those of the above viruses, are simply 5'-
truncated versions of the viral genome, usually being less than half the length of the full-length
genomic RNA (Miller and Koev 2000; Sztuba-Solinska et al. 2011). sgRNAs can serve as
mRNAs for translation of open reading frames (ORFs) located downstream from the 5’-proximal
ORF(s) that are translated from genomic RNA (Sztuba-Solinska et al. 2011). More recently,
sgRNAs have been found that are derived from the 3’ untranslated region (UTR) of the viral
genome, and thus function as noncoding sgRNAs (ncsgRNAS) (lwakawa et al. 2008; Pijlman et
al. 2008; Peltier et al. 2012).

For plant viruses in the Tombusviridae, Luteoviridae, Solemoviridae, Bromoviridae,
Virgaviridae, Benyviridae families, and the order Tymovirales, and animal viruses in the
Togaviridae (e.g., chikungunya virus), Caliciviridae (e.g., human norovirus), Astroviridae
(human astrovirus) families, ORFs encoding the RNA-dependent RNA polymerase and
associated replicase proteins, located in the 5" half of the genome, are translated from the viral
genomic RNA (gRNA). However, for translation of 5’ distal ORFs that encode proteins required
at middle or late stages of infection, such as structural proteins, one or more sgrRNAS are
generated (Monroe et al. 1993; Koev and Miller 2000; Miller and Koev 2000; Sztuba-Solinska et
al. 2011; Royall and Locker 2016; Contigiani and Diaz 2017). For example, the nonstructural
polyprotein ORF (including the replicase) of members of Togaviridae is translated from gRNA,
while the polyprotein ORF encoding structural proteins is translated from a sgRNA that is 3’
coterminal with the gRNA (Strauss and Strauss 1994).

Certain viruses in the Luteoviridae (Shen and Miller 2004; Shen et al. 2006; Miller et al.
2015), Tombusviridae (Scheets 2000; lwakawa et al. 2008) and Benyviridae (Peltier et al. 2012;

Flobinus et al. 2016, 2018) families, and all viruses in the Flavivirus genus (Pijiman et al. 2008;
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Roby et al. 2014) generate ncsgRNAs from the 3’ UTR that play an important role in regulating
virus gene expression, virus movement and transmission, with major effects on pathogenicity
and symptom development. However, their mechanisms of action are only just beginning to be
understood. For example, (i) BYDV sgRNA2 regulates translation of gRNA and sgRNA1 (Shen
et al. 2006; Miller et al. 2015), (ii) beet necrotic yellow vein virus sgRNA3 is required for long-
distance movement in plants (Peltier et al. 2012), and (iii) subgenomic flavivirus RNAs (sfRNA)
interfere with the innate immune systems of mammalian and insect hosts (Schnettler et al. 2012;
Bidet and Garcia-Blanco 2014; Bidet et al. 2014; Roby et al. 2014; Manokaran et al. 2015;
Donald et al. 2016; Miller et al. 2016; Finol and Ooi 2019).

In this study, we detected sgRNAs of red clover necrotic mosaic virus (RCNMV) and
Zika virus (ZIKV). RCNMV (Family: Tombusviridae, Genus: Dianthovirus, Fig. 2.1-A) is a
bipartite plant virus with positive-sense single-stranded gRNA1 and gRNA2 (Gould et al. 1981,
Hiruki 1987). During infection, a coding sgRNA generated from the 3’ end of gRNA1 serves as
the mRNA for viral coat protein translation (Sit et al. 1998). RCNMV also generates a
ncsgRNA, SR1f, as a stable degradation product formed by incomplete degradation of gRNA
and coat protein sgRNA by a plant 5’ to 3" exonuclease (Iwakawa et al. 2008; Steckelberg et al.
2018). SR1f is not required for infection of the highly susceptible host plant, Nicotiana
benthamiana, as an RCNMV mutant that is unable to generate SR1f accumulates substantial
levels of the viral genomic RNAs and the coat protein sgRNA (lwakawa et al. 2008). However,
this mutant is unable to accumulate substantially in Arabidopsis thaliana.

ZIKV (Family: Flaviviridae; Genus: Flavivirus; Fig. 2.1-B) usually causes an acute, mild
febrile illness, but in the 2015 South and Central American epidemic was found to cause

neurological disorders such as microcephaly in infants born to infected mothers and Guillain-
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Barre syndrome in adults (Beckham et al. 2016; Ferraris et al. 2019). One of the molecular
determinants of pathogenicity of ZIKV and other flaviviruses is the SfRNA, which, like SR1f, is
an incomplete degradation product of gRNA by a host 5’ to 3’ exonuclease (Pijlman et al. 2008;
Silva et al. 2010). RCNMV SR1f and the sfRNAs of ZIKV and other flaviviruses are not
required for viral replication but increase virus titer and disease severity (Iwakawa et al. 2008;
Pijlman et al. 2008; Moon et al. 2012, 2015; Schnettler et al. 2012; Schuessler et al. 2012; Bidet
et al. 2014; Roby et al. 2014; Akiyama et al. 2016; Goertz et al. 2016; Lee et al. 2019). For
example, dengue virus disease severity appears to correlate positively with sfRNA level in
infected cells. Screening viral mutants that vary in level of sgRNA accumulation is crucial to the
understanding of the role of these sgRNAs in viral infection.

In order to (i) decipher the role of ncsgRNA, (ii) identify cis- or trans-acting RNA
elements in a SgRNA, (iii) understand the function of proteins encoded by sgRNAs, (iv) identify
promoters required for sgRNA synthesis, (v) undertake field surveys for viral strains with
particularly severe symptoms controlled by sgRNA levels, etc., rapid detection of sgRNA and
measurement of expression is important. While gRNA can be measured by a simple two-primer
based RT-PCR with PCR primers that can hybridize to any region across the gRNA, detection of
sgRNAs as distinct from gRNA currently requires more cost- and time-intensive methods,
usually northern blot hybridization (Kessler et al. 1990; Amiss and Presnell 2005). In addition,
northern blot hybridization is less sensitive compared to RT-PCR and requires several
micrograms of total RNA as input. Indirect ways of estimating sgRNA levels include
guantitative RT-PCR (qRT-PCR) in which abundance of gRNA, as calculated by gRNA-specific
gRT-PCR, is subtracted from total abundance of gRNA and sgRNA, as calculated by gqRT-PCR

using primers that anneal to their coterminal region (Bidet et al. 2014), or deep sequencing (e.g.,
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Illumina) of total RNA in an infected cell and simply comparing the number of reads that map to
the sgRNA region vs the upstream gRNA. However, this too is expensive, time-consuming and
requires much bioinformatics analysis post-sequencing. Also, Illumina read counts can vary
significantly across a viral genome in the absence of sgRNA (Xu et al. 2019).

To overcome the difficulties and costs associated with the above methods, an RT-PCR
approach would be preferable. However, as mentioned above, a simple two-primer based RT-
PCR cannot distinguish sgRNA-derived cDNA (sgRNA cDNA) from gRNA-derived cDNA
(JRNA cDNA). For an RT-PCR reaction with coterminal RNAs, any primer-pair designed to
amplify the sgRNA cDNA will also anneal to the gRNA cDNA, owing to their coterminal ends,
resulting in amplification from both, making RT-PCR futile for specific detection of SRNA. To
prevent amplification from gRNA cDNA and enable selective amplification from sgRNA cDNA,
we have developed a three-primer based RT-PCR approach, which we name DeSCo-PCR
(detection of smaller coterminal RNA by PCR). This method is easy to optimize, relatively

simple, quick and inexpensive for specific detection of sgRNAsS.

Results
Overview of the DeSCo-PCR method

DeSCo-PCR utilizes a nonextendable blocking primer (BP) with two amplification
primers to prevent amplification of gRNA under conditions that permit amplification of the
SgRNA (Fig. 2.2). Firstly, cDNA to be used as template for DeSCo-PCR is prepared from total
RNA, using a virus sequence-specific reverse primer (Fig. 2.2-A). DeSCo-PCR uses three
primers (Fig. 2.2-B): (i) a reverse primer (RP) that anneals to gRNA cDNA and sgRNA cDNA at
their coterminal 5’ end (complementary to the 3’-coterminal ends of the viral RNAS), (ii) a

forward primer (FP), containing the sequence of the 5’ end of the sgRNA, that can anneal to both



58

gRNA cDNA and sgRNA cDNA, and (iii) a long (~50-nt) forward nonextendable BP containing
a contiguous gRNA sequence upstream and downstream from the sgRNA 5’ end followed by a
tract of nonviral bases at its 3’ end, which makes it nonextendable by the polymerase (explained
in detail below). Under PCR conditions, BP out-competes FP for annealing to gRNA cDNA
because it has more bases that can anneal to gRNA cDNA. However, BP is nonextendable and
hence, amplification cannot occur from gRNA cDNA. For annealing to SRNA cDNA, FP
outcompetes BP because FP has more bases that can anneal to SgRNA cDNA, resulting in
amplification of sgRNA cDNA. Thus, in the presence of all three primers, only sgRNA cDNA is

amplified but not the gRNA cDNA (Fig. 2.2-C).

Blocking primer design for DeSCo-PCR

Blocking primer (BP) is a DeSCo-PCR specific primer that is 50-60-nt long and has
three regions (Fig. 2.2-B; dashed box): (i) competitive region (CR), the first ~40-nt of the primer
that can anneal only to gRNA sequence (just upstream of the 5’ end of sgRNA sequence) but not
to SgRNA sequence; (ii) blocking region (BR), the ~10-nt middle region of the primer that can
anneal to both gRNA and sgRNA sequences at the 5’ end of the sgRNA (entire sequence of BR
is present in the FP); (iii) nonextendable region (NER), the 3'-terminal ~6-nt of the primer with
any nontemplate bases that ensure that the 3’ end of the primer cannot anneal to either the gRNA
or sgRNA sequence. Because the 3’ end of the primer cannot anneal, the polymerase cannot
extend and hence, amplify from the template. FP and CR-BR sequences of BP can anneal to
gRNA sequence. The melting temperature (Tm) of CR-BR should be significantly higher than
FP so that BP will out-compete FP for annealing to gRNA sequence during PCR. FP and BR

can anneal to sgRNA sequence. Tm of FP should be higher than that of BR so that FP will out-
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compete BP for annealing to sgRNA sequence. The NER should not be included for any Tm
calculations. It is preferable to calculate Tm according to buffer conditions of the PCR reaction.
For example, if Promega GoTaq master mix is used, Tm should be calculated using the “Tm for
Oligos” tool on its website (https://www.promega.com/resources/tools/biomath/) with the

appropriate master mix specified.

General guidelines for optimizing DeSCo-PCR

For optimizing DeSCo-PCR conditions, either in vitro transcribed gRNA and sgRNA can
be reverse transcribed and the resulting first-strand cDNA product can be used as template for
PCR, or one can use DNA templates with (i) sequence of sgRNA and (ii) at least partial gRNA
sequence that includes sgRNA sequence and ~100 nt upstream of sgRNA. All DeSCo-PCR
reactions should be conducted with low ramp-rate for the annealing step of PCR.

The main determinant of PCR parameters is the template concentration. Therefore, in
vitro transcribed (IVT) viral RNA concentration or the dilution of cDNA that gives similar band
intensity by RT-PCR to that from infected tissues should be determined to serve as a positive
control. Next, a gradient PCR with ~25 cycles should be performed with FP plus RP to
determine the maximum annealing temperature (Tm) that results in amplification from gRNA
cDNA (or sgRNA cDNA). At this Tm, DeSCo-PCR should be carried out with an increasing
molar ratio of BP to FP to determine the ratio at which there is amplification predominantly from
SgRNA cDNA but not (or only faintly) from gRNA cDNA. A positive control with FP plus RP,
and a negative control with BP plus RP should be used with both gRNA cDNA and sgRNA
cDNA templates to ensure that any lack of amplification is not because of a failed PCR reaction
and any successful amplification is not from BP, respectively. Next, Tm can be finely tuned if

required, with the selected BP:FP ratio at which sRNA cDNA is amplified but amplification



60

from gRNA cDNA is completely blocked. Finally, DeSCo-PCR should be conducted with
twofold dilution of sgRNA to determine the lower level of detection of SRNA and the Tm can
be further fine-tuned accordingly.

To use DeSCo-PCR as a quantitative assay for measuring the relative expression of
SgRNA, twofold serial dilutions of SRNA cDNA can be used as templates for simple- and
DeSCo-PCR with varying number of PCR cycles to determine the optimal number of cycles at

which DeSCo-PCR reflects the expected sgRNA cDNA dilution.

Proof-of-concept using in vitro transcribed (IVT) gRNA and sgRNA

To test the concept of DeSCo-PCR, 0.5 pmol each of in vitro transcribed (IVT) RCNMV
RNA1, RCNMV SR1f, ZIKV gRNA-mimicl and ZIKV sfRNAL were reverse transcribed using
either RCNMV reverse primer (RRP) for the RCNMV RNAs or ZIKV reverse primer (ZRP) for
the ZIKV RNAs. ZIKV gRNA-mimicl (Fig. 2.1-B) is a 5'-truncated version of the genomic
RNA consisting of the 3'-terminal 1009 nt, to serve as a convenient stand-in for full-length ZIKV
RNA for initial RT-PCR experiments. cDNA reaction products were diluted fivefold and 2 puL
of these diluted cDNA reaction products were used as template for PCR.

Simple PCR with RRP plus RCNMV forward primer (RFP) as a positive control
amplified both the cDNA from RNAL (RNA1 cDNA) and cDNA from SR1f (SR1f cDNA),
demonstrating successful amplification under PCR conditions (Fig. 2.3-A, lanes 1,4). PCR with
RRP plus RCNMV blocking primer (RBP) did not amplify from either RNA1 cDNA or SR1f
cDNA, demonstrating that that RBP is nonextendable under these PCR conditions (Fig. 2.3-A,
lanes 2,5). DeSCo-PCR with RRP plus RFP plus RBP resulted in amplification only from SR1f
cDNA (Fig. 2.3-A, lane 6) but not from RNAL cDNA (Fig. 2.3-A, lane 3). Similar results were

obtained using the ZIKV primers for DeSCo-PCR on the ZIKV RNA templates (Fig. 2.3-B).



61

It is noteworthy that an unexpected, very low molecular weight band appeared in the
PCR reactions containing BP (Fig. 2.4). To determine whether it is BP-derived primer-dimer, or
if it is a nonspecific amplification product, we conducted PCR with BP plus RP, and FP plus BP
plus RP, using SFRNA1 cDNA or water as template. The low molecular weight product
appeared, even in the absence of a template, indicating that it is a BP-derived “primer-dimer”
(Fig. 2.5, lanes 2,3,5,6). In spite of the presence of primer-dimer, detection of sgRNA and
measurement of its relative abundance (below) was not affected.

Additionally, there is a small but reproducible increase in mobility of the DeSCo-PCR
product compared to the FP-RP PCR product even though both products result from
amplification by the FP-RP primer pair (Fig. 2.3). We found that this difference was due to the
presence of the abundant primer-dimer formed only in DeSCo-PCR. We showed this by
conducting PCR using ZIKV sfRNA1 cDNA as template with FP plus RP that yields only the
band of interest and PCR with BP plus RP that yields only the primer-dimer, mixed these PCR
products, and then loaded this mixture in a single well for agarose gel electrophoresis. Mobility
of the band of interest from the FP-RP PCR, in the presence of the BP + RP primer-dimer, was
identical to that from DeSCo-PCR (Fig. 2.5, lanes 1-4). The reason for the slight mobility

change due to the primer-dimer is unclear, but it does not affect the utility of DeSCo-PCR.

Quantitative analysis for measuring relative amounts of sgRNA by DeSCo-PCR

To test if DeSCo-PCR can be used as a quantitative assay for measuring relative amounts
of sgRNA, we first tested whether PCR of sgRNA-derived cDNA (in the absence of full-length
viral cDNA) was quantitative in the presence of the three primers. In vitro transcribed RCNMV
SR1f and ZIKV sfRNAL were reverse transcribed using RRP and ZRP, respectively, and twofold

serial dilutions of the resulting cDNA were used as template for PCR. Relative amounts of
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sgRNA-derived cDNA in each sample was estimated by measuring the relative intensity of each
band with respect to that of undiluted sample. DeSCo-PCR with RRP plus RFP plus RBP
showed reduction in band intensity with SR1f cDNA dilution (Fig. 2.6-A). Furthermore, relative
band intensity, as measured by DeSCo-PCR, precisely reflected the expected SR1f cDNA
dilution (Fig. 2.6-B).

We next tested whether DeSCo-PCR can be used as a quantitative assay in the presence
of plant total RNA and RCNMV RNA1. Twofold dilutions of IVT SR1f were mixed with a
constant amount of N. benthamiana total RNA and IVT RCNMV RNA 1 (hence, gRNA and
SsgRNA are in different ratios). Five hundred nanograms of N. benthamiana total RNA was
mixed with 0.1 pmol IVT RNA1 and twofold serial dilutions of IVT SR1f starting with an
undiluted amount of 0.1 pmol (Fig. 2.6-C). Subsequently, the RNA mixes were reverse
transcribed with RRP followed by PCR. RNAL1-specific PCR with RNA1-specific forward
primer (RCNMV_909 FP) plus RNAL1-specific reverse primer (RCNMV_1262_ RP) (both far
upstream of the sgRNA region of the genome) showed that the band intensity across all samples
was uniform, as expected (Fig. 2.6-D, Gel 1). DeSCo-PCR with RRP plus RFP plus RBP that
amplifies only SR1f showed reduction in band intensity with SR1f dilution (Fig. 2.6-D, Gel 2).
Relative band intensities were used as proxy for measuring the relative amounts of RNA1 or
SR1f. The relative amount of RNAL was mostly uniform across all samples as measured by
RNA1-specific PCR, as expected (Fig. 2.6-E). Relative amounts of SR1f (blank subtracted)
from DeSCo-PCR reflected the expected SR1f dilutions (Fig. 2.6-E). Relative band intensity
calculation by blank-subtracted values shows that there is either a very small amount of

amplification that occurs from RNAL or it is just the background fluorescence. If relative
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intensities were calculated using no-SR1f sample subtracted values, the estimation of relative
amounts of SR1f became even more accurate (Fig. 2.6-E).

We also tested whether the detection of ZIKV sfRNAL1 by DeSCo-PCR was quantitative.
As for RCNMV, DeSCo-PCR of dilutions of ZIKV sfRNA1-derived cDNA with ZRP plus ZFP
plus ZBP showed a reduction in band intensity proportional to the cDNA dilution (Fig. 2.7-A, B).
These results show that DeSCo-PCR can precisely measure relative amounts of SgRNA cDNA.

To test if DeSCo-PCR can be used as a quantitative assay in the presence of ZIKV
gRNA, twofold dilutions of IVT sfRNAL, starting at 0.1 pmol, were mixed with constant levels
(0.1 pmol) of IVT gRNA-mimicl (Fig. 2.7-C). This RNA mix was reverse transcribed with ZRP
followed by PCR. gRNA-mimicl-specific PCR with ZIKV gRNA-specific forward primer
(ZIKV_ 9827 _FP) plus ZIKV gRNA-specific reverse primer (ZIKV_10115 RP) showed that the
band intensity across all samples was uniform, as we observed with RCNMV (Fig. 2.7-D, Gel 1).
DeSCo-PCR with ZRP plus ZFP plus ZBP that amplifies only sSfRNA1 showed reduction in
band intensity with sSfRNAL dilution (Fig. 2.7-D, Gel 2). The relative amount of gRNA-mimicl
was uniform across all samples as measured by gRNA-mimicl-specific PCR, as expected (Fig.
2.7-E). The relative amount of sSfRNAL (blank subtracted) from DeSCo-PCR reflected the
expected sSfRNA1 dilutions (Fig. 2.7-E). If relative intensities were calculated using no-sfRNA1
sample subtracted values, the estimation of relative amounts of SfRNA1 became even more
accurate. Collectively, these experiments show that DeSCo-PCR can quantitatively detect
SgRNAs, even in the presence of gRNA, and allow calculation of relative differences in

SgRNA/gRNA ratio.
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Specific detection of sgRNA in virus-infected tissues

We next tested whether DeSCo-PCR could distinguish viral genomic from subgenomic
RNA in infected tissues. We first tested RCNMYV (R) in the plant host N. benthamiana, taking
advantage of a viral mutant (RASR1f) we constructed, which contains a six-base substitution in
its xrRNA structure at the 5" end of the SR1f sequence, preventing it from generating the
noncoding subgenomic SR1f RNA (lwakawa et al. 2008). Northern blot hybridizations with a
probe complementary to the 3’ end of RCNMV RNAL1 revealed ample amounts of SR1f from N.
benthamiana plants infected with wild-type RCNMV, and no (or vanishingly small amounts of)
SR 1f in plants infected with RCNMVASRI1{, while both sets of plants accumulated substantial
amounts of RCNMV genomic RNA1 and CPsgRNA (Fig. 2.8-A). cDNA was prepared from 1
pg of total RNA from RCNMV-infected and RCNMVASR 1 f-infected N. benthamiana leaves
using RRP followed by PCR. Because RCNMVASRIf has a six-base substitution at the 5’ end
of the SR1f sequence, forward and BPs incorporating this substitution, RFP-m1 and RBP-m1,
respectively, were used for PCR with cDNA from RCNMVASR 1f-infected samples. PCR with
RRP plus RFP, and RRP plus RFP-m1 resulted in amplification from both RCNMV-infected and
RCNMVASRI1f-infected cDNA samples, respectively, confirming successful virus infection
(Fig. 2.8-B, L1 and L2). PCR with RRP plus RBP, and RRP plus RBP-m1 primers did not result
in amplification showing that the RBP and RBP-m1 are nonextendable under PCR conditions
(Fig. 2.8-B, L3 and L4). DeSCo-PCR with RRP plus RFP plus RBP amplified only from
RCNMV-infected cDNA samples (Fig. 2.8-B, L5) while DeSCo-PCR with RRP plus RFP-m1
plus RBP-m1 resulted in no amplification from RCNMVASR 1f-infected cDNA samples (Fig.
2.8-B, L6) demonstrating that SR1f is detected only in wild-type RCNMV-infected plants and

not in RCNMVASR 1f-infected plants.
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We next tested ZIKV RNA accumulation in HelLa cells, taking advantage of a mutant,
10AZIKV (deletion of nts 10,650 to 10,659 in the 3'UTR) that produces a lower ratio of
sfRNAL1/gRNA than wild-type ZIKV (Shan et al. 2017b). Northern blot hybridization with a 3’
probe complementary to ZIKV RNA revealed much greater levels of sSfRNAL in cells infected
with wild-type virus than with the mutant. In this case, the genomic RNA levels were also
reduced in 10AZIKV infection, but the sSfRNA1 was virtually undetectable by northern blot
hybridization in 10AZIKV-infected cells (Fig. 2.8-C). cDNA was prepared from 1 pg total RNA
from mock-infected, wild-type ZIKV-infected and 10AZIKV-infected HeLa cells using ZRP.
PCR of the resulting cDNA template with ZRP plus ZFP primers amplified both ZIKV-infected
and 10AZIKV-infected cDNA samples, but not from mock-infected cDNA samples, as expected
(Fig. 2.8-D, lanes 1-3). There was no amplification using ZRP plus ZBP primer pairs,
confirming that the ZBP is nonextendable under the PCR conditions (Fig. 2.8-D, lanes 4,5).
DeSCo-PCR with ZRP plus ZFP plus ZBP primers yielded a product from cDNA from cells
infected with wild-type ZIKV (Fig. 2.8-D, lane 6), but only a very faint band from 10AZIKV-
infected cells (Fig. 2.8-D, lane 7), reflecting the ratios of SFRNA1/gRNA observed by northern
blot hybridization and published previously (Shan et al. 2017b). Collectively, these experiments
demonstrate that DeSCo-PCR can be used for specific, quantitative detection of sgRNAs from

hosts in different kingdoms infected by unrelated viruses.

Discussion
DeSCo-PCR is a simple, quick, inexpensive and sensitive assay that can selectively
amplify a viral SgRNA from a pool of RNA containing host total RNA, viral gRNA and other
sgRNAs. Even though northern blot hybridization has certain advantages (e.g., the entire

sequence of SgRNA need not be known and it can detect gRNA and multiple sgRNAs
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simultaneously), DeSCo-PCR can easily detect sgRNAS in a variety of experimental settings to
rapidly screen for sRNA production. Similar to northern blot hybridization, DeSCo-PCR can
be used for measuring relative abundance of sgRNAs in different experimental conditions such
as those from mutant viral genomes or in transgenic hosts. While it does not measure absolute
amounts of RNA, DeSCo-PCR quantitatively measures relative amounts of sgRNA and can
detect differences in ratios of sgRNA:gRNA between different virus isolates. The advantages of
DeSCo-PCR are particularly beneficial for experiments where several viral mutants or isolates
need to be screened rapidly to identify the relative amount of a particular sgRNA each viral
isolate produces. For examples, 10AZIKV produces sfRNA1 at a very low stfRNA1/genomic
RNA ratio and has reduced accumulation and attenuated pathogenicity compared to wild-type
ZIKV. This makes 10AZIKV a vaccine candidate against ZIKV infection (Shan et al. 2017a, b).

In addition, DeSCo-PCR can be used by clinics or laboratories that do not have access to
radioisotopes, expensive nonradioactive chemiluminescent northern blot reagents or an imager
required for detection of fluorescent probes used in northern blots. For viruses that require
replication to generate SgRNAs, DeSCo-PCR could be used as a quick or confirmatory assay to
determine whether a virus is replicating, without need for measuring increases in total RNA or
infectious units over time.

DeSCo-PCR is not limited to virology. It can be used for detecting smaller coterminal
RNAs of any origin. Coterminal RNAs are present in eukaryotes as truncated RNA isoforms
transcribed by alternative transcription start sites (TSS) or may be produced as alternatively
spliced RNA isoforms. These truncated mRNA isoforms may differ in their 5' UTR, affecting
their stability and translation efficiency or differ in their encoded protein domains, affecting their

localization, function and protein stability (Rojas-Duran and Gilbert 2012; Wang et al. 2016;
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Galipon et al. 2017). For example, in humans, adenosine deaminases acting on RNA (ADARS)
are involved in RNA editing, and the ADARL1 gene produces two coterminal mRNA isoforms,
ADAR1-p150 and ADAR1-p110 from an interferon-inducible promoter and a constitutive
promoter, respectively (Galipon et al. 2017). Additionally, next-generation sequencing and
computational analysis are often used to identify, predict functions and determine differential
expression of these transcript isoforms with a certain degree of confidence (Kandoi and
Dickerson 2017, 2019; Qin et al. 2018). However, these analyses are often followed by
molecular assays for validation and DeSCo-PCR provides a simple alternative to northern blot
hybridization for confirming the production of a truncated RNA isoform with coterminal ends
and measuring their relative abundance.

Because DeSCo-PCR involves competition between blocking and forward primers for
selective annealing to gRNA or sgRNA cDNA, it may be possible to design primers that tolerate
a few mismatched bases at the 5" end of sgRNA in cases where the exact 5’ end nucleotide of the
SsgRNA has not been determined precisely. Also, it may be possible to use a BP terminating in a
dideoxynucleotide (Sanger et al. 1977) to make it universally nonextendable, instead of the
mismatched 3’ terminal sequence on our BPs. This may eliminate the production of BP-derived
primer-dimer and therefore, make DeSCo-PCR adaptable to gqRT-PCR. In addition, a BP with a
few locked nucleic acid (LNA) (Koshkin et al. 1998; Ballantyne et al. 2008; Veedu et al. 2008)
nucleotides in the BP-CR region would increase its binding affinity to gRNA cDNA, helping BP
to out-compete FP for annealing to gRNA cDNA at lower annealing temperatures, which would
be more optimal for amplification. However, use of dideoxynucleotides or LNAs would increase
primer costs many-fold. Although presently DeSCo-PCR cannot be used for absolute

quantification of the number of copies of a sgRNA by gRT-PCR because of amplification of
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primer-dimer (Fig. 2.4), it can reliably be used to quantitatively compare the relative abundance
of sgRNAs of different virus strains or mutants in a highly sensitive manner. Similar to northern
blot hybridization, DeSCo-PCR requires some optimization with every virus, but this can be
done in a short time (2 or 3 d) (Table 2.1). In summary, DeSCo-PCR provides a simple, readily
optimized, cost-effective method for rapid, sensitive quantification of viral subgenomic RNASs in

only a limited amount of total RNA and without the use of expensive and hazardous chemicals.

Materials and Methods
Oligonucleotide synthesis

All primers were synthesized by Integrated DNA Technologies and purified by standard
desalting. Sequences and genomic positions of primers that were used for construction of
pRC169c, pRSR1f, pR1m1, ZIKV gRNA-mimicl PCR product, and ZIKV sfRNAL1 PCR
product are listed in Table 2.2. Sequences and genomic positions of primers that were used for

all RT-PCR experiments, including DeSCo-PCR, are listed in Table 2.3.

Plasmid construction

Full-length infectious cDNA clones of RCNMYV Australian strain RNA1 (pRC169) and
RNA2 (pRC2|G) (Xiong and Lommel 1991; Sit et al. 1998) were kindly provided by Dr. Tim L.
Sitand Dr. S.A. Lommel. pRC169 and pRC2|G are cDNA clones with a T7-promoter for in
vitro transcription of infectious RNA1 and RNA2, respectively. pRC169 was sequenced by
Sanger sequencing and was found to contain several base changes compared to the sequence
from NCBI (GenBank: J04357). Two of the base changes, at positions 3462 and 3494, were
present near the 5’ end of SR1f and therefore, were changed from C to T and G to A,

respectively, using Q5 Site-Directed Mutagenesis kit (NEB #E0554) according to manufacturer's
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protocol with primers 3UTR_R1 corrected _for and 3UTR_R1 corrected_rev. The corrected
plasmid, pRC169c, was used as template for construction of pPRSR1f and pR1m1, and as
template for in vitro transcription of infectious RCNMV RNAL.

pRSR1f. pRSR1f is a cDNA clone with T7-promoter followed by SR1f sequence for in
vitro transcription of SR1f. A Q5 Site-Directed Mutagenesis kit (NEB #E0554) was used
according to manufacturer's protocol. A DNA fragment with the T7 promoter sequence, vector
sequence and SR1f sequence was amplified from pRC169c with the following PCR reaction
composition and conditions: Q5-hot start high fidelity 2x master mix (1x), T7-rev primer (0.5
uM), SR1f for primer (0.5 uM), pRC169c as template (10 ng); initial denaturation at 98°C for
30 sec; 25 cycles of denaturation at 98°C for 10 sec, annealing at 60°C for 30 sec, extension at
72°C for 2.5 min; final extension at 72°C for 2 min. This was followed by ligation, according to
manufacturer's protocol, to circularize the PCR product. Subsequently, the plasmid was
transformed in E. coli sigma 10 cells and colonies were screened in LB-agar plates with
ampicillin. Plasmids were extracted from selected colonies and the sequence was verified by
Sanger sequencing.

pR1ml. pR1m1 is an infectious cDNA clone of RCNMV RNA1 (RNA1-m1) that does
not generate SR1f during infection. pR1m1 has a six-base substitution (“TGTAGC” to
“ACGTTG”) in pRC169c (nts 3462 to 3467) that disrupts the xrRNA structure required for SR1f
production (lwakawa et al. 2008). A Q5 Site-Directed Mutagenesis kit (NEB #E0554) was used
according to manufacturer's protocol. The DNA fragment was amplified by PCR with the
following reaction composition and conditions: Q5-hot start high fidelity 2x master mix (1x),
SR1f.m1_for primer (0.5 uM), SR1f.m1 rev primer (0.5 uM), pRC169c as template (10 ng);

initial denaturation at 98°C for 30 sec; 25 cycles of denaturation at 98°C for 10 sec, annealing at
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59°C for 30 sec, extension at 72°C for 4 min; final extension at 72°C for 2 min. This was
followed by ligation, according to manufacturer's protocol, to circularize the PCR product.
Subsequently, the plasmid was transformed in E. coli sigma 10 cells and colonies were screened
in LB-agar plates with ampicillin. Plasmids were extracted from selected colonies and the
sequence was Verified by Sanger sequencing.

All RCNMYV cDNA clones were linearized at a unique Smal restriction site at the precise
3’ end of the RCNMYV 3’ UTR prior to in vitro transcription.

ZIKV gRNA-mimicl PCR product. ZIKV gRNA-mimicl PCR product is a DNA
fragment with a T7 promoter followed by a partial sequence of ZIKV gRNA (nts 9799 to
10807). It was amplified from pFLZIKV (Shan et al. 2016) using the primers NS5 (+) forward
primer 1 and sfRNA (—) reverse primer. ZIKV gRNA-mimicl PCR product was used for in
vitro transcription to make noninfectious ZIKV gRNA-mimicl that was used for DeSCo-PCR
experiments.

ZIKV sfRNAL PCR product. ZIKV sfRNA1 PCR product is a DNA fragment with a
T7-promoter followed by the sequence of ZIKV sfRNAL (nts 10392 to 10807). It was amplified
from pFLZIKYV (Shan et al. 2016) using the primers sfRNA (+) forward primer and sfRNA (—)
reverse primer. ZIKV sfRNAL PCR product was used for in vitro transcription to make ZIKV

sfRNAL that was used for DeSCo-PCR experiments.

In vitro transcription

One pg linearized plasmid for all RCNMV constructs, 200 ng ZIKV sfRNAL1 PCR
product, and 500 ng ZIKV gRNA mimicl PCR product were used as templates for in vitro
transcription using MEGAscript T7 Transcription kit (Invitrogen #AM1334) followed by DNase

treatment according to manufacturer's protocol. The transcription reaction was carried out at
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37°C for 4 h and DNase treatment at 37°C for 30 min. Subsequently, RNA was purified using
Zymo RNA Clean & Concentrator -5 kit (Zymo Research #R1015) and eluted in nuclease-free

water.

Virus inoculation and RNA extraction

RCNMV. Nicotiana benthamiana plants at the four-leaf stage were used for
inoculations. Two leaves per plant were inoculated. Per leaf, 1 pg in vitro-transcribed (IVT)
RCNMV RNAL plus 1 pg IVT RCNMV RNAZ2 were mixed in 10 mM sodium phosphate buffer
(pH 6.8) and rubbed on the leaves. These are referred to as RCNMV-infected plants that make
SR1f. Similarly, 1 pg IVT RCNMV RNA1-m1 plus 1 pg IVT RCNMV RNA2 were mixed in
10 mM sodium phosphate buffer (pH 6.8) and rubbed on the leaves. These are referred to as
RCNMVASRI1f-infected plants that do not make SR1f. For Fig. 2.8, leaves from RCNMV- and
RCNMVASRI1f-infected N. benthamiana were collected at 5 d post inoculation (dpi) for PCR
and at 14 dpi for northern blot hybridization, pulverized and total RNA was extracted using
Zymo Direct-zol RNA Miniprep (Zymo Research #R2051).

ZIKV. Hela cells were seeded at a density of 3 x 105 cells per well in a six-well plate.
One day later, cells were infected with the wild-type (ZIKV-Cambodia) or mutant (10AZIKV)
virus at an MOI of 3. After 48 h post-infection, cells were washed with PBS and total RNA was

extracted from cells using the Direct-zol RNA MiniPrep kit (Zymo Research).

cDNA synthesis

Amount of in vitro transcribed RNA or plant/cell total RNA that were reverse transcribed
is indicated in the results section. RNA (IVT or total RNA) and virus-specific reverse primer (15

pmol; same reverse primer as used for DeSCo-PCR) were mixed in nuclease-free water to 12 pL
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and incubated at 65°C for 5 min, transferred to ice followed by addition of 4 pL reaction buffer,
1 pL RiboLock, 2 uL 10 mM dNTPs and 1 pL RT enzyme from RevertAid First Strand cDNA
Synthesis kit (Thermo Scientific #K1621). The reaction mix was incubated at 42°C for 60 min
followed by enzyme deactivation at 70°C for 5 min. The cDNA reaction products from IVT
RNAs were diluted fivefold and considered as “undiluted samples” for experiments with serially
diluted templates while cDNA reaction products from total RNA from infected samples were not

diluted but used as is for PCR.

PCR

GoTaq G2 green master mix (Promega #M7823) was used for all PCR reactions. Simple
PCR with RP plus FP as positive control, RP plus BP as negative control, DeSCo-PCR with RP
plus FP plus BP, and gRNA-specific PCR were carried out in a thermocycler with the capability
of controlling the ramp rate. Ramp rate of 0.5°C per second was used for the PCR reactions
specified below. A 20 pL PCR reaction mix was prepared with 2-pL template and final
concentration of each of the primers, if used, were as follows: 0.2 uM RP, 0.2 uM FP, 4 uM BP.
BP: FP = 20: 1 was determined, empirically, as optimum for RCNMV and ZIKV, for successful
DeSCo-PCR to selectively amplify sRNA cDNA and completely block amplification from
gRNA cDNA (data not shown). The primers used are mentioned below and the primer
sequences can be found in Table 2.3. PCR conditions were as follows:

RCNMV. 98°C (2 min); 18 cycles of 98°C (30 sec), 65°C (20 sec, ramp rate =
0.5°C/sec), 72°C (30 sec); 72°C (2 min); 4°C hold. Primers used were RFP, RRP, RBP, RFP-

m1, and RBP-m1.
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RCNMYV (RNA1-specific PCR). 98°C (2 min); 18 cycles of 98°C (30 sec), 60°C (20
sec), 72°C (30 sec); 72°C (2 min); 4°C hold. Primers used were RCNMV_909 FP and
RCNMV_1262_RP.

