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Summary

Summary

Polyadenylation of pre-mRNAs is critical for efficient nuclear export, stability, and translation of the
mature mRNAs, and thus for gene expression. The bulk of pre-mRNAs are processed by canonical
nuclear poly(A) polymerase (PAPS). Both vertebrate and higher-plant genomes encode more than
one isoform of this enzyme, and these are coexpressed in different tissues. However, in neither case
is it known whether the isoforms fulfill different functions or polyadenylate distinct subsets of pre-
mRNAs. This thesis shows that the three canonical nuclear PAPS isoforms in Arabidopsis are
functionally specialized owing to their evolutionarily divergent C-terminal domains. A moderate loss-
of-function mutant in PAPS1 leads to increase in floral organ size, whereas leaf size is reduced. A
strong loss-of-function mutation causes a male gametophytic defect, whereas a weak allele leads to
reduced leaf growth. By contrast, plants lacking both PAPS2 and PAPS4 function are viable with wild-
type leaf growth. Polyadenylation of SMALL AUXIN UP RNA (SAUR) mRNAs depends specifically on
PAPS1 function. The resulting reduction in SAUR activity in papsl mutants contributes to their
reduced leaf growth, providing a causal link between polyadenylation of specific pre-mRNAs by a
particular PAPS isoform and plant growth. Additionally, opposite effects of PAPS1 on leaf and flower
growth reflect the different identities of these organs. The overgrowth of paps1 mutant petals is due
to increased recruitment of founder cells into early organ primordia whereas the reduced leaf size is
due to an ectopic pathogen response. This constitutive immune response leads to increased
resistance to the biotrophic oomycete Hyaloperonospora arabidopsidis and reflects activation of the
salicylic acid-independent signalling pathway downstream of ENHANCED DISEASE SUSCEPTIBILITY1
(EDS1)/PHYTOALEXIN DEFICIENT4 (PAD4). Immune responses are accompanied by intracellular
redox changes. Consistent with this, the redox-status of the chloroplast is altered in papsi-1
mutants. The molecular effects of the papsi-1 mutation were analysed using an RNA sequencing
approach that distinguishes between long- and short tailed mRNA. The results shown here suggest
the existence of an additional layer of regulation in plants and possibly vertebrate gene expression,
whereby the relative activities of canonical nuclear PAPS isoforms control de novo synthesized

poly(A) tail length and hence expression of specific subsets of mRNAs.



Zusammenfassung

Zusammenfassung

Polyadenylierung von pra-mRNAs ist entscheidend fiir den Export aus dem Zellkern, die Stabilitat und
die Translation der reifen mRNAs und dadurch fiir die Genexpression. Der Grof3teil der mRNAs wird
durch sogenannte canonische Poly(A) Polymerasen (cPAPS) prozessiert. Die Genome von sowohl|
Wirbeltieren als auch Pflanzen kodieren mehr als eine Isoform dieser Enzyme, welche gleichzeitig in
verschiedenen Geweben exprimiert werden. Es ist jedoch kein Beispiel bekannt, das zeigt, ob die
verschiedenen Isoformen unterschiedliche Funktionen einnehmen bzw. verschiedene Untergruppen
von mRNAs polyadenylieren. Diese Arbeit zeigt, dass drei canonische PAPS Isoformen in Arabidopsis
thaliana aufgrund ihrer evolutiondr unterschiedlichen C-terminalen Domanen spezialisierte
Funktionen haben. Eine schwache Verlust-Mutation im PAPS1 Gen bewirkt eine VergroRerung der
Blitenorgane, wahrend die BlattgrofRe vermindert ist. Eine starke Verlust-Mutation bewirkt zusatzlich
einen Defekt der mannlichen Keimzellen. Im Gegenzug dazu sind Mutanten des PAPS2 oder PAPS4
Gens gesund und zeigen ein normales Wachstum. Polyadenylierung von SMALL AUXIN UP RNA (SAUR)
mRNAs hangt spezifisch von der Funktion von PAPS1 ab. Die daraus entstehende Reduzierung der
SAUR Aktivitdt in den papsl Mutanten tragt zur Verringerung der BlattgroBe bei und stellt eine
kausale Verbindung zwischen Polyadenylierung spezifischer mRNAs durch bestimmte PAPS Isoformen
und Pflanzenwachstum dar. Zusatzlich spiegeln die unterschiedlichen Effekte von PAPS1 auf Bllten
und Blatter die Identitaten dieser Organe wieder. Das UbermaRige Wachstum der mutanten Petalen
beruht auf einer erhdhten Anzahl an Griinder-Zellen im frihen Primordium, wohingegen die
verminderte BlattgroRRe auf eine ektopische Pathogen Antwort zuriickzufiihren ist. Diese konstitutive
Immunantwort bewirkt eine erhdhte Resistenz der Mutanten gegeniliber dem biotrophen Oomyceten
Hyaloperonospora arabidopsidis und reflektiert die Aktivierung des Salizylsdure unabhdngigen
Signalweges von ENHANCED DISEASE SUSCEPTIBILITY1 (EDS1)/PHYTOALEXIN DEFICIENT4 (PADA4).
Immunantworten sind von Verdnderungen des intrazelluldaren Redoxpotenzials gekennzeichnet. Damit
Gbereinstimmend zeigen die Chloroplasten der papsi-1 Mutanten ein verdndertes Redoxpotenzial.
Zur genaueren Aufklarung der molekularen Effekte der papsi-1 mutation wurde eine RNA-
Sequenzierungsmethode verwendet, die zwischen mRNAs mit langem oder kurzem Poly(A) Schwanz
unterscheidet. Die Aktivitdten der verschiedenen canonischen PAPS Isoformen kontrollieren die
Lange des neu synthetisierten poly(A) Schwanzes und damit die Expression spezifischer Untergruppen
von mRNAs. Dadurch lassen die hier gezeigten Ergebnisse eine weitere Ebene der Genregulierung in

Pflanzen, und moglicherweise auch in anderen Eukaryoten, vermuten.
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Introduction

1. Introduction

1.1. Growth is a genetically tightly controlled process

As sessile organisms plants must cope with ever changing environmental conditions and it is obvious
that every species has adapted to its environment with a characteristic size and shape of its organs.
This holds true even for closely related species (Mizukami, 2001). However, plants belonging to the
same species grow, under the same environmental conditions, to the same size and pass these
characteristics to the next generation. The emergence of these heritable, species-specific growth
patterns of the different plant organs is a genetically tightly controlled process and involves the
interaction of many factors which either enhance or restrict growth. In recent years, much progress
has been made on elucidating the genetic basis of organ size control in plants, mainly by analyzing

the model plant Arabidopsis thaliana (Arabidopsis hereafter).

1.1.1. Mechanisms of plant organ growth

Plant development is characterized by so called indeterminate growth, where a vegetative meristem
keeps on producing leaf primordia until it undergoes the transition into the inflorescence meristem
that produces the floral meristems, which then initiate floral organs. The initiated organ primordia
grow to a genetically determined size and shape, within the limits of phenotypic plasticity. Hence,
leaf growth can be best described as the progression of five overlapping and linked phases: an
initiation phase, a cell division phase, a transition phase, a cell expansion phase and a meristemoid
division phase (Gonzalez et al., 2012). The cell proliferation phase is characterized by mitotic cell
division and accumulating of cytoplasmic mass to the size of the mother cell followed by another
division. During the cell expansion phase cells stop proliferating and only grow by expansion. To
investigate the influence of cell proliferation on organ size cyclin proteins are very useful markers,
because they show expression patterns that are specific to certain phases of the cell cycle (Hemerley
et al, 1992; Ferreira et al.,, 1994a, b). The Arabidopsis cyclin cyc1At, whose transcript is most
abundant during G2 and M phase (Hemerly et al., Shaul 1996), was fused to the B-glucuoronidase
(GUS) reporter. Its expression was investigated to follow the spatial and temporal patterns of cell
division in developing Arabidopsis leaves. Shortly after leaf initiation, cell division occurs throughout
the whole primordium, while in later stages it becomes restricted to defined regions in the leaf in a
basiplastic manner (maturation/proliferation arrest processes from tip to base) (Donnelly et al.,