ZIKV (with IVT templates). 98°C (2 min); 22 cycles of 98°C (30 sec), 66.5°C (20 sec,
ramp rate = 0.5°C/sec), 72°C (40 sec); 72°C (2 min); 4°C hold. Primers used were ZFP, ZRP,
and ZBP. ZIKV gRNA-specific PCR was carried out in the same conditions as above with
primers ZKV_9827 FP and ZKV_10115 RP.

ZIKV (with infected samples as templates). 98°C (2 min); 30 cycles of 98°C (30 sec),
65°C (20 sec, ramp rate = 0.5°C), 72°C (40 sec); 72°C (2 min); 4°C hold. Primers used were
ZFP, ZRP, and ZBP.

PCR reaction products were run on a 1% agarose gel, with SYBR Safe DNA gel stain
(Invitrogen #S33102), in 1x TBE buffer and visualized on a Bio-Rad Gel doc. The gel images
shown were cropped to show the band of interest. One thing to note is that all DeSCo-PCR
performed with RCNMYV and ZIKV resulted in amplification of BP-derived primer-dimer but it

did not affect the relative band intensity measurement.

Measurement of relative expression of sgRNA

When the agarose gels were imaged for quantitative analysis, the exposure time was set
for maximum duration at which no saturating intensity was observed in the amplified bands. Fiji
software (ImageJ) was used to measure band intensity. Intensity of the background was
measured from three separate regions of the gel where no band/DNA is expected, and the values
were averaged. The averaged background intensity, referred to as “blank,” was subtracted from
the intensity of each band from gRNA-specific PCR. For DeSCo-PCR, either the “blank” values

or the band intensity of “No sgRNA” samples were considered as background intensity and were
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subtracted from the band intensity of each sample. This was done three times for each gel and
background-subtracted values from the three measurements were averaged. The final values
were normalized with respect to the band intensity of undiluted cDNA. The values obtained
from DeSCo-PCR are the relative band intensity representing the relative amount of sgRNA in
each sample. For all results shown with the relative measurement of sgRNA, PCR was carried
out three times and the values for the relative band intensities were averaged and plotted on a
graph using Microsoft Excel. Error bars represent the standard deviation of the relative band

intensities obtained from three PCR reactions.

Radiolabeled RNA probe preparation

A DNA template with SP6-promoter for transcribing a radiolabeled RNA probe that can
hybridize to a positive sense strand of RCNMV RNA1 3’ UTR (nts 3605 to 3800) was prepared
by PCR with the following composition and conditions: An amount of 50 pL reaction with
GoTaq G2 green master mix (1x), R1.3UTR.for (0.2 uM, 5'-TCGGACCCTGGGAAACAGGT-
3'), R1.3BUTR.SP6.rev (5'-GATATTTAGGTGACACTATAGAGGTATGCGCCCTCTGAGC-3',0.2
HM), pRC169 as template (10 ng); initial denaturation at 95°C for 2 min; 25 cycles of
denaturation at 95°C for 30 sec, annealing at 56°C for 30 sec, extension at 72°C for 30 sec; final
extension at 72°C for 5 min. The underlined bases in the primer sequence represent SP6
promoter sequence. The amplified product was purified using QIAquick PCR Purification kit
(Qiagen #28104) and used as a template for making a radiolabeled probe using MEGAscript SP6
Transcription kit (Invitrogen #AM1330) with the following reaction composition: An amount of
2 UL 10x reaction buffer, 2 uL 5mM AUG mix, 2.5 uL 0.1 mM CTP, 50 ng DNA template, 0.5
ML RNase OUT (Invitrogen #10777019), 2 uL SP6 enzyme, 2.5 uL CTP (a-32P; PerkinElmer

#BLUO08X250UC). The reaction was incubated at 37°C for 3 h followed by DNase treatment
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with 1 pL Turbo DNase at 37°C for 15 min and a radiolabeled RNA probe was purified using

Micro Bio-spin 30 columns (Bio-Rad #732-6251) and stored at —20°C.

Northern blot hybridization

RCNMV. An amount of 9.5 pg total RNA from noninoculated leaves of RCNMV- and
RCNMVASRI1f-infected N. benthamiana were mixed with an equal volume of 2x RNA loading
dye (NEB #B0363S), denatured by incubating at 70°C for 10 min and 5 min on ice and loaded
on a 1.2% agarose-formaldehyde gel (1.2% [w/v] agarose, 20 mM sodium phosphate buffer [pH
6.8], 8 mL of 37% formaldehyde per 100 mL of gel). Electrophoresis was carried out at 100 V
for 2 h in running buffer (74 mL of 37% formaldehyde per 1 L of running buffer, 20 mM sodium
phosphate buffer [pH 6.8]). Integrity and equal loading of RNA were verified by visualizing the
gel on a Bio-Rad Gel doc. The gel was washed in sterile water for 5 min at room temperature
(RT) and blotted to a nitrocellulose membrane by the capillary transfer method overnight using
10x saline-sodium citrate (SSC) buffer (Invitrogen #AM9763). Post-transfer, the membrane was
washed in 5% SSC for 5 min at RT, dried on a paper towel, and UV-crosslinked in StrataGene
UV Stratalinker 1800 using the “Auto Cross Link” option. The membrane was placed in a glass
cylindrical bottle and incubated in 5 mL hybridization buffer (50% [v/v] formamide, 5x SSC
buffer, 0.2 mg/mL polyanetholsulphonic acid, 0.1% [w/v] SDS, 20 mM sodium phosphate buffer
[pH 6.8]) at 65°C for 1 h in a hybridization oven (VWR). The buffer was discarded, and fresh 5
mL hybridization buffer was added to the bottle with 5 pL radiolabeled RNA probe. Probe
hybridization was carried out overnight in a hybridization oven at 65°C. Post hybridization
washes were carried out in a hybridization oven as follows: two washes with 50 mL high salt
concentration buffer (1x SSC, 0.1% [w/v] SDS) at RT for 20 min, two washes with 50 mL low

salt concentration buffer (0.2x SSC, 0.1% [w/v] SDS) at 68°C for 20 min, and one wash with 50
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mL 0.1x SSC buffer at RT for 20 min. The membrane was dried on a paper towel, covered in a
saran wrap and placed inside the phosphor cassette with phosphor screen, imaged by
autoradiography using Bio-Rad PharosFX Plus Molecular Imager.

ZIKV. Anamount of 5 pg of total RNA from mock and ZIKV-infected cells was mixed
with 2x formaldehyde loading buffer (Thermo Fisher Scientific), and denatured by incubating at
65°C for 15 min and 2 min on ice. Electrophoresis was performed in 1% denaturing agarose gel
and stained with ethidium bromide. After electrophoresis, the gel was incubated in the alkaline
buffer (0.01 N NaOH, 3 M NaCl) for 20 min and subsequently transferred to a Biodyne B nylon
membrane (Thermo Fisher Scientific) by upward transfer. The membrane was crosslinked using
a UV Stratalinker and blocked at 42°C using ULTRAhyb Oligo hybridization for 1 h while
rotating. Blots were probed overnight rotating at 42°C with a Biotin-labeled DNA probe
prepared as described in Soto-Acosta et al. (2018). After hybridization, the membrane was
washed in wash buffer for 15 min at 42°C four times. The blot was incubated for 1 h at room
temperature with IRDYE 800CW streptavidin (LI-COR Biosciences) in Odyssey Blocking
Buffer (LI-COR Biosciences) with 1% of SDS. Later the membrane was washed three times
with TBS buffer containing 0.1% tween, and the membrane was scanned using an LI-COR

Odyssey.
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Figure 2.1. Genome organization of (A) Red clover necrotic mosaic virus (RCNMV) and (B) Zika virus
(ZIKV). ZIKV gRNA-mimicl (square brackets) was transcribed in vitro and is not produced during
ZIKV infection. Approximate positions of DeSCo-PCR primers (not drawn to scale) are shown to depict
the approximate location of the primers discussed in Fig. 2.2.
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Figure 2.2. Schematic diagram of DeSCo-PCR. (A) First-strand cDNA synthesis (red line) using
template-specific reverse primer (RP) annealed to viral positive-strand RNA (bold black line). (B) Primer
schematics indicating annealing of BP mostly upstream but extending downstream from the 5’ end of
SJRNA sequence and annealing of FP to a longer tract starting exactly at the 5’ end of sgRNA sequence.
This allows BP to win the annealing competition for gRNA and FP to win the annealing competition for
the 5" end of sgRNA. The dashed box shows the sequences of BP and FP primers and the partial cDNA
sequences of RCNMV RNAZ1 and SR1f to which the primers anneal. (C) Primer competition at annealing
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step and subsequent extension step of DeSCo-PCR. Vertical lines represent base-pairing between the
primers and the cDNA template. Circled X indicates primer that does not anneal in the presence of
competing primer. (QRNA) genomic RNA, (sgRNA) subgenomic RNA, (FP) forward primer, (BP)
blocking primer, (CR) competitive region (blue letters), (BR) blocking region (red letters), (NER)
nonextendable region (green letters).
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Figure 2.3. Proof of concept of DeSCo-PCR. (A) Selective amplification of cDNA from in vitro
transcribed RCNMV SR1f by DeSCo-PCR. (B) Selective amplification of cDNA from in vitro
transcribed ZIKV sfRNAL by DeSCo-PCR. (FP) forward primer, (RP) reverse primer, (BP) blocking

primer.

_—— — — <—RBand of interest
- e - e <—BP-derived primer-dimer

Template: RNA1 cDNA  SRi1f cDNA

Figure 2.4. Uncropped DeSCo-PCR gel image from Fig. 2.3-A shows amplification of primer-dimer
from PCR in samples with blocking primer. RCNMV RNA1-derived cDNA and SR1f-derived cDNA

were used as templates for the PCR reaction. (FP) forward primer, (BP) blocking primer, (RP) reverse
primer, (L) Invitrogen 1kb plus DNA ladder.
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Figure 2.5. Presence of a BP-derived “primer-dimer” in sample slightly increases the mobility of the
band of interest. PCR using BP plus RP yields a low molecular weight band in the presence of either
ZIKV sfRNA1-derived cDNA, or no template (water) (L2-3, L5-6). In addition, the band of interest
migrates slightly faster in the presence of the primer-dimer in DeSCo-PCR reactions (L3) compared to the
same sized FP-RP PCR product (L1). This is shown by mixing the FP-RP PCR product that yields only
the band of interest (L1) with BP-RP PCR product that yields only the primer-dimer (L2) and loading the
mixture in a single well for agarose gel electrophoresis (L4). Mobility of the band of interest from the
FP-RP PCR, in the presence of primer-dimer (L4), was similar to that from DeSCo-PCR (L3) and faster
than that of FP-RP alone (L1). (FP) forward primer, (BP) blocking primer, (RP) reverse primer, (L)
Invitrogen 1kb plus DNA ladder.
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Figure 2.6. Measurement of relative amounts of in vitro transcribed RCNMV SR1f by DeSCo-PCR. (A)
DeSCo-PCR gel image. (B) Graph of relative amounts of RCNMV SR1f as estimated by relative
intensity measurements when only SR1f RNA was used for cDNA synthesis. 1, 1/2, 1/4, 1/8, 1/16, 1/32
denotes the SR1f cDNA dilution, starting with 0.1 pmol of SR1f. (C) Composition of RNA mix for
reverse transcription containing dilutions of SR1f in the presence of fixed amounts of RCNMV RNA1
and total plant RNA. 1, 1/2, 1/4, 1/8, 1/16 denotes the SR1f dilution. (D) DeSCo-PCR gel image of
dilutions in C. (E) Graph of relative RNA abundance as calculated by measuring the band intensities of
the PCR products. Gell: RNALl-specific PCR (both primers upstream of SR1f sequence), Gel2: DeSCo-
PCR. Red bands in the gel images denote saturated pixels from overexposing the gel.
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Figure 2.7. Measurement of relative amounts of in vitro transcribed ZIKV sfRNA1 by DeSCo-PCR. (A)
DeSCo-PCR gel image. (B) Graph of relative amounts of ZIKV sfRNAL as estimated by relative
intensity measurements when only sfRNA1 was used for cDNA synthesis. 1, 1/2, 1/4, 1/8, 1/16, 1/32
denotes the SSRNA1 cDNA dilution, starting with 0.1 pmol of sSfRNA. (C) Composition of RNA mix for
reverse transcription containing dilutions of SfRNA1 in the presence of fixed amounts of gRNA-mimic1l.
1, 1/2, 1/4, 1/8, 1/16 denotes the sSfRNAL dilution. (D) DeSCo-PCR gel image of dilutions in C. (E)
Graph of relative RNA abundance as calculated by measuring the band intensities of PCR products.

Gell: gRNA-mimicl-specific PCR (both primers upstream of SfRNAL sequence), Gel2: DeSCo-PCR.
Red bands in the gel images denote saturated pixels from overexposing the gel.
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Figure 2.8. Detection of sgRNAs in virus-infected plants or HeLa cells. (A) Northern blot hybridization
of total RNA from N. benthamiana leaves 14 d after inoculation with wild-type (R) or mutant (RASR1f)
RCNMV. Stained gel shows ribosomal RNA as loading control for each lane. Duplicate samples are
shown for each treatment. (B) Detection of SR1f in total RNA from plants infected with indicated wild-
type or mutant RCNMV by DeSCo-PCR. Primer combinations used to generate the PCR products are
shown above each lane of the gel. (C) Northern blot hybridization of total RNA from HeLa cells 48 h
after inoculation with wild-type (Wt) or mutant 10AZIKV. Stained gel shows ribosomal RNA as loading
control for each lane. (D) Detection of sfRNAL in total RNA from cells infected with indicated wild-type
or mutant ZIKV by DeSCo-PCR. Primer combinations used to generate the PCR products are shown
above each lane of the gel. (FP) forward primer, (RP) reverse primer, (BP) blocking primer.
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Tables

Table 2.1. Comparison of northern blot hybridization to DeSCo-PCR.

Northern blot hybridization

DeSCo-PCR

Input amount of total
RNA

Time Consumed

Hazardous reagents

Sequence information
of 5° end of sgRNA

Detect multiple sgRNAS
simultaneously

5-15 g

Electrophoresis (~2 h)

Transfer to membrane (overnight)

Probe preparation (~2 h)

Pre-hybridization incubation (~1-2 h)
Probe hybridization (overnight)

Washing (~2.5 h)

Autoradiography (few hours to days)

Clean-up (~0.5-1 h)

Formaldehyde
Radioactive isotope

Not required

Yes

0.5-2 ug

cDNA synthesis (~1 h)
PCR (1-2 h)

Gel Imaging (~5-10 min)
Clean-up (10 min)

None

Required. But it can
tolerate a few mismatch
bases

May be possible with
some modifications
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Table 2.2. Primers used for construction of DNA templates for in vitro transcription.

Primer Nucleotide position®  Sequence (5°----3°) ¢
3UTR_R1_corrected_for  3487- 3506 GGGGAACACGCAGTCTCGCC
TCTTGCAACTCGGGTGGAGGCTACACTTAAAAGA
3UTR_R1 corrected rev  3448- 3486
ACCAA
T7-rev - CTATAGTGAGTCGTATTAGGGTACCGAGC
SR1f_for 3461-3480 GTGTAGCCTCCACCCGAGTT
SR1f.m1_for 3465-3485 TTGCTCCACCCGAGTTGCAAG
CGTCTTAAAAGAACCAATTAACCAAGTATGAAAG
SR1f.m1_rev 3429-3464
TG
GCTAATACGACTCACTATAGGGCTCCCACCACTTC
NS5 (+) forward primer 1~ 9799-9819

AACAAGC

sfRNA (-) reverse primer

10787-10807

AGACCCATGGATTTCCCCACA

sfRNA (+) forward

primer

10392-10416

GCTAATACGACTCACTATAGTGTTGTCAGGCCTGC

TAGTCAGCC

2 nucleotide position is with respect to the gRNA sequence of RCNMV (GenBank J04357) and ZIKV (Genbank

KU955593).

b Sequence that was substituted in the template is in bold.

¢ T7-promoter sequence is underlined




92

Table 2.3. Primers used for RT-PCR and DeSCo-PCR.

Primer Nucleotide position @  Sequence (5’----3°) b

RCNMYV reverse primer (RRP) 3871- 3890 GGGGTACCTAGCCGTTATAC
RCNMYV forward primer (RFP)  3461- 3477 GTGTAGCCTCCACCCGA
RFP-m1 3461- 3477 GACGTTGCTCCACCCGA

RCNMYV blocking primer (RBP)  3423- 3478

GGGGAACACTTTCATACTTGGTTAATTGGTT

CTTTTAAGTGTAGCCTCCAgggctc

GGGGAACACTTTCATACTTGGTTAATTGGTT

RBP-m1 3423- 3478

CTTTTAAGACGTTGCTCCAgggctc
RCNMV_909_FP 909- 926 AAGCGGGCCAGTAGAGTC
RCNMV_1262_RP 1244-1262 TCTCCATTGCACAGGTTTC
ZIKV reverse primer (ZRP) 10691-10711 GCGTCAATATGCTGTTTTGCG
ZIKV forward primer (ZFP) 10392-10410 GTGTTGTCAGGCCTGCTAG

ZIKV blocking primer (ZBP) 10356-10410

GGGTCCACACCTGGAGTGCTATAAGCACCA

ATCTTAGTGTTGTCAGGCCacgatc

ZIKV_9827_FP 9827-9846

CAAGGACGGGAGGTCCATTG

ZIKV_10115_RP 10095-10115

GTTCCACACCACAAGCATGTC

2 nucleotide position is with respect to the gRNA sequence of RCNMV (GenBank J04357) and ZIKV (Genbank

KU955593).

b hases in small case letters in blocking primers do not anneal to either gRNA or sgRNA making the primer non-

extendable.
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Abstract

In recent years, a new class of viral noncoding subgenomic (ncsg)RNA has been
identified. This RNA is generated as a stable degradation product via an exoribonuclease-
resistant (xr) RNA structure, which blocks the progression of 5°— 3’ exoribonuclease on viral
RNAs in infected cells. Here, we assess the effects of the ncsgRNA of red clover necrotic
mosaic virus (RCNMV), called SR1f, in infected plants. We demonstrate: (i) absence of SR1f
reduces symptoms and decreases viral RNA accumulation in Nicotiana benthamiana and
Arabidopsis thaliana plants; (ii) SR1f has an essential function other than suppression of RNA
silencing; and (iii) the cytoplasmic exoribonuclease involved in mMRNA turnover in plants,
XRN4, is not required for SR1f production or virus infection. A comparative transcriptomic

analysis in N. benthamiana infected with wildtype RCNMV or an SR1f-deficient mutant
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RCNMV revealed that wt RCNMV infection, which produces SR1f and much higher levels of
virus, has a greater and more significant impact on cellular gene expression than the SR1f-
deficient mutant. Upregulated pathways include plant hormone signaling, plant-pathogen
interaction, MAPK signaling, and several metabolic pathways, while photosynthesis-related
genes were downregulated. We compare this to host genes known to participate in infection by
other tombusvirids. Viral reads revealed a 10 to 100-fold ratio of positive to negative strand, and
the abundance of reads of both strands mapping to the 3’ region of RCNMYV RNA1 support the
premature mechanism of synthesis for the coding sgRNA. These results provide a framework

for future studies of the interactions and functions of noncoding RNAs of plant viruses.

Importance

Knowledge of how RNA viruses manipulate host and viral gene expression is crucial to
our understanding of infection and disease. Unlike viral protein-host interactions, little is known
about the control of gene expression by viral RNA. Here we begin to address this question by
investigating the noncoding subgenomic (ncsg)RNA of red clover necrotic mosaic virus
(RCNMV), called SR1f. Similar exoribonuclease-resistant RNAs of flaviviruses are well-
studied, but the roles of plant viral ncsgRNAS, and how they arise, are poorly understood.
Surprisingly, we find the likely exoribonuclease candidate, XRN4, is not required to generate
SR1f, and we assess the effects of SR1f on virus accumulation and symptom development.
Finally, we compare the effects of infection by wildtype RCNMV vs an SR1f-deficient mutant
on host gene expression in Nicotiana benthamiana, which reveals that ncsgRNAs such as SR1f

are key players in virus-host interactions to facilitate productive infection.
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Introduction

Long noncoding RNAs (IncRNAs) play important roles in diverse cellular processes,
regulating gene expression during development, maintaining homeostasis, and responding to
various abiotic and biotic stresses (Zhang and Chen 2013; Wang et al. 2017a; Nejat and Mantri
2018; Sun et al. 2018; Salviano-Silva et al. 2018; Yu et al. 2019; Tsagakis et al. 2020; Gil and
Ulitsky 2020; Kumar and Chakraborty 2021). Similar to the host counterparts during infection,
some viruses make INcCRNAs that are instrumental in regulating virus and host gene expression to
modulate virus life cycle and the host’s antiviral response (Tycowski et al. 2015; Miller et al.
2016; Wang et al. 2017b). For instance, (i) polyadenylated nuclear (PAN) RNA is a long
ncRNA encoded by Kaposi’s sarcoma-associated herpesvirus (KSHV) that regulates viral gene
expression (Rossetto et al. 2013), (ii) Citrus tristeza virus (CTV) produces LMT1, a long
noncoding RNA, that counteracts plant defense responses via inhibition of the antiviral salicylic
acid signaling (Kang et al. 2019).

In contrast to the IncCRNAs that are made during replication by the viral polymerase, a
new class of viral IncRNA was identified over a decade ago that is generated by incomplete
degradation of viral RNASs by host cytoplasmic 5°— 3’ exoribonucleases (XRNSs) (Pijlman et al.
2008; Iwakawa et al. 2008; Silva et al. 2010; Peltier et al. 2012; Flobinus et al. 2018). The 5°—
3> XRNs in the nucleus and cytoplasm of eukaryotic cells are involved in RNA processing, RNA
degradation, antiviral defenses, and regulation of gene expression, among other functions (Chang
et al. 2011; Nagarajan et al. 2013). XRNL1 is primarily present in the cytoplasm while XRN2 is
primarily present in the nucleus of yeast and metazoans (Chang et al. 2011; Nagarajan et al.
2013). The three known 5’— 3’ XRNs in plants, such as Arabidopsis AtXRN2, AtXRN3, and

AtXRN4, are orthologs of XRN2 with only AtXRN4 being localized to the cytoplasm
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(Kastenmayer and Green 2000). Because no plant XRN with sequence homology to XRN1 has
yet been identified, it is generally considered that AtXRN4 is a functional equivalent of XRN1
(Kastenmayer and Green 2000; Chang et al. 2011; Nagarajan et al. 2013). The cytoplasmic 5°—
3” XRNs can use uncapped/de-capped viral RNA as a substrate and function as an antiviral
factor by degrading the viral RNAs from the 5’ end. However, all the viruses in the Flavivirus
genus (Pijlman et al. 2008; Silva et al. 2010; Clarke et al. 2015; Slonchak and Khromykh 2018;
MacFadden et al. 2018; Jones et al. 2021), several viruses in the Luteoviridae, Tombusviridae
(Iwakawa et al. 2008; Steckelberg et al. 2018a; Gunawardene et al. 2019; Steckelberg et al.
2020; llyas et al. 2021), and Benyviridae (Peltier et al. 2012; Flobinus et al. 2018) families have
evolved an XRN-resistant (xr)RNA secondary structure in their viral RNA that can block the
progression of host 5°— 3” XRN resulting in xrRNA-derived subgenomic (sg)RNAs. Putative
XrRNA structures have also been identified in vitro in viruses belonging to the Bunya-, Arena-,
Betaflexi-, Virga-, Poty-, and Secoviridae families (Charley et al. 2018; Dilweg et al. 2019).
Even though some xrRNA structures in the viral RNA have been identified in the intergenic
region that can yield coding sgRNAs (Steckelberg et al. 2018b, 2020; llyas et al. 2021), most of
the XxrRNAs identified have been located in the 3’ UTR that yield noncoding (nc)sgRNAs
(Pijlman et al. 2008; lwakawa et al. 2008; Peltier et al. 2012; Slonchak and Khromykh 2018;
Steckelberg et al. 2018a; Charley et al. 2018; Flobinus et al. 2018; Gunawardene et al. 2019;
Dilweg et al. 2019; Szucs et al. 2020; Steckelberg et al. 2020). The xrRNA-derived ncsgRNAS
have been shown to play roles in virus pathogenicity, symptom development, virus movement
and transmission, and suppressing the host’s antiviral responses (Bidet and Garcia-Blanco 2014;
Roby et al. 2014). For example, sSfRNA from WNV and dengue virus (DENV) suppresses

SiIRNA- and miRNA-induced RNAI pathways in insect and mammalian cells (Schnettler et al.
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2012; Moon et al. 2015), DENV and Zika virus (ZIKV) sfRNA inhibits translation of interferon-
stimulated genes (Bidet et al. 2014; Manokaran et al. 2015; Donald et al. 2016), alters the
stability of host MRNAs, and improves viral epidemiological fitness (Moon et al. 2012).
Although flaviviral ncsgRNAs have been studied extensively, research on xrRNA-derived
ncsgRNASs of plant viruses remains scarce. There is evidence that the xrRNA-derived ncsgRNA
of beet necrotic yellow vein virus (BNYVV), called ncRNA3, partially complements the RNA
silencing suppressor activity of BNYVV p14 protein, and also facilitates systemic movement in
plants (Peltier et al. 2012; Flobinus et al. 2016, 2018).

The first xrRNA-derived ncsgRNA that was discovered in a plant virus is SR1f of red
clover necrotic mosaic virus (RCNMV) (lwakawa et al. 2008). RCNMV (genus Dianthovirus,
family Tombusviridae) is a bipartite positive strand RNA virus with genomic RNAs 1 and 2 (Fig.
3.1-A) (Gould et al. 1981; Hiruki 1987). A subgenomic RNA (CPsgRNAL) that encodes the coat
protein (CP) (Fig. 3.1-A) is made from RNA1 via premature transcription termination during the
negative strand synthesis followed by positive strand synthesis from the prematurely terminated
transcription product (Chapter 1, Fig. 1.3-A) (Sit et al. 1998). The xrRNA-derived ncsgRNA,
SR1f (Fig. 3.1-A), is generated as a stable degradation product formed by incomplete
degradation of RNA1 and CPsgRNA1 by a still unidentified 5’— 3> XRN (lwakawa et al. 2008;
Steckelberg et al. 2018a) (Fig. 3.1-B). The 3’ UTR from which SR1f is derived controls both
cap-independent translation, via its Barley yellow dwarf virus-like translation element (BTE),
called TE-DR1 in RCNMV (Mizumoto et al. 2003), and ribosomal frameshifting, via its long-
distance frameshift element (LDFE) (Tajima et al. 2011) (Fig. 3.1-B). SR1f has been shown to
trans inhibit both cap-independent and cap-dependent translation in cell-free translation extracts

and in BY-2 protoplasts (Iwakawa et al. 2008), possibly because the BTE (TE-DR1) binds key
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translation factor, elF4F, thus making fewer copies of elF4F accessible to host or viral MRNAs.
This mechanism may explain the observation that SR1f indirectly trans inhibits negative-strand
synthesis of RNAL in vitro by repressing the production of the replicase protein (Iwakawa et al.
2008).

Although SR1f is not absolutely required for a successful infection, cell-to-cell
movement, and systemic movement of viral RNAs in Nicotiana benthamiana, the accumulation
of RNAL is significantly lower in plants infected with RCNMVASR1f mutant that is unable to
generate SR1f (Iwakawa et al. 2008). Additionally, the functions of SR1f during RCNMV
infection and how SR1f affects the plant on a molecular level are unknown. Understanding how
SR1f affects host gene expression is important to determine its function, dissect the molecular
mechanism by which it functions and discover a potentially novel strategy by which viruses can
counteract plant defenses and stay a step ahead in the evolutionary arms race. In this study, we
(i) assess RCNMV replication and symptom development in N. benthamiana and Arabidopsis
thaliana, (ii) assess its role in counteracting the immune system, (iii) assess the role of host
exoribonuclease XRN4 in generating SR1f, and (iv) perform a comparative transcriptomic
analysis of N. benthamiana infected with wildtype RCNMYV, which generates SR1f, and

RCNMVASRI1f, which does not make SR1f.

Results
Symptoms and viral RNA accumulation in N. benthamiana

To determine if the presence of SR1f plays a role in symptom development, we
inoculated N. benthamiana plants with (i) RCNMV RNA1 plus RNA2 (referred to as wt
RCNMYV), which generates SR1f, or (il) RCNMV RNA1-m1 (Fig. 3.1-B) plus RNA2 (referred

to as RCNMVASR1f), which does not generate SR1f in local leaves (Fig. 3.2-A) or systemic
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leaves (Iwakawa et al. 2008; Kanodia et al. 2020) as verified by northern blot hybridization.
RCNMV RNA1-m1 contains a six-base substitution (Fig. 3.1-B) that disrupts the XxrRNA
structure in RNA1 at the 5° end of its 3> UTR (lwakawa et al. 2008), and precludes SR1f
production (Kanodia et al. 2020). At 11 days post inoculation (dpi), necrosis, leaf curling, and
mosaic symptoms were observed in wt RCNMV-inoculated plants, while only very modest to no
symptoms were observed in RCNMVASRI1f- inoculated plants (Fig. 3.2-B). Similarly, we
observed severe symptoms in wt RCNMYV inoculated plants but very modest to no symptoms in
RCNMVASR f-inoculated plants, even at later time-points (Fig. 3.2-C). In multiple
independent experiments, the same symptoms were observed even though both RCNMV RNA1
and RNA1-m1 accumulated in non-inoculated systemic leaves in both inoculations as verified by
RT-PCR (Fig. 3.2-D). Corresponding to the symptom phenotype and consistent with a previous
report (lwakawa et al. 2008), viral RNAs accumulated to much lower levels in RCNMVASRI1f
infection compared to wt RCNMV infection as verified by gRT-PCR (Fig. 3.2-E). This
indicates that the presence of SR1f contributes to symptom development and accumulation of
viral RNAs during infection. Thus, the lack of symptoms in RCNMVASR 1 f-infected plants may

be due to the reduced virus accumulation, and only a downstream, indirect effect of lack of SR1f.

Symptoms and viral RNA accumulation in Arabidopsis thaliana

We next tested how the presence of SR1f affects viral RNA accumulation and symptom
development in wt Arabidopsis thaliana (Col-0), a model host plant with well-defined knockout
mutations. Because the analogous flaviviral SfRNAL1 in insect and mammalian cells and
BNYVV ncRNAS3 in plants have been shown to function as an RNA silencing suppressor
(Schnettler et al. 2012; Moon et al. 2015; Flobinus et al. 2016), we hypothesized that RCNMV

SR1f may also function as an RNA silencing suppressor. To test this hypothesis, we used
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Arabidopsis dcl2-1/dcl4-2t mutant. It is a double knock-out line with T-DNA insertions in
DCL2 and DCL4 genes (Xie et al. 2005). Among the four DCL proteins (DCL1, 2, 3, 4) in
Arabidopsis, DCL2 and DCL4 generate virus-derived siRNAs required for antiviral RNA
silencing (Deleris et al. 2006).

Arabidopsis leaves were mechanically inoculated with sap from Mock-, wt RCNMV-,
and RCNMVASR 1f-infected N. benthamiana. At 4 dpi, only wt RCNMV replication was
detected in the local inoculated leaves of wt and dcl2-1/dcl4-2t Arabidopsis (Fig. 3.3-A). By 28
dpi, no symptoms were observed in wt Arabidopsis inoculated with either wt RCNMV- or
RCNMVASRIf (Fig. 3.3-B). However, in dcl2-1/dcl4-2t Arabidopsis, symptoms such as
chlorosis, necrosis, severely mosaic and epinastic leaves, and defective bolting were observed in
wt RCNMV-inoculated plants but not in RCNMVASR 1f-inoculated plants at 28 dpi (Fig. 3.3-B).
Consistent with the symptoms, only wt RCNMYV replication was detected in the systemic leaves
of only dcl2-1/dcl4-2t Arabidopsis (Fig. 3.3-C). In wt Arabidopsis at 14 and 21 dpi, wt RCNMV
replication was inconsistently detected and RCNMVASR 1f replication was not detected in any
plants (Fig. 3.3-D, E). In dcl2-1/dcl4-2t Arabidopsis at 14 and 21 dpi, even though we
consistently detected the replication of wt RCNMV, we did not detect RCNMVASRI1f
replication (Fig. 3.3-D, E). Similarly, the symptoms always appeared only in wt RCNMV
inoculated dcl2-1/dcl4-2t Arabidopsis at different time-points. In other independent
experiments, which included only Arabidopsis dcl2-1/dcl4-2t plants, the symptoms and wt
RNAL accumulation were consistent even at early time-points (Fig. 3.3-F, G). However, RNA1-
ml accumulation was neither consistent nor reproducible in RCNMVASR 1f-inoculated dcl2-

1/dcl4-2t plants, as detected by RT-PCR (Fig. 3.3-G).
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If SR1f were required only for silencing suppression, the dcl2-1/dcl4-2t knock-out should
rescue the replication of RCNMVASRI1f to wt RCNMYV levels, because the virus would not need
a silencing suppression function to infect these silencing-deficient plants. However, knocking-
out the antiviral RNAI system in Arabidopsis dcl2-1/dcl4-2t plants did not rescue the replication
of RCNMVASRI1fto wt RCNMYV levels. Therefore, we conclude that SR1f has an essential
function for infection other than silencing suppression, although we do not rule out the
possibility that SR1f may also play a role in silencing suppression.

Next, we asked whether the inability of RCNMVASRIf to replicate in Arabidopsis is
because the 6-base substitution in RNA1-m1 may affect virus replication and/or translation in
cis. To test this, we inoculated Arabidopsis plants in the xrn4-5 knock-out mutant line with
either wt RCNMV or RCNMVASRIf. Arabidopsis xrn4-5 is a loss of function mutant with T-
DNA insertion in the XRN4 gene (Souret et al. 2004). XRN4 is the host cytoplasmic XRN that
has been assumed to be responsible for generating xrRNA-derived ncsgRNAs from plant viruses
(Flobinus et al. 2016, 2018; Gunawardene et al. 2019; llyas et al. 2021). However, the role of
XRN4 in generating plant viral xrRNA-derived ncRNA has not been determined in planta. If
SR1f is generated via exonucleolytic degradation by XRN4, we expect to see no SR1f
production in wt RCNMV-inoculated xrn4-5 plants. Furthermore, these plants have a functional
antiviral RNA silencing machinery. Therefore, if RCNMVASRIf did not replicate in wt
Arabidopsis owing to the lack of SR1f production, we would not expect wt RCNMV replication
in xrn4-5 Arabidopsis. In contrast, if SR1f is dispensable, and RCNMVASR1f did not replicate
in wt Arabidopsis only because of a cis-acting effect of the 6-base substitution in RNA1-m1, we
expect wt RCNMV replication to occur in xrn4-5 Arabidopsis even without SR1f production.

Similar to the observation in wt Arabidopsis, there were no discernable symptoms in either wt
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RCNMV- or RCNMVASRI1f inoculated xrn4-5 plants (Fig. 3.4-A). Surprisingly, wt RCNMV
replication and SR1f accumulation was observed at 21 dpi (Fig. 3.4-B) indicating that XRN4 is
not required for generating SR1f. This conclusion supports a report of the BNYVV ncRNA3
accumulation in N. benthamiana plants despite virus-induced gene silencing (VIGS) treatment
that reduced Xrn4 mRNA levels (Flobinus et al. 2018). Because SR1f was produced in wt
RCNMV-infected xrn4-5 Arabidopsis, we were unable to determine whether the lack of
RCNMVASRIf replication in Arabidopsis is because of the absence of SR1f or because of the
cis-acting effect of the 6-base substitution in RNA1-m1.

The 6-base substitution (nt 3461 to 3466) in the xrRNA structure lies at the 5’ end of the
3’ UTR of RNAT1 (Fig. 3.1-B), near the LDFE (nt 3562 to 3566) that is required for translation of
RCNMV p88 protein by -1 programmed ribosomal frameshifting (Fig. 3.1-B) (Tajima et al.
2011), and the 3° TE-DR1 required for cap-independent translation (Fig. 3.1-B) (nt 3596 to
3732) (Mizumoto et al. 2003). Because of its proximity to these elements, it is possible that the
6-base substitution in RNA1-m1 could affect RNA folding and thus the activity of 3’ TE-DR1
and/or LDFE and thereby suppress RNA1-m1 translation. To test if the 6-base substitution in
RNA1-m1 affects its translation in cis, we conducted in vitro translation in wheat germ extract.
RCNMV p27 and p88 proteins from RNA1-m1 accumulated to about 82-85% of the level
obtained from wt RNAL (Fig. 3.5-A, B). This was a statistically significant but minor effect
compared to the complete ablation of SR1f RNA and the 4-5-fold reduction in virus

accumulation in N. benthamiana, caused by this 6-base substitution.

Effect of infection on host transcriptome

To understand the role, if any, of SR1f on host gene expression, we performed RNA

sequencing (RNA-seq) on plants inoculated with wt RCNMV and RCNMVASRI1f. Because
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RCNMVASRIf did not replicate in wt Arabidopsis and its replication in dcl2-1/dcl4-2t
Arabidopsis was not consistent and reproducible, we instead performed RNA-seq on RCNMV-
infected N. benthamiana. At 15 days post inoculation (dpi), necrosis, leaf curling, and mosaic
symptoms were observed in wt RCNMV-inoculated plants, while no symptoms were observed in
RCNMVASRIf- inoculated plants (Fig. 3.6-A). One non-inoculated leaf was collected from
mock-, wt RCNMV- and RCNMVASR 1f-inoculated plants at 15 dpi. Both the wt RCNMV and
RCNMVASR I infection were confirmed by RT-PCR (Fig. 3.6-B). Additionally, we performed
RT-PCR with RNA1-specific and RNA1-m1-specific primers to ensure there was no cross-
contamination among the samples (Fig. 3.7). RNA-seq libraries were prepared using 3, 4, and 4
biological replicates for mock-, wt RCNMV- and RCNMVASR I f-inoculated plants,
respectively. The sequencing data were processed and aligned to (i) N. benthamiana 1.0.1
genome, (ii) RCNMV RNAL or RNA1-m1, and (iii) RCNMV RNA2. From total host MRNA-
mapped reads plus RCNMV-mapped reads, the proportion of reads (Mean + SD) that mapped to
RCNMV genome was ~17.4 £ 3.1 % in wt RCNMV infected plants and ~5.2 £ 2.2 % in
RCNMVASRI1f infected plants.

Next, DESeq2 (Love et al. 2014) was used to identify differentially expressed genes
(DEGS) (output in Supplemental file 3.1). We compared the results from wt RCNMV vs. mock
data to RCNMVASRIf vs. mock data to understand how the presence of SR1f affects the host’s
transcriptional response to virus infection. Principal component analysis (PCA) distinguished wt
RCNMYV infection data from mock-inoculation data and RCNMVASR 1 f infection data with 82%
variance (Fig. 3.8). In contrast, there was only 55% variance between mock-inoculation and

RCNMVASRIf infection data with two biological replicates of RCNMVASRf infected plants
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very close to the mock-inoculated plants (Fig. 3.8). This shows that the major variation in RNA-

seq data among all the samples can be explained by different inocula.

Differentially expressed genes

We define differentially expressed genes (DEGS) as those having absolute (log>-fold
change) > 1 and adjusted p-values < 0.05. In wt RCNMV vs. mock data, we found 3659 DEGs
in which 2508 genes were upregulated and 1151 genes were downregulated (Fig. 3.9-A). In
RCNMVASRI1f vs. mock data, we found only 422 DEGs in which 192 genes were upregulated
and 230 genes were downregulated (Fig. 3.9-A). Consistent with the symptom observation,
volcano plots show the greater impact of wt RCNMV infection on N. benthamiana gene
expression with greater fold change and more significant results than the RCNMVASRI1f
infection (Fig. 3.9-B). Next, we plotted the 52 upregulated and 116 downregulated DEGs shared
among both datasets (Fig. 3.9-C). The shared upregulated genes show a larger fold change (vs
Mock) in wt RCNMYV infection than in RCNMVASRI1f infection, suggesting that these genes are
upregulated in response to virus infection although their magnitude of expression can result from
both RCNMYV replication levels and/or the presence of SR1f per se. Interestingly, the shared
downregulated genes show a similar fold change in both conditions suggesting that these genes
are downregulated in response to RCNMV infection rather than by the presence of SR1f. We
hypothesize that SR1f may sequester 5’— 3> XRN protein(s) disrupting the cellular RNA decay
machinery, thus stabilizing the cellular as well as viral RNAs. Further molecular assays need to

be performed to test this hypothesis.
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GO enrichment analysis

The differentially upregulated and downregulated genes were used separately in wt
RCNMYV vs. mock and RCNMVASRI1f vs. mock for identifying the enriched GO terms. The
upregulated genes in wt RCNMV vs. mock dataset enriched 977 GO terms. The top 15
significant terms classified mainly into the biological process category (Table 3.1). The
downregulated genes in wt RCNMV vs. mock dataset enriched 501 GO terms with the top 15
terms classifying into cellular components category and mainly related to the photosynthesis
machinery (Table 3.1). However, in RCNMVASRI1f vs. mock dataset, the upregulated genes
enriched only 37 GO terms and the downregulated genes enriched 319 GO terms, mainly
biological process category for the top 15 terms (Table 3.2).

The list of all the enriched GO terms, the genes involved in the GO term found in our
dataset, and the p-values can be found in Supplemental file 3.2. Subsequently, the revigo tool
was used to reduce the redundancy in the enriched GO term dataset and for visualization of the
more relevant parent GO terms in “Biological process”, “Cellular components” and “Molecular
function”. The terms that were highlighted in wt RCNMYV vs. mock upregulated DEG dataset
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included “response to other organism”, “carbohydrate metabolism”, “vesicle”, “cell wall”,
“calcium ion binding”, “protein serine-threonine kinase activity” (Fig. 3.10) and the terms in the
wt RCNMYV vs. mock downregulated DEG dataset included “hormone-mediated signaling
pathway”, “plant-type cell wall loosening”, “chloroplast thylakoid”, “cell wall”, “water channel
activity”, “kinase activity” (Fig. 3.10) among others. However, in the RCNMVASR1f vs. mock
dataset, only a few terms were highlighted in upregulated DEG dataset whereas several terms
were highlighted in the downregulated DEG dataset (Fig. 3.11). Even though number of

downregulated DEGs in both inoculations are very different, the number of highlighted terms

that are affected are similar in both inoculations. In contrast, the upregulated DEGs in wt
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RCNMV infection affect far greater number of molecular functions, biological processes and
cellular pathways than in RCNMVASRI1f infection. This suggests that the greater impact on host
by wt RCNMV infection may be because of the upregulated DEGs, rather than the
downregulated DEGs, and the greater proportion of DEGs being upregulated may be due to the

presence of SR1f sequestering the XRN, as hypothesized above.

KEGG pathway enrichment analysis

The DEGs in wt RCNMYV and RCNMVASRI1f infection were used for KEGG pathway
enrichment analysis. A. thaliana, Solanum lycopersicum, and N. tabacum annotations were used
as background database for the analysis. Because more informative terms were found with
Arabidopsis background, we focused only on those for further analysis. More details for the
enriched pathways using the other two background databases can be found in Supplemental file
3.3 and the DEGs involved in selected KEGG pathways can be found in Supplemental file 3.4.
In wt RCNMV vs. mock dataset, 119 pathways were identified and 21 of those were enriched
with “plant-pathogen interaction”, “MAPK signaling pathway-plant” and “plant hormone signal
transduction” being the most significant (Supplemental file 3.3).

The rich factor was calculated for each pathway. This is the ratio of number of DEGs in
our dataset in the pathway to the total number of genes annotated in the pathway in the
background database. Rich factor of 1 means all the genes annotated in the pathways are
differentially expression in a dataset. In wt RCNMV vs. mock dataset, the rich factor of
significantly enriched pathways ranged from 0.16 to 0.86 with “Stilbenoid, diarylheptanoid and
gingerol biosynthesis”, “Linoleic acid metabolism”, “Sesquiterpenoid and triterpenoid
biosynthesis”, and “Flavonoid biosynthesis” pathways having a rich factor greater than 0.5 (Fig.

3.12-A). These pathways are frequently found to be enriched during viral infections (Huang et
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al. 2017; Jiao et al. 2020). Most of the enriched pathways can be grouped under metabolic
pathways and it shows the significant impact of wt RCNMYV infection on the plant’s metabolism.
In contrast, 60 pathways were identified in RCNMVASRI1f vs. mock dataset and only 12 of those
were enriched with “photosynthesis”, “RNA polymerase” and “Metabolic pathways” being the
most significant (Supplemental file 3.3). None of the enriched pathways have a rich factor
greater than 0.5 (Fig. 3.12-A).

In “plant-pathogen interaction” and “MAPK signaling” pathway (enriched only in wt
RCNMV infection) most of the DEGs were upregulated (Fig. 3.12-B). These DEGs were
involved in both PAMP-triggered immunity and effector-triggered immunity affecting
hypersensitive-response (HR) and defense-related gene induction (Fig. 3.13). Transcripts for
several calcium-dependent protein kinase (CDPK) genes and one Respiratory burst oxidase
homolog protein A (RBOHA) gene accumulated at significantly higher levels in wt RCNMV-
infected plants than mock or RCNMVASR 1f-infected plants. This result was not unexpected as
plants elicit a reactive oxygen species (ROS) burst as an antiviral defense response, yet RCNMV
requires ROS production for efficient replication (Hyodo et al. 2017). It is possible that in wt
RCNMV infection, viral RNA and proteins accumulate to a sufficient level to elicit a strong
defense response, especially coat protein-mediated HR response (Adhab et al. 2019), and the
virus hijacks one of those defense responses (ROS) to accelerate viral replication. This can be
seen as high levels of RNA1 accumulation in wt RCNMV infection compared to RNA1-m1 in
RCNMVASRI1f infection in which the host does not elicit a strong defense or ROS response.

Plant-pathogen interactions are greatly impacted by phytohormone signaling (Alazem
and Lin 2015; Zhao and Li 2021). The “Plant hormone signal transduction” pathway was

enriched in both wt RCNMV and RCNMVASR If infections. In this pathway, 80 and 9 genes
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were differentially regulated during wt RCNMYV and RCNMVASR 1f infection, respectively
(Fig. 3.12-B). The salicylic acid pathway, which is key for systemic acquired resistance (SAR)
and induction of PR-proteins, was upregulated only in wt RCNMV infection (Fig. 3.14). The
abscisic acid pathway was upregulated in both wt RCNMYV and RCNMVASR If infection (Fig.
3.14). In the “photosynthesis” pathway, only one gene was upregulated and 35 were
downregulated in wt RCNMV-infected plants whereas 18 genes were upregulated, and seven
were downregulated in RCNMVASR 1 f infection (Fig. 3.12-B and Supplemental file 3.4).
Essentially, 19 components of photosystem I and I, cytochrome b6/f complex, photosynthetic
electron transport, and F-type ATPase were mainly downregulated in wt RCNMV infection
while in RCNMVASR 1 f infection, only 1 component of photosystem Il was downregulated, and
five components of photosystem | and 11, and F-type ATPase were upregulated (Fig. 3.15). In
addition to the dysregulated metabolic pathways, a disruption in photosynthesis machinery may
contribute to the symptom development in wt RCNMYV infection. In the “Metabolic pathways”,
247 genes were upregulated and 107 genes were downregulated in wt RCNMYV infected plants
while only 30 genes were upregulated and 40 genes were downregulated in RCNMVASRIf
infected plants (Fig. 3.12-B). In the “Protein processing in endoplasmic reticulum” pathway,
enriched only in wt RCNMV-infection, 37 genes were upregulated while only 3 were
downregulated (Fig. 3.12-B). This may be a consequence of ER membrane remodeling during
RCNMV replication (Turner et al. 2004; Hyodo et al. 2013). It would be interesting to test if

RCNMV-infected cells undergo ER-stress and elicit unfolded protein response.

LRR-RLKSs/RLPs and PR genes

Leucine rich repeat receptor-like kinases and proteins (LRR-RLKs/RLPSs) play important

roles in plant development, immunity and stress responses (Breiden and Simon 2016; Ye et al.
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2017; He et al. 2018; Macho and Lozano-Duran 2019). These are the primary components that
recognize the pathogen/damage-associated molecular patterns (P/DAMPS) and elicit pattern-
triggered immunity (PTI). Out of the 317 LRR-RLKSs and 86 LRR-RLPs identified in N.
benthamiana (Wang et al. 2018), 38 LRR-RLKSs and 15 LRR-RLPs were differentially regulated
in wt RCNMV infection (Table 3.3). However, none of the LRR-RLKSs/RLPs were differentially
regulated in RCNMVASR If infection. Another component of the plant’s innate immune
response includes induction of Pathogenesis-related (PR) proteins upon pathogen attack. Out of
29 PR-genes identified in N. benthamiana (Li et al. 2018), 12 genes encoding PR-1, PR-2, PR-3,
PR-4, PR-9, PR-11 proteins were differentially upregulated in wt RCNMV infection, whereas
only 3 genes, all encoding PR-2 protein, were upregulated in RCNMVASR 1f infection (Table

3.4).

Validation of RNA-seq analysis using qRT-PCR

To validate our RNA-seq data analysis, we selected seven host DEGs that were involved
in the enriched pathways and quantified their abundance using qRT-PCR. Candidate genes
included PR-1, PR-2, Abscisic acid responsive element binding factor (ABF), WRKY
transcription factor (WRKY), Respiratory burst oxidase homolog protein A (Rboh), Jasmonate-
zim-domain protein (JAZ), and Proteinase inhibitor 1-B (PI). The logz-fold change and their
statistical significance values were consistent between the RNA-seq. and gRT-PCR analysis

(Fig. 3.16).

Read coverage on viral RNAs

RNA-seq reads were mapped to RCNMV RNAL and RNA2 and the number of reads at

every nucleotide position on the viral RNA were counted and scaled according to the DESeq2
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scaling factor (Fig. 3.17-A, B). Overall, more reads mapped to RNAL in wt RCNMV-infected
plants than RNA1-m1 in RCNMVASR I f-infected plants (Fig. 3.17-A). This was verified using
gRT-PCR (Fig. 3.17-C). Read coverage across the negative strand of RNA1 or RNA1-m1 was
more than ten-fold less than the positive strand for most of the genome, as expected (Fig. 3.17-
A). Reads mapping to negative strand clearly show that CPsgRNA1 negative strand was more
abundant than RNAL negative strand upstream of the region corresponding to CPsgRNAL (Fig.
3.17-A). However, we did not see a particularly high number of reads mapping to the SR1f
region. The number of reads at the 5 ends of the genomic and subgenomic RNAs may be
artificially reduced owing to the library preparation Kit that we used, which may explain this
unexpected observation. However, when the coverage over each nucleotide of RNA1/RNA1-m1
was normalized according to the total number of mapping hits to RNA1 or RNA1-m1, the
accumulation of SR1f can clearly be seen only in wt RCNMV infected samples (Fig. 3.18).
The read coverage profile on RNA2 positive strand was not much different in either
infection (Fig. 3.17-B). The number of reads mapping to RNA2 in both cases differed by only
~50% but the difference was not statistically significant (Fig. 3.17-D). This did not agree with
our qRT-PCR validation where the RNA2 abundance in RCNMVASRI1f infection was ~20 % of
that in wt-RCNMYV infection and highly significant (Fig. 3.17-D), similar to the decrease in
RNA1 abundance (Fig. 3.17-C). Additionally, the coverage profile on RNA2 positive strand
was rather unexpected. The reads were highly represented in the 5” half of RNA2, then they
decline near the middle of the RNA2 sequence, and then increase again toward the 3” end (Fig.
3.17-B). Itis unlikely that this is a library preparation artifact because we observed a similar
pattern of RNA2 coverage in RCNMV-infected Arabidopsis in an independent RNA-seq

experiment that used a different library preparation strategy, library preparation kit, and
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sequencing read length (Chapter 4). Interestingly, this inflection point coincides with the trans-
activator (TA) sequence in RNA2. Intermolecular base pairing between the TA sequence in
RNAZ2 and the 8-nt sequence upstream of the coat protein subgenomic promoter on RNAL is
required to produce negative strand of CPsgRNAL via premature transcription termination of
negative strand synthesis to generate the template for CPsgRNAL synthesis (Sit et al. 1998; Im et
al. 2021). The coverage profile of reads on the negative strand RNA1 or RNA1-m1 showing
greater number of reads in the CPsgRNAL region further supports the premature transcription
termination model (Fig. 3.17-A).

The proportion of individual viral RNAs relative to the total number of host MRNA reads
revealed that positive and negative strand RNA1 and negative strand RNA2 are more abundant
in wt RCNMV-infected plants compared to RCNMVASR 1 f-infected plants (Fig. 3.17-E).
However, there is no significant difference in abundance of positive strand RNA2 in either
infection (Fig. 3.17-E). Upon inspecting Fig. 3.17-E more closely, we observed that the
proportion of reads from positive strand RNA2 is less than positive strand RNAL in wt RCNMV-
infected plants (Fig. 3.17-E). On the contrary, the proportion of reads from negative strand
RNAL1 is similar to negative strand RNA2 in wt RCNMV-infected plants and the proportion of
reads from positive and negative strand RNAL is similar to positive and negative strand RNA2,
respectively, in RCNMVASR 1 f-infected plants (Fig. 3.17-E). This leads us to speculate that

SR1f may negatively regulate the synthesis of positive strand RNA2 in late stages of infection.

Discussion

In this study, we assessed the role of the noncoding RNA of an RNA virus interacting

with its host using N. benthamiana and Arabidopsis as hosts. We also provide a comparative
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genome-wide transcriptomic analysis in N. benthamiana to assess how RCNMV infection and

the presence of SR1f affect cellular gene expression.

Lack of SR1f reduces virus levels and symptoms

Reduced symptoms and decreased viral RNA accumulation in N. benthamiana and
Arabidopsis plants inoculated with SR1f-deficient RCNMV mutant suggests an important role
for SR1f in establishing a successful infection (Fig. 3.2, 3.3). Notable differences in symptoms
in N. benthamiana infected with wt RCNMV and RCNMVASRI1f (Fig. 3.2-B, C) contrasts with
a previous report (lwakawa et al. 2008), which reported (but did not show) mosaic symptoms in
systemic leaves in N. benthamiana infected with several SR1f-deficient RCNMV RNAL1
mutants, including the mutant, RNA1-m1, that we have used in our study. However, similar to
our observation, it has been shown that a Tobacco necrosis virus (TNV)-D mutant, that cannot
make the ncsgRNA, produced milder symptoms than the wt TNV-D infection in N. benthamiana
(Gunawardene et al. 2019). The authors also showed that viral RNA accumulation was reduced
in TNV-D mutant infection compared to the wt TNV-D infection, which is similar to the
previous RCNMV report (lwakawa et al. 2008) and our results (Fig. 3.2-E, 3.17-C, D). Thus,
throughout this study, we cannot distinguish whether most differences in host response were due

to SR1f per se or due to reduced virus load in general.

Defective antiviral RNA silencing pathway does not rescue RCNMVASRIf replication

Based on the previous reports that have demonstrated the RNA silencing suppressor
activity of ncsgRNAs of WNV, DENV, Kunjin virus (KUNV), and BNYVV (Schnettler et al.
2012; Moon et al. 2015; Flobinus et al. 2016), we hypothesized that RCNMV SR1f may function

as an RNA silencing suppressor. If this were the only function of SR1f, we would expect more
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symptoms and viral RNA accumulation in RCNMVASR 1f-inoculated dcl2-1/dcl4-2t Arabidopsis
plants than in wt Arabidopsis because this mutant lacks the antiviral RNA silencing machinery.
However, Arabidopsis dcl2-1/dcl4-2t mutant did not rescue the replication of RCNMVASRIf
(Fig. 3.3). Furthermore, previous reports have shown that the formation of the 480 kDa
RCNMV replication complex and the subsequent replication of RNAL or RNA2 alone is
sufficient to suppress RNA silencing in N. benthamiana (Takeda et al. 2005) and the movement
protein encoded by RNAZ2 is also a suppressor of RNA silencing (Powers et al. 2008).

Therefore, we concluded that SR1f performs an essential function other than RNA silencing
suppression. This does not rule out the possibility that it may also play a role in RNA silencing
suppression, for example similar to the BNYVV ncRNA3 that complements BNYVV pl4

protein to suppress RNA silencing (Flobinus et al. 2016).

XRN4 is not required to generate SR1f

A key question in plants is which XRN is responsible for generating ncsgRNAS via
blockage at the xrRNA structure? In plants, XRN4 is the only known cytoplasmic 5’— 3’ XRN,
a functional equivalent of XRN1 in yeast and mammals and has been assumed to be responsible
for generating xrRNA-derived ncsgRNAs (Flobinus et al. 2016, 2018; Gunawardene et al. 2019;
Ilyas et al. 2021). A previous report showed that ectopic expression of plant XRN4 in
Saccharomyces cerevisiae (Axrnl background) could generate BNYVV ncRNA3 (Flobinus et al.
2018). The authors also demonstrated that VIGS knock-down of XRN4 affects BNYVV
accumulation and inhibits its systemic spread in N. benthamiana, however, BNYVV ncRNA3
was still present (Flobinus et al. 2018) suggesting that XRN4 may not be necessary for ncRNA3

biogenesis, although residual XRN4 may be present in VIGS knock-down plants. In our
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experiment, we detected high levels of SR1f in wt RCNMV-infected xrn4-5 Arabidopsis plants
(Fig. 3.4), which have a T-DNA insertion in exon 18 of the only XRN4 gene so they do not make
a functional XRN4 (Souret et al. 2004), thereby showing the lack of requirement for XRN4 to
produce SR1f. Thus, if XRN4 can generate XrRNA, it is not the only exoribonuclease that does
so. In fact, diverse 5’— 3’ exoribonucleases, unrelated to XRN1, such as yeast Dxol and
bacterial RNase J1 have been shown to be capable of generating SR1f in vitro (Steckelberg et al.
2018a). Even flaviviral xrRNAs can block different 5°— 3’ exoribonucleases (MacFadden et al.
2018). This raises important questions: which exoribonuclease(s) are responsible for the
production of xrRNA-derived ncsgRNAs in planta during infection? Is there a yet-unidentified
cytoplasmic 5’— 3’ XRN in plants that is responsible for making viral ncsgRNAs? Can other
plant XRNs functionally replace XRN4 in its absence? For characterization of xrRNA-derived
ncsgRNASs of plant viruses, one could screen and identify Arabidopsis 5°— 3’ exoribonuclease

loss of function mutants that cannot make viral ncsgRNAS.

Effects of wt RCNMYV and RCNMVASRI1f on the host transcriptome

To test how the cellular gene expression is affected in N. benthamiana infected with wt
RCNMYV and RCNMVASRI1f, we conducted RNA-seq. Based on read counts, wt RCNMV
accumulated five times as much as the RCNMVASR1f mutant, so we cannot distinguish effects
of loss of SR1f per se from those due to less virus accumulation in general. However, in the
plants infected with wt RCNMYV, we can identify host genes that may be affected by presence of
SR1f. According to our RNA-seq data, almost two-thirds of DEGs are upregulated (69 %) in wt
RCNMV infection, whereas in RCNMVASRIf infection, an almost equal proportion of DEGs

are upregulated (45 %) and downregulated (55 %) (Fig. 3.9-A). This pattern of a greater
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proportion of DEGs being upregulated (i.e., show an increased level of MRNA) in a virus
infection that produces an xrRNA-derived ncsgRNA has been reported previously in flavivirus-
infected cells (Moon et al. 2012). In that report, the amount of XRN1 available for normal
turnover of mMRNAs was found to be reduced in infected cells, owing to its tight association with
flaviviral sSfRNA, thus sequestering it from its normal cellular activities, resulting in abnormal
stabilization of cellular mRNAs. In their experiment, the wildtype KUNV and the sfRNA-
mutant KUNV replicated to the same level and therefore they were able to attribute their results
to the presence of the SFRNAs (Moon et al. 2012). However, in our case, wt RCNMV replicates
to a higher level than RCNMVASRI1f and therefore, the greater proportion of DEGs being
upregulated may be due to increased cellular transcriptional response to virus replication, in
addition to any increased mRNA stability arising from disruption of RNA decay pathway by
sequestration of a 5’— 3> XRN by SR1f. Even though it has not been shown that RCNMV SR1f
can stabilize cellular RNAs in vivo, it can increase RCNMV RNAZ2 accumulation in BY-2 cell-
free replication assays (lwakawa et al. 2008). According to the GO term and KEGG pathway
enrichment analysis, wt RCNMYV infection disrupts more cellular pathways and to a greater
extent than RCNMVASRIf infection (Fig. 3.10 — 3.15). Which of these effects can be attributed
to host response to virus infection in general, and which are specifically due to presence of SR1f
remains to be determined. Either way, the large reduction in virus accumulation due to absence
of SR1f demonstrates that SR1f plays an important role in the virus life cycle.

We also looked at the differential expression of a few cellular genes in our dataset that
are known to be co-opted by RCNMYV and other tombusvirids, such as tomato bushy stunt virus
(TBSV) and carnation italian ringspot virus (CIRV). DEGs in the enriched pathways that are

known to be recruited by RCNMV included Rboh and CDPKs (Hyodo et al. 2017). In addition
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to these, genes encoding phospholipase D (PLD), heat shock protein 70 (HSP70), HSP90, ADP-
ribosylation factor (Arf) were also upregulated only in wt RCNMV infected plants (Fig. 3.9-B).
PLD enzymes catalyze the production of phosphatidic acid which interacts with RCNMV
replication protein p27 and promotes RCNMV replication (Hyodo et al. 2015). HSP70 and
HSP90 interact with RCNMYV p27 at the ER membrane and this interaction is required for the
formation of a functional 480 kDa RCNMV replicase complex for successful RCNMV
replication (Mine et al. 2012). RCNMV replication protein p27 also interacts with Arfl, which
is a ubiquitous, highly conserved GTPase involved in the formation of COPI vesicles on Golgi
membranes, and relocalizes it from Golgi apparatus to the RCNMYV replication site on the ER
(Hyodo et al. 2013). Selected DEGs that are recruited by other tombusvirids include oxysterol-
binding protein-related protein (ORP), Vesicle-associated membrane protein-associated protein
(VAP), Vacuolar protein-sorting protein brol (BROL1), all of which were upregulated only in wt
RCNMV infected plants (Fig. 3.9-B). ORP and VAP are co-opted by TBSV and CIRV for re-
distribution of sterols to the virus replication sites (Barajas et al. 2014). BROL1 is required for
efficient TBSV replication by recruiting ESCRT-III factors in the virus replication complexes
(Kovalev et al. 2016). The list of unigene IDs of the above-mentioned genes and their
differential expression can be found in Table 3.5. In summary, RCNMYV induces expression of
several proteins shown to be co-opted by TBSV or CIRV, while also inducing and using
different proteins. This reveals the similarities and differences among viruses in different genera

of the Tombusviridae.

Effect of RCNMVASRIf on viral RNA levels

RNA-seq reads mapped to RCNMV RNAL and RNA2 that showed some expected

features such as greater abundance of reads mapping to positive strand than the negative strand.
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The greater number of reads mapping to CPsgRNA1 sequence in the negative strand (Fig. 3.17-
A, B) compared to the rest of RNAL, rather than a uniform distribution of reads along the full-
length negative strand of RNA1, supports the premature transcription termination model for the
synthesis of negative strand CPsgRNAL (Sit et al. 1998). According to this model, CPsgRNA1
positive strand is transcribed from the 3’ terminus of incomplete RNA1 negative strand that
arises as a result of premature transcription termination during the synthesis of negative strand
RNAL (Sit et al. 1998).

Corresponding with the accumulation of CPsgRNAL and SR1f subgenomic RNAs we
expected to see more reads in the positive strand in these regions compared to the upstream
region of RNAL1. However, we saw more reads only for the CPsgRNAL region, which includes
SR1f sequence, but no additional increase in reads was observed for SR1f-specific sequence
(Fig. 3.17-A). We think the lack of an even higher number of reads corresponding to the SR1f
portion of RNAL may be an artifact from the library preparation. The library preparation kit that
we used utilizes random hexamer-mediated cDNA synthesis as its first step followed by bead
clean-ups that retained reads of average ~300 nt. Thus, cDNAs from regions within 300 nt of the
3’ end would be less than 300 bp and would have been removed and therefore, we would see
fewer reads than expected mapping to this region (Fig. 3.17-A). In contrast, the reads mapping
to CPsgRNA1 would be mostly retained. However, most of the cDNAs synthesized from
CPsgRNA1 would terminate at its 5* end and therefore only the 5° end of CPsgRNAL would be
over-represented in our sequencing data. Indeed, we observe this phenomenon at the 5* end of
positive strand RNA1, CPsgRNA1, RNA2 and the co-terminal 5 ends of the negative strand

RNAL and CPsgRNAL (Fig. 3.17-A, B). Despite this limitation, the accumulation of SR1f can



118

clearly be seen only in wt RCNMV infected samples when the RNA1/RNAL-m1 coverage was

normalized to the total number of mapping hits to RNA1 or RNA1-m1 (Fig. 3.18).

Possible functions of SR1f

In summary, using RCNMV SR1f as a model to study xrRNA-derived ncsgRNAs of
plant viruses, we show that SR1f plays a key role in virus accumulation and symptom
development, possibly by regulating virus and host gene expression and counteracting plant’s
defense responses. We conclude that the primary function of SR1f is not an RNA silencing
suppressor but may have an important role in counteracting plant defenses and/or modulating
virus life cycle by a yet-unknown mechanism. Using a reporter system, it has been shown that
RCNMV SR1f trans-inhibits both cap-independent and cap-polyA-dependent translation in vitro
and in vivo in BY-2 protoplast and it suppresses cap-polyA-dependent translation more
efficiently than it inhibits 3 TE-DR1-mediated (viral) cap-independent translation (Iwakawa et
al. 2008). Therefore, the authors hypothesized that accumulation of SR1f may sequester
translation initiation factors and/or ribosomal small sub-units and suppress translation of cellular
mRNAs. However, how RCNMV-infection and SR1f accumulation in plants affects cellular
MRNA translation has not been studied yet.

SR1f may also regulate translation of viral RNAs as has been shown for the sgRNA2 of
BYDV, which, like SR1f, contains the BTE. Via its BTE, which binds translation factor elF4G,
SgRNAZ2 selectively inhibits translation of genomic RNA, relative to that of the subgenomic
RNA that encodes, movement and coat proteins (Shen et al. 2006). As hypothesized previously
(lwakawa et al. 2008), SR1f may do the same, but favor translation of CPsgRNA1 and RNA2.
Thus, absence of SR1f would perturb optimal regulation of translation of viral RNAs by viral

RNA.
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It has been shown that RCNMYV SR1f and TNV-D svRNA are packaged in the virions
(Iwakawa et al. 2008; Gunawardene et al. 2019), unlike WNV sfRNA (Pijlman et al. 2008). This
suggests that SR1f may also have a role in the early stages of infection. Based on previous
reports, results presented in this study and some of our unpublished data, we present the
following hypothesis. In the early stages of infection when the specific antiviral pathways have
not been triggered, a cytoplasmic 5’— 3’ XRN could degrade RCNMV genomic RNAs, which
(unlike flavivirus RNAS) are uncapped. However, the co-packaged SR1f could sequester the
XRN, thus minimizing degradation of viral genomic RNA, allowing it to initiate translation
followed by replication. Having an uncapped genome may be the selective pressure resulting in
the packaging of SR1f. TNV-D has an uncapped genome and its sSvRNA is also packaged
(Gunawardene et al. 2019). BNYVV genomic RNAs are capped but we are unaware of any
evidence indicating whether its ncRNAS3 is packaged. In contrast to tombusvirids, the cap on
flaviviral RNA may provide initial protection or delay in viral RNA degradation (thus explaining
the absence of packaged sfRNA (Pijiman et al. 2008)), that in RCNMV and TNV-D may be
provided by the SR1f and svRNA, respectively, which are present immediately upon RNA entry
from the virion. This initial assistance from SR1f would minimize the degradation of viral
genomic RNAs that can kick-start the production of the replicase proteins followed by viral RNA
replication. Accumulation of viral RNAs and proteins will elicit antiviral defense responses,
including the ROS burst, which is hijacked by RCNMV to accelerate its replication efficiency
(Hyodo et al. 2017). At a later stage, SR1f accumulation may inhibit translation of viral RNAs
by binding and sequestering elF4F, as hypothesized before (Iwakawa et al. 2008), making them
available for encapsidation similar to the riboregulator function of BYDV sgRNAZ2 (Shen and

Miller 2004; Shen et al. 2006). On the other hand, RCNMVASR 1f does not produce SR1f.
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Therefore, 5’— 3> XRN may quickly degrade viral genomic RNAs, thus reducing accumulation
of viral products. Moreover, the plant defense responses will not be triggered and there will be

no ROS burst that RCNMV exploits for an efficient replication.

Materials and Methods
In vitro transcription of RCNMV RNAs

RCNMV plasmid constructs used for in vitro transcription were described previously
(Kanodia et al. 2020). pRC169c and pRC2|G are cDNA clones with T7-promoter for in vitro
transcription of infectious RCNMV RNAL and RNA2, respectively. pR1ml is a cDNA clone of
RCNMV RNAL (RNA1-m1) that does not generate SR1f in infected cells. One pg of Smal-
linearized pRC169c, pRC2|G and pR1m1 were used as template for in vitro transcription using
MEGAscript T7 Transcription kit (Invitrogen AM1334) followed by DNase treatment according
to manufacturer’s protocol. The transcription reaction was carried out at 37 °C for 4 h and
DNase treatment at 37 °C for 30 min. Subsequently, RNA was purified using Zymo RNA clean

& concentrator -5 kit (Zymo Research R1015) and eluted in nuclease-free water.

Virus inoculation in Arabidopsis

Arabidopsis double knock-out mutant line, dcl2-1/dcl4-2t (Germplasm CS66078) (Xie et
al. 2005), and the single knock-out mutant line, xrn4-5 (Germplasm CS68822) (Souret et al.
2004), were obtained from the Arabidopsis Biological Resource center (abrc.osu.edu) and the T-
DNA insertion was verified by genotyping (Fig. 3.19, Table 3.7) (O’Malley et al. 2015).
Arabidopsis Col-0 wildtype and the mutant lines were grown in growth chambers with 16 h light
at 24 °C and 8 h dark at 20 °C. Arabidopsis plants were mechanically inoculated with RCNMV

using the sap from RCNMV-infected N. benthamiana. Firstly, three-week-old N. benthamiana
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plants were mechanically-inoculated with RCNMV RNA1 plus RNA2 (wt RCNMV-inoculated)
or RCNMV RNA1-ml plus RNA2 (RCNMVASR 1f-inoculated) in 10 mM sodium phosphate
buffer (pH 6.8). At 7 dpi, infected N. benthamiana leaves were ground in 10 mM sodium
phosphate buffer (pH 6.8) with mortar and pestle and the resulting sap was rubbed on 2-3 leaves
per Arabidopsis plant using g-tips and carborundum. Subsequently, new non-inoculated
Arabidopsis leaves were collected and pulverized. Total RNA was extracted using the TRIzol
method (Invitrogen) and 2-5 ug total RNA was used for northern blot hybridization as previously

described (Kanodia et al. 2020).

Virus inoculation in N. benthamiana for RNA sequencing

N. benthamiana plants were grown in a growth chamber with 16 h light at 24 °C and 8 h
dark at 20 °C. At the 4-leaf stage (2 true leaves and 2 false leaves), 1st and 2nd true leaves were
mechanically inoculated with (i) 10 mM sodium phosphate (pH 6.8) buffer (Mock-inoculated),
(i1) 1 pg RNAL plus 1 pg RNA2 in 10 mM sodium phosphate (pH 6.8) buffer per leaf (wt
RCNMYV inoculated), (iii) 1 pg RNA1-m1 plus 1 pg RNA2 in 10 mM sodium phosphate (pH
6.8) buffer per leaf (RCNMVASR1f inoculated). Five plants were inoculated for each condition.
Growth conditions were changed to 16 h light at 20 °C and 8 h dark at 20 “C. At 15 dpi, the 7th
leaf was collected from each plant and pulverized in liquid nitrogen followed by addition of 1 ml
TRIzol (Invitrogen). Total RNA was extracted using Zymo Direct-zol miniprep columns (Zymo
Research R2051) and quantified using Qubit RNA HS assay kit (Invitrogen Q32852).
Subsequently, 5 pg total RNA was treated with 1 pl Turbo DNase (Invitrogen AM2238) in a 50-
I reaction with 1x Turbo DNase buffer at 37 °C for 30 min followed by addition of 1 pl more

Turbo DNase and incubation at 37 °C for additional 30 min, purification by Zymo RNA clean &
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concentrator —5 columns (Zymo Research R1016) and quantified using Qubit RNA HS assay kit

(Invitrogen Q32852). Total RNA integrity was verified using 1% agarose gel electrophoresis.

cDNA synthesis and RT-PCR

RevertAid First Strand cDNA Synthesis kit (Thermo Scientific K1622) was used
according to manufacturer’s protocol with gene-specific primers. One pg total RNA and 15
pmoles RCNMV-specific reverse primer (5-GGGGTACCTAGCCGTTATAC-3’) were mixed in
nuclease-free water to 12 pl and incubated at 65 °C for 5 min, transferred to ice followed by
addition of 4 pl reaction buffer, 1 pl RiboLock, 2 pul 10mM dNTPs and 1 pl RT enzyme. The
reaction mix was incubated at 42 °C for 60 min followed by enzyme deactivation at 70 °C for 5
min. A 20-ul PCR reaction mix was prepared with 10 ul GoTaqg G2 green master mix (Promega
M7823), 2 ul cDNA template, 200 nM each of forward (5 -AAGCGGGCCAGTAGAGTC-3’) and
reverse (5’-CACAACATCCGCCAAAGAGG-3’) primer. The PCR conditions were as follows:

98 °C (2 min); 25 cycles of 98 °C (30's), 65 °C (20 5), 72 °C (30 s); 72 °C (2 min); 4 °C hold.