1999; Nath et al., 2003). However, recent studies on the development of the third leaf of Arabidopsis
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have shown that on day 8 and 9 the leaf consists entirely of proliferating cells. On day 10 cells start
to expand at the tip of the leaf and this gradient of expansion and proliferation persists through days
11 and 12 (transition period). After day 12 the proliferation zone disappears and cells only grow by
expansion. These findings were also verified molecularly and it was shown that the expression of
genes involved in general transcription, DNA synthesis, cell cycle and translation decreases, whereas
the expression of genes involved in photosynthesis, cell wall synthesis, secondary metabolism and
transport increases during the transition period. The activation of cell expansion comes along with
and is dependent on the leaf greening. Inhibition of chloroplast differentiation by norflurazon
showed, that retrograde signals from the chloroplasts are key factors driving the transition from cell

proliferation to cell expansion (Andriankaja et al., 2012; Kawade et al., 2010).

1.1.2. Genetic regulation of plant organ growth

Growth by cell proliferation and later by cell expansion is a genetically tightly regulated process that
gives the different organs their final size and shape. In the past decade, many factors have been
identified regulating cell proliferation, cell expansion or the transition between both in a positive or
negative manner (reviewed in (Gonzalez et al., 2012; Hepworth and Lenhard, 2013) (Fig. 1.1).

The shoot apical meristem (SAM), a group of cells that retains its ability to proliferate, enables the
plant to grow in an indeterminate manner. In Arabidopsis, the size of the SAM is only about 50 um
and gives rise to precursors, that develop into lateral organs such as leaves and branches. Its size is
controlled by the antagonistic action of the CLAVATA (CLV) 1,2 and 3 genes with WUSCHEL (WUS) to
maintain a pluripotent stem cell population. The stem cells express the CLV3 gene encoding a mobile
signal that can diffuse to the adjacent organizing centre, where it is recognized by either a
homodimer of the leucin-rich-repeat (LRR) receptor kinase CLV1 (Lenhard and Laux, 2003), or a
tetramer consisting of two molecules of the receptor-like kinases CLV2 and two molecules of the

CORYNE protein (Muller et al., 2008; Bleckmann et al., 2010).

10
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Fig. 1.1: Molecular mechanisms regulating leaf size. The different processes occurring during leaf development
(cell division and cell expansion) are represented. The different events that could influence the final leaf size
(primordium size, cell division or expansion rate, cell division or expansion duration, and meristemoid division)
and genes involved in positive (green) or negative (red) regulation are shown. Abbreviations: SWP
(STRUWWELPETER), APC10 (ANAPHASE PROMOTING COMPLEX10), GIF (GRF-INTERACTING FACTOR), CDC27a
(CELL DIVISION CYCLE PROTEIN 27 HOMOLOG A), TCP (TEOSINTE BRANCHED1/CYCLOIDEA/PCF), GRF
(GROWTH-REGULATING FACTOR), ARGOS (AUXIN-REGULATED GENE INVOLVED IN ORGAN SIZE), ANT
(AINTEGUMENTA), AIL (AINTEGUMENTA-LIKE), CYCD3 (CYCLIN D3), EOD1 (ENHANCER OF DA1-1), ARF2 (AUXIN
RESPONSE FACTOR2), KLU (KLUH), EXP10 (EXPANSIN10), EBP1 (ErbB-3 EPIDERMAL GROWTH FACTOR
RECEPTOR BINDING PROTEIN), PPD (PEAPOD), RPT2a (REGULATORY PARTICLE AAA-ATPASE 2a), ARL (ARGOS-
LIKE), TOR (TARGET OF RAPAMYCIN) and ZHD5 (ZINC FINGER HOMEODOMAINS5). (from Gonzalez et al., 2012)

The perception of CLV3 then triggers signaling to repress WUS expression and therefore restricts
stem cell fate (Bleckmann and Simon, 2009). WUS itself can move to the stem cells and promotes
stem-cell fate and CLV3 expression, building up a negative feed-back loop that defines the size of the
stem cellpopulation in the SAM (Schoof et al., 2000; Brand et al., 2002).