RNA sequencing

One pg DNAse-treated total RNA from 3 biological replicates of mock-inoculated and
four biological replicates each of wt RCNMV- and RCNMVASR 1 f- inoculated N. benthamiana
were used for library preparation using Zymo-seq RiboFree total RNA library prep kit (Zymo
Research R3000S). During the library preparation, the rRNA depletion was carried out for 45
min, and 10 cycles of library index PCR was performed using Zymo-Seq UDI primer set
(Indexes 1-11, Zymo D3008). Final libraries were quantified using Qubit dsSDNA HS assay kit
(Invitrogen Q32854), and the library quality was assessed using an Agilent bioanalyzer high

sensitivity DNA assay kit. Final libraries were sequenced using Zymo Research'’s services
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(www.zymoresearch.com/) on one high-output lane of Illumina Hiseq 1500 instrument with pair-
ended 100 bp read length. The eleven RNA-seq samples were trimmed for adapters and quality
using Trim galore 0.4.5 (github.com/FelixKrueger/TrimGalore). The N. benthamiana 1.0.1
genome and annotation was obtained from the Sol Genomics Network (Fernandez-Pozo et al.
2015). Reads were mapped to the N. benthamiana (Bombarely et al. 2012) genome using Hisat2
2.1 (Kim et al. 2019), processed using Samtools 1.9 (Li et al. 2009), and counts were obtained
using featureCounts in the Subread 1.6 (Liao et al. 2014). Differential expression was computed
using DESeqg2 (Love et al. 2014). List of all DEGs can be found in the Supplemental file 3.1.
Principal component analysis was performed using the regularized log transformed data from
DESeq2. For GO term enrichment analysis, the 4 DEG dataset (wt RCNMV upregulated, wt
RCNMYV downregulated, RCNMVASRI1f upregulated and RCNMVASR1f downregulated) were
used, and for KEGG pathway enrichment analysis, the 2 DEG dataset (wt RCNMYV vs. mock and
RCNMVASRIf vs. mock) were used as input in “kobas.cbi.pku.edu.cn/kobas3/genelist” with the
following parameters: Type: “Fasta protein sequence”, Species: “Arabidopsis thaliana”,
Pathway: “KEGG pathway” or GO: “GO”, Statistical method: “hypergeometric test/Fisher’s
exact test” and FDR correction method: “Benjamini and Hochberg (1995). The enriched GO
terms with their adjusted p-values were further used with Revigo (Supek et al. 2011) for
visualization with the following parameters: Allowed similarity: “Medium”, Database:
“Arabidopsis thaliana”, and semantic similarity measure: “SimRel”. The pathway involvement
was visualized using KEGG Mapper (Kanehisa and Sato 2020). The functional annotation of the
selected genes was determined using the “Niben101_annotation.proteins.wdesc.fasta” file from

the Sol Genomics Network (Fernandez-Pozo et al. 2015).
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For analyzing RCNMV RNA abundance, the adapter trimmed reads were mapped to
RCNMV RNA1/RNA1-m1 and RNA2 using Bowtie2 (Langmead and Salzberg 2012) with the “-
-sensitive-local” option. To obtain alignment information individually for positive and negative
strands of RCNMV RNAs, the alignment file was split according to their flag information using
Samtools. Subsequently, the Salmon tool (Patro et al. 2017) was used to quantify the number of
reads mapping to positive and negative strands of the RCNMYV genome. The read counts were
normalized by dividing the read count to the DESeq2 scaling factors to account for the
sequencing depth. The scaling factors were obtained using DESeq2 with the count table of reads
mapping to the N. benthamiana genome and RCNMV genome as input. To obtain read coverage
on the RCNMV genome, the Sam files were converted to bam file format, sorted, and indexed
using Samtools. Subsequently, the bamCoverage function in deepTools 2.5.2 (Ramirez et al.
2016) was used with “--scaleFactor” option with the reciprocal of DESeq2 scaling factors for
each sample. Additionally, the “--filterRNAstrand” option is set as “forward” or “reverse” to get
read coverage on the positive and negative strands of RCNMV separately. Geometric mean of
the scaled number of reads that mapped to each nucleotide position of RCNMYV genome in the

output bedgraph file was plotted in the Fig. 3.17.

In vitro translation

Wheat germ extract (WGE; Promega L4380) was used for in vitro translation. Triplicates
of 389 ng each (25 nM final RNA concentration) of in vitro transcribed RCNMV RNAL or
RNA1-m1 in 3.75 pl water were incubated at 67 °C for 10 min and transferred to ice, followed
by the addition of 1 ul amino acid mix (without methionine), 1 pl 1M potassium acetate, 0.5 pl
EasyTag L-[35S]-Methionine (Perkin Elmer NEG709A), and 6.25 pl WGE. The reaction was

incubated at 25 °C for 30 min, and translation was terminated by transferring the tubes to ice. To
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the 12.5-pl reaction, 3.2 ul NUPAGE 4x LDS sample buffer (Invitrogen NP0007) and 1.5 pl
NuPAGE 10x sample reducing (Invitrogen NP0009) agent was added, incubated at 70 °C for 10
min and 15 pl reaction was run in NUPAGE Novex 4-12% Bis-Tris Gel (Invitrogen
NP0322BOX) with 1x NUPAGE MES SDS running buffer (Invitrogen NP002) at 200V for 40
min. The gel was washed three times with water for 5 min, once with fixing solution (50%
methanol + 7% acetic acid) for 15 min, and three times with water for 5 min. All washing steps
were carried out at room temperature. The dried gel was imaged by autoradiography using Bio

Rad PharosFX Plus Molecular Imager.

gqRT-PCR
One pg DNAse-treated total RNA (the same RNA used for RNA-seq) from 2 biological
replicates of mock-inoculated and 4 biological replicates each of wt RCNMV- and
RCNMVASRIf- inoculated N. benthamiana were reverse transcribed using RevertAid First
strand cDNA synthesis kit (Thermo Scientific K1622) according to manufacturer’s protocol with
random hexamers. The resulting cDNA was diluted 10-fold and 20-fold for quantifying the
abundance of transcripts from N. benthamiana and RCNMV, respectively. A 10-pl gPCR
reaction was prepared with 1x iQ SYBR Green Supermix (Bio Rad 1708880), 300 nM each of
forward and reverse primer, and 1 pul diluted cDNA template. The gPCR runs were carried out in
384-well plates with three technical replicates per sample in a Bio Rad CFX384 system with the
following reaction conditions: 95 °C for 3 min (Polymerase activation and DNA denaturation),
40 cycles of 95 °C for 10 s (Denaturation), 60 °C for 60 s (Annealing, extension/Plate reading)
followed by melt curve analysis (55-95 °C, 0.5 °C increment, 5 s). NbPP2A and NbL23 genes
were used as reference genes for normalizing the abundance of N. benthamiana and RCNMV

RNAs (Liu et al. 2012). Prior to using these as reference genes, we verified their consistent



126

expression between our experimental conditions. The primer efficiency calculation, AACt
calculation, and statistical analysis were performed using the Bio Rad CFX manager software.
The reference gene primer sequences were obtained from Liu et al. (2012), the NbPR1 primer
sequences were obtained from Obrepalska-Steplowska et al. (2018) and all the remaining
primers were designed using the primer3 tool (primer3.ut.ee) (Koressaar and Remm 2007;
Untergasser et al. 2012). To verify the specificity of the primers and determine the unigenes that
would be amplified by the primers, we used Primer-BLAST tool (nchi.nlm.nih.gov/tools/primer-
blast) against the N. benthamiana 1.0.1 transcript sequences obtained from the Sol Genomics
Network (Fernandez-Pozo et al. 2015) with default parameters. The Unigenes that gave the
expected amplicon size, had maximum of two-base mismatch within the primers but no
mismatch at the last three bases in the 3° end of the primers were considered and are included in
Fig. 3.16. All the primers were synthesized by Integrated DNA Technologies and purified by

standard desalting. gRT-PCR primer sequences are listed in Table 3.6.

Data availability

The raw sequencing fastq files, RCNMV genome-mapped read counts and N.
benthamiana genome-mapped fragment counts were deposited in the NCBI Gene Expression

Omnibus database under accession number GSE178909.

Supplemental Material

Supplemental File 3.1 (List of differentially expressed genes from DESeq?2), xlsx file
Supplemental File 3.2 (List of enriched GO terms), xlIsx file
Supplemental File 3.3 (List of enriched KEGG pathways), xIsx file

Supplemental File 3.4 (List of DEGs for the selected enriched KEGG pathways), xIsx file
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Figure 3.1. Genome organization of red clover necrotic mosaic virus (RCNMV). (A) RCNMV genome
map (drawn to scale) depicting the genomic RNAs (RNA1 and RNA2) and subgenomic RNASs
(CPsgRNA and SR1f) produced during the infection. (B) Schematic diagram of some important RNA
elements in RCNMV RNAs that are involved in cap-independent translation of RNAL, -1 programmed
ribosome frameshift for the translation of p88 protein that contains the RNA-dependent RNA polymerase
(RdRp) motif, synthesis of CPsgRNA by premature transcription termination, and production of SR1f via
incomplete degradation of RNA1 and CPsgRNA by the host 5’— 3’ exoribonuclease.
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Figure 3.2. Effect of SR1f knockout on RCNMV infection in N. benthamiana. Wt RCNMV-infected
plants were inoculated with wt RNA1 plus RNA2. RCNMVASRIf-infected plants were inoculated with
RNA1-m1 plus RNA2. (A) Northern blot hybridization demonstrating that SR1f is produced only in wt
RCNMV-infected plants and not in RCNMVASR 1 f-infected plants, even though viral RNA accumulation
was detected in both wt RCNMV and RCNMVASR 1 f-infected plants. SYBR Safe stained rRNA was
used as loading control for the northern blot. (B) Symptoms at 11 dpi. (C) Symptoms at 41 dpi. (D) RT-
PCR to verify RNA1/RNA1-m1 accumulation. (E) gRT-PCR reveals relative amounts of each viral
genomic RNA accumulated in wt RCNMV- and RCNMVASR 1 f-infected plants. NbPP2A and NbL23
were used as reference genes for normalization of qRT-PCR data. ***p<0.001. Error bars are SEMs.
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Figure 3.3. Effect of SR1f knockout on RCNMYV infection in Arabidopsis. (A) Northern blot from
RCNMV-infected wt and dcl2-1/dcl4-2t Arabidopsis plants at 4 dpi. (B) Symptoms in wildtype and dcl2-
1/dcl4-2t Arabidopsis at 28 dpi. (C) Northern blot from plants shown in panel B at 28 dpi. (D) Northern
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in dcl2-1/dcl4-2t Arabidopsis at 7 dpi. (G) RT-PCR to verify RNAL or RNA1-m1 accumulation in plants
from panel F. SYBR Safe stained rRNA was used as loading control for the northern blots.
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Figure 3.5. Invitro translation of RCNMV RNAL and RNA1-m1 in wheat germ extract. (A)
Polyacrylamide gel electrophoresis of **S-methionine-labeled wheat germ translation products of
RCNMV RNAL and RNA1-m1. Mobilities of viral proteins are indicated on the left. (B) Relative
accumulation of RCNMV p27 and p88 in wheat germ extract as determined by measuring the band
intensity from panel A and calculating the accumulation of viral proteins relative to those from wt RNA1.
Error bars represent the S.D.
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Figure 3.6. RCNMV-infected N. benthamiana plants used for RNA-seq analysis. (A) Symptoms at 15
dpi. (B) RT-PCR to verify the accumulation RNA1 and RNA1-m1 in wt RCNMV- and RCNMVASRf-
infected plants, respectively. +C refers to pR169c (RNAL infectious clone) positive control.
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Figure 3.7. Wt RNAL and RNA1-m1 specific RT-PCR to verify there was no cross-contamination
between the samples. Total RNA was reverse transcribed as described in the Methods section. A 20 pl
PCR reaction mix was prepared with 10 ul GoTaq G2 green master mix (Promega M7823), 2 ul cDNA
template, 200 nM each of forward and reverse primer. PCR conditions were as follows: 98 °C (2 min);
25 cycles 0of 98 °C (30 s), 62 °C (20s), 72 °C (40 s); 72 °C (2 min); 4 °C hold. Primers used were 5 -
GGGGTACCTAGCCGTTATAC-3’ (RCNMV-specific reverse primer) plus 5 -
GTGTAGCCTCCACCCGA-3’ (wt RNA1-specific forward) or 5-GACGTTGCTCCACCCGA-3’ (RNAL1-
m1- specific forward). pRC169c and pR1ml are controls with plasmids as template for PCR.
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Figure 3.9. Differentially expressed genes (DEGs) in Wt RCNMV vs. Mock and RCNMVASRIf vs.
Mock. (A) Venn diagram showing the number of upregulated and downregulated DEGs. (B) Volcano
plots showing log.-fold change and adjusted p-values for all DEGs. (C) Histogram comparing log.-fold
change of DEGs that are common in Wt RCNMYV vs. Mock and RCNMVASR1f vs. Mock data. (PR)
pathogenesis-related protein, (WRKY1) WRKY transcription factor, (RBOHA) respiratory burst oxidase
homolog protein A, (ABF) abscisic acid responsive element-binding factor, (P'YR1) abscisic acid
receptor, (TRABL) bZIP transcription factor-ABA signaling, (CKX3) cytokinin dehydrogenase, (JAZ)
jasmonate-zim-domain protein 3, (CA) carbonic anhydrase, (PI) proteinase inhibitor I-B, (CDPK)
calcium-dependent protein kinase, (HSP) heat shock proteins, (Arf) ADP-ribosylation factor, (ORP)
oxysterol-binding protein-related protein, (VAP) Vesicle-associated membrane protein-associated protein,
(BRO1) Vacuolar protein-sorting protein brol, (PLD) phospholipase D.
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Figure 3.10. TreeMap view of enriched GO terms in wt RCNMV vs mock. The upregulated and
downregulated genes were separately used to find the enriched GO terms. The absolute log:o-p-value
determines the size of the rectangles. BP: Biological process, CC: Cellular compartment, MF: Molecular

function.
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Figure 3.11. TreeMap view of enriched GO terms in RCNMVASRI1f vs mock. The upregulated and
downregulated genes were separately used to find the enriched GO terms. The absolute log:o-p-value
determines the size of the rectangles. BP: Biological process, CC: Cellular compartment, MF: Molecular

function.
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Figure 3.12. KEGG pathway enrichment analysis. (A) Scatterplot showing the rich factor of the KEGG
pathway (x-axis), number of DEGs present in our data (size of the points), and the corrected p-values for
enrichment (color). Rich factor is the ratio of number of DEGs in the pathway to the total number of
genes annotated in the pathway. (B) Histogram showing the number of DEGs for each of the enriched
KEGG pathways in wt RCNMV and RCNMVASR I f infection. The numbers with the arrows indicate the
number of upregulated and downregulated genes in the direction of the arrow.
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Figure 3.13. DEGs in wt RCNMYV vs mock data associated with Plant-Pathogen interaction pathway.
The red boxes refer to genes that were differentially expressed. The direction of blue arrows depicts if the
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were regulated in the direction of the arrow. Arrows without the numbers means all the unigenes were
regulated in the same direction.
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Figure 3.14. DEGs in wt RCNMV vs mock data and RCNMVSR1f vs mock data associated with Plant
hormone signal transduction pathway. The red boxes refer to genes that were differentially expressed.
The direction of blue and yellow arrows depicts the direction of regulation in wt RCNMV vs mock data
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Figure 3.16. Validation of RNA-seq data by gRT-PCR of candidate genes. NbPP2A and NbL23 were
used as reference genes for normalization of gRT-PCR data. Expression values are shown with respect to
mock. RNA-seq data for each gene with one or more Unigene 1Ds are shown that could be amplified by
gRT-PCR (see methods). The Unigene IDs are preceded by “Niben101”. (FC) fold change, (PR)
pathogenesis-related protein, (ABF) abscisic acid responsive element-binding factor, (WRKY) probable
WRKY transcription factor 33, (Rboh) Respiratory burst oxidase homolog protein A, (JAZ) jasmonate-
zim-domain protein 3, (PI) proteinase inhibitor I-B. *p<0.05, **p<0.01, ***p<0.001, ns: not significant.
Error bars are SEMs.
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Figure 3.17. RNA-seq reads mapping to the RCNMYV genome. (A) Coverage plots showing the reads
mapping to RCNMV RNAZ1 positive and negative strands. (B) Coverage plots showing the reads
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mapping to RCNMV RNAZ2 positive and negative strands. The RCNMV genome organization is shown
above the coverage plots. The green bars denote the locations of gRT-PCR amplicon. Note that the y-
axis scales used for positive and negative strand coverage differ by a factor of 10. (C) Relative
accumulation of RNA1 (both positive and negative strand) in Wt RCNMV- and RCNMVASR 1f-infected
plants as measured by RNA-seq and gRT-PCR. (D) Relative accumulation of RNA2 (both positive and
negative strand) in Wt RCNMV- and RCNMVASR 1{-infected plants as measured by RNA-seq and gRT-
PCR. (E) Proportion of viral RNA reads relative to the total number of host MRNA reads plus viral RNA
reads. NbPP2A and NbL23 were used as reference genes for normalization of qRT-PCR data. DESeq2-
derived scaling factors were used for normalizing RNA-seq data. Adjusted p-values *< 0.05. ** < 0.01.
*** <0.001. Error bars are SEM.
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Figure 3.18. RNA-seq reads mapping to each nucleotide of RCNMV RNAL and RNA1-m1 normalized
to the total number of hits on RNAL or RNA1-m1, respectively.
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Figure 3.19. Genotyping to verify T-DNA insertions in knock-out mutants of Arabidopsis by PCR. (A)
Genotyping xrn4-5 mutants. Gene specific primers refer to the forward and reverse primer for XRN4. T-
DNA primers refer to the pDAP101 vector primer with XRN4 reverse primer. (B) Genotyping dcl2-
1/dcl4-2t double knock-out mutants. Gene specific primers refer to the forward and reverse primer for the
respective dcl genes. T-DNA primers refer to the DCL2 or DCL3 reverse primer with the pPROK2 vector
forward primer, and the DCL4 reverse primer with the pAC161_8474 vector forward primer. All primer
sequences are listed in Table 3.7.
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Tables

Table 3.1. Top 15 enriched GO terms in wt RCNMYV vs mock using upregulated and
downregulated differentially expressed genes.

Upregulated DEG dataset

Input Background Adjusted p-
GO term Ontology number* number” value
Response to stimulus BP 971 5510 1.57E-153
Response to stress BP 677 3196 7.96E-131
Response to chemical BP 611 2743 1.38E-124
Cellular anatomical entity cC 1997 20476 1.16E-115
Cell periphery cC 643 3773 5.85E-86
Response to oxygen-containing BP 376 1504 4.44E-84
compound
Plasma membrane CcC 585 3279 1.04E-83
Cellular process BP 1285 11150 5.01E-83
Binding MF 1144 9385 7.44E-83
Response to organic substance BP 402 1760 1.35E-80
Co_allular response to chemical BP 356 1412 2 64E-80
stimulus
Cellular response to stimulus BP 515 2738 2.40E-79
Intracellular CcC 1709 17437 1.48E-74
Defense response BP 335 1361 4.98E-73
Metabolic process BP 1173 10224 2.08E-70
Downregulated DEG dataset
Input Background Adjusted p-
GO term Ontology number* number” value

Cellular anatomical entity CcC 884 20476 3.72E-43
Plastid CcC 318 4526 9.17E-37
Thylakoid CcC 93 487 1.01E-35
Chloroplast CcC 298 4164 1.42E-35
Chloroplast thylakoid cC 84 417 7.98E-34
Plastid thylakoid CcC 84 417 7.98E-34
Chloroplast thylakoid membrane cC 72 337 2.87E-30
Plastid thylakoid membrane CcC 72 337 2.87E-30
Photosynthetic membrane CcC 73 352 4.86E-30
Thylakoid membrane cC 72 351 2.16E-29
Intracellular cC 751 17437 4.94E-27
Membrane CcC 382 6756 5.75E-27
Organelle CcC 708 16128 2.38E-26
Membrane-bounded organelle cC 700 15953 1.21E-25
Organelle subcompartment CC 98 775 1.59E-25

BP: Biological process. CC: Cellular component. MF: Molecular function.
*Input number is the number of DEGs in our dataset annotated to the GO term.
*Background number is the number of genes in the background database annotated to the GO term.
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Table 3.2. Top 15 enriched GO terms in RCNMVASR 1f vs mock using upregulated and

downregulated differentially expressed genes.

Upregulated DEG dataset

GO term Ontology Input Background Adjusted p-
number* number” value
Cell division BP 14 347 8.77E-06
Cell cycle BP 14 500 0.000335
Structural constituent of cell wall MF 4 19 0.002280
ATPase activity MF 11 439 0.007688
Cyclin-dependent protein kinase holoenzyme cc 4 42 0.020836
complex
Cyclm—depeqd_ent protein serine/threonine kinase ME 4 43 0.020836
regulator activity
Cell cycle process BP 370 0.024266
Glucan endo-1,3-beta-D-glucosidase activity MF 3 19 0.024266
Nucleoside-triphosphatase activity MF 12 668 0.024266
Trans.fe.rase complex, transferring phosphorus- cc 6 161 0.024266
containing groups
Regulatlon of cycl_ln-depen_dt_ent protein BP 4 56 0.024266
serine/threonine kinase activity
Regu_latlon of cyclin-dependent protein kinase BP 4 56 0.024266
activity
Serine/threonine protein kinase complex cC 4 59 0.024266
Protein kinase complex cC 4 60 0.024266
Mitotic cell cycle process BP 6 172 0.024266
Downregulated DEG dataset
Input Background Adjusted p-
GO term Ontology  imber= number” value
Cellular anatomical entity CcC 165 20476 1.17E-09
Response to stress BP 53 3196 1.99E-09
Response to stimulus BP 72 5510 3.79E-09
Cytoplasm CcC 116 12053 1.32E-08
Response to acid chemical BP 29 1161 1.93E-08
Response to chemical BP 46 2743 1.93E-08
Organic acid metabolic process BP 27 1039 3.41E-08
Response to organic substance BP 35 1760 5.57E-08
Small molecule metabolic process BP 32 1496 5.57E-08
Response to oxygen-containing compound BP 32 1504 5.70E-08
Intracellular CcC 144 17437 7.72E-08
Cellular process BP 107 11150 9.71E-08
Cytosol cC 45 2853 1.04E-07
Terpenoid biosynthetic process BP 11 136 1.24E-07
Oxoacid metabolic process BP 25 1032 2.87E-07

BP: Biological process. CC: Cellular component. MF: Molecular function.
*Input number is the number of DEGs in our dataset annotated to the GO term.

*Background number is the number of genes in the background database annotated to the GO term.
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Table 3.3. List of differentially expressed LRR-RLKS/RLPs genes.

Wt RCNMV vs. mock

RCNMVASRIS vs. mock

Unigene ID Log:FC adj. p Log:FC adj. p Type
Niben101Scf03816g01001 2.72 2.09E-15 0.16 0.916
Niben101Scf04099g05004 2.82 2.47E-12 0.11 0.955
Niben101Scf05961902036 1.54 2.05E-10 -0.07 0.943
Niben101Scf06509902006 3.94 3.12E-10 0.92 NA
Niben101Scf05928g03007 5.45 3.10E-09 1.33 NA
Niben101Scf20124g00014 2.33 5.33E-08 -0.06 0.970
Niben101Scf00245g00006 7.43 3.83E-07 1.12 NA
Niben101Scf00160g06027 5.85 3.92E-06 1.60 NA
Niben101Scf04709g00016 1.41 5.42E-06 0.17 0.803
Niben101Scf00541g05003 -1.65 5.62E-06 -0.71 0.231
Niben101Scf01148g00007 1.32 1.15E-05 -0.09 0.923
Niben101Scf04053g03008 2.04 1.51E-05 -0.39 0.789
Niben101Scf03685g00003 1.87 1.89E-05 -0.28 0.793
Niben101Scf03021g00010 1.38 2.55E-05 -0.04 0.971
Niben101Scf024179g01010 2.05 6.48E-05 0.37 NA
Niben101Scf09296g00007 -1.91 1.45E-04 -0.17 0.886
Niben101Scf00985¢g06002 -1.55 1.72E-04 0.01 0.993
Niben101Scf01237¢g07019 -2.06 2.62E-04 0.34 0.596
Niben101Scf00953g00004 1.69 2.73E-04 0.51 0.692 LRR-RLK
Niben101Scf07323g01002 -1.15 3.02E-04 -0.22 0.591
Niben101Scf03251g00016 -1.25 7.48E-04 -1.00 0.487
Niben101Scf12414901006 -1.28 0.001 -0.28 0.624
Niben101Scf08564g00001 1.65 0.002 0.03 0.988
Niben101Scf01225g04031 1.49 0.006 -0.21 0.903
Niben101Scf05437906022 5.02 0.007 2.95 NA
Niben101Scf04377g07005 1.03 0.008 0.63 0.293
Niben101Scf14708g00025 1.36 0.008 0.25 0.860
Niben101Scf01278g09008 1.23 0.013 -0.27 0.734
Niben101Scf09811g00006 1.18 0.014 0.06 0.967
Niben101Scf03098g00011 -1.39 0.019 0.23 0.854
Niben101Scf10381g03006 4.63 0.020 2.34 NA
Niben101Scf01519901007 1.00 0.025 -0.23 0.721
Niben101Scf09774g00001 -1.10 0.025 -0.73 0.278
Niben101Scf17094901001 -1.05 0.031 0.10 0.928
Niben101Scf04609g00013 4.09 0.033 1.17 NA
Niben101Scf04430g01006 -1.05 0.035 -0.31 0.743
Niben101Scf02646g03004 1.26 0.04997 0.36 0.750
Niben101Scf00745¢g02015 1.70 2.07E-04 0.27 0.813
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Wt RCNMV vs. mock

RCNMVASRIS vs. mock

Unigene ID Logz:FC adj. p Log:FC adj. p Type
Niben101Scf07123g01015 7.03 5.51E-34 2.42 0.140
Niben101Scf02072g01013 3.93 3.30E-22 0.88 0.428
Niben101Scf02252g01032 4.06 1.67E-20 0.44 0.794
Niben101Scf03240g00007 2.33 2.05E-08 0.45 0.709
Niben101Scf03202g08006 2.43 8.18E-08 1.01 0.780
Niben101Scf03925g01010 3.31 1.34E-07 0.20 NA
Niben101Scf13842g01001 2.64 5.95E-06 0.93 0.509
Niben101Scf11676g00001 3.06 2.04E-04 -0.03 NA LRR-RLP
Niben101Scf00714g06002 5.92 2.61E-04 NA NA
Niben101Scf05982g00007 2.21 0.002 -0.80 NA
Niben101Scf03202g07009 5.31 0.003 2.30 NA
Niben101Scf00975g01015 4.36 0.005 0.75 NA
Niben101Scf07123g01020 1.98 0.006 1.03 NA
Niben101Scf02646g02009 1.42 0.007 -0.11 0.946
Niben101Scf02854g10010 1.30 0.0473 -0.85 NA

FC: Fold change, adj. p: corrected p-values, NA: not available in DESeq2 output
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Table 3.4. List of PR genes in N. benthamiana obtained from (Li et al. 2018) with Log-fold
change and adjusted p-values from RNA-seq analysis using DESeqz2.

Wt RCNMV vs. RCNMVASRIf
mock vs. mock
Esmily Protein properties Unigene ID LogzFC adj. p Log2FC  adj. p
Cvsteine-rich secretor Niben101Scf13926901014
PR 1 p%tein llergen V5 /T%X_ Niben101Scf03376903004  9.92  1.90E-13
1-relatéd Niben101Scf00107g03008 11.85 5.73E-19
Niben101Sc¢f01999907002 7.22 5.61E-10
Niben101Scf01001g00005 6.47 4.20E-05
Glucan endo-1,3-beta- Niben101Scf01001g00004 4.96 0.0116
PR 2 glucosidase-like, Niben101Scf01001g00003 8.56 4.82E-10 5.02 0.0110
Glycoside hydrolase, Niben101Ctg13736¢g00004 9.38 8.42E-24 4.85 0.0179
family 17 Niben101Scf04869903002 6.51 2.19E-55
Niben101Scf01001g00006 4,74 0.00035
pr3  Chitinase8 Glycoside — \uo10150f02041900002  7.55  6.61E-119
hydrolase, family 19
- . Niben101Scf01400900014 7.51 1.13E-37
PR 4 Thaumatin-like protein Niben101Scf03436401016
Pathogenesis-related Niben101Scf00126900008
PRS g‘r%‘t‘gl“ﬁ“” superfamily  \jihen101Scf0555405006
Cysteine-rich secretory Niben101Scf00953g05001
PR 6 protein, allergen V5/Tpx- Niben101Scf04053g01004
1-related
PR 9 Peroxidase 53, Haem Niben101Scf03460904004 1.94 0.0046
peroxidase Niben101Scf07182g05012
Major pollen allergen Bet Niben101Scf03526g00006
Niben101Scf10735g00016
PR10 ZulérMé r':' Betv I type Niben101Scf02474g01024
g Niben101Scf01938g04007
Chitinase-3-like protein 2,  Niben101Scf06295¢g04023
PR11  Glycoside hydrolase Niben101Scf01789g04010
superfamily
Plant basic secretory Niben101Scf03385¢02011 5.24 3.88E-34
PR 17 protein family protein, Niben101Scf03385¢g01006

uncharacterized protein
family

Niben101Scf01341g01002
Niben101Ctg10643g00004

FC: fold change, adj. p: corrected p-values




Table 3.5. Selected differentially expressed genes that are known to be co-opted by

Tombusvirids.
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Wt RCNMV vs. mock RCNMVASRIS vs. mock

Gene Protein Unigene ID LogzFC adj. p Log2FC adj.p
Respiratory burst
Rboh  oxidase homolog Niben101Scf10840901010 1.35 1.52E-03 0.58 0.27
protein A
Niben101Scf15752g00002 1.95 1.92E-06 0.63 0.37
Niben101Scf00800g02008 2.05 6.17E-10 0.63 0.42
Niben101Scf09296g01009 1.00 8.89E-03 0.47 0.45
Niben101Scf09345g00003 1.43 7.89E-04 0.80 0.52
Calcium- Niben101Scf03377g04002 1.03 3.27E-04 0.38 0.59
CDPK dependent protein  Niben101Scf05534901007 2.15 5.29E-18 0.19 0.87
kinase Niben101Scf00539g05012 2.38 6.09E-08 0.18 0.92
Niben101Scf01166914001 241 7.41E-03 0.14 0.94
Niben101Scf00083g00009 1.01 5.26E-04 -0.01 0.99
Niben101Scf17776g00008 2.65 0.0213 0.03 NA
Niben101Scf04216g07017 2.12 0.0317 0.05 NA
Niben101Scf02465g00004 1.81 2.46E-07 -0.07 0.95
PLD  Phospholipase D Niben101Scf00539g07022 2.24 7.01E-05 0.85 NA
Niben101Scf03930g01018 6.05 1.20E-04 3.96 NA
Niben101Scf04364901014 1.04 1.75E-04 0.24 0.63
Niben101Scf02771g01007 1.05 1.93E-04 0.29 0.41
HSP70 Heat shock Niben101Scf07275902012 1.36 3.18E-03 0.28 0.72
protein 70 Niben101Scf00449906008 1.55 1.39E-04 -0.52 0.31
Niben101Scf04490g00001 2.05 0.0473 0.41 NA
Niben101Scf13703g01006 3.74 7.12E-04 2.48 NA
Niben101Scf04331g09018 1.03 1.43E-03 0.55 0.48
HSP9O Heat_shock N?benlOlSchlOZ?gOOOOB 1.38 0.0102 0.86 0.30
protein 90 Niben101Scf06890g01022 1.52 6.80E-11 0.74 0.30
Niben101Scf27914g00006 1.60 2.92E-12 0.50 0.39
Arf gzz;”bosy'at'on Niben101Scf01063g07014 124  6.30E-04  -0.19 0.89
Oxysterol- Niben101Scf00126906015 1.00 3.86E-03 0.56 0.22
ORP binding protein- o 0 11015cf02429900001  1.03  1.95E-03 0.42 0.47
related protein
Vesicle-
associated
VAP  membrane Niben101Scf04122g05011 1.18 1.50E-04 -0.38 0.71
protein-
associated protein
Vacuolar protein-  Niben101Scf12308g00014 1.234 1.22E-06 0.57 0.19
BRO1 sorting protein Niben101Scf04109903009 1.326 1.22E-06 0.56 0.25
brol Niben101Scf04973g02006 1.78 4.53E-05 0.46 0.44

FC: Fold change, adj. p: corrected p-values, NA: not available in DESeq2 output
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. Amplicon o 4 .
Primer Name Sequence (5°-3°) * . Efficiency Miscellaneous
Size (bp)
RCNMV_1457 FP  CAACAGGGCTCAAGGGAGAG
- - 118 104.14%  Amplifies RCNMV RNA 1
RCNMV_1574 RP  GAATTTGAGGGCATCGACGC
RC_R2_479_FP AGGGTGCGAATCACGAATAC -~
190 100.21%  Amplifiess RCNMV RNA 2
RC_R2_668_RP ACTGCACGTAGGCTTCCACT
Nbenth_PP2A_FP GACCCTGATGTTGATGTTCGCT 123 92.76- Protein phosphatase 2A;
R
Nbenth PP2A_ RP  GAGGGATTTGAAGAGAGATTTC 10691 %  TC21939 (Atlg13320)
Nbenth_L23 FP AAGGATGCCGTGAAGAAGATGT 110 83.09 - 60S ribosomal protein;
R
Nbenth 123 RP GCATCGTAGTCAGGAGTCAACC 109.12%  TC19271 (At2939460)
NbPR1_FP GGATGCCCATAACACAGCTC »
150 93.52 % Amplifies PR1 genes
NbPR1_RP GCTAGGTTTTCGCCGTATTG
NbPR2_FP GATGCCCTTTTGGATTCTATG »
109 86.91 % Amplifies PR2 genes
NbPR2_RP TTGCTGCAGAGTTTCCTTCA
NbABF_FP TTGGGAAGTCCTGGAATGAG -~
130 102.86 % Amplifies ABF genes
NbABF_RP TAACAGCTCCGGCTCCTAAA
NbWrky FP TCTTTAGCCGTCCAGCCTTA Amplifies NbOWRKYY25/33
169 93.86 %
NbWrky RP CGTCGTCGAAATCATCTCCT genes
NbRboh_FP TCAAGAACTCAAGCGGGTCT
176 107.75 % Amplifies NbRboh genes
NbRboh_RP GACCAACAAGCAGCAAGACA
NbJAZ_FP ACATGAGCAATCCCTCCAAC »
218 104.06 % Amplifies NbJAZ genes
NbJAZ_RP GACCGTCCCACCATAGAAGA
NbPro-inh_FP GCTTTCTTGCTCCTTGCATC
175 108.66 % Amplifies NbPI genes
NbPro-inh_RP GTTCAGGCCATGATTGCTTT

*Primer efficiency was calculated using standard curve with 5 points of dilution with each run.

RUsed as reference genes.

*The primer sequence for NbPP2A, and NbL23 was by obtained from (Liu et al. 2012). The primer sequence for NbPR1 gene

was obtained from (Obrgpalska-Stgplowska et al. 2018). All the remaining primers were designed using the primer3 tool

(https://primer3.ut.ee/).
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Table 3.7. List of primers used for genotyping Arabidopsis mutants.
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Primer Name Sequence (5°-3%) * Amplicon Size (bp)
at_xrn4-5_for GTTTCTTGGTTGTTGCAGCTC 1164
at_xrn4-5_rev TCATGACGAATTCCTTTGAGG

593-893
pDAP101.LB3" TAGCATCTGAATTTCATAACCAATCTCGATACAC
at_dcl2-1_for TGAATCATCTGGAAGAGGTGG 1060
at_dcl2-1_rev CTTCACAGGAGTTTTTGGCTG

459-759
PROK2_LBb13" | ATTTTGCCGATTTCGGAAC

546-846

at_dcl3-1_rev TGGAAAAGTTTGCTACAACGG 1085
at_dcl3-1_for ACAGGTAACCTTGCCATGTTG
at_dcl4-2t_for AAGAGAACTTTTGCCGAAAGC 1999
at_dcl4-2t_rev TTTGCCAGTCTTACAAGTGGG

572-872
PAC161_8474* ATAATAACGCTGCGGACATCTACATTTT

O’Malley et al. 2015).