Phyllotaxis is the regular positioning of lateral organs around a stem (Kuhlemeier, 2007). Already in
the 19th century Hofmeister made the following statement: new organ primordia are placed in the
widest available gap in the meristem, as far away as possible from existing primordia (Hofmeister,
1868). Experimental evidence collected in the past decades has shown that the development of leaf
primordium from the precursor cells produced by the SAM requires the establishment of a local
auxin maximum at the site of initiation (Reinhardt et al.,, 2003). The emerging leaf functions as an
auxin sink, depleting its surrounding of auxin and forcing the following organ anlage to develop at a
distinct position. The formation of auxin maxima is enabled by directed transport through the PIN1
efflux protein (Benkova et al., 2003; Reinhardt et al., 2006) into the emerging leaf. However, the fact
that pin1 mutants produce leaves nonrandomly in the vegetative phase suggests a PIN1 independent

mechanism of leaf initiation (Guenot et al., 2012).

11
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The resulting leaf primordium continues growing by cell proliferation. The final organ size is
determined by the number of cells produced during the proliferation phase (Korner et al., 1989;
Meyerowitz, 1997) and regulation of the cell cycle is therefore crucial to limit the cell proliferation
phase. For example, destruction of A- and B-type cyclins (Marrocco et al., 2010; Sullivan and
Morgan, 2007) by overexpression of the APC10 subunit of the anaphase-promoting
complex/cyclosome (APC/C) leads to an increased rate of cell division and the production of larger
leaves (Eloy et al., 2011). Not only regulation of the proliferation rate, but also regulation of the
timing of proliferation arrest is a crucial step in growth control. Many factors have been unravelled
in the last years shedding light on this step. For example the transcription factors GROWTH
REGULATING FACTOR 1 (GRF1), 2 (GRF2) and 5 (GRF5) are involved in promoting cell proliferation
(Gonzalez et al., 2010; Horiguchi et al., 2005; Kim et al., 2003). GRFs in turn are regulated by miR396.
miR396 overexpressing plants produce narrower leaves with fewer cells (Liu et al., 2009; Rodriguez
et al., 2010; Wang et al., 2011). miR396 is upregulated by class Il members of the TEOSINTE-
BRANCHED1/CYCLOIDEA/PCF (TCP) family (CIN-TCPs) (Rodriguez et al., 2010). While class Il TCPs
function in cell cycle arrest, class | TCPs appear to promote proliferation (Kieffer et al., 2011). Recent
studies have shown that CIN-TCPs also modulate several hormone pathways such as cytokinin
(Efroni et al., 2013) or GA signaling (Steiner et al., 2012). Other factors that control the duration of
cell division are e.g. DA1, an ubiquitin receptor that restricts cell proliferation (Li et al., 2008), the E3
ligase BIG BROTHER (BB) (Disch et al., 2006) that negatively regulates the duration of cell
proliferation in leaves and petals or the cytochrome P450 KLUH, that likely produces a mobile
growth-promoting signal (Anastasiou et al., 2007).