#Primers for T-DNA vector sequences

*Primers were designed using T-DNA express (http://signal.salk.edu/tabout.html) according to (Leicht and Cheng 2009;
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Abstract
During infection, viruses regulate host gene expression to create a proviral environment
while the host simultaneously regulates its own and viral gene expression to restrict virus spread.
The reprogramming of cellular gene expression occurs at transcriptional, post-transcriptional,
translational, and post-translational levels but almost all the genome-wide studies in plant-virus
interaction have focused only on transcriptional regulation. However, owing to the energy-
intensive nature of translation and virus’s complete reliance on the host translational machinery,

it is important to assess the translational control during virus infection. Therefore, in this study,
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we assessed how plant virus infection reprograms the cellular gene expression at the level of
MRNA abundance and translational control using ribosome profiling. We inoculated
Arabidopsis thaliana plants with red clover necrotic mosaic virus (RCNMV) and assessed host
and viral gene expression at 5- and 8-days post inoculation. We identified the genes that are
transcriptionally and/or translationally regulated during virus infection and determined that the
early translational response to RCNMV infection is specific to plant immune responses unlike
the translational response at a later stage when many other pathways are regulated/dysregulated
by virus infection. At the later infection stage, unfolded protein response (UPR) was also
elicited as demonstrated by transcriptional upregulation of canonical UPR genes. On the other
hand, ribosome profiling of RCNMV RNAs (i) revealed the efficiency of the -1 programmed
ribosomal frameshifting for the translation of RCNMYV p88 protein with RdRp domain, (ii)
determined that among viral proteins, coat protein is translated most efficiently while p88 is
translated least efficiently, and (iii) identified a putative ribosomal pause site in the movement
protein ORF of RCNMV RNA2. To our knowledge, this is the first genome-wide study that
assesses the translational control of gene expression in plants infected with a virus from the

Tombusviridae family.

Introduction

Plant viruses are obligate intracellular parasites with a limited coding capacity and
therefore, rely heavily on cellular factors and machinery to complete their infection cycle. This
includes virion disassembly, viral MRNA translation, cellular membrane remodeling to form
viral replication sites, viral genome replication, virus movement, and virion assembly (Nagy and
Pogany 2012; Hyodo and Okuno 2014; Wang 2015; Hyodo and Okuno 2016; Garcia-Ruiz 2018;

Pitzalis and Heinlein 2018; Zhang et al. 2019; Tang et al. 2020; Hyodo and Okuno 2020; Hyodo
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2021). As soon as the virus enters the cell, a molecular battle ensues between the virus and the
host cell that determines the success of infection (Alexander and Cilia 2016; Harwig et al. 2017;
Musidlak et al. 2017; Cheng and Wang 2017; Garcia-Moreno et al. 2018; Wu et al. 2019b; Souza
and Carvalho 2019; Kushwaha et al. 2019; Wang et al. 2019; Garcia-Ruiz 2019; Li and Wang
2019; Girardi et al. 2021). This includes the reprogramming of host gene expression by the virus
to create a proviral cellular environment while the host regulates the cellular and viral gene
expression to restrict the infection (Lindbo et al. 2001; Hanley-Bowdoin et al. 2013; Collum et
al. 2016; Nicaise and Candresse 2017; Wang et al. 2019; Kapos et al. 2019; Mauck et al. 2019;
Vinutha et al. 2020; Hyodo and Okuno 2020; Ramesh et al. 2021; Wang et al. 2021).
Understanding host-virus interactions on a genome-wide scale is valuable for high-throughput
identification of pro- and antiviral pathways that can be exploited and targeted to develop virus-
resistant plants (Rodriguez-Hernandez et al. 2012; Hashimoto et al. 2016; Gal-On et al. 2017,
Zaidi et al. 2018; Gaffar and Koch 2019; Schmitt-Keichinger 2019; Esse et al. 2020; Zhao et al.
2020; Lv et al. 2020; Yoon et al. 2020; Taliansky et al. 2021; Wang et al. 2021; Garcia-Ruiz et
al. 2021).

While numerous studies exist that elucidate the transcriptional and post-transcriptional
regulation of cellular and viral gene expression (Dardick 2007; Havelda et al. 2008; Catoni et al.
2009; Allie and Rey 2013; Yang et al. 2014; Kaur et al. 2015; Choi et al. 2015; Fan et al. 2015;
Gomez-Aix et al. 2016; Sun et al. 2016; Huang et al. 2017; Ahmed et al. 2017; Seo et al. 2018;
Wu et al. 2019a; Zanardo et al. 2019; Pesti et al. 2019; Medzihradszky et al. 2019; Sun et al.
2021), there are only a few studies that assess the role of translational regulation in plant viral
infection (Bhattacharjee et al. 2009; Eskelin et al. 2011; Ghoshal and Sanfagon 2014; Karran and

Sanfagon 2014; Machado et al. 2015; Zorzatto et al. 2015; Ma et al. 2015; Meteignier et al. 2016;
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Miller et al. 2016; Machado et al. 2017; Wu et al. 2020). Previously, microarrays and high-
throughput sequencing of polysome associated MRNAS have been used to study translational
control of plant MRNAs during pathogen infection (Moeller et al. 2012; Meteignier et al. 2017;
Eskelin et al. 2019; Collum et al. 2020) but this technique suffers from poor resolution and
accuracy (Ingolia et al. 2009). The advent of ribosome profiling has enabled researchers to study
translational control of gene expression in a high-throughput manner at a genome-wide scale
with single-nucleotide resolution (Ingolia et al. 2009). Ribosome profiling has explored the
translation landscape of the cellular and viral MRNAs during infection in animal systems (Stern-
Ginossar 2015; Stern-Ginossar and Ingolia 2015; Yang et al. 2015; Irigoyen et al. 2016; Khong
et al. 2016; Dai et al. 2017; Irigoyen et al. 2018; Bencun et al. 2018; Gerresheim et al. 2019;
Cook et al. 2019; Dinan et al. 2019; Machkovech et al. 2019; Tran et al. 2020; Echavarria-
Consuegra et al. 2021; Yuan et al. 2021; Alexander et al. 2021) but there is only one published
study (with the sequencing data not publicly available), to our knowledge, that uses a plant virus-
host system to assess the genome-wide translational control in sugarcane mosaic virus (SCMV,
Potyvirus, Potyviridae)-infected maize plants (Xu et al. 2019). Therefore, there is a need for
more research into plant virus-host interaction at the translation level. Here, we used
Arabidopsis thaliana and red clover necrotic mosaic virus (RCNMYV) as a model system to study
host-virus interactions.

RCNMV (Dianthovirus, Tombusviridae) is a bipartite RNA virus with uncapped and
non-polyadenylated positive-sense single-stranded genomic RNAs 1 and 2 (Chapter 1, Fig. 1.2-
C) (Gould et al. 1981; Hiruki 1987; Okuno and Hiruki 2013). Essential replicase protein (p27)
and a -1 programmed ribosomal frameshift (-1 PRF) product (p88), which contains the RNA-

dependent RNA-polymerase (RdRp) domain, are translated directly from RNA1 (Chapter 1, Fig.
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1.2-C) (Xiong and Lommel 1989; Koonin 1991; Kim and Lommel 1994, 1998; Okuno and
Hiruki 2013). Coat protein (CP) is translated from subgenomic RNA (CPsgRNAL) (Chapter 1,
Fig. 1.2-C, 1.3-A) and is required for long-distance movement in the plant (Xiong et al. 1993,
Zavriev et al. 1996; Sit et al. 1998). Movement protein (MP) is translated from RNA2 (Chapter
1, Fig. 1.2-C) and is required for cell-to-cell movement (Lommel et al. 1988; Xiong et al. 1993).
Additionally, an xrRNA-derived noncoding subgenomic (ncsg)RNA, called SR1f, is generated
as a stable degradation product formed by incomplete degradation of RNA1 and CPsgRNA1 by
the host 5°— 3’ exoribonuclease (Chapter 1, Fig. 1.2-C, 1.3-B) (lwakawa et al. 2008;
Steckelberg et al. 2018). Translation of viral proteins from RNA1 and CPsgRNAL occurs via a
3’ cap-independent translation element (CITE) in the 3° UTR, called TE-DR1 (Chapter 1, Fig.
1.2-C) (Mizumoto et al. 2003). TE-DR1 belongs to the barley yellow dwarf virus-like
translation element (BTE) class of CITEs that recruit the translation machinery via binding to
elFAG (Treder et al. 2007; Mizumoto et al. 2003; Kraft et al. 2013; Sharma et al. 2015; Zhao et
al. 2017). Because TE-DR1 is also present in the 3’ co-terminal SR1f (Chapter 1, Fig. 1.2-C), it
is hypothesized that SR1f may sequester the host translation machinery and spatio-temporally
regulate viral as well as cellular translation (Iwakawa et al. 2008; Miller et al. 2016).

In this study, we utilize ribosome profiling to study how RCNMYV infection in
Arabidopsis affects the cellular gene expression, both at the level of transcription and translation,
during an early pre-symptomatic and a late symptomatic phase. We identified genes that are
differentially regulated owing to the change in their (i) mMRNA abundance without any change in
the proportion of ribosomes translating those mMRNAs, (ii) translation efficiency, i.e., the number
of translating ribosomes without any change in the mRNA abundance, and (iii) mMRNA

abundance as well as translation efficiency. We found out the translationally-regulated genes,
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only in the early phase, are enriched in protein domains that are involved in plant defense
responses. In addition to host gene expression, we also assess the ribosome profiles on viral
RNAs which displayed the translation of the four known ORFs in the RCNMV genome. One
appealing aspect of Ribo-seq on viral RNAs was the visualization and quantification of -1
programmed ribosomal frameshifting in translation of p88 ORF. Our data showed that the
frameshift efficiency increased from 5 to 8 dpi. We also determined that, among the four ORFs,
p88 ORF is translated least efficiently, as expected, and the CP ORF is translated most

efficiently.

Results and Discussion
RCNMV accumulation increases steeply at 6/7 dpi in dcl2-1/dcl4-2t Arabidopsis

In Chapter 3, we determined that RCNMV infection in wildtype Arabidopsis was
asymptomatic and mostly inconsistent. However, for our experiment, we require mutant
Arabidopsis plants with reduced antiviral activity in which RCNMV can replicate efficiently and
produce symptomatic infection. Among the four DCL proteins (DCL1, 2, 3, 4) in Arabidopsis,
DCL2 and DCL4 generate virus-derived siRNAs required for antiviral RNA silencing (Deleris et
al. 2006). Therefore, we tested dcl2-1/dcl4-2t Arabidopsis, which is a loss-of-function double
knock-out line (with T-DNA insertion in DCL2 and DCL4 genes) with non-functional antiviral
RNA silencing machinery (Xie et al. 2005), and determined that wt RCNMYV produces
symptomatic infection reproducibly in dcl2-1/dcl4-2t Arabidopsis plants (Chapter 3). Thus, for
our Ribo-seq experiment, we used dcl2-1/dcl4-2t Arabidopsis as a host for RCNMV infection.

Our first objective was to determine early and late time-points at which the infected
leaves would be harvested for Ribo-seq. Compared to transcriptional regulation, translational

control can yield a much quicker and finely-tuned response to any stimuli. Therefore, we expect
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most gene expression changes to be translationally regulated in RCNMV-infected plants at an
early time-point. We decided to choose an early time-point when we can reproducibly detect
viral RNAs in the systemic leaves just before the appearance of symptoms. The late time-point
refers to the time-point after the appearance of symptoms with a high viral RNA accumulation
but before significant cell death. A time-course assay from 4 to 10 days post inoculation (dpi)
demonstrated the appearance of strong symptoms at around 7 dpi (Fig. 4.1-A). Symptoms
included chlorosis, necrosis, severely mosaic, and epinastic leaves. Subsequently, RCNMV
RNA1 accumulation was assessed using RT-PCR and gRT-PCR (Fig. 4.1-B, C). Consistent with
the appearance of symptoms, viral RNA accumulated dramatically at 6/7 dpi. These
observations were repeatable in multiple independent time-course experiments. Therefore, for
Ribo-seq, we chose 5 dpi as an early time-point when there are no symptoms but RCNMV RNA
accumulated consistently in the systemic leaves and 8 dpi as a late time-point when all the

infected plants were severely symptomatic and viral RNA levels were nearing their peak.

Ribo-seq and RNA-seq experiment design and data characteristics

Five biological replicates each of Mock and RCNMV-inoculated Arabidopsis dcl2-1/4-2t
were collected at 5 and 8 dpi. Each replicate consisted of 3 — 4 non-inoculated young leaves per
plant from 18 plants pooled together. Consistent with the time-course experiment, the symptoms
appeared after 7 dpi (Fig. 4.2-A). RCNMV infection was verified by RT-PCR (Fig. 4.2-B).
Subsequently, Ribo-seq and RNA-seq libraries were prepared using the five biological replicates
of RCNMV-inoculated samples and four biological replicates of mock-inoculated samples and
sequenced. The raw sequence data were bioinformatically processed, rRNA, tRNA, and
SsnoRNA sequences were removed, and remaining reads were aligned to Arabidopsis TAIR 10

reference genome and the RCNMYV genome. The read statistics, such as the number and
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proportion of raw, processed, and aligned reads, can be found in Supplemental file 4.1. The
quality characteristics of Ribo-seq and RNA-seq data were assessed using RiboToolkit (Liu et al.
2020), RiboTaper (Calviello et al. 2016), and custom scripts.

The read length distribution of Arabidopsis genome-mapped and RCNMV positive-
strand-mapped Ribo-seq reads peaked at 28 nt, unlike RCNMV negative-strand-mapped Ribo-
seq reads (Fig. 4.3-A). In contrast, the RNA-seq read-lengths were much widely distributed
(Fig. 4.3-A). First, RiboToolkit was used to assess the triplet periodicity for reads of different
lengths which showed that 28-nt Ribo-seq reads displayed the best triplet periodicity followed by
29-nt, 27-nt, and 26-nt reads (Fig. 4.3-B). However, no such triplet periodicity was observed for
RNA-seq data (Fig. 4.3-B). The triplet periodicity for 26-29 nt Ribo-seq reads and lack thereof,
for RNA-seq reads, was also verified using RiboTaper via metagene analysis (Fig. 4.3-C). The
metagene analysis also showed that Ribo-seq reads mapped predominantly to the CDS (Fig. 4.3-
C). Furthermore, according to the number of nucleotides protected by the ribosomes upstream of
P-site (Fig. 4.3-C, see peaks upstream of start and stop codons), we can see that the 5’ end of
RPFs are preferentially digested by the RNAse, as reported previously (Hsu et al. 2016). We
also assessed the triplet periodicity separately on the CDS and the UTRs and verified that only
the Ribo-seq reads that map only to the CDS display triplet periodicity (Fig. 4.4-A). In contrast,
Ribo-seq reads that map to the UTRs (Fig. 4.4-A) and the RNA-seq reads that map to the CDS
and the UTRs (Fig. 4.4-B) do not show any triplet periodicity. Finally, we show that only a
fraction of Ribo-seq reads map to the UTRs and the intergenic region (Fig. 4.4-C), unlike RNA-
seq reads (Fig. 4.4-D). We do, however, have a significant proportion of Ribo-seq reads that

map to the introns (Fig. 4.4-C), which is quite different from what has been reported previously
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(Hsu et al. 2016). All the above-mentioned data characteristics show the successful preparation
of high-quality Ribo-seq data where the majority of the reads represent the true RPFs.

Next, the principal component analysis (PCA) showed that the major variation (PC1)
among all of our datasets can be attributed to the type of library preparation, i.e., Ribo-seq or
RNA-seq (Fig. 4.4-E). The second major variation (PC2) can be attributed to the treatment, with
8 dpi RCNMV-inoculated samples forming one cluster, 5 dpi RCNMV-inoculated samples
forming another cluster, and mock-inoculated samples, both 5 and 8 dpi, aggregating into a
single cluster, as expected (Fig. 4.4-E). Subsequently, the Pearson correlation analysis showed
very high reproducibility among the biological replicates of each treatment for both Ribo-seq
(Fig. 4.4-F) and RNA-seq dataset (Fig. 4.4-G). Overall, these analyses demonstrate the high-

quality NGS data characteristics.

Differentially expressed and translated genes

To identify differentially expressed genes (DEGs) and differentially translated genes
(DTGs), we used DESeq?2 (Love et al. 2014) for differential expression analysis. We define
DEGs as those having absolute (logz-fold change of RNA abundance) > 1 with adjusted p-values
< 0.05, and DTGs as those having absolute (log.-fold change of RPF abundance) > 1 with
adjusted p-values < 0.05. For DTGs, the change in RPF abundance can arise due to the change
in MRNA abundance (DEGS), translational control, or both. The list of DEGs and DTGs can be
found in Supplemental file 4.2.

For RCNMV vs mock datasets at 5 dpi, we identified 356 DEGs and 500 DTGs whereas
at 8 dpi, we identified 3441 DEGs and 3263 DTGs (Fig. 4.5-A). As expected, a far greater
number of genes were differentially regulated at both the RNA and RPF levels at 8 dpi when all

the plants were severely symptomatic. We would also like to emphasize the fact that for the
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genes that do not pass the significance threshold at RNA or RPF level, it does not mean they are
unchanged at RNA or RPF levels, rather, it just means that we do not have sufficient evidence to
claim they are DEGs or DTGs. Therefore, interpreting only the Venn diagram to assess the
genes that are identified only as DTGs would be considered a misinterpretation. Instead, we
plotted the genes with a valid log.-fold change output from DESeq2 for both RNA-seq and Ribo-
seq data (Fig. 4.5-B). In the resulting scatter plot, the blue points are DTGs with non-significant
change in mMRNA abundance, green points are DEGs with non-significant change in RPF
abundance, and red points are genes that are both DEGs and DTGs (Fig. 4.5-B). More
information about the genes included in the scatterplot (Fig. 4.5-B) can be found in Supplemental
file 4.4. To assess if the protein products from the translationally-regulated genes have any
common features, we conducted protein-domain enrichment analysis using ThaleMine
(Krishnakumar et al. 2017). For stringent criteria, we focused only on the DTGs (blue) in the
yellow shaded area which are most likely the translationally-regulated genes. Among the 101
translationally-upregulated genes at 5 dpi, several protein domains such as protein kinase,
leucine-rich repeat (LRR), Toll/interleukin-1 receptor homology (TIR), and Gnk2-homologous
domains, among others, were enriched (Fig. 4.5-B). These domains are in proteins that are
central to plant innate immunity (Takken et al. 2006; Tena et al. 2011; Miyakawa et al. 2014; Ve
et al. 2015; Dubey and Singh 2018; Hake and Romeis 2019; Macho and Lozano-Duran 2019;
Vaattovaara et al. 2019; Bayless and Nishimura 2020; Yu et al. 2021). The 6 translationally-
downregulated genes were insufficient for enrichment analysis. Even though there were a far
greater number of translationally-regulated genes at 8 dpi, no protein domains were enriched in
the 280 translationally-upregulated and 250 translationally-downregulated genes (Fig. 4.5-B).

This led us to conclude that the early translationally-regulated response to virus infection is
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specific and targeted towards ameliorating the virus infection. In contrast, translationally-
regulated response at a later stage was not specific to plant innate immunity but may be a by-
product of dysregulated pathways during the infection.

Among the translationally-regulated genes (Fig. 4.5-B, blue points in yellow shaded
area), only two genes were common at both the time-points, namely AT4G09770 (TRAF-like
family protein), that had a high change in RPF abundance, and AT5G12940 (LRR-family
protein) (Fig. 4.5-C), that only had a modest change in RPF abundance. By plotting the
DESeq2-normalized counts for AT4G09770 (TRAF-like family protein) across Ribo-seq and
RNA-seq samples in all treatment conditions (Fig. 4.5-D), we can see that this gene is actually
upregulated at the level of translation. In mammals, there are 7 TRAF (Tumor necrosis factor
receptor-associated factor) proteins that interact with various cell surface receptors via the
TRAF-domain and play key roles in the immune response and apoptosis (Park 2018).
Arabidopsis genome has more than 70 TRAF domain-containing proteins (Qi et al. 2021).
AT4G09770 (TRAF-like family protein) belongs to the TRAF/MATH-only class of TRAF
proteins that are shown to be involved in regulating autophagy, plant immunity, and
gametophyte development (Qi et al. 2021). Two other TRAF-proteins belonging to the same
class, MUSE13 and MUSE14, have been shown to form a TRAFasome that degrades NLR
immune receptors, SNC1 and RPS2, via modulating ubiquitination (Huang et al. 2016). During
RCNMV infection, whether AT4G09770 (TRAF-like family protein) is translationally-
upregulated by the plant to prevent overaccumulation of plant NLR proteins or by the RCNMV
as a counter-defense strategy still needs to be determined. We also found 4 genes, identified as
both DEGs and DTGs, that were regulated in opposite directions, i.e., upregulated

transcriptionally but downregulated translationally (Fig. 4.5-B). These genes included
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AT5G18290 (SIP-Aquaporin-like superfamily protein), AT4G32295 (K1X9-histone
acetyltransferase), AT1G10610 (bHLH DNA-binding superfamily), and AT4G29270 (HAD
superfamily). Altogether, we have identified the list of translationally regulated genes at the
early and the late time-points and it would be very interesting to ascertain the mMRNA features

and the mechanisms that contribute to the translational regulation of the specific genes.

KEGG pathway enrichment analysis

In the RNA-seq dataset at 5 dpi, only the “plant-pathogen interaction” term was enriched,
whereas in the Ribo-seq dataset, “plant-pathogen interaction” and “MAPK signaling pathway-
plant” terms were enriched (Fig. 4.6-A). All the DEGs and DTGs in these pathways were
upregulated, signifying that the early gene expression response to virus infection was specific to
the plant’s defense responses. By 8 dpi, many more pathways were enriched for both RNA-seq
and Ribo-seq datasets, such as “Metabolic pathways”, “Plant hormone signal transduction”, and
“Protein processing in endoplasmic reticulum”, among others. This demonstrates that by the
time that plants get symptomatic, virus infection disrupts several cellular pathways. More
information for the enriched pathways can be found in Supplemental file 4.5.

Next, we plotted the DEGs and DTGs that were present in the enriched pathways (Fig.
4.6-B). At both 5 and 8 dpi, most of the genes seem to be regulated at a transcriptional level
(Fig. 4.6-B, points near the x =y dotted line). A few other genes (denoted as blue triangles)
were identified as DTGs but did not have any DESeq2 output from the RNA-seq data, mostly
because of the low read counts. Because the RNA abundance did not increase to a detectable
level in the RCNMV infected plants, but the RPF levels did increase, it is likely that these genes
are regulated at the translational level. Examples include defense-related genes such as ERF1

(Ethylene response factor, AT3G23240), RPS2 (Resistant to Pseudomonas syringae 2,
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AT4G26090), PDF1.2 (Plant defensin 1.2, AT5G44420), and CML43 (Calmodulin-like 43,
AT5G44460), which were identified only as DTGs at both the time-points. More information
about the genes included in the scatterplot (Fig. 4.6-B) can be found in Supplemental file 4.6.
Interestingly, the genes in the pathway “Protein processing in endoplasmic reticulum”
that were identified as DEGs and DTGs at 8 dpi were regulated only at the level of transcription.
These genes included BiP1, BiP2, BiP3, PDILs, CRT, CNX, HSP70, HSP90, and ERDJ3B
which are known to be upregulated downstream of IRE1-mediated bZIP60 splicing in the
cytoplasm that occurs during unfolded protein response (UPR) (Deng et al. 2011; Howell 2013;
Srivastava et al. 2018). The function of these canonical UPR-responsive gene products is to
ameliorate the ER-stress by increasing the capacity of the ER for protein folding, import, export,
and quality control (Walter and Ron 2011; Hetz 2012; Deng et al. 2013; Angelos et al. 2017;
Nawkar et al. 2018; Hetz et al. 2020). The elicitation of UPR pathways has been shown in a
variety of plant-virus infections (Ye and Verchot 2011; Ye et al. 2011; Zhang and Wang 2016;
Shen et al. 2017; Qiao et al. 2018; Li et al. 2018; Herath et al. 2020; Li et al. 2020; Verchot and
Pajerowska-Mukhtar 2021). RCNMV forms virus replication complexes at the ER by
restructuring the ER membrane (Turner et al. 2004; Mine et al. 2010b; Kusumanegara et al.
2012), thus, it is likely that RCNMYV upregulates the UPR genes to increase the ER membrane
surface area. Over-accumulation of viral proteins can also elicit UPR to alleviate ER-stress
related cell death (Ye et al. 2011). Similar to our previous report on UPR in maize seedlings
(Chapter 5), we observed that, during RCNMV infection, the UPR genes are upregulated only
transcriptionally (Fig. 4.6-B). The upregulation of UPR genes supports the findings in a
previous report that showed an increased amount of BiP proteins that are associated with the ER

during RCNMV infection (Turner et al. 2004). Because BiP and other ER-resident genes are
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upregulated at 8 dpi (Fig. 4.6-B), we conclude that RCNMYV infection elicits UPR in
Arabidopsis. However, it still needs to be investigated whether UPR elicitation during RCNMV
infection acts as a (i) proviral mechanism to increase virus replication by increased formation of
virus replication complexes at the ER, (ii) proviral mechanism to increase the protein folding
capacity of the ER for efficient synthesis of functional viral proteins, (iii) proviral or plant’s
prosurvival pathway to reduce ER stress-mediated cell death, or (iv) antiviral defense response to

limit RCNMYV infection.

Proportion of RCNMV-mapped RNA-seq and Ribo-seq reads

The proportion of RCNMV-mapped reads were calculated as the number of reads that
uniquely mapped to RCNMV RNAs divided by the sum of the reads that uniquely mapped to
RCNMYV RNAs and Arabidopsis reference genome. The details can be found in Supplemental
file 4.1. From 5 to 8 dpi, the proportion of RNA-seq reads mapping to the RCNMV RNAs
increased from ~ 0.2 % to ~ 21.5 % (Fig. 4.7-A). On the other hand, the proportion of 26-29 nt
Ribo-seq reads mapping to the RCNMV RNAs increased from ~ 0.02 % to ~ 1.7 % (Fig. 4.7-A).
Such a high proportion of RCNMV RNA-seq reads with a relatively lower proportion of Ribo-
seq reads was not surprising as the RNA-seq reads also include those derived from replication
complexes and also packaged virus particles in which viral RNAs are not being translated. Even
though at 5 dpi, only ~0.2% of the mapped reads were derived from RCNMV genome, RCNMV
RNAs seemed to be quite abundant compared to the individual Arabidopsis RNAs (Fig. 4.7-B)
but lower than many nuclear- and chloroplast-genome-encoded mRNA. With ~21.5% RNA-seq
reads, RCNMV RNAs were the most abundant RNA species at 8 dpi (Fig. 4.7-B). A similar
pattern can be seen for the Ribo-seq reads (Fig. 4.7-B). At 8 dpi, although only ~1.7% RPFs

were derived from RCNMV mRNAs, at the individual mRNA level, RPFs from RCNMV
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MRNAs were substantially greater than any host mMRNA (Fig. 4.7-B). However, the RPFs
derived from chloroplast genome may be underestimated because we used only the 26-29 nt
Ribo-seq reads for the analysis and the RPFs from the chloroplasts are known to be longer than

the cytosolic RPFs (Chotewutmontri and Barkan 2016; Chotewutmontri et al. 2018).

Integrated RNA-seq density on RCNMYV genome

The integrated density of RNA-seq reads over RCNMV genome was visualized by
plotting all the nucleotides of the RNA-seq reads to the RCNMV RNAL1 and RNA2 sequence
from all the replicates together (Fig. 4.8). Even though the RNA-seq experiment in Chapter 3
used a different host species (Nicotiana benthamiana), RNA extraction protocol, library
preparation strategy/kit, and sequencer, we observed similar characteristics of the RNA coverage
profiles in this RNA-seq experiment (Fig. 4.8) to what we observed in the RNA-seq that we
conducted previously (Chapter 3, Fig. 3.17): (i) We did not see any marked abundance of
CPsgRNA and SR1f, even though we attributed that to the library preparation artifact in Chapter
3, (ii) CPsgRNA negative-strand accumulated to much higher levels than the upstream portion of
RNAL negative-strand supporting the premature transcription termination mechanism for the
generation of CPsgRNA (Sit et al. 1998; Guenther 2004), (iii) there are more reads towards the
5’ end of RNA2 than the 3’ end, with an inflection point near the trans-activator (TA) region.
We speculated previously as to whether the peculiar pattern of reads across RNAZ2 is an artifact
or actually has biological meaning. Because we observe the same pattern again in an entirely
different experimental set-up, it seems less likely that this is an artifact. It would be interesting

to explore this peculiar RNA coverage profile in future experiments.
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Ribo-seq profiles on the RCNMV genome

The 28 nt RNA-seq and Ribo-seq reads that mapped to the RCNMYV genome were
visualized using the riboSeqR package (Chung et al. 2015). riboSegR plots only the first
nucleotide of the RNA-seq and Ribo-seq reads to the RNA sequence for visualization. RNA-seq
reads are represented as gray bars and the Ribo-seq reads are represented as colored bars
according to the reading frame the first nucleotide of the RPF maps to (Fig. 4.9, 4.10). The
RNA-seq and Ribo-seq profiles on RCNMV genome looked reproducible across the biological
replicates. Furthermore, riboSeqR correctly identified the three ORFs in RNA1 (Fig. 4.9, red
and blue horizontal bars over the profile) and one ORF in RNA2 (Fig. 4.10, green horizontal
bars over the profile) as being translated. Except for the increase in the number of reads, we did
not see any other change in coverage pattern from 5 dpi to 8 dpi in these profiles.

In RNAL, we can observe the -1 PRF, as the translating frame changes at the frameshift
site, denoted by the red frame at p27 ORF and blue frame in RdRp ORF (Fig. 4.9, see the
zoomed image). Next, we quantified the frameshift efficiency, which was ~8% at 5 dpi, and
increased to ~16% by 8 dpi (Fig. 4.11). Previous studies have reported the frameshift efficiency
in RCNMYV to be ~ 7.5% in the in vitro and protoplast-reporter assays (Kim and Lommel 1998).
It has been hypothesized previously that -1 PRF product from RCNMYV can act as a switch from
translation to replication of viral RNAs (Okamoto et al. 2008; Tajima et al. 2011), similar to the
model proposed for BYDV (Barry and Miller 2002). This hypothesis is based on the fact that
p88 can act only in cis for the replication of RCNMV RNAL1 (Okamoto et al. 2008; lwakawa et
al. 2011). This means that only the RNAL molecule that undergoes -1 PRF to synthesize p88
protein is used as a template for negative-strand RNA1 synthesis. Therefore, upon -1 PRF, the
translated p88 protein can bind to the 3> UTR of RNA1, assemble the 480-kDa virus replication

complex with p27 at the ER, and initiate negative-strand RNA synthesis while inhibiting 3’ TE-
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DR1-mediated translation of RNAL (Mine et al. 2010a, 2010b; lwakawa et al. 2011). Therefore,
the dependence of RNAL1 replication on the -1 PRF product (p88) synthesized in cis, suggests
that increased frameshift efficiency would increase RCNMV replication by producing more
RdRps. Here, the observed increase in frameshift efficiency with the steep increase in RCNMV
RNA1 accumulation supports the proposed model (Fig. 4.11).

Even though -1 PRF is detected by Ribo-seq, we did not detect any ribosomal pausing, as
indicated by the lack of an increase in the number of RPFs, at the frameshift site (Fig. 4.9).
Previously, it was considered that ribosomal pausing occurs at the frameshift site and the pause is
required, although insufficient, for PRF (Tu et al. 1992; Somogyi et al. 1993; Lopinski et al.
2000; Brierley et al. 2010; Dinman 2012). Kontos et al. (2001) has argued against correlating
ribosomal pausing and frameshifting, rather, speculated that pausing could occur as a result of
the interaction between the ribosome and the stem-loop/pseudoknot and may not have any effect
on frameshifting. Ribosome profiling has also failed to detect ribosomal pausing at frameshift
sites in other viruses (Irigoyen et al. 2016; Napthine et al. 2017, 2019; Finkel et al. 2021). For
example, (i) -1 PRF efficiency during the late stages of encephalomyocarditis virus (EMCV) is
shown to be very high (~70%) (Napthine et al. 2017). However, ribosome pausing was not
markedly detectable at the frameshift site of wildtype EMCV (Napthine et al. 2017). (ii) Ribo-
seq in murine coronavirus-infected cells showed that no ribosomal pausing occurs at the
frameshift site (Irigoyen et al. 2016). The authors speculated that RPFs at the pause site could be
longer and were excluded from the experiment because of the narrow size range of RPFs that
were selected after RNase digestion. However, upon conducting Ribo-seq even with longer
RPFs, no ribosomal pausing was detected (Irigoyen et al. 2016). (iii) Ribosomal pausing was not

detected at the PRF site in SARS-CoV-2 RNA (Finkel et al. 2021). In contrast, modified



178

nuclease digestion (disome footprint profiling) with SARS-CoV-2-infected cells did show
ribosome pausing at the frameshift site and this observation was verified using cryo-EM (Bhatt et
al. 2021). Therefore, whether Ribo-seq is suitable for assessing ribosomal pausing during
frameshifting is still debatable. In case of RCNMV, using the conventional Ribo-seq method
with only the 26-29 nt RPFs, we did not detect any ribosomal pausing at or near the frameshift
site (Fig. 4.9).

According to the RNA-seq data, abundance of reads across RNA1 seems to be uniform
suggesting very low or no accumulation of CPsgRNA (Fig. 4.9). However, the number of Ribo-
seq reads mapping to CP ORF is substantially higher than those mapping to the p27 and RdRp
OREFs, indicating the CP is translated with a very high efficiency (Fig. 4.9). This suggests that
either CPsgRNA has a much higher translation efficiency than RNAL and/or there is an internal
ribosome entry site (IRES) in RNAL just upstream of the CP ORF. Another result that supports
the latter hypothesis is the accumulation of CP from the in vitro translation of RNA1 in wheat
germ extract (Chapter 3, Fig. 3.5-A). Previously, we speculated that CP translation might have
occurred from partially degraded RNA1 but the ribosome profiling results show the need to
investigate the possibility of an IRES, upstream of CP ORF, as has been reported for other
Tombusvirids (Koh et al. 2003; Fernandez-Miragall and Hernandez 2011; May et al. 2017).

In RNA2, RPF read density was very low, showing that RNA2 is not translated very
efficiently (Fig. 4.10). Interestingly, we observe an RPF peak (Fig. 4.10, red arrow) in the MP
ORF that was present in all the samples at both time-points. That could be an artifact or an
authentic ribosomal pause site. It would be interesting to assess the RNA structure and codon
composition near the putative pause site. Ribosomal pausing may occur to aid co-translational

folding of MP. However, because the inflection point at the TA region in our RNA coverage
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profile (Fig. 4.8, 4.10) is near the potential ribosomal pause site, we speculate if ribosomal
pausing leads to stacking of stalled ribosomes that may elicit No-Go decay pathway, resulting in
an endonucleolytic cleavage upstream of the pause site (Simms et al. 2017; Navickas et al.
2020). If this hypothesis were true, it would explain the big green peak in the Ribo-seq profile,
unusual RNA2 coverage pattern, and low translation of RNA2 as evidenced by sparsely

distributed RPFs over RNA2 (Fig. 4.10).

Conclusion

In this study, we determined that the early translational response to RCNMYV infection is
specific to the plant defense responses. We identified the genes that are differentially expressed
and differentially translated in RCNMV-infected plants. Future work would include the
identification of the sequence and structural features of the UTRs of translationally-regulated
MRNAS to explore the mechanisms by which specific MRNAs are translationally controlled
during RCNMV infection. We also investigated the RNA-seq and Ribo-seq read profiles across
RCNMV RNAL and RNA2 sequences. We found that the frameshift efficiency of RNA1
increased during the late phase of infection, which correlates with the increased accumulation of
RCNMV RNAL. We also identified a putative ribosomal pause site in the MP ORF of RNAZ2.
The authenticity of the ribosomal pause site and its biological significance needs to be tested.
Furthermore, my hypothesis that ribosomal pausing leads to No-Go decay of RNA2 also needs to
be investigated as this could explain the unusual RNA-seq read coverage across RNA2 sequence.
Lastly, the high-quality Ribo-seq and RNA-seq data obtained in this study, with several
biological replicates showing excellent reproducibility, provide a valuable source of
transcriptomic and translatomic data that could further be explored to dissect plant virus-host

interactions.
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Materials and Methods
In vitro transcription of RCNMV RNAs

RCNMV plasmid constructs used for in vitro transcription were described previously
(Kanodia et al. 2020a). pRC169c and pRC2|G are cDNA clones with T7-promoter for in vitro
transcription of infectious RCNMV RNA1 and RNA2, respectively. One pg of Smal-linearized
pRC169c and pRC2|G were used as templates for in vitro transcription using MEGAscript T7
Transcription Kit (Invitrogen AM1334) followed by DNase treatment according to
manufacturer’s protocol. The transcription reaction was carried out at 37°C for 4 h and DNase
treatment at 37°C for 30 min. Subsequently, RNA was purified using Zymo RNA clean &

concentrator -5 kit (Zymo Res. R1015) and eluted in nuclease-free water.

RCNMV-infected sap preparation

N. benthamiana plants were grown in a growth chamber with 16 h light at 24°C and 8 h
dark at 20°C. Four-week-old plants were mechanically inoculated with (i) 10 mM sodium
phosphate (pH 6.8) buffer (Mock-inoculated), or (ii) 1 pg RNA1 plus 1 ug RNA2 in 10 mM
sodium phosphate (pH 6.8) buffer per leaf (RCNMV-inoculated) and the growth conditions were
changed to 12 h light at 20°C and 12 h dark at 20°C. After the appearance of symptoms, RT-
PCR was used to verify RCNMV replication in the non-inoculated systemic leaves.
Subsequently, the leaves were ground in 10 mM sodium phosphate (pH 6.8) buffer using mortar

and pestle and the resulting sap was used for inoculating Arabidopsis plants.

Inoculating Arabidopsis with RCNMV

Arabidopsis double knock-out mutant line, dcl2-1/dcl4-2t (Germplasm CS66078) (Xie et

al. 2005) was obtained from the Arabidopsis Biological Resource Center (abrc.osu.edu) and the
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T-DNA insertion was verified by genotyping (O’Malley et al. 2015). The plants were grown in
growth chambers with 16 h light at 24°C and 8 h dark at 20°C. After 3 weeks, the growth
condition was changed to 12 h light at 20°C and 12 h dark at 20°C. The sap from mock- or
RCNMV-inoculated N. benthamiana plants was rubbed on 2-3 leaves per Arabidopsis plant (4-

week-old) using g-tips and carborundum.

RT-PCR and gRT-PCR

For the time-course experiment, 3-4 leaves per plant were pooled from 3 plants to make 1
biological replicate and 3 of these biological replicates were collected at 4, 5, 6, 7, 8, 9, and 10
dpi for RCNMV-infected plants and at 10 dpi for mock-infected plants. The leaves were
pulverized in a tissue lyzer at 1500 rpm for 30 s (twice). Total RNA was extracted using Zymo
Direct-zol RNA Miniprep kit (Zymo Res. R2050) according to the manufacturer’s protocol
followed by quantification using Qubit RNA HS assay kit (Invitrogen Q32852). Total RNA
integrity was verified by agarose gel electrophoresis. RevertAid First Strand cDNA Synthesis kit
(Thermo Scientific K1622) was used for DNase treatment and cDNA synthesis (with random
hexamers) according to the manufacturer’s protocol.

For RT-PCR, a 10 pl PCR reaction mix was prepared with 5 ul GoTaq G2 green master
mix (Promega M7823), 1 ul 10-fold diluted cDNA template, 200 nM each of RCNMV_1457_FP
(5-CAACAGGGCTCAAGGGAGAG-3’) and RCNMV _1574 RP primers (5 -
GAATTTGAGGGCATCGACGC-3’). The PCR conditions were as follows: 98°C (2 min); 30
cycles of 98°C (10 s), 60°C (15 s), 72°C (15 s); 72°C (2 min); 4°C hold.

For gRT-PCR, a 10 pl qPCR reaction was prepared with 1x iQ SYBR Green Supermix
(Bio Rad 1708880), 300 nM each of forward and reverse primers, and 1 pl 10-fold diluted cDNA

template. The gPCR runs were carried out in 384-well plates with 3 technical replicates per
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sample in a Bio Rad CFX384 system with the following reaction conditions: 95°C for 3 min
(Polymerase activation and DNA denaturation), 40 cycles of 95°C for 10 s (Denaturation), 60°C
for 60 s (Annealing, extension/Plate reading) followed by melt curve analysis (55-95°C, 0.5°C
increment, 5s). AtSAND and AtPDF2 genes were used as reference genes with the primer pairs
Athal PDF2_FP (5-TCATTCCGATAGTCGACCAAG-3’) plus Athal PDF2_RP (5 -
TTGATTTGCGAAATACCGAAC-3’) and Athal_SAND_FP (5 -
GTTGGGTCACACCAGATTTTG-3’) plus Athal_SAND_RP (5 -
GCTCCTTGCAAGAACACTTCA-3’) (Lilly et al. 2011). Prior to using these as reference genes,
we verified their consistent expression between our experimental conditions. The primer
efficiency calculation, AACt calculation, and statistical analysis were performed using the Bio
Rad CFX manager software.

All the primers were synthesized by Integrated DNA Technologies (IDT) and purified by

standard desalting.

Ribosome profiling

Ribosome profiling protocols from (Hsu et al. 2016; Chung et al. 2020; Kanodia et al.
2020b) were used with modifications.

Lysate preparation. For ribosome profiling, 5 biological replicates were collected each
for mock- and RCNMV-infected plants at 5 and 8 dpi. Each biological replicate consisted of 3-4
young leaves per plant pooled together from 18 plants. The tissues were collected in 50 ml
falcon tubes and coarsely pulverized by vigorously shaking the tube with two 4.8 mm metal
beads in it. An aliquot of coarsely ground tissues were finely pulverized in 1.5 ml tubes using
tissue lyzer at 1500 rpm for 30 s (twice) followed by the addition of 800 pl of polysome

extraction buffer (PEB; 20 mM Tris-HCI pH 7.5, 140 mM KCI, 5 mM MgClI2, 1% (v/v) Triton
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X-100, 0.5% (v/v) lgepal CA 630, 146.1 mM sucrose, 100 pg/ml cycloheximide, 100 pg/mi
chloramphenicol, 0.5 mM DTT, 0.5 pl/ml Turbo DNase (Invitrogen AM2238), and EDTA-free
protease inhibitor (Thermo Scientific A32965)). The crude lysate was incubated in ice for 20
min on a rocker followed by clarification using two rounds of centrifugation (21,100 x g, 15 min,
4°C). Subsequently, the absorbance of the lysate was adjusted with PEB to A254 (Lysate - PEB)
=~A260 (Lysate - PEB) = ~6. Subsequently, 400 pl of the absorbance-adjusted lysate was used
for ribosome profiling and 200 pl for RNA sequencing.

RNasel digestion. 400 pl lysate was centrifuged (21,100 x g, 5 min, 4°C) to remove any
remaining debris. Subsequently, 2 pl (200 U) RNAsel (Invitrogen AM2295) was added and the
RNase digestion was carried out for 60 min at 28°C in a thermomixer at 400 rpm. The tubes
were immediately transferred to ice and 5 pl Superase-IN (Invitrogen AM2696) was added to
terminate the RNase digestion reaction.

Pelleting the monosomes. To the RNase-treated lysate, PEB was added to make the
total volume ~750 pl and was carefully layered on a precooled 350 ul sucrose cushion (35%
(w/v) sucrose, 20 mM Tris-HCI pH 7.5, 140 mM KCI, 5 mM MgCI2, 100 pg/ml cycloheximide,
100 pg/ml chloramphenicol, 0.5 mM DTT, 5 pl/ml Superase-IN (Invitrogen AM2696)) in mini-
ultracentrifuge tubes (Thermo Scientific 45237) followed by ultracentrifugation at 57,000 rpm
(131,500 x g) for 90 min at 4°C with slow acceleration and deceleration in a Sorvall mini
ultracentrifuge (Discovery M150) with S150-AT fixed angle rotor (Thermo Scientific 45582).
Subsequently, the supernatant was removed and the pellet was carefully rinsed with 500 pl
nuclease-free water.

Ribo-seq RNA purification. 600 ul proteinase-K buffer (10 mM Tris-HCI pH 7.5, 1%

SDS, 200 pg/ml proteinase K (Thermo Scientific EO0491)), prewarmed to 42°C, was added to
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the monosome pellet and incubated at room temperature for 5 min, the pellet was resuspended by
pipetting, transferred to 1.5 ml microfuge tubes, and incubated at 42°C for 30 min.

Subsequently, the suspension was heated to 65°C for 2 min and immediately subjected to RNA
purification using the hot acid-phenol chloroform method as follows. 600 pl acid-phenol
chloroform (5:1, pH 4.5, Invitrogen AM9720), prewarmed to 65°C, was added and mixed,
incubated at 65°C for 5 min, mixed intermittently, incubated in ice for 5 min, and centrifuged
(21,100 x g, 2 min). The aqueous phase was transferred to new tubes, 600 ul acid-phenol
chloroform, at room temperature, was added, mixed, incubated at room temperature for 5 min,
centrifuged, from which ~500 ul aqueous phase was transferred to new tubes. Subsequently, 500
pl chloroform-isoamyl alcohol (24:1, Sigma-Aldrich 25666) was added and mixed, incubated at
room temperature for 1 min, centrifuged and ~400 ul aqueous phase was transferred to a 1.5-ml
tube containing 2 pl Glyco Blue (Invitrogen AM9516) and 45 pl 3M sodium acetate pH 5.5
(Invitrogen AM9740). RNA was precipitated by the addition of ~450 ul ice-cold 100%
isopropanol and overnight incubation at -80°C. The RNA pellet was collected by centrifugation
(21,100 x g, 45 min, 4°C), washed twice with 1 ml ice-cold 80% ethanol, air-dried, and
resuspended in nuclease-free water followed by Nanodrop quantification.

DNase treatment. A 50 pl reaction with 10 ug RNA, 1 pl Turbo DNase (Invitrogen
AM2238), and 5 pl 10x Turbo DNase buffer was incubated at 37°C for 30 min, followed by
addition of 1 pl more Turbo DNase and incubation at 37°C for another 30 min. DNase-treated
RNA was purified using Zymo RNA clean & concentrator -5 kit (Zymo Res. R1015) according
to the manufacturer’s protocol, except with one modification (1.5 volume of ethanol was used
instead of 1 volume). Clean DNase-treated RNA was eluted in nuclease-free water and

quantified using Nanodrop. Quality of RPFs was assessed by electrophoresis of denatured RNA



185

in a 15% TBE-Urea gel (Invitrogen EC6885B0OX) at 120 V for 5 min and 200 V for 75 min.
The gel was stained with SYBR gold (Invitrogen S11494) and the sharpness of the RPF band
between the 28 nt (5 -~-AUGUACACGGAGUCGACCCGCAACGCGA-3’, Sigma, HPLC purified)
and the 34 nt (5-~-AUGUACACGGAGUCGAGCUCAACCCGCAACGCGA-3’, Sigma, HPLC
purified) RNA oligos was determined

rRNA-depletion. One half-reaction of Ribo-Zero for plant seed/root kit (Illumina
MRZSR116) was used per ~5 pug of DNAse-treated RNA according to the manufacturer’s
protocol, except with one modification (the 50°C incubation step was not performed for Ribo-seq
samples). Subsequently, rRNA-depleted RNA was purified using Zymo RNA clean &
concentrator -5 kit (Zymo Res. R1015) according to modified Zymo protocol described above
and eluted in 11 pl nuclease-free water.

Size-selection. Denatured rRNA-depleted RNA was subjected to electrophoresis on a
15% TBE-Urea gel (Invitrogen EC6885BOX) at 120 V for 5 min and 200 V for 75 min, stained
with SYBR gold (Invitrogen S11494) for 1 min, and visualized on a blue light transilluminator.
A mix of 28 nt and 34 nt RNA oligos was run as size markers. The gel slice corresponding to the
region between the bottom of 28 nt and bottom of 34 nt RNA size markers was excised and
transferred to a 0.5 ml tube with a hole at the bottom made by an 18 G syringe needle, and the
tube was placed in a 2 mL microfuge tube. The tube was then centrifuged (21,100 x g, 2 min,
4°C) to crush the gel slice and transfer its contents to the 2 mL microfuge tube. 500 pL of RNA
gel extraction buffer (0.3 M NaOAc pH5.5, 1 mM EDTA pH 8, 10 mM Tris-HCI pH 7.5, 0.25%
(w/v) SDS) was added and incubated overnight at 4°C on a shaker. Eluted RPFs were filtered
through 0.22 p SpinX cellulose acetate filter columns (Sigma-Aldrich CL8161). 2 uL Glyco

Blue (Invitrogen AM9516) and an equal volume of ice-cold 100% isopropanol were added to the
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supernatant and RPFs were precipitated overnight at -80°C. The RNA pellet was collected by
centrifugation (21,100 x g, 45 min, 4°C), washed twice with 1 ml ice-cold 80% ethanol, air-
dried, and resuspended in 3.25 ul nuclease-free water.

Library preparation. Prior to library preparation, RPF ends were repaired using
T4PNK kit (Thermo Scientific EK0031) as follows. 3.25 ul RNA was incubated at 70° C for 3
min, transferred to ice, followed by the addition of 0.5 pl 10x T4 PNK buffer A (no ATP), 0.25
Ml Superase-IN, 0.5 ul T4PNK enzyme. The reaction was incubated at 37°C for 30 min, then 0.5
pl 10 mM ATP was added, and incubated at 37°C for 1 h. The reaction was stopped by adding
5.5 ul nuclease-free water, then incubation at 75°C for 10 min, after which it was transferred to
ice.

Subsequently, cDNA libraries were prepared using NEXTflex Small RNA-Seq kit v3
(Perkin EImer NOVA-5132-05) according to manufacturer’s protocol with the following
specifications: The 3” and 5’ 4N adapters were diluted 1/3-fold for step A and step D, incubation
in step A was carried out overnight, bead clean-up for step F was conducted according to the “No
size-selection” protocol (https://perkinelmer-
appliedgenomics.com/nextflex_small_rna_v3 no_size selection_supplement-2/). 11 cycles of
PCR were performed with barcoded primers and the final libraries were cleaned using the PAGE
size selection and clean-up (Step H2) according to the manufacturer’s protocol. The quality of
the libraries was assessed using an Agilent bioanalyzer high sensitivity DNA Assay Kit.

Libraries were quantified using Qubit dsDNA HS Assay kit (Invitrogen Q32854), diluted, pooled
together, and sequenced at the lowa State University DNA Sequencing Facility using the

Illumina NovaSeq 6000 on the two lanes of S1 flow cell to yield 100-bp single-end reads.



187

RNA Sequencing

200 pl lysate prepared (see lysate preparation) above was used for total RNA extraction.
Most of the steps are same as that for Ribo-seq with a few modifications listed below.

Total RNA purification. Prewarmed 400 pl proteinase-K buffer was added to 200 pl
lysate and incubated at 42°C for 30 min. Subsequently, it was heated to 65°C for 5 min and
immediately subjected to RNA purification using hot acid-phenol chloroform method as
described for Ribo-seq, except three rounds of extraction was done using the acid-phenol
chloroform, instead of two (two rounds with 65°C incubation and one round with room
temperature incubation).

DNase treatment. This was the same as for Ribo-seq samples. DNase-treated RNA was
purified using Zymo RNA clean & concentrator -5 kit (Zymo Res. R1015) according to the
manufacturer’s protocol without any modifications. Total RNA integrity was verified by
electrophoresis of denatured RNA in a 15% TBE-Urea gel at 120 V for 5 min and 200 V for 50
min.

rRNA-depletion. One half-reaction of Ribo-Zero for plant seed/root kit (Illumina
MRZSR116) was used per ~5 pug of DNAse-treated RNA according to the manufacturer’s
protocol without any modifications. Subsequently, rRNA-depleted RNA was purified using
Zymo RNA clean & concentrator -5 kit (Zymo Res. R1015) according to manufacturer’s
protocol and eluted in 11 pl nuclease-free water.

Alkaline fragmentation. 10 pl 2x fragmentation buffer (2 mM EDTA pH 8, 12 mM
Na2C03, 88 mM NaHCO3) was added to 10 pl rRNA-depleted RNA and incubated at 95°C for
20 min followed by immediate addition of 280 pl stop solution (0.3 M NaOAc pH5.5, 53.6
pg/mL Glyco Blue (Invitrogen AM9516)) and 750 pl ice-cold 100 % ethanol. After overnight

precipitation at -80°C, the pellet was collected and washed as described above.
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Size-selection. Denatured rRNA-depleted RNA was subjected to electrophoresis on a
15% TBE-Urea gel at 120 V for 5 min and 200 V for 50 min, stained with SYBR gold for 1 min,
and visualized on a blue light transilluminator. 50 ng of single-stranded DNA ladder (IDT 51-
05-15-01) was run as size markers. The gel slice corresponding to the region between the top of
the 30 nt band and top of the 40 nt band of the IDT ladder was excised and transferred to a 0.5
ml tube with a hole at the bottom made by an 18 G syringe needle, and the tube was placed in a 2
ml microfuge tube. RNA was eluted from the gel slice using the same protocol as described for
Ribo-seq samples.

Library preparation. This was the same as for Ribo-seq samples. RNA-seq libraries
were pooled and sequenced using the Illumina NovaSeq 6000 on the two lanes of SP flow cell to

yield 100 bp single-end reads.

Ribo-seq and RNA-seq data analysis

Data preprocessing. The sequencing data from both lanes were concatenated for each
sample. The quality of raw sequencing reads was assessed using FastQC v.0.11.7 (Andrews
2010). The adapters were removed from raw sequencing reads (parameters: “-a
TGGAATTCTCGGGTGCCAAGG --discard-untrimmed --minimum-length 23”), further
processed to trim the four random bases (parameters: “-U 4 -U -4”), that were added to both ends
of Ribo-seq and RNA-seq reads during library preparation, using Cutadapt v.2.5 (Martin 2011).

Quiality control plots. RiboToolkit (Liu et al. 2020) was used (parameters: RPF length
26-29 nt, Mismatch allowed 2, Max multi-map 1) to determine the RPF-lengths with good triplet
periodicity (Fig. 4.3-B; Mock rep #1 sample as a representative result), assess the frame-

enrichment (Fig. 4.4-A, B; all the samples), and the distribution of reads (Fig.4.4-C, D; all the
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samples) over different MRNA features. The data was obtained via RiboToolkit but was plotted
using GraphPad Prism (GraphPad Software, Inc.).

Read mapping. Firstly, the processed data was mapped to Arabidopsis ncRNA (rRNA,
snoRNA, tRNA) sequences (TAIR10) using Bowtie v.1.2 (parameters: “-v 2”) (Langmead et al.
2009). The ncRNA-unaligned reads were then mapped to Arabidopsis reference genome
(TAIR10) using STAR v.2.5 (parameters: “--outFilterMismatchNmax 2 --
outFilterMultimapNmax 1”) (Dobin et al. 2013) to yield uniquely-mapped reads. The ncRNA-
unaligned reads were also mapped to RCNMYV RNAL1 and RNA2 using Bowtie v1.2 (parameters:
“-v 2 -m 1”) (Langmead et al. 2009) to yield uniquely-mapped reads. The read length
distribution (Fig. 4.3-A; all the samples) was determined using Samtools (Li et al. 2009;
Danecek et al. 2021). Subsequently, size filtering was done to retain only the 26-29-nt reads in
the Ribo-seq alignment bam file using the reformat function in the BBMap tool (Bushnell 2014).
No size filtering was done for RNA-seq reads. The metagene analysis plots (Fig. 4.3-C Mock
rep #1 sample as a representative result) were generated using RiboTaper (Calviello et al. 2016).
From the STAR-aligned files, all the RNA-seq reads were counted (parameters: “-t exon -s 0 -g
gene id”) while for Ribo-seq reads, only those mapping to the CDS were counted (parameters:
“-t CDS -s 0 -g gene id”) using the featureCounts (Liao et al. 2014). The read statistics, such as
the number and proportion of raw, processed, and aligned reads can be found in Supplemental
file 4.1.

Statistical analysis. Using the DESeq2 package (Love et al. 2014), the regularized-log-
transformed data from the Ribo-seq and RNA-seq counts were used for the principal component
analysis (PCA) (Fig. 4.4-E). For making correlation plots (Fig. 4.4-F, G), corrplot package (Wel

and Simko 2021) was used only with the genes whose sum of read counts was greater than zero
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across all the Ribo-seq or RNA-seq samples. DESeq2 package (Love et al. 2014) was also used
to identify the differentially expressed genes (DEGs) from the RNA-seq data and the
differentially translated genes (DTGs) from the Ribo-seq data. For each of the Ribo-seq or
RNA-seq data, separately, only the genes whose sum of read counts was greater than 100 across
all the samples were used for analysis. All the comparisons refer to RCNMV-infected vs mock
samples. Genes with absolute log.-fold change (RNA or RPF abundance) >1 and adjusted p-
value < 0.05 were considered DEGs or DTGs. The list of DEGs and DTGs can be found in
Supplemental file 4.2 and the DESeqg2-normalized read counts can be found in Supplemental file
4.3. For Fig. 4.5-B, log.-fold change (RPF abundance) against logz-fold change (RNA
abundance) was plot using only the genes that had a valid output (Non-NA) from DESeg2. The
blue-colored genes (only-identified as DTGs) within the yellow-shaded region were considered
translationally-regulated and used for protein-domain enrichment analysis via ThaleMine
(Krishnakumar et al. 2017). More information about the genes included in the scatterplot can be
found in Supplemental file 4.4.

KEGG pathway enrichment analysis. For each of the Ribo-seq and RNA-seq datasets,
the upregulated and downregulated genes were used together for the enrichment analysis.
Firstly, the amino acid sequence for the DEGs/DTGs were downloaded from
(Arabidopsis.org/tools/bulk/sequence) with the following parameters: dataset “Araport 11
protein sequences”, search against “get one sequence per locus (representative gene model/splice
form only)". Subsequently, KOBAS (kobas.cbi.pku.edu.cn/kobas3/genelist/) (Bu et al. 2021)
was used with the following parameters: species “Arabidopsis thaliana”, input type “fasta
protein sequence”, pathway “KEGG?”, statistical method “hypergeometric/Fisher's exact test”,

FDR correction method “Benjamin and Hochberg (1995)”, background database “default”.
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Pathways with FDR < 0.05 were considered as enriched. More information for the enriched
pathways can be found in Supplemental file 4.5. For Fig. 4.6-B, logz-fold change (RPF
abundance) against log»-fold change (RNA abundance) was plot using the DEGs or DTGs that
were present in the enriched KEGG pathways. There were a few DEGs that did not have a valid
output (non-NA) from DESeq2 analysis of Ribo-seq data and hence, were assigned log.-fold
change (RPF abundance) = 0 (green triangles). There were a few DTGs that did not have a valid
output (non-NA) from DESeq2 analysis of RNA-seq data and hence, were assigned log.-fold
change (RNA abundance) = 0 (blue triangles). More information about the genes included in the
scatterplot and the list of DEGs or DTGs involved in the enriched pathways can be found in
Supplemental file 4.6.

RCNMV analysis. For Fig. 4.7-A, proportion of reads that mapped to RCNMV genome
with respect to total number of Arabidopsis- and RCNMV-mapped reads was calculated. See
Supplemental file 4.1 for more details. For Fig. 4.7-B, RCNMV read counts were included in the
count table from Arabidopsis-mapped reads and input into DESeq2 for normalization. The
normalized abundance was transformed via logio (X +1) transformation. Subsequently,
arithmetic mean of logio values were calculated (equivalent to geometric mean of read counts)
and plotted as a scatterplot. See Supplemental file 4.7 for more details. For Fig. 4.8, whole
length of the RCNMV positive- and negative-strand-mapped RNA-seq reads (combined across
all RCNMV-infected samples) were plotted across RCNMV RNA1 and RNA2 sequences. For
Fig. 4.9 and Fig. 4.10, riboSegR tool was used to visualize the coverage of RNA-seq reads (gray
bars) and the Ribo-seq reads (colored bars). Here, only the first nucleotide of the reads were
plotted over RCNMV RNAL and RNA2 sequences. For Fig. 4.11, frameshift efficiency was

calculated as the ratio of the length-normalized number of RPFs that map to the frameshifted
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ORF (100 bp downstream of p27 stop codon to 100 bp upstream of p88 stop codon) to the
length-normalized number of RPFs that map to the p27 and p88-overlapping ORF (100 bp
downstream of p27 start codon to 100 upstream of the frameshift site). Length-normalized
means that the number of RPFs, which map to the ORF region, was divided by the length (nt) of

that ORF region. Only 26-29 nt size RPFs were used for calculating the frameshift efficiency.

Data availability

The raw sequencing fastq files will be deposited in the NCBI Gene Expression Omnibus

database prior to the submission of the manuscript.
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Supplemental File 4.1. Read statistics for the raw and processed Ribo-seq and RNA-seq
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Figure 4.1. Time-course assay in RCNMV-infected dcl2-1/dcl4-2t Arabidopsis thaliana. (A) Symptom
development from 4-10 dpi. Severe symptoms appear on the young systemic leaves at 7 dpi. (B) RT-
PCR to verify RNAL accumulation in the systemic young leaves. (C) gRT-PCR to assess the increase in
RNAL accumulation from 4 to 10 dpi. AtSAND and AtPDF2 were used as reference genes for gRT-PCR.
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Figure 4.2. Plants used for Ribo-seq and RNA-seq. (A) Symptoms at 0, 5, 8 dpi in mock- and RCNMV-
infected samples. The zoomed-in image shows the symptoms on the non-inoculated systemic leaves. (B)
RT-PCR to verify the accumulation of RNAL in systemic leaves at 5 and 8 dpi in RCNMV -infected
plants.
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Figure 4.3. Quality assessment of Ribo-seq and RNA-seq data-1. (A) Length distribution of Ribo-seq
(left) and RNA-seq (right) reads that mapped to Arabidopsis reference genome (top), RCNMV positive-
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sense RNAs (middle), and RCNMV negative-sense RNAs (bottom). (B) Frame enrichment analysis,
using RiboToolkit (Liu et al. 2020), of Arabidopsis-mapped Ribo-seq (top) and RNA-seq (bottom) reads.
27-29 nt RPFs show good triplet periodicity while none of the RNA-seq reads show triplet periodicity.
(C) Metagene analysis of Arabidopsis-mapped 26-29 nt Ribo-seq reads, using RiboTaper (Calviello et al.
2016), show good triplet periodicity with almost all the reads mapping within the CDS while the RNA-
seq reads show lack of triplet periodicity and sufficient reads mapping to the UTRs.
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Figure 4.4. Quality assessment of Ribo-seq and RNA-seq data-11. (A-B) Frame enrichment analysis,
using RiboToolkit (Liu et al. 2020), over the UTRs and the CDS, separately, of Arabidopsis-mapped 26-
29nt Ribo-seq (A) and RNA-seq (B) reads. (C-D) Distribution of 26-29 nt Ribo-seq (C) and RNA-seq
(D) reads over different genomic features using RiboToolkit. (E) Principal component analysis using the
CDS-mapped 26-29 nt Ribo-seq reads and the exon-mapped RNA-seq reads (all sizes) using DESeq?2
(Love et al. 2014). (F-G) Pearson correlation analysis, using corrplot package (Wei and Simko 2021),
shows high reproducibility among the biological replicates.



214

5 dpi 8 dpi

RPF up (2400) 5 dpi-down 8 dpi-up

RNA up (347) RPF up (482) RNA up (2396)

AT4G09770 (TRAF-like)
AT5G12940 (LRR-family)

RPF down (863)

RNA down (9) RPF down (18) RNA down (1045)

101 genes
5 dpi RCNMV vs Mock

Enriched protein domains

y =0.0168 + 0.831x :
RZ = 0.54 5 dpi-up .~ | Protein Domain p-value (BH method) Matches
10 Serine/threonine-protein kinase, active site [[IPR008271] 2.27E-08 21
Protein kinase domain [IPR000719] 1.73E-07 22
_ W'”i_ﬁ‘*ﬂmf Protein kinase-like domain superfamily [IPR011009] 2.69E-07 22
3 / GEN2 s NB-ARC [IPR002182] 1.66E-06 10
:E 5 NAC042— Leucine-rich repeat domain superfamily [[PR032675] 1.03E-05 17
= AT4GO9770 (TRAF-lke) —__| Protein kinase, ATP binding site [IPR017441] 7.55E-05 15
- DRL =] § Leucine-rich repeat-containing N-terminal, plant-type [IPR013210] 1.72E-04 9
w AT5G12840 (LRR-family) = Leucine-rich repeat [IPR001611] 1.89E-04 11
& Leucine-rich repeat, typical subtype [IPR003591] 2.73E-04 8
° 0 Toll/interleukin-1 receptor homology (TIR) domain [IPR000157] 6.32E-04 7
g 1 TIR domain superfamily [IPR035897] 7.82E-04 7
.'c: - AAA+ ATPase domain [IPR003593] 0.002974 9
- SPTASET1 // PC/DLT Powdery mildew resistance protein, RPW8 domain [IPRO08808] 0.006384 3
e -5 EXS © . P-loop containing nucleoside triphosphate hydrolase [IPR027417] 0.012524 15
cci ! . Gnk2-homologous domain [IPR002902] 0.020226 5
= Significant change in: | Gnk2-homologous domain superfamily [IPR038408] 0.020226 5
RNA only
-10
5 dpi-down RPF only
® RNA&RPF
-10 -5 0 5 10 No enrichment of protein domains
Log, fold change (RNA abundance) 6 genes
280 genes
8 dpi RCNMV vs Mock No enrichment of protein domains
— T
y =0.0203 + 0.986x 8 dpi-up . .«
R?=0.89
10
Ot~ D
E LTP2 2 AT4G09770 (TRAF-like) ] AT4G09770 (TRAF-like)
c AT4G09770 (TRAF-like) S RNA-seq 5 Ribo-seq
85 3 50 3 60
2 RSG2._ ] . s
3 SAURS2-] B 40 ©
[ AT5G 12940 (LRR-family) o 2 40
w - 30 —a o
& 8 op 8
L) 520] .0 ** o - =
S \ E o T, E 20
}:% AT4G29270 (HAD superfamily) g 10 ) ]
3 i ‘ ..0:1"5(31&290 m&‘%ﬂ: binding superfamily) (:',)— 0 3 Q\ Q Q (:',)— 0 Q\ Q‘ Q\ Q\
35 . ike superfamily) -
2 5 AT4G32295 & o0 _\636 o0 \\%b 4 o° Aﬁab o A‘bb
g . (KIX9-histone acetyltransferase) (=] @06‘. ‘\é\ \‘\0:}- \\é\ a vé‘oa_ t\é\ @OQ'\}' ‘§§
- Significant change in: & & & &
10 RNA only
8 dpi-down RPF only
@ RNA&RPF
-10 -5 0 5 10
Log, fold change (RNA abundance) 250 genes

No enrichment of protein domains

Figure 4.5. Differentially expressed and translated genes in RCNMV-infected plants. (A) Venn diagram
showing the number of genes identified as DEG from RNA-seq data and DTGs from Ribo-seq data. (B)
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Scatterplot of logz-FC (RPF abundance) vs log2-FC (RNA abundance) with only the genes that had a
valid (non-NA) DESeq?2 output. (C) Venn diagram showing the number of translationally-regulated
genes at 5 and 8 dpi (blue-colored genes withing the yellow shaded region). (D) DESeqg2-normalized
read counts of AT4G09770 (TRAF-like) gene in RNA-seq and Ribo-seq datasets across all the
treatments. More details can be found in Supplemental file 4.4.
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Figure 4.6. KEGG pathway enrichment analysis. (A) The enriched pathways were identified via
KOBAS (Bu et al. 2021) using the DEGs (RNA-seq) and DTGs (Ribo-seq) at 5 and 8 dpi. The
upregulated and downregulated genes were used together for the analysis. The blue and the red arrows
with the number denote the number of upregulated and downregulated DEGS/DTGs, respectively, in the
enriched pathway. (B) Scatterplot of log2-FC (RPF abundance) vs log>-FC (RNA abundance) with the
DEGs/DTGs in the enriched pathway. The blue triangles refer to the DTGs that did not have a valid
output (non-NA) from the RNA-seq data via DESeq2 and therefore, their log2-FC (RNA abundance) was
set to zero. The green triangles refer to the DEGs that did not have valid output (non-NA) from the Ribo-
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seq data via DESeq?2 and therefore, their log2-FC (RPF abundance) was set to zero. (DEGS) differentially
expressed genes, (DTGs) differentially translated genes, (FC) fold change. More details can be found in
Supplemental file 4.6.
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Figure 4.7. Abundance of RCNMV-mapped RNA-seq and Ribo-seq reads. (A) Proportion of RNA-seq
and Ribo-seq reads in RCNMV-infected plants that map to RCNMV genome. (B) Scatterplot display the
DESeq2-normalized read counts from RCNMYV compared to that from Arabidopsis genome. Values
displayed are the arithmetic means of the logio (1+x)-transformed counts across the five biological
replicates. Only the Arabidopsis genes that had higher RNA-seq read counts than RCNMV at 5 dpi are
labelled in the scatterplot. RCNMYV is denoted by red color. Blue-colored labels show nucleus-encoded
genes, and green-colored labels show chloroplast-encoded genes. Annotations for the labelled genes can
be found in Supplemental file 4.7.
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Figure 4.8. Integrated RNA-seq density across RCNMV RNA1 and RNA2. All the nucleotides of RNA-
seq reads were plotted as a histogram which represents the integrated read density for all the reads
combined from the five biological replicates at each time-point. The red and the blue curve denote the
reads mapping to the positive-sense and negative-sense RNA, respectively. The black arrow denotes the
location of the TA sequence that interacts with the TA-BS sequence of RNAL and result in premature
transcription termination of CPsgRNA. TA region coincides with the inflection point of RNA-seq
density. (nt) nucleotide, (TA) trans-activator.
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Figure 4.9. Ribo-seq and RNA-seq profiles of RCNMV RNAL. riboSeqR (Chung et al. 2015) was used
for plotting the first nt of the RPFs (colored) and RNA reads (gray) as a histogram. The color of the peak
is determined by the translating frame (frame 0, 1, 2) at which the first nt of the RPF maps to. The figure
shows the profiles of only the 28-nt RPFs and RNA reads for all the five biological replicates at both
time-points. The bottom panel depicts a zoomed-in image of replicate 5 to show the RPFs mapping to the
RdRp ORF. The translated ORF inferred by riboSeqR (blue and red horizontal line) corresponds to the
known RNA1 annotations. -1 PRF can be observed as the red frame (RPFs at p27 ORF) switches to the
blue frame (RPFs at RdRp ORF) at the frameshift site. (nt) nucleotide, (RdRp) RNA-dependent RNA
polymerase, (PRF) Programmed ribosomal frameshifting.
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Figure 4.10. Ribo-seq and RNA-seq profiles of RCNMV RNAZ2. riboSeqR (Chung et al. 2015) was used
for plotting the first nt of the RPFs (colored) and RNA reads (gray) as a histogram. The color of the peak
is determined by the translating frame (frame 0, 1, 2) at which the first nt of the RPF maps to. The figure
shows the profiles of only the 28-nt RPFs and RNA reads for all the five biological replicates at both
time-points. The bottom panel depicts a zoomed-in image of replicate 5. The translated ORF inferred by
riboSegR (green horizontal line) corresponds to the known RNA2 annotation. The red arrow denotes a
putative ribosomal pause site. The black arrow denotes the location of the TA sequence that interacts
with the TA-BS sequence of RNAL and results in premature transcription termination of CPsgRNA. TA
region coincides with the inflection point of RNA-seq density. (nt) nucleotide, (TA) trans-activator, (TA-
BS) TA-binding site.



221

p =0.0014
g 25 - | |
>
e 20 e®
Q@
9O 154 »
5 . .
= -
% 10 °
—_—

e
E o T
©
L9 ' .

5 dpi 8 dpi

Figure 4.11. Frameshift efficiency of RNAL. Frameshift efficiency was calculated as the ratio of the
length-normalized number of RPFs that map to the frameshifted ORF (100 bp downstream of p27 stop
codon to 100 bp upstream of p88 stop codon) to the length-normalized number of RPFs that map to the
p27 and p88-overlapping ORF (100 bp downstream of p27 start codon to 100 upstream of the frameshift
site). Length-normalized means that the number of RPFs, which map to the ORF region, was divided by
the length (nt) of that ORF region. The circles represent the biological replicates of RCNMV-infected
Arabidopsis samples at each time-point. The horizontal bars depict the arithmetic mean of the frameshift
efficiency of the five biological replicates. Unpaired Student’s t test was conducted (N=5) using
GraphPad and the two-tailed p-value is shown.
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Abstract
The accumulation of misfolded proteins in the endoplasmic reticulum (ER) defines a
condition called ER stress that induces the unfolded protein response (UPR). The UPR in
mammalian cells attenuates protein synthesis initiation, which prevents the piling up of

misfolded proteins in the ER. Mammalian cells rely on Protein Kinase RNA-Like Endoplasmic
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Reticulum Kinase (PERK) phosphorylation of eIF2a to arrest protein synthesis, however, plants
do not have a PERK homolog, so the question is whether plants control translation in response to
ER stress. We compared changes in RNA levels in the transcriptome to the RNA levels
protected by ribosomes and found a decline in translation efficiency, including many UPR genes,
in response to ER stress. The decline in translation efficiency is due to the fact that many
MRNAs are not loaded onto polyribosomes (polysomes) in proportion to their increase in total
RNA, instead some of the transcripts accumulate in stress granules (SGs). The RNAs that
populate SGs are not derived from the disassembly of polysomes because protein synthesis
remains steady during stress. Thus, the surge in transcription of UPR genes in response to ER
stress is accompanied by the formation of SGs, and the sequestration of mMRNAs in SGs may

serve to temporarily relieve the translation load during ER stress.

Introduction

A major challenge for plant scientists is to understand how plants adapt to climate change
given the prediction for greater weather extremes in the future. Adverse environmental
conditions, such as elevated temperatures, tend to exacerbate error-prone processes in plants,
such as the folding of proteins in the endoplasmic reticulum (ER) (Howell, 2013; Nakajima &
Suzuki, 2013; Strasser, 2018). Errors in protein folding lead to the accumulation of misfolded
proteins, a potentially toxic condition termed “ER stress” (Walter & Ron, 2011). ER stress
induces an adaptive response called the unfolded protein response (UPR) which helps to mitigate
the damage caused by stress and to protect plants from further stress. The UPR upregulates the
expression of genes that aid in protein import, folding, quality control, and export (Iwata &
Koizumi, 2005; Kamauchi, Nakatani, Nakano, & Urade, 2005; Martinez & Chrispeels, 2003;

Srivastava et al., 2018).
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The UPR is highly conserved among eukaryotic organisms, and in mammalian cells the
UPR leads to an attenuation in protein synthesis initiation (Harding, Novoa, et al., 2000). The
slow down in protein synthesis lightens the load for the protein folding machinery and prevents
further buildup of misfolded proteins in the ER. Translation initiation in mammalian cells is
attenuated by the action of Protein Kinase RNA-Like Endoplasmic Reticulum Kinase (PERK)
(Yan et al., 2002), an ER membrane enzyme which is activated by ER stress to phosphorylate the
translation initiation factor eIF2a (Harding, Novoa, et al., 2000). Phosphorylation of elF2a
inhibits the guanine nucleotide exchange factor elF2B and thus downregulates the global protein
synthesis (Clemens, 2001). PERK is a key component in one of three arms of the UPR signaling
pathway in mammalian cells (Yan et al., 2002). Of the other two arms, one involves membrane-
associated bZIP transcription factors, such as ATF6, which are mobilized and relocated to the
nucleus in response to ER stress, while the other arm consists of the RNA splicing factor IRE1
that splices XBP1 mRNA in response to stress (Fig. 5.1).

Plants have only two arms of the UPR signaling pathway (Howell, 2013). Similar to
mammalian cells, plants, such as Arabidopsis, have an arm of the pathway comprised of
membrane-associated transcription factors bZIP17 and bZIP28, and an arm involving IREL,
which in the case of plants splices the mRNA for bZIP60 (Deng et al., 2011; Nagashima et al.,
2011). Plants do not have a PERK homolog, which leads one to ask whether plants control
translation in response to ER stress. This is a critical issue because PERK is essential for
translational regulation and cell survival in mammalian cells (Harding, Zhang, Bertolotti, Zeng,
& Ron, 2000). Arabidopsis has an elF20 homolog that is phosphorylated in response to various
stresses, including ER stress (lzquierdo et al., 2018; Zhang et al., 2008). However, the

phosphorylation of elF2a in response to ER stress in Arabidopsis is GCN2 dependent (Zhang et
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al., 2008). GCNZ2 is not an ER factor, and so it is not understood how it is activated by ER stress
and whether elF2a phosphorylation affects translation in plants (Browning & Bailey-Serres,
2015). Arabidopsis elF2a is also phosphorylated following treatment with herbicides, such as
glyphosate or chlorsulfuron, that block amino acid biosynthesis (Lageix et al., 2008; Zhang et al.,
2008).

Another means by which ER stress can attenuate general protein synthesis is through the
activation of regulated IRE1-dependent decay of mMRNA (RIDD) (Hollien & Weissman, 2006).
RIDD involves the promiscuous attack by IRE1’s RNase activity on RNA substrates other than
its normal splicing targets. In Drosophila, IRE1 attacks a wide range of substrates consisting of
MRNAs encoding secreted proteins (Gaddam, Stevens, & Hollien, 2013). However, in
mammalian cells RIDD is more specific, attacking mRNAs with hairpin structures and core
sequences comparable to those found in its normal RNA splicing target, XBP1 (Gaddam et al.,
2013; Kadowaki & Nishitoh, 2019; Moore & Hollien, 2015). RIDD has also been observed in
plants, and in Arabidopsis, RIDD has a wide range of RNA targets encoding secreted proteins
(Mishiba et al., 2013). In maize, RIDD appears to have some preferred targets including the
mMRNAs encoding a family of secreted peroxidases (Srivastava et al., 2018). However, the extent
of RIDD activity has not been assessed in maize to determine whether RIDD would have a
general effect on translation in response to ER stress.

In this study, we subjected maize seedlings to ER stress and determined the effect on
translation. This study was preceded by another in which we reported changes in the
transcriptome in response to ER stress induced by tunicamycin (TM) treatment (Srivastava et al.,
2018). Most notable among the events was a burst in canonical UPR gene expression from 6 to

12 hr following the imposition of stress. The fate of these RNA transcripts during the burst in
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synthesis is not known. A point of interest is whether these UPR transcripts as well as others are
translated and thus present on polyribosomes (polysomes) during this period of time.

A fate for some of the UPR gene transcripts could be temporary sequestration in stress
granules (SGs). SGs are membraneless aggregates of mMRNAs and a variety of other proteins
depending on the tissue and developmental stages in which the granules form (Buchan, Yoon, &
Parker, 2011; Kosmacz et al., 2019; Wallace et al., 2015). Prominent among the proteins in SGs
are RNA-binding proteins such a polyadenylate (poly A)-binding protein, a factor that binds to
the poly A tails of mMRNAs (Anderson & Kedersha, 2006; Chantarachot & Bailey-Serres, 2018;
Kedersha, Gupta, Li, Miller, & Anderson, 1999; Kosmacz et al., 2019). SGs are thought to be
formed from mRNAs that are stalled in translation initiation and, therefore, can be found in
association with translation initiation factors (Protter & Parker, 2016). SGs are dynamic
structures and the mMRNAs in the SGs are thought to enter the translation pool once released
(Decker & Parker, 2012). SG formation in plants and other organisms has been observed in
response to stresses, such as heat, hypoxia, starvation, treatment with metabolic inhibitors, or
darkness (Cherkasov et al., 2013; Farny, Kedersha, & Silver, 2009; Jain et al., 2016; Kosmacz et
al., 2019; Kroschwald et al., 2015; Sorenson & Bailey-Serres, 2014). However, accumulation of
SGs has not been demonstrated in response to ER stress in plants.

Here, we use ribosome profiling (Ingolia, Ghaemmaghami, Newman, & Weissman,
2009; Juntawong, Hummel, Bazin, & Bailey-Serres, 2015) and polysome analyses to determine
whether there are general translation changes in response to ER stress in maize seedlings. We
find that, despite a burst of UPR gene transcription upon ER stress treatment, there is little
change in translation. As a result, translation efficiency declines on a per RNA basis suggesting

that some of the transcripts are not engaged by the translational machinery. We provide
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evidence that many of the UPR gene transcripts are not loaded onto polysomes, but they

accumulate in SGs instead.

Results

Ribosome profiling to assess the level of engagement of UPR gene transcripts by the
translational machinery

The UPR is induced in maize seedlings in response to treatment with the ER stress agent,
tunicamycin (TM) (Li, Humbert, & Howell, 2012). The induction of the UPR in maize is
characterized by a burst in synthesis of mMRNAs from the canonical UPR genes (Srivastava et al.,
2018). To determine whether these mMRNAS became actively engaged in the translational
machinery, we conducted ribosome profiling (ribo-seq) utilizing a modification of techniques
developed previously for maize (Chotewutmontri et al., 2018). In our protocol, polysomes and
total RNA were isolated in biological duplicates from maize seedling roots at 0, 6, and 12 hr
after TM stress treatment. Polysomes were treated with RNase 1 to digest mRNA regions that
were not protected by ribosomes, and the ribosome-protected fragments (RPFs) were used to
generate RPF cDNA libraries. Additionally, total RNA was isolated from the same tissues,
fragmented by limited base hydrolysis, and used to generate cDNA libraries (Fig. 5.2-a).

From the sequencing data, we assessed the quality of the ribosome profiling reads based
on the following criteria: (a) Size distributions of the sequenced reads in the RPF libraries were
distributed around a mean of 32—34 nt with a shoulder at around 30 nt (Fig. 5.3), similar to the
sizes reported in Arabidopsis and maize (Chotewutmontri et al., 2018; Hsu et al., 2016;
Juntawong et al., 2015). The 30 nt footprints in our study agree with those found previously in
maize (Chotewutmontri et al., 2018), but are slightly larger than the 28 nt footprints observed in

Arabidopsis (Hsu et al., 2016). The reads in the total RNA library were somewhat more broadly
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distributed but also centered around 31 nt. Thus, the two libraries were similar in terms of sizes
of cDNA fragments. (b) Both ribo-seq and RNAseq libraries showed a high degree of similarity
between duplicates as assessed by Pearson correlation coefficient analysis (Fig. 5.4). (c)
Because ribo-seq reads are derived from translating-ribosome protected mRNA fragments, they
map predominantly to the coding sequence and minimally to the UTRs (Fig. 5.2-b, upper
profile). In contrast, the mapped RNAseq reads have a uniform distribution across the transcripts
because they are derived from random fragmentation of total RNA (Fig. 5.2-c, upper profile).
(d) During translation, ribosomes display saltatory movements, pausing momentarily at each
codon. Therefore, upon metagene analysis, the 5’ ends of RPFs map at every third base in the
CDS. This property is known as triplet periodicity and is shown exclusively by ribo-seq data,
while the RNAseq data do not show triplet periodicity. Indeed, triplet periodicity was observed
in the metagene analysis of RPFs of 30 nt in length (Fig. 5.2-b, lower profile). The 30 nt reads
from RNAseq data do not show triplet periodicity (Fig. 5.2-c, lower profile). (e) The 5’ ends of
the RPFs mapped 13 nt upstream from the start codon in the P site of the ribosome, and 15 nt
upstream from the stop codons, indicating that ribosomes disengage from the RNA when
encountering a stop codon. These results are consistent with previous observations that about 30
nt of the MRNA are protected from nuclease by the 80S ribosome with about 15 nt between the
first nuclease-accessible nucleotide at the 5 end of the RPF and the codon in the P site (Ingolia
et al., 2009). (f) Another diagnostic feature of true RPFs is the out-of-frame peak 15 nt upstream
of the stop codon (red bar, Fig. 5.2-b). The peak (tallest red bar) reveals that ribosome structure
is altered upon release factor binding, allowing RNase 1 to digest the mMRNA at a position one
nucleotide off relative to that which occurs in mRNA on ribosomes during the elongation phase

of translation (Alkalaeva, Pisarev, Frolova, Kisselev, & Pestova, 2006; Chung et al., 2015).



229

RNA sequencing and ribosome profiling data reveal a decrease in mRNA translation
efficiencies in response to ER stress

We compared the ribo-seq and RNAseq data to assess the level of translational control
following TM treatment. To evaluate the efficiency of translation, the abundance of RPFs was
compared to that of RNA transcripts obtained from RNAseq analysis of the same samples.
Translation efficiency of a mMRNA was expressed as the ratio of RPF read counts to RNAseq read
counts (Ingolia et al., 2009) at a given timepoint. A generalized linear model was constructed for
simultaneously modeling ribo-seq and RNAseq data, and a hierarchical Bayesian approach was
then applied to assess changes of translational efficiency between time points. The number of
genes with significant change in translation efficiency (FDR < 0.05) was plotted against log2
fold change in RNA abundance (Fig. 5.5-a) and log2 fold change in translation efficiency (Fig.
5.5-b). We were particularly interested in whether there were changes in translation efficiency of
the UPR gene transcripts because levels for many of these RNAs rose, reaching a peak at 12 hr
following TM treatment (Srivastava et al., 2018). When comparing 12 hr to 0 hr, we observed a
decline in translation efficiencies for a sizeable portion of the RNA transcript population (Fig.
5.5-b). The mean level of translation efficiency decline was less than twofold, but substantial
considering that it is a change for many genes. Subsequently, edgeR was used with RNAseq and
ribo-seq read counts to identify differentially expressed genes (FDR < 0.05). When the log2 fold
change in RPF abundance was plotted in a scatterplot against log2 fold change in RNA
abundance it could be seen that there was an increase in a sizeable number of RPFs with
increasing RNA abundance (Fig. 5.5-c). For many of the UPR genes the increase in RNA
abundance exceeded the increase in abundance of RPFs. When the log2 fold change in
translation efficiency was plotted in a scatterplot against the abundance of various mRNAs, there

was a decline in translation efficiency of a sizeable number of genes with increasing RNA
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abundance (Fig. 5.5-d). Also, when the translation efficiencies for mMRNAs of some of the
canonical UPR genes were compared to the change in abundance of their RNAs, these genes
showed a greater increase in RNA abundance compared to most genes, but a decline in
translation efficiency (Fig. 5.5-d). For example, Derlin 1, a canonical UPR gene (Oda et al.,
2006; Srivastava, Liu, Guo, Yin, & Howell, 2009), its mMRNA level was upregulated more than
fourfold between 0 and 12 hr, while its translation efficiency declined twofold. Similarly, for
ERDJ3a, another UPR induced gene (Genereux et al., 2015; Srivastava et al., 2018), its steady
state MRNA level increased more than eightfold, while its translation efficiency declined about
1.5-fold. That trend held for many of the other UPR genes. Because the translation efficiency of
these UPR genes declined, we interpret this to mean that there were more RNAs produced from

these genes than were translated during this time frame.

No change in global translation rate was observed as assessed by polysome profiling and
SUNSET assay

Because the translation efficiency of UPR genes declined, we interpret this to mean that
there were more RNAs produced from these genes than loaded onto polysomes during this time
frame. To validate this interpretation, other means for assessing translation activity, including
polysome profiles and SUnSET assays, were utilized.

The polysome profiles on sucrose gradients have peaks showing ribosomal subunits,
monosomes, followed by multiple peaks representing mRNAs with increasing numbers of
translating ribosomes loaded on them. Changes in the shape of the overall profiles largely reflect
changes in the global rate of initiation of protein synthesis, assuming that protein elongation rates
are unchanged (Chasse, Boulben, Costache, Cormier, & Morales, 2017; Ingolia, Brar, Rouskin,

McGeachy, & Weissman, 2012). For example, a global decline in protein synthesis initiation
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would appear in the polysome profile as an increase in monosomes and free subunits with a
concomitant decline in polysomes. We did not observe much change in the
polysome/monosome ratio in the polysome profile at 12 hr comparing the TM-treated to
untreated samples (Fig. 5.6-a). Therefore, we concluded that there was little, if any change at 12
hr in the overall initiation rate in response to ER stress. As another measure of global translation
in response to ER stress, we employed a surface sensing of translation (SUNSET) assay. The
SUNSET assay utilizes puromycin to terminate translation and to tag the nascent proteins
released from polysomes upon termination (Schmidt, Clavarino, Ceppi, & Pierre, 2009).
Puromycin mimics the 3’ terminal nucleoside of a tRNA attached to an amino acid, but by a
nonhydrolyzable amide bond. The amino acid mimic is incorporated by the ribosome onto the
growing peptide chain, but it cannot be released from the nucleoside, causing chain termination.
This assay, developed for animal cells, has been used successfully in plants (Van Hoewyk,
2016). Extracts containing the puromycin-labeled proteins were subjected to gel electrophoresis,
immunoblotted using an antibody against puromycin, and the immunoblot was scanned to
determine the levels of protein synthesis (Fig. 5.6-b). No significant changes in global
translation rates were detected in response to TM treatment. Thus, neither the rate of protein
synthesis initiation nor global translation appear to change much in response to the UPR at the

peak of UPR transcript accumulation.

MRNASs with levels that increase in response to UPR associate with SGs

Given the decline in translation efficiency for the RNA transcripts for some of the
canonical UPR genes, we asked what is the fate of these transcripts? To determine if some of the
canonical UPR gene mRNAs were loaded onto polysomes, we obtained polysome fractions at 12

hr after TM treatment and compared the abundance of UPR RNAs on polysomes from TM-
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treated samples to mock-treated samples (Fig. 5.7-a). We found that the RNA abundance for
some of the prominent UPR genes, BIP2, PDI-2 and ERdJ3a, increased 2 to 5-fold in total RNA
fractions following TM treatment. However, the abundance of the mRNAs for these genes in the
polysome fractions either held steady following TM treatment or declined somewhat. Thus,
some of the UPR mRNAs were not loaded onto polysomes in proportion to their increase in
abundance following TM treatment. Derlinl represents an apparent exception which showed a
decline in translation efficiency (Fig. 5.5-d) but little difference between its presence in total and
polysome RNA at the 12 hr time point (Fig. 5.7-a). The discrepancy may be due to the fact that
the former is a time course comparing 12 hr to 0 hr, whereas the latter is a snapshot in time (12
hr only).

We next determined how these mMRNAS were being sequestered or stored. Structures
well recognized for sequestering and storing mMRNAs are SGs (Protter & Parker, 2016). SG
formation due to ER stress has not been reported in plants, therefore, we used a poly(A)-binding
protein marker (PAB2-YFP), that has been used by others, to visualize SGs in plants
(Chantarachot & Bailey-Serres, 2018). We transfected maize protoplasts with the SG marker
and treated the protoplasts with TM. Fluorescent granules averaging about 0.5-1 micron in
diameter, which increased in number with duration of treatment, became clearly visible (Fig.
5.7-b). (Note that the induction of UPR is more rapid in protoplasts than in seedlings as seen by
the upregulation of bZIP60s, BIP2 and calnexin (CNX) at 6 hr (Fig. 5.8)).

We investigated whether these granules contain UPR gene mRNAs, such as BIP2 and
ERdJ3a mRNAs, by extracting RNA from fractions enriched in SGs. SG-enriched fractions
were obtained through a modification of a procedure developed by Wheeler et al. (2017) for the

purification of SGs from mammalian cells. The procedure we developed for the purification of
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SGs from transfected, TM-treated protoplasts involved similar centrifugation steps, enriching for
the recovery of the PAB2-YFP. (To compare the fractions from untreated and TM-treated cells,
we repeated the purification procedure without the aid of the PAB2-YFP marker. We then
spiked both fractions with recombinant PAB2-YFP RNA and expressed the RNA levels as fold
change with respect to PAB2-YFP RNA.) We found that the SG-enriched fraction from the 6 hr
TM-treated sample contained RNA transcripts from some of the UPR genes, BIP2 and ERdJ3a
(Fig. 5.7-c). We also observed that the abundance of BIP2 and ERdJ3a transcripts in the SG
fraction increased at 6 hr following TM treatment. We conclude that some RNA transcripts
upregulated in the UPR are sequestered in SGs in an abundance comparable to their
accumulation as total RNA.

In studies of translation attenuation in response to hypoxic stress, a bias was found in the
RNAs which were not sequestered in SGs but which were translated is spite of stress conditions
(Sorenson & Bailey-Serres, 2014). During hypoxic stress, the RNAs which remained in the
translation pool during hypoxic stress were enriched in functions involving anaerobic
metabolism. In our study, we conducted a GO term enrichment analysis of the differentially
expressed genes in TM-induced-ER stress, that were identified using RPF reads and total RNA
reads and found that GO terms from RPFs were enriched in biological process and molecular
function for various aspects of protein folding (Fig. 5.9-a), similar to that found in total RNA
(Fig. 5.9-b). Therefore, maize does not appear to selectively translate mMRNAs, but seems to do
so in proportion to their abundance in total RNA in response to ER stress. Even though there is
no preferential translation of UPR mRNAs following stress treatment, the upsurge in their

MRNA levels enables greater translation of the UPR genes relative to others.



234

Discussion

Translation initiation is attenuated in mammalian cells in response to ER stress (Harding,
Novoa, et al., 2000). It has been reasoned that attenuation prevents the further piling up of
misfolded proteins in the ER when the demand exceeds the capacity for folding. The question
we have addressed is whether translation is attenuated in plant cells in response to ER stress, and,
if so, is it controlled in the same way as it is in mammalian cells. The answer is that translation
is affected by ER stress in plants, but not in the same way as in mammalian cells.

Considering that plants lack a PERK homolog, plants cannot use a comparable PERK-
elF2a-P pathway for attenuating translation. Nonetheless, elF2a is phosphorylated in
Arabidopsis in response to various stresses (Zhang et al., 2008). However, elF2a.
phosphorylation is not PERK dependent, but is GCN2 dependent (Zhang et al., 2008). lzquierdo
et al. (2018) found that treatment of Arabidopsis with the ER stress agent, dithiothreitol (DTT),
also induces the phosphorylation of eIF2a and that the phosphorylation is GCN1 and GCN2
dependent. Surprisingly, they found that DTT treatment attenuates protein synthesis as assessed
by 35S-Cys/Met incorporation, however the attenuation was not GCN1 and GCN2 dependent
and, by inference not eIF2a dependent or UPR dependent. In any case, it has not been shown
that elF2a phosphorylation attenuates protein synthesis in plants. lzquierdo et al. (2018) and
others have implied a limited role of elF2a-P in inhibiting protein synthesis in plants (Browning
& Bailey-Serres, 2015; Shaikhin, Smailov, Lee, Kozhanov, & Iskakov, 1992). As for the effect
of DTT on protein synthesis, DTT is a strong reducing agent and is likely to affect translation
unrelated to its effects on UPR. It is for this reason that we used TM to induce the UPR in this
study and in other studies to determine the effects of persistent ER stress in plants (Srivastava et

al., 2018).
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In our hands, TM-induced ER stress had little effect on the rate of protein synthesis
initiation or global translation as assessed by polysome analysis and SUnSET assays. Although
the rate of translation was very little affected, there was a reduction in translation efficiency for
many mRNASs as assessed by ribosome profiling. The phenomenon is accompanied by a burst in
transcription of UPR genes between 6 and 12 hr, during which time some of the transcripts are
not loaded onto polysomes. We propose that some of these mMRNAs are temporarily stored,
presumably to enter the translational pool later (Fig. 5.10).

We found that some of the mMRNAs are sequestered in SG fractions. SGs are
membraneless ribonucleoprotein bodies that consist of a stable core structure enveloped in a
diffuse shell (Jain et al., 2016). The diffuse shell is thought to be a dynamic structure formed by
liquid-liquid phase separation events. SGs in mammalian cells are formed by or entrap mMRNAsS,
the proteins that bind them, and other proteins, such as G3BP, a Ras-GTPase-activating protein
SH3 domain-binding protein that multimerizes in response to stress (Kedersha et al., 2016;
Matsuki et al., 2013). SGs from mammalian cells have been isolated by immunoaffinity using
G3BP (Khong et al., 2017), revealing that they have a diverse proteome as assessed by mass-
spec (Protter & Parker, 2016). SG proteomes have been analyzed in Arabidopsis and consist of
many proteins also found in the SGs of human and yeast cells (Kosmacz et al., 2019). A number
of the proteins found in Arabidopsis SGs belong together in protein networks that pre-exist
before stress treatment. To identify SGs in maize cells, we have used a fluorescent tagged
poly(A)-binding protein (PAB2-YFP) which has been used as a marker for SGs in yeast
(Brambilla, Martani, & Branduardi, 2017) and in other plants (Sorenson & Bailey-Serres, 2014;

Weber, Nover, & Fauth, 2008).
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It is thought that messenger RNAs sequestered in SGs in mammalian cells are derived
from the disassembly of polysomes as a consequence of translational repression brought about
by ER stress (Protter & Parker, 2016). In fact, it is argued that activation of PERK and
phosphorylation of elF2a are required for SG formation during the UPR (Kimball, Horetsky,
Ron, Jefferson, & Harding, 2003). Because translation initiation is stalled during ER stress in
mammalian cells, SGs are thought to contain mMRNASs in 48S preinitiation complexes. In our
case with maize, translation initiation is not stalled and polysomes are not disassembled, yet SGs
are formed in response to ER stress. We consider the force driving SG formation under these
circumstances is the increased concentration of UPR gene transcripts produced during the burst
in their synthesis in response to TM treatment. Since SGs are membraneless structures formed
by perturbations that alter liquid-liquid phase separations (Wheeler, Matheny, Jain, Abrisch, &
Parker, 2016), it is possible that the surge in UPR gene transcription may promote the demixing
phase transition that partitions ribonuclear protein complexes into physically discrete
cytoplasmic structures such as SGs. The phase transitions that lead to SG formation are
concentration dependent, and it could be that the macromolecular crowding of RNAs derived
from the surge in RNA synthesis nucleates SG formation (Kedersha, Ivanov, & Anderson, 2013).

It is curious that in maize and mammalian cells, some UPR gene transcripts are
sequestered and not all put to work immediately by the translation machinery. In mammalian
cells, the translation machinery slows down to prevent the pile up of misfolded protein in the ER
(Harding, Calfon, Urano, Novoa, & Ron, 2002; Harding, Novoa, et al., 2000). But it is the same
machinery that is needed to produce the proteins, such as chaperones and other protein folding

and quality control factors, needed to maintain homeostasis. In maize cells the translation
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machinery does not slow down nor does it speed up in response to ER stress, and some of the
MRNASs needed to mitigate stress damage are put into reserve in the form of SGs.

In conclusion, we did not find significant changes in protein synthesis initiation in
response to ER stress in maize seedlings. That might have been expected since plants have no
known PERK homolog, and the attenuation of protein synthesis initiation in mammalian cells is
largely due to the action of PERK in phosphorylating and inactivating the translation initiation
factor eIF2a. However, in response to ER stress in maize there is a surge in expression of a
constellation of canonical UPR genes (Srivastava et al., 2018). While these RNAs increase in
numbers following ER stress treatment, we found using riboprofiling that their translation
efficiency declines because many of the transcripts are not immediately engaged in the
translation machinery, but are sequestered in SGs. This prevents the protein folding machinery
in the ER from being overburdened by the translation of new transcripts from the UPR genes,
and sequestration in SGs presumably provides a store for these important transcripts so that they
can be rationed out as stress continues. Therefore, both plants and animals appear to have ways

to prevent overburdening protein folding during ER stress by regulating translation.

Materials and Methods
Plant material

Tunicamycin treatment was performed largely as in Srivastava et al. (2018). In brief,
sterile maize B73 seeds were placed in sterile Sigma bottles (Cat No VV8630-E100) with two
layers of wet filter paper. The seeds were incubated at 30°C for 2 days then transferred to an
illuminated incubator at 23°C for 7 days. Seedlings were treated with 5 pg/ml TM in DMSO for

0, 6, 12 hr and 12 hr mock treated.
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RT-PCR and gRT-PCR analysis

Total RNA of maize seedling roots was extracted using RNeasy Plant mini kit (Qiagen)
according to the manufacturer's instructions. RNA loaded onto polysomes (fractions 17-24) was
extracted using TRIzol (Invitrogen). Isolated RNA was reverse transcribed using Maxima H
Minus First Strand cDNA Synthesis Kit (Thermo Scientific). For gPCR, 10-fold (polysome
RNA) or 20-fold (total RNA) diluted cDNA, 10 pmol primer, and iQ SYBR Green Supermix
(Bio-Rad) were used for amplification in an iCycler 1Q system (Bio-Rad Laboratories). The
gPCR data were normalized using tubulin (Zm00001d013367) as a standard for the polysome
RNA analysis and ubiquitin (LOC100192952) for SG RNA analysis. Primer sequences are listed

in Table 5.1.

Polysome profiling

Polysomes were extracted from root tissue (0.3 g), which was flash frozen, ground in a
mortar and pestle with liquid N2, and thawed in polysome extraction buffer (Chotewutmontri,
Stiffler, Watkins, & Barkan, 2018) with modifications (50 mM Tris-acetate (pH 8), 0.2 M KClI,
15 mM MgCI2, 0.2 M sucrose, 2 pg/ml pepstatin, 1 tablet/10 ml protease inhibitor, 2%
polyoxyethylene-10-tridecyl ether, 1% Triton X-100, 20 mM B-mercaptoethanol, 3 mM DTT,
0.5 mg/ml heparin, 100 pg/ml chloramphenicol, 100 pg/ml cycloheximide). The homogenate
was passed through a 40 p filter followed by centrifugation at 4,700 g for 1 min at 4°C. The
supernatant was collected and centrifuged at 21k g for 5 min at 4°C and centrifugation was
repeated twice. The polysome extract was either used for fractionation immediately or flash
frozen and stored at —80°C. The extract was layered onto 25%—-65% sucrose gradient (50 mM
Tris acetate (pH 8), 50 mM KCIl, 15 mM MgCI2, 100 pg/ml cycloheximide, 100 pg/mL

chloramphenicol) and centrifuged in a SW41 rotor (Beckman Coulter) at 35k g, 4°C, for 9 hr.
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Polysomes were fractionated using a Piston Gradient Fractionator (BioComp) equipped with a
Econo UV monitor (Bio-Rad) according to the manufacturer's instructions. Data were acquired

using WinDAQ software (DATAQ Instruments).

Ribosome profiling library preparation

RNasel digestion. Ribosome profiling protocols from others were used with minor
modifications (Chotewutmontri et al., 2018; Chung et al., 2015; Hsu et al., 2016). About 250 mg
of 10-day-old maize B73 seedling roots (in biological duplicates) were ground with liquid N2 in
2.5 ml of polysome extraction buffer (PEB; 50 mM Tris-Acetate (pH 8), 200 mM KCI, 15 mM
MgCl2, 1% (v/v) Triton X-100, 2% (v/v) polyoxyethelene 10-tridecylether, 200 mM sucrose,
100 pg/ml cycloheximide, 100 pg/ml chloramphenicol, 20 mM [-mercaptoethanol). The crude
lysate was filtered through a 40 um cell strainer (Falcon 08-771-1) by centrifugation at 4,000 g
for 2 min. The flow through supernatant was further clarified by centrifugation at 21k g for 15
min. 300 ul of clarified lysate were aliquoted for total RNA extraction. For RPF generation, the
remaining lysate was adjusted to A254 = ~10 (Lysate—PEB) with PEB. About 600 pl of the
adjusted lysate were digested with 15 pl RNasel (Ambion AM2295) for 30 min at 28°C on a
shaker with slow speed. To terminate RNase digestion, 15 pl SUPERase-In (Ambion AM2696)
were added. For each sample, two-aliquots of 600 pl (technical reps) were used and pooled after
ultracentrifugation. The RNAse-digested lysate was layered on a precooled 330 pl sucrose
cushion (1 M sucrose, 40 mM Tris-acetate (pH 8), 100 mM KCI, 15 mM MgClI2, 100 pg/ml
cycloheximide, 100 pg/ml chloramphenicol, 10 mM B-mercaptoethanol) in ultracentrifuge tubes
(Thermo Scientific #45237) and subjected to ultracentrifugation at 131k g (57,000 rpm) for 90

min at 4°C in a Sorvall mini ultracentrifuge (Discovery M150) with S150-AT fixed angle rotor
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(Thermo Scientific 45582). The pellet was resuspended in 150 pl ribosome dissociation buffer
(10 mM Tris-HCI (pH 7.5), 10 mM EDTA (pH 8), 5 mM EGTA (pH 8), 100 mM NaCl).

Preparation of RPFs. RNA was purified by TRIzol extraction method until the phase
separations step followed by addition of an equal volume of ice-cold 100% ethanol to the
aqueous phase and further purification using Zymo RNA Clean & Concentrator™-5 columns
(Zymo R1016) according to the manufacturer's protocol and quantified using a Nanodrop
spectrophotometer. Quality of RPFs was assessed by electrophoresis of denatured RNA in a
15% TBE-Urea gel (Invitrogen EC6885BOX) at 120 V for 5 min and 200 V for 55 min, staining
the gel with SYBR gold (Invitrogen S11494) and determining the sharpness of the RPF band
between the 28 nt and 34 nt RNA size markers. If the RPF bands appeared sharp for all samples,
the RNAs from two technical duplicates were pooled for each sample. Subsequently, 10 pg
RNA was treated with 1 pl Turbo DNase (Ambion AM2238) in a 50 pl reaction with 1x Turbo
DNase buffer at 37°C for 30 min followed by addition of 1 pl more Turbo DNase and incubation
at 37°C for additional 30 min, purification by Zymo RNA clean & concentrator —5 columns
(Zymo R1016) and quantification with a Nanodrop spectrophotometer. Quality of the DNase-
treated RNA was assessed as above. rRNA depletion was carried out using a half reaction of
Ribo-Zero for plant seed/root kit (Illumina MRZSR116) per ~5 to 10 ug of DNAse-treated RNA
sample followed by RNA clean up using Zymo RNA clean & concentrator —5 columns (Zymo
R1016) according to the Illumina TruSeq Ribo Profile kit protocol (lllumina 15066016). RNA
was quantified using a Qubit RNA HS kit (Invitrogen Q32852) yielding ~20% recovery from the
input.

For size-selecting the RPFs, denatured rRNA-depleted RNA was subjected to

electrophoresis on a 15% TBE-Urea gel (Invitrogen EC6885BOX) at 120 V for 5 min and 170 V
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for 85 min, stained in the gel with SYBR gold (Invitrogen S11494), and visualized on a blue
light transilluminator. The gel region between 28 nt and 34 nt RNA size markers was excised
and transferred to a 0.5 ml tube with a hole at the bottom made by a 18 G syringe needle, and the
tube was placed a 2 ml microfuge tube. The tube was then centrifuged at 21k g for 2 min at 4°C
to crush the gel slice and transfer its contents to the 2 ml microfuge tube. About 500 pl of RNA
gel extraction buffer (0.3 M NaOAc (pH5.5), 1 mM EDTA (pH 8), 10 mM Tris-HCI (pH 7.5),
0.25% (w/v) SDS) was added and incubated overnight at 4°C on a shaker. Eluted RPFs were
filtered through 0.22 p SpinX cellulose acetate filter columns (Sigma-Aldrich CL8161). About 2
ul of Glyco Blue (Ambion AM9516) and equal volume of ice-cold 100% isopropanol were
added to the supernatant, and RPFs were precipitated at —80°C for 3 hr followed by
centrifugation for 45 min at 21k g at 4°C, washing with ice-cold 80% ethanol, and resuspending
the pellet in 3.5 pl water.

Prior to library preparation, RPF ends were repaired using T4PNK kit (Thermo Scientific
EKO0031) as follows: 3.25 ul RNA was incubated at 70°C for 3 min and transferred to ice,
followed by addition of 0.5 ul 10x T4 PNK buffer A (no ATP), 0.25 ul superase-IN, 0.5 pl
T4PNK enzyme, incubation at 37°C for 30 min, addition of 0.5 pul 10 mM ATP, incubation at
37°C for 1 hr. Following the addition of 5.5 ul water, the reaction was incubated at 75°C for 10
min and transferred to ice. Subsequently, cDNA libraries were prepared using Nextflex small
RNAseq kit v3 (Bioo Scientific 5132-05) according to the manufacturer's protocol and 12 cycles
of PCR. Quality of the libraries was assessed using an Agilent bioanalyzer high sensitivity DNA
Assay kit. Libraries were quantified using Qubit dsDNA HS Assay kit (Invitrogen Q32854),
diluted and pooled together with RNAseq cDNA libraries for sequencing at the lowa State

University DNA Sequencing Facility on an lllumina HiSeq 3000 instrument.
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RNAseq library preparation

Total RNA was extracted from 300 pul aliquoted clarified lysate using a TRIzol extraction
method until the phase separation step and was followed by adding an equal volume of ice-cold
100% ethanol to the aqueous phase and further purification using Zymo RNA clean &
concentrator —5 columns (Zymo R1016) according to the manufacturer's protocol and quantified
using a Nanodrop spectrophotometer. Integrity of total RNA was assessed by electrophoresis
followed by DNase treatment and integrity assessment of DNase-treated total RNA as was done
for ribo-seq samples. rRNA depletion was carried out using half reactions of Ribo-Zero for plant
seed/root kit (Illumina MRZSR116) per ~5 g of DNAse-treated total RNA sample followed by
RNA clean up using Zymo RNA clean & concentrator —5 columns (Zymo R1016) according to
the Illumina TruSeq Ribo Profile kit protocol (Illumina 15066016). Total RNA was subjected to
random fragmentation by alkaline hydrolysis as follows: 10 ul total RNA (~1 pg) mixed with 10
pl 2x fragmentation buffer (2 mM EDTA (pH 8), 12 mM Na2CO3, 88 mM NaHCO3), incubated
at 95°C in a thermocycler for 20 min. The reaction was terminated by addition of 280 pl stop
solution (0.3 M NaOAc, 53.6 pg/ml Glyco Blue) and 750 pul ice-cold 100% ethanol followed by
precipitation at —80°C for 3 hr. RNA was precipitated by centrifugation at 21k g for 45 min at
4°C and washed with ice-cold 80% ethanol and resuspended in water. Size-selection was carried
out as above by excising the gel region between 28 nt and 34 nt RNA size markers. RNA was
purified, end repaired and cDNA libraries were prepared as above. Quality of the libraries was
assessed using an Agilent bioanalyzer high sensitivity DNA Assay kit. Libraries were quantified
using Qubit dsDNA HS Assay kit (Invitrogen Q32854), diluted and pooled together with ribo-
seq cDNA libraries according to the DNA sequencing facility requirements at lowa State

University.
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Ribo-seq and RNAseq pooled libraries were multiplexed and sequenced in two lanes
using an Illumina HiSeq 3000 to yield single-end 50 bp reads. Because of low depth of ribo-seq
sequences, samples were pooled and resequenced in additional two lanes using lllumina HiSeq

3000 to yield single-end 50 bp reads.

Ribo-seq and RNAseq analysis

The quality of raw sequencing reads was assessed using FastQC
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Cutadapt 1.16
(http://journal.embnet.org/index.php/embnetjournal/article/view/200) was used to remove
adapters from raw sequencing reads using the following parameters: “-a
TGGAATTCTCGGGTGCCAAGG—discard-untrimmed—minimum-length 23.” Adapter-
trimmed reads were further processed to trim the four random bases, that were added to both
ends of ribo-seq and RNAseq reads during library preparation, using cutadapt 1.16 with the
following parameters: “-u 4 -u -4.” Subsequently, ribo-seq reads that were 27 nt to 32 nt in
length and RNAseq reads from 25 nt to 40 nt were retained, and the rest were filtered out.
Subsequently, noncoding RNA (rRNA, snoRNA and tRNA) was depleted by mapping the reads
to the maize ncRNA reference file
(ftp://ftp.gramene.org/pub/gramene/ CURRENT _RELEASE/fasta/zea_mays/ncrna/) using
Bowtie 1.2 (https://genomebiology.biomedcentral.com/articles/10.1186/gb-2009-10-3-r25) with
the following parameters: “-n 0 -1 23” and retaining only the unmapped reads. ncCRNA-depleted
reads were subsequently mapped to maize cDNA and CDS reference transcriptomes
(ftp://ftp.gramene.org/pub/gramene/CURRENT _RELEASE/fasta/zea_mays) using Bowtie 1.2
with following parameters: “-I 23 -v 2 -m 20—Dbest -k 1” and only aligned reads were retained.

cDNA and CDS-aligned files were converted from sam to bam, sorted, indexed, and read counts
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were extracted using samtools view, sort, index, and idxstats tools, respectively (Li et al., 2009).
All transcriptome-level read counts were consolidated as gene-level read counts. Pearson
correlation data were plotted from CDS-aligned read counts using the tool corrplot
(https://github.com/taiyun/corrplot) in R studio after discarding genes that have zero read count
in all the samples. True RPF characteristics, that is, RPFs mapping predominately to CDSs and
showing triplet periodicity, were assessed with the R package ribo-seqR (Hardcastle, 2014) using
cDNA-aligned ribo-seq and RNAseq reads.

Sorted and indexed alignment bam files were run through igvtools with zoom level “7,”
window function “mean” and window size “10.” The tdf files generated were used to make read
coverage plots using Integrated Genomics Viewer (Thorvaldsdottir, Robinson, & Mesirov,
2013). Statistical analyses were performed using CDS-aligned ribo-seq and RNAseq read counts
as follows. For identification of genes with differential translation efficiency, the CDS-aligned
read counts data were normalized to the housekeeping gene, actin. We used a Poisson
distribution to model RNAseq data, while a zero-inflated Poisson distribution to model the ribo-
seq data for dealing with the excess of zeros in RPF samples. Then we adopted a hierarchical
modeling framework to assess the change of translational efficiency between time points. The
level 1 model is a generalized linear mixed model that simultaneously models the expression
means of ribo-seq and RNAseq data, with abundance level, time point, and change of
translational efficiency between time points as fixed effects, pairing signal between RPF and
MRNA samples as a random effect. The level 2 models are for each dependent variable involved
in level 1 model. For example, the parameter of change of translational efficiency for each gene
is modeled as a mixture of 1 (for those genes without change of translational efficiency) and a

Gamma distribution (for those genes with change of translational efficiency). Non-informative
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priors were utilized to represent all uncertainties within the model. Posterior inferences such as
calculating the posterior mean of the change of translational efficiency, or testing whether the
translational fold change falls in a certain interval (e.g., at least twofold) while controlling FDR,
were implemented via Markov Chain Monte Carlo sampling scheme. Details on the statistical
method we proposed can be found as supplemental methods in the published online version of
this chapter (doi: 10.1002/pld3.241). The histogram and scatterplots were generated using

ggplot2 in R studio (Wickham, 2016).

GO term enrichment analysis

For identification of differentially expressed genes from total reads and RPF reads, edgeR
(Robinson, McCarthy, & Smyth, 2010) was used with actin normalization and genes with more
than twofold change and with Hochberg multiple correction of FDR <0.05 were retained.
AgriGO version 2 (http://bioinfo.cau.edu.cn/agriGO/) was used for singular enrichment analysis
using hypergeometric test, multitest adjustment by Hochberg FDR <0.05 and minimum number
of mapping entries set as 3. Negative 1og10 of corrected p-values was calculated and top ten GO
terms in each of the three categories were plotted. The background used by AgriGO was locus

ID v3.30 (Gramene release 50).

PAB2 cloning

Maize polyA binding protein2 (PAB2) was identified in a blast search of maize
sequences from Maize GDB using the Arabidopsis PAB2 (At4934110) sequence. The ORF of
the maize PAB2 homolog, Zm00001d005276 (GRMZM2G102829) was amplified from cDNA

and cloned at the Ascl and Xbal sites of the vector pPSKM36 (Liu, Srivastava, Che, & Howell,
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2007). A YFP tag was inserted at the C-terminus of PAB2 to generate ZmPAB2-YFP. The

DNA was sequenced and aligned for verification.

Protoplast preparation and treatment

Leaf mesophyll protoplasts were prepared from B73 maize seedlings as described by
Sheen et al, (http://molbio.mgh.harvard.edu/sheenweb/protocols_reg.html). DNA was purified
using the Plasmid Miniprep Kit from Sigma and adjusted at a concentration of 1 pg/ul for
transfection into protoplasts. After transformation, the protoplasts were incubated overnight.
TM (5 pg/ml) treatment was carried out the next morning for 3 and 6 hr. Untreated protoplasts
and protoplasts TM treated for 3 and 6 hr were visualized for SGs using a Leica SP5X MP
confocal laser scanning microscope with a 63X oil immersion objective lens and excitation and

emission wavelengths set at 520 and 550 nm for YFP.

SG enrichment

Untreated and 6 hr TM-treated protoplasts were collected by centrifugation and the
pellets were frozen for SG isolation. SG purification was adapted from Wheeler, Jain, Khong,
and Parker (2017). The protoplasts were resuspended in 1 ml SG lysis buffer. Lysis buffer was
prepared fresh before lysing cells; 50 mM Tris-HCI (pH 7.4), 100 mM KOAc, 2 mM MgOAc,
0.5 mM DTT, 50 pg/ml heparin, 0.5% NP40, complete mini EDTA-free protease inhibitor (1
tablet/50 ml lysis buffer, Sigma-Aldrich), 1 U/ml RNasein Plus RNase Inhibitor (N2615,
Promega). The resuspended protoplasts were lysed by passage through a 25G needle seven
times at 4°C. The lysate was transferred to a microcentrifuge tube, centrifuged at 1,000 g for 5
min at 4°C to remove cell debris. The supernatant was transferred to a new microcentrifuge tube

and centrifuged at 18k g for 25 min at 4°C to enrich for SG cores in the pellet. The supernatant
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was discarded and the pellet was checked under a microscope for fluorescence. The pellet was
resuspended in 1 ml SG lysis buffer and then, centrifuged again at 18k g for 25 min at 4°C. The
pellet so obtained was resuspended in 300 ul SG lysis buffer and centrifuged at 850 g for 2 min
at 4°C. The supernatant representing the SG core-enriched fraction was transferred to a new
microcentrifuge tube, and RNA was extracted from this fraction using TRIzol (Invitrogen)

following the manufacturer's protocol.

SUNSET assays

SUNSET assays were carried out using published protocols with minor modifications
(Van Hoewyk, 2016). Nine-day-old maize seedlings were treated with water (mock) or 5 pg/ml
TM for 6 and 12 hr followed by treatment with 50 uM puromycin solution (Sigma-Aldrich
P8833-25MG) or water (no puromycin negative control) for 30 min. Seedlings were rinsed with
water and 200—-300 mg of roots were ground with mortar and pestle in liquid nitrogen followed
by addition of protein extraction buffer (20 mM Tris-HCI (pH 7.5), 50 mM NaCl, 1 mM EDTA
(pH 8), 0.1% (v/v) Triton X-100, 10% (v/v) glycerol, 2 mM NaF, 1 mM PMSF, 5 mM DTT, 1
tablet of Mini Complete protease inhibitor cocktail (Roche 4693124001)). The crude lysate was
vortexed, centrifuged at 21k g for 3 min at 4°C, and the supernatant was centrifuged again at 21k
g for 5 min at 4°C followed by quantification using a Qubit protein assay kit (Invitrogen
Q33212). About 20 ug of total protein was mixed with equal volume of 2x Laemmli buffer
(with B-mercaptoethanol; BioRad), incubated in boiling water for 5 min and loaded in 4%-15%
Mini-protean TGX stain-free protein gel (BioRad). Electrophoresis was carried out in 10x
Tris/glycine/SDS buffer (BioRad) at 100 V for 100 min followed by imaging for total protein as
a loading control. Subsequently, proteins were transferred from gel to a PVDF membrane using

Invitrogen iBlot2 instrument, the membrane was blocked with 5% nonfat milk at room
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temperature (RT) for 1 hr, washed with 1x TBST (Tris-buffered saline with Tween 20) at room
temperature for 5 min, incubated with anti-puromycin primary antibody (DSHB, University of
lowa, PMY-2A4) in 0.5% nonfat milk (antibody final concentration was 0.48 pg/ml) overnight
at 4°C, washed three times with 1x TBST for 5 min, incubated with secondary antibody (anti-
mouse IgG from sheep-conjugated with HRP) in 0.5% nonfat milk (3:10,000 dilution) at room
temperature for 1 hr and washed three times with 1x TBST for 5 min. Images were developed
using a SuperSignal West Pico Plus chemiluminescent kit (Thermo Scientific) according to the

manufacturer's protocol.

Accession Numbers

Maize version 4 locus identifiers: BIP2 Zm00001d014993, PDI-1 (protein disulphide
isomerase-like 1-1) Zm00001d04099, PDI-2 (protein disulphide isomerase 2-3)
Zm00001d005866, Derlin 1 Zm00001d010368, ERDJ3a Zm00001d047726, Alpha tubulin 3
Zm00001d013367, Ubiquitin LOC100192952, Actin2 Zm00001d013873.

Sequence data from this article can be found in NCBI’s Gene Expression Omnibus

databases under record number GSE153969.
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Figure 5.1. Differences between the UPR in mammalian and plant cells. (a) Mammalian cells have three
arms of the UPR signaling pathway including an arm involving Protein Kinase RNA-Like Endoplasmic
Reticulum Kinase (PERK) which phosphorylates elF2a in response to ER stress, thereby inhibiting
translation initiation. (b) Plant cells have two arms of the UPR signaling pathway and do not have a
PERK homolog leaving open the question as to whether translation is attenuated in response to ER stress
in plants. Not shown is the RIDD activity of IRE1 in which this factor attacks other mRNAs on the ER
membrane. ER, endoplasmic reticulum; RIDD, regulated IRE1-dependent decay; UPR, unfolded protein
response.
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Figure 5.2. Use of riboprofiling to assess translation efficiency. (a) Ribosome profiling schematics
shows the procedures for performing ribo-seq and RNAseq analysis. (b) Metagene analysis conducted
for quality control of the ribo-seq analysis. Upper profile is a view of the number of reads in the 5’ and 3’
regions of the coding sequences (CDS) and the 5’ and 3’ UTRs for all genes in the analysis, and the lower
profile is an expanded view of the 5’ and 3’ regions of the coding sequences. Profiles are plots of the
mean number of ribosome-protected fragments (RPFs) at various positions along expressed maize genes.
RPFs exhibit a triplet periodicity reflecting the saltatory movement of ribosomes during translation. Bar
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colors correspond to the position in each codon to which the 5’ end of each RPF maps. Alignment of the
5" ends of the 30 nt RPFs with respect to the base positions of the coding sequence (CDS). Higher peaks
indicate ribosome pause sites. (c) Metagene analysis of the RNAseq data in which the mean number of
total RNA reads are plotted at various positions along expressed maize genes. Alignment of the 5’ ends
of the 30 bp cDNAs from the RNAseq analysis with respect to the base positions of the CDS. Neither the
condensed (upper) nor the expanded (lower) profiles show, as expected, triplet periodicity as in the RPFs.
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Figure 5.3. Size distribution of mapped reads in the riboseq and RNAseq analyses. Mean cDNA
sequence length was 32-34 bp with a shoulder at ~30 bp for the ribosome-protected fragments (RPFs) and
about 31bp for the fragmented cDNAs in the RNAseq analysis.
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Figure 5.4. Pearson correlation coefficients between replicates. Duplicate samples at the three
timepoints for riboseq and RNAseq analyses were compared.
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Figure 5.5. Change in RPF abundance and translation efficiency in response to ER stress. (a) Graph
shows that the log2 fold change in RNA abundance for many genes increases at 12 hr post TM treatment
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compared to 0 hr. (b) Plot of log2 fold change in translation efficiency. Translation efficiency is the ratio
of the abundance of RPFs to RNAs. (c) Scatterplot comparing the log2 fold change in RPF abundance
versus the log2 fold change in RNA abundance for all the genes indicated with gray dots. UPR genes
with significant changes in RNA abundance are highlighted with green dots. Red line is the regression
line for which the coefficient of determination is shown. Other colored dots as indicated. (d) Scatterplot
comparing the log2 fold change in translation efficiency versus the log2 fold change in mRNA
abundance. Genes marked with green dots are canonical UPR genes with significant changes in
translational efficiency and changes in RNA abundance. Many of these genes tend to have abundant
RNAs, but are more downregulated in translation efficiency than the vast majority of other genes. Red
line is the regression line for which the coefficient of determination (R?) is shown. Other colored dots as
indicated. ER, endoplasmic reticulum; UPR, unfolded protein response.
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Figure 5.6. Assessments of rates of global protein synthesis. (a) Polysomes were profiled to ascertain
whether there are global changes in the initiation rate of protein synthesis in the roots of TM treated
seedlings. A decline in initiation rate would lead to a reduction in the ratio of polysomes to monosomes.
Profiles from 25% to 65% sucrose density gradients show little difference between 12 hr mock and TM-
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treated samples. Typical profiles are shown from over 10 gradients analyzed. (b) SUnSET assay to
assess whether there are changes in rates of protein synthesis following TM treatment in seedlings. In this
assay, protein synthesis is terminated and nascent proteins tagged with puromycin. Extracts from treated
seedling roots are subjected to gel electrophoresis and immunoblotted with an antibody to puromycin.

Bar graph shows the result of integrating the areas under the curves of densitometer scans for the different
lanes of the immunoblots in five biological replicates of this experiment. Total protein bands are
visualized by trihalo fluorophores in the gel that in the presence of UV light become covalently bound to
the proteins, which can be visualized after transfer to membranes. Error bars are SD, n = 5.
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Figure 5.7. Disposition of UPR gene transcripts following ER stress treatment. (a) Presence of
canonical UPR gene RNAs in total RNA and polysomes. Polysomes from seedling roots untreated or
treated with TM for 12 hr were fractionated on sucrose density gradients. RNA was extracted from the
polyribosome fractions and analyzed by gRT-PCR. Data are presented as the fold change in RNA levels
in fractions from TM-treated versus mock-treated plants. Bars represent the means of the fold changes
from three biological reps. BIP2 (Zm00001d014993), PDI-1 (Zm00001d04099), PDI-2
(Zm00001d005866), Derlin 1 (Zm00001d010368), ERDJ3a (Zm00001d047726). Error bars = SEs.
Asterisks indicate significance as determined by Student's T test. (b) Confocal images of maize leaf
protoplasts transfected with the SG marker, PolyA binding protein 2-YFP (PABP2-YFP). Protoplasts
were treated with TM and photographed at times indicated. DIC = Differential Interference Contrast
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microscopy. Bar = 10y. (c) Canonical UPR gene RNAs found in SG-enriched fractions from untreated
and 6 hr TM-treated protoplasts. gRT-PCR analysis of RNA extracted from triplicated SG-enriched
fraction samples. The cDNAs synthesized from the extracted RNA were spiked with equal amounts of
recombinant PAB2-YFP in order to compare RNA amounts in the treated and untreated samples. The
gRT-PCR results were expressed in terms of fold change (FC) over PAB2-YFP mRNA. Error bars = SE.
Asterisks indicate significance as determined by Student’s t test. *Represents p < .05 and **represents p
<.01. ER, endoplasmic reticulum; SG, stress granule; UPR, unfolded protein response.
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Figure 5.8. UPR canonical gene expression in maize leaf protoplasts as analyzed by RT-PCR in
untreated versus 6 hr TM-treated protoplasts.
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Figure 5.9. Gene ontology (GO) analysis of the RNAs and RPFs following TM treatment. (a) GO
analysis of RPFs and (b) total RNA at 12 hr after TM treatment. GO analysis was conducted using
AgriGO (http://bioinfo.cau.edu.cn/agriGO/) for the categories biological process, molecular function, and

cellular component.
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Figure 5.10. Model for the fate of RNA transcripts in response to ER stress. In response to ER stress,
there is a surge in transcription which leads to an accumulation of transcripts from UPR genes, not all of
which are immediately loaded onto polysomes. The untranslated RNAs drive the formation of stress
granules which sequester the RNAs and other RNA-binding proteins (blue dots). With time and
dissolution of stress granules, the sequestered RNAs may be progressively liberated to enter the
translation pool. ER, endoplasmic reticulum; UPR, unfolded protein response.
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Tables

Table 5.1. Sequence of primers used in RT-gPCR.

Primer Sequence (5°----3”)

BIP2 F GTCGGAGAAGATCACGATCAC
BIP2 R CTTCACCTTCTTGTCCTCCTC
PDI 1-1F GTCGCTTGGTTGAAGGAGTA
PDI1-1R CACCTTAACAGGCTCATTGTTG
PDI 2-3 F GCAAGTACAAGGTGGAAGG
PDI 2-3R CCAACTGCTCCAATGCAAAG
Der F TGGTGCCATCTCACTATTGG
Der R CTCTCGGCTCCAGACAT

ERD F GGCCCGTCTCTTCATCTATTC
ERD R TACCCGTTTGGAGAATCTTGG
Tub F CTACACCATTGGCAAGGAGAT
TubR CCTGGAGACCAGTGCAATTAT
Ubi F ATCTTCGTGAAGACGCTGAC
Ubi R GATGCCTTCCTTGTCCTGTATC
PAB2FpAsc gaaggcgcgccATGGCGACGCAAGGGCAAGC

PAB2RpXba agtctagaGCTGGAGACGACGCCATCATT




266

CHAPTER 6. GENERAL CONCLUSIONS

“Civilization as it is known today could not have evolved, nor can it survive, without an
adequate food supply. Yet food is something that is taken for granted by most world leaders
despite the fact that more than half of the population of the world is hungry.” (Norman Borlaug,

Nobel Lecture, December 11, 1970)

Plants are continually subjected to an array of biotic and abiotic stresses, such as drought,
extreme temperatures, pathogen attack, and pest infestations, among several others. The loss in
agricultural productivity due to these stressors will be exacerbated by increasing climate change,
which will threaten global food security (1-6). To add to this, the inequality in food distribution
across the world mainly affects the under-developed and the developing countries where the
population does not even get the basic nutrients to sustain a healthy life (7—9). The underfed and
malnourished population are at a higher risk of developing different diseases and disorders (10—
15). Therefore, tackling plant diseases can have a significant impact on the overall health of the
human population. To do that, we require a comprehensive understanding of the intricate and
interconnected mechanisms by which a plant responds to different stressors.

This dissertation encompasses different aspects of a multifaceted research in which I (i)
developed a novel assay to detect viral subgenomic (sg)RNAs, (ii) explored the effects of
exoribonuclease-resistant (xr)RNA-derived viral noncoding (nc)sgRNAs on the plant’s
transcriptome, and (iii) investigated how virus infection and unfolded protein response can
transcriptionally and translationally affect the plant’s cellular gene expression.

In Chapter 2, we demonstrated the application of DeSCo-PCR for the specific and

quantitative detection of the RCNMV SR1f and ZIKV sfRNA (16). Depending on the research
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objective, DeSCo-PCR can be used as a substitute for northern blot hybridization. Because
DeSCo-PCR is an RT-PCR-based approach, it has several advantages over northern blots: (i)
DeSCo-PCR is simple and does not require any special training. (ii) Number of steps in the
DeSCo-PCR protocol is substantially fewer than in the northern blot protocol. Therefore, it is
labor-effective and saves hands-on time and the total experiment time. (iii) DeSCo-PCR does
not require the use of hazardous formaldehyde gels or radiolabeled probes. Compared to the
non-radioactive northern blots, DeSCo-PCR is even quicker and cheaper. (iv) Because PCR is
more sensitive, the amount of input RNA required for DeSCo-PCR is much less than northern
blots.

In Chapter 3, we assessed the role of the xrRNA-derived ncsgRNA of RCNMV, called
SR1f, during infection. In Nicotiana benthamiana and Arabidopsis plants, wildtype (wt)
RCNMYV RNAs always accumulated to higher levels than the mutant RCNMVASRI1{ RNAs.
Unsurprisingly, symptoms were observed only in wt RCNMV-infected N. benthamiana and
dcl2-1/dcl4-2t Arabidopsis. Because RNA silencing is a major antiviral defense pathway in
plants, we tested if SR1f can function as a suppressor of RNA silencing. However, the
Arabidopsis loss-of-function mutant dcl2-1/dcl4-2t, which lacked functioning RNA silencing
machinery, was unable to rescue the replication of RCNMVASRI1f to wt RCNMYV levels, lending
to the conclusion that the primary function of SR1f is something other than RNA silencing
suppression. We also determined that XRN4, which is the only known cytoplasmic 5°— 3’
exoribonuclease in plants and widely assumed to be responsible for generating xrRNA-derived
RNAs (17-20), is not required for the production of SR1f. It is possible that a yet-unidentified
cytoplasmic 5°— 3 XRN exists in plants that makes SR1f or the other 5°— 3° XRNs (which are

presumed only to be nuclear-localized) have redundant functions and can make SR1f in the
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absence of XRN4. Because of the lack of a system to disrupt SR1f production from wt RCNMV
RNA1L, we were unable to attribute our findings to the specific role(s) of SR1f. The six-base
substitution in the RCNMV RNA1 mutant (RNA1-m1) that we used for our study may have had
some pleiotropic effects. However, we did not find biologically meaningful differences in
RNA1 and RNA1-m1 translation in vitro in wheat germ extract. Furthermore, the comparative
transcriptomic analysis using RCNMV-infected N. benthamiana revealed many cellular
pathways that were only disrupted in wt RCNMV-infected plants. As expected, a larger number
of genes was differentially expressed in wt RCNMV-infected plants that included many defense-
related genes such as PR genes and LRR-RLK/RLPs, almost all of which were not expressed in
RCNMVASR I f-infected plants.

In Chapter 4, we investigated the transcriptional and translational control of gene
expression in RCNMV-infected dcl2-1/dcl4-2t Arabidopsis plants. From a time-course qRT-
PCR assay, we determined that the RCNMV RNA 1 accumulation in the systemic non-
inoculated leaves increased steeply at 6/7 dpi, which correlated with the appearance of
symptoms. Accordingly, we chose 5 dpi as an early time-point, which reflects the pre-
symptomatic phase, and 8 dpi as the late time-point, which reflects the late symptomatic phase of
the infection. We collected systemic leaves of RCNMV-infected Arabidopsis plants at these two
time-points for ribosome profiling (Ribo-seq) and RNA sequencing (RNA-seq) to assess the
differential regulation of host and viral gene expression at the level of transcription and
translation. We demonstrated the high-quality and reproducibility among the replicates for the
Ribo-seq and RNA-seq data. We identified the list of differentially expressed (DEGs) and/or
translated (DTGs) genes in RCNMV-infected plants. We determined that at 5 dpi, DTGs were

specific to the plant innate immune responses, unlike at 8 dpi, when the DTGs included several
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cellular pathways that were regulated or dysregulated during infection. At 8 dpi, we determined
that several canonical UPR genes, such as BiP3, were transcriptionally upregulated in RCNMV-
infected plants signifying the elicitation of unfolded protein response (UPR). Because RCNMV
replicates at the ER membrane, UPR may serve as a proviral mechanism to increase the ER
membrane surface area and improve the protein folding capacity of the cell.

We also analyzed the Ribo-seq and RNA-seq reads that mapped to the RCNMV genome.
We found that at 5 dpi, even though the RCNMYV RNA abundance and the ribosome-protected
fragments (RPFs) derived from those constituted only a small percentage of total mapped reads,
the viral proteins were synthesized (which depends on mRNA abundance and the translation
efficiency of the mRNA) at a much higher rate than the majority of individual Arabidopsis
proteins. By 8 dpi, RCNMV RNAs were the most prominent RNAs in the cell. Even though
only a fraction of RCNMV RNAs (based on the number of RNA-seq and Ribo-seq reads and the
proportion of Ribo-seq reads with respect to total mapped Ribo-seq reads) were being translated,
RCNMV proteins were synthesized at a much higher rate than any other Arabidopsis protein.
We also assessed the coverage of RNA-seq and Ribo-seq reads across RCNMV genome which
correctly identified the annotated RCNMV ORFs. Ribo-seq read coverage across RCNMV
RNA1 demonstrated the translation of RdARp domain-containing p88 protein via -1 programmed
ribosomal frameshifting. We also found that the frameshifting efficiency increased from ~8% at
5 dpi to ~16% at 8 dpi. Additionally, we identified many similar RNA-seq coverage
characteristics that we observed in Chapter 2, especially the peculiar profile over RNA2. Lastly,
a putative ribosomal pause site in the movement protein ORF of RNA2 downstream of the trans-

activator (TA) sequence was also identified.
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In Chapter 5, we explored if and how translation is regulated during the UPR in maize
roots. It is well known that the conserved PERK-dependent pathway of the UPR attenuates the
translation initiation globally in mammalian cells by phosphorylating elF2a (21). However,
PERK is absent in the plant system (22). So, is there a global translation inhibition in plants
during the UPR? To answer this, we used ribosome profiling in ER-stressed maize roots and
found a modest decrease in the translation efficiency of some cellular mMRNAs (23). However,
we found no global inhibition of translation initiation and a very slight decrease in the translation
rate, as assessed by polysome profiles and SUnSET assay, respectively. We observed a surge in
the abundance of UPR-responsive mMRNAs without a concomitant increase of RPFs from those
mMRNAs. Consistent with this observation, even though the UPR-responsive mRNA abundance
increased in the total RNA fraction during UPR, the increase was not observed in the polysome
fraction. We hypothesized that the reduced translation efficiency (ratio of RPF abundance to
RNA abundance) occurred because of increased transcription of UPR-responsive mRNAs from
which not all of the newly transcribed mRNAs engaged the translation machinery. We detected
some of these UPR-responsive mRNAs in stress granules that are formed during the UPR.
Therefore, we propose that during UPR, there is an increase in the transcription of UPR-
responsive genes, from which subpopulation of mMRNASs get sequestered into stress granules to
maintain the low protein-folding load on the ER but are released back to the cytoplasm for

immediate translation according to the cellular needs.

Future directions and perspectives
Simultaneous visualization of viral gRNA and sgRNAs in situ

DeSCo-PCR and northern blots can detect the presence of sSgRNAs in infected cells. But,

what about the subcellular localization of sgRNAs? Localization of viral RNAs and proteins can
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have important implications on the virus life cycle (24-33). Even though many methods exist
that can be used to detect the subcellular localization of viral proteins and gRNAs (34-40),
SgRNA localization cannot be distinguished from the gRNA for the same reason why the
conventional two-primer RT-PCR cannot be used for specific detection of sgRNAs (Chapter 2).
Here, I hypothesize that the principle of DeSCo-PCR can be utilized to develop assays
for simultaneous detection of gRNA and multiple sgRNAs at their sites of localization. For
example, RNA localization can be detected in situ by using padlock probes that circularize by
ligation only when they anneal to the template. Subsequently, the circular probe undergoes
rolling circle amplification (RCA) and the fluorophore-tagged probes can hybridize to the
circular probe-derived amplicon and be detected via fluorescence microscopy (41, 42). In this
case, padlock probes can be designed that can anneal to the 5° end of the sgRNA (Fig. 6.1-A,
padlock probe B). Additionally, a blocking oligo, which can anneal to the gRNA at the same
sequence that the padlock probe B can anneal to and several nucleotides upstream of that
sequence, can be designed (Fig. 6.1-A). Therefore, the blocking oligo would prevent the
annealing of padlock probe B to the gRNA-derived template whereas it would not prevent the
annealing of padlock probe B to the sgRNA (Fig. 6.1-A). Thus, there will not be any RCA
because of the presence of the gRNA (Fig. 6.1-A). However, the padlock probe B would anneal
to the sgRNA-derived template, circularize, and initiate the RCA that can be tagged via the
fluorophore-probe and detected via fluorescence microscopy (Fig. 6.1-A). Another set of
padlock probes (Fig. 6.1-A, padlock probe A) that would only anneal to gRNA can be used
simultaneously, and the resulting amplicon from its RCA could be hybridized to another
fluorophore-bound probe (Fig. 6.1-A). This could, in theory, enable the researchers to detect

multiple coterminal RNAs simultaneously.



272

Another hypothetical approach is to use a reporter-quencher system where a 3’-tagged
reporter probe would anneal to the 5” end of the sgRNA and the same sequence in the gRNA
(Fig. 6.1-B). In contrast, a 5’-tagged quencher probe would anneal only to the gRNA just
upstream of the region where the reporter probe anneals (Fig. 6.1-B). This approach would
result in the quenching of the fluorescence from the reporter probe that anneals to the gRNA
whereas the reporter that anneals to sgRNA would continue to fluoresce (Fig. 6.1-B). An
additional reporter probe with a different fluorophore can be used that would anneal only to the
gRNA and therefore, enable the researchers to detect multiple coterminal RNAs simultaneously
(Fig. 6.1-B). However, because this technique is based on fluorescence of one reporter molecule
per target molecule, unlike the padlock-probe-based method, it may not have sufficient
sensitivity. We speculate that other techniques, such as ampFISH (38), RNAscope (36), etc.,

could also be adapted for specific detection of SgRNA localization.

Regulation of viral and cellular translation by SR1f

The 3’ cap-independent translation element (3” CITE) in the 3 ‘UTR of RCNMV RNAL,
called 3’TE-DR1, which belongs to the BYDV-like translation element (BTE) class of 3’ CITEs,
binds to the cellular elF4G for recruitment of translational machinery to RNAL (43-47).
Because RCNMYV SRI1f, which contains the 3’TE-DR1, accumulates in RCNMV-infected cells,
it is hypothesized that SR1f can sequester translation initiation factors and differentially regulate
the translation of different RCNMV ORFs and cellular RNAs (48, 49). Using reporter assays, it
has been shown previously that SR1f suppresses both cap-dependent and cap-independent
translation in vitro and in vivo (48). However, whether the translation of cellular mMRNAs is
regulated by SR1f in infected cells has not been investigated. One of my initial objectives

included the use of Ribo-seq in plants infected with wt RCNMV (which makes SR1f) and mutant
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RCNMV (which does not make SR1f) to investigate the effects of SR1f on cellular and viral
MRNA translation. However, | was unable to pursue that experiment because of the following
reasons: (i) The mutant, RNA1-m1, and the other SR1f-deficient mutants (48), accumulate to
lower levels than wt RCNMV RNAs. Therefore, it was not possible to determine whether the
observed difference in translation was because of SR1f or because of differential accumulation
of RCNMV, (ii) RNA-m1 did not replicate in wt Arabidopsis and replicated inconsistently in
dcl2-1/dcl4-2t mutant Arabidopsis. Therefore, for Ribo-seq, another plant system is required in
which the mutant RCNMV can replicate to wt RCNMV levels. | considered N. benthamiana for
the Ribo-seq experiment but because of the poorly annotated genome of N. benthamiana and
other reasons pointed out above, | decided it would be futile at this moment to conduct Ribo-seq
with mutant RCNMV-infected plants. Therefore, for studying the effects of SR1f on the host
and viral translation, a system with a well-annotated genome is required in which (i) mutant
RCNMV replicates to wt RCNMV levels, and (ii) we can regulate the production of SR1f. An
alternative option would be to express replication-deficient (i) RCNMV RNAL or (ii) RNA1-m1
either via Agrobacterium-mediated transformation or via transgenic Arabidopsis plants. Because
the expressed RNA would be transcribed in the nucleus, it would consist of a 5 cap that may
affect the generation of SR1f. Therefore, a cis-hammerhead ribozyme at the 5’ end of the RNA
could be used that would cleave itself and the 5° cap from the expressed RNA. However, this
will result in an RNA with a hydroxyl group at the 5” end (50-52). Because the preferential
substrate for the 5°— 3’ exoribonuclease is 5> monophosphorylated RNA (53, 54), it needs to be
tested if the proposed construct, which will yield a 5° hydroxylated RNA, would result in the

production of SR1f in vivo from the replication-deficient RNMV RNAL. If the proposed
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construct works, this system could be used for Ribo-seq to assess if the presence of SR1f affects

the cellular mRNA translation.

XrRNA structure as a biotechnological tool

xrRNAs can increase the stability of the downstream RNA region by protecting it from 5’
to 3” degradation (18-20, 48, 55-72). Therefore, it seems like an obvious tool that can be
utilized to increase the stability of transiently- or transgenically-expressed RNAs in an organism.
Recently, an RNA structure, different from the xrRNA, was identified in the carnation Italian
ringspot virus (CIRV) (73). It is called exoribonuclease-evading (xe)RNA. In contrast to the
XrRNAs that can stall the progression of 5°— 3* XRN, xeRNAs can limit the access of 5°— 3’
XRN to the 5” end of an RNA. However, once the 5°— 3> XRN starts digestion, xeRNA cannot
block it (73). The combination of xeRNA and xrRNAs can be a valuable tool for a more stable
transgene expression. However, more research is needed to understand the impact of xeRNAs

and xrRNAs on the cellular pathways.

Investigate translationally-regulated genes (DTGs) in RCNMV-infected Arabidopsis plants

The length and nucleotide composition of the 5> UTR and the cis-acting elements in the
UTRs of an mRNA have been shown to have a profound influence on mRNA translation (74—
81). For example, (i) RNA hairpin structures in the 5 UTR of PIF7, WRKY22, and HSFA2
MRNASs in Arabidopsis regulate the translation of these mMRNA in response to high temperatures
(82), (i1) an uORF in the 5’ UTR of AtbZIP11 mRNA in Arabidopsis represses the translation of
the main ORF in a sucrose-dependent manner (83), (iii) Poly(U) motifs in the 3 UTR of EBF1

and EBF2 mRNAs subject these mMRNAs to EIN2-mediated translation repression (84, 85).
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Therefore, one of our future goals is to investigate the UTRs of the mRNAs that are regulated
translationally during RCNMV infection (Chapter 4) and explore the mechanisms by which

translational regulation occurs.

Dissect the coverage of Ribo-seq and RNA-seq reads on RCNMV RNA2

We identified a putative ribosomal pause site in RNA2 via Ribo-seq (Chapter 4). We
also observed a peculiar coverage profile of RNA-seq reads across RNA2 in RCNMV- infected
N. benthamiana (Chapter 3) and RCNMV-infected Arabidopsis plants (Chapter 4). Considering
these results together, we hypothesize that there is an authentic pause site in the MP ORF of
RNAZ2, and because of the ribosome pausing or stacking at the pause site, RNA2 undergoes No-
Go decay (86, 87). This hypothesis would explain the peculiar pattern of RNA-seq read
coverage across RNAZ2, sparse distribution of RPFs on RNA2, and the big RPF peak from Ribo-
seq data on RNA2. Therefore, future experiments would include experimental verification of the
pause site and further exploration of RNA sequence, RNA structure, codon composition, etc.,
at/near the pause site. Subsequently, how the ribosomal pausing on RNA2, if it exists, affects

RCNMV infection would be explored.

Concluding remarks

Combinations of different high-throughput genome-wide expression studies that can
dissect each layer of regulation of every expressed gene are essential for developing an
interactome of pathways. These studies can provide insight into how we might modify the
expression of a certain gene or a combination of genes to develop plants that can withstand, if
not all, multiple abiotic and biotic stresses simultaneously. In this dissertation, I utilized two

NGS techniques, RNA-seq and Ribo-seq, and a variety of molecular tools to explore (i) how



276

virus infection, with and without the production of ncsgRNAs, affects the plant and viral gene
expression at the level of mMRNA abundance, (ii) how virus infection affects the plant and viral
gene expression both at the level of MRNA abundance and translation, and (iii) how unfolded
protein response, which is elicited by a variety of biotic and abiotic stressors, affects plant gene
expression at the level of MRNA abundance and translation. My work provides insights into the
regulation of gene expression at a genome-wide level which could be utilized by future studies to
dissect the mechanism(s) of gene expression regulation at the individual gene- and mMRNA- level.
This dissertation also provides valuable transcriptomic and translatomic data that can be
subjected to rigorous exploration and analyses for the identification of novel ORFs in the plant’s
transcriptome. In addition, my work on DeSCo-PCR provides a principle that can be utilized for
different molecular biology applications where specific detection or visualization of the smaller

coterminal RNAs is, otherwise, not possible.
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Figure 6.1. Proposed adaptation of DeSCo-PCR principle for specific detection of viral SgRNAs in situ.
(A) Use of a blocking oligo with the padlock probes can inhibit the annealing of the padlock probe to the
gRNA template, thereby preventing its circularization and rolling circle amplification from it. In contrast,
the padlock probe annealing to the sgRNA would circularize, amplify, hybridize to fluorophore-tagged
probes and fluoresce. (B) Use of reporter-quencher system in a way that would quench the fluorescence
only from the reporter that anneals to the gRNA in the coterminal region. (gQRNA) genomic RNA,
(sgRNA) subgenomic RNA, (RCA) rolling circle amplification.