After the proliferation phase has finished, the cells continue growing by cell expansion. This occurs
mainly by cell wall loosening, expansion through the turgor pressure and de-novo synthesis of cell
wall components (Cosgrove, 2005). During the cell expansion phase, most cells start to differentiate;
however, some cells, called meristemoids, still undergo several rounds of cell division. These cells
will form specific cell types such as stomatal guard cells or vascular cells (Fisher and Turner, 2007;
Nadeau and Sack, 2002; Peterson et al., 2010). When regulation of cell proliferation is disturbed, a
phenomenon called 'compensation’ can be observed, i. e. a cell proliferation defect in developing
leaf primordia triggers excessive cell expansion. As a result, final leaf size is less reduced compared
to what woulf be expected from the reduction in leaf cell numbers as for example in the
AINTEGUMENTA (ant) mutants (Mizukami and Fischer, 2000) (reviewed in (Horiguchi and Tsukaya,
2011)). After the vegetative growth period has ended, Arabidopsis plants start to flower. Transition
to flowering is regulated by many factors, e.g. day length, temperature or leaf number, and

hundreds of transcripts are affected in their expression in the shoot apex (Pullen et al., 2013).

12
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1.1.3. Role of phytohormones in plant growth

Phytohormones regulate plant growth from cell division in the meristem to organ initiation and
development. The most well studied phytohormone influencing growth and development in plants is
auxin. It was discovered as the hormone involved in bending of coleoptiles towards light. It acidifies
the cell wall, which increases its extensibility, allowing cell elongation in the shoot (for review see
(Chen and Baluska, 2013)). Although auxin sensing, signaling and regulation has been studied
extensively, new insights are unraveled continously. Recent studies have for example shown that
SMALL AUXIN UP RNAs (SAURs) in particular SAUR19-24 promote cell expansion in Arabidopsis
leaves (Spartz et al., 2012), yet the mechanism remains elusive.

Cytokinins are plant growth promoting hormones involved in the specification of embryonic cells,
maintenance of meristematic cells, shoot formation and development of vasculature. They promote
growth by stimulating cell proliferation. Elevation of endogenous cytokinin levels in Arabidopsis
results in overexpression of the KNOTTED homeobox transcription factor homologs KNAT1 and
SHOOT MERISTEMLESS (STM) that are important in the regulation of meristem function (Rupp et al.,
1999). The reduction of cytokinin levels by overexpressing the cytokinin oxidase results in a strong
retardation of shoot development due to delayed proliferation (Werner et al., 2001).

Jasmonates (JAs) have been shown to inhibit plant growth, but the mechanisms are not well
understood (for a review on JA biosynthesis and signaling see |Wasternack and Hause, 2013]). The
effects of methyl jasmonate (MelA) on leaf growth regulation were investigated in Arabidopsis in
allene oxide synthase and coil1-16B (for coronatine insensitivel) mutants, exhibiting altered JA
synthesis and perception, respectively. It was shown, that MelA delays the switch from the mitotic
cell cycle to the endoreduplication cycle, which accompanies cell expansion, in a COl1-dependent
manner and inhibits the mitotic cycle itself, arresting cells in G1 phase prior to the S-phase transition
(Noir et al., 2013). Additionally class | and class Il TCP proteins regulate leaf development
antagonistically via the jasmonate signaling pathway (Danisman et al., 2012)

Another group of phytohormones that are important growth and developmental regulators are
giberellins (GAs). Mutants impaired in GA biosynthesis or signaling often show moderate to severe
dwarf phenotypes as for example the gal-3 mutant in Arabidopsis (Koorneef and Vanderveen, 1980)
or the brd1 mutant in rice (Mori et al.,2002). GAs regulate cell elongation and cell proliferation by
stimulation of the destruction of growth-repressing DELLA proteins. It was for example shown, that
the DELLA protein RGA regulates the activity of STUNTED (STU), a member of the receptor-like
cytoplasmic kinase (RLCK) VI family genes that plays a role in cell proliferation (Lee et al., 2012). GAs
act in various tissues, including hypocotyls, stamens, stems and roots (Yang et al., 1996; Cowling and

Harberd, 1999; Cheng et al., 2004; Ubeda-Tomas et al., 2008).
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Besides its roles in fruit ripening, seed germination, senescence and abscission, the gaseous
hormone ethylene (ET) also plays a role in cell expansion and cell differentiation. It induces lateral
cell expansion by causing a reorientation of the cell wall microtubules (Yuan et al., 1994). A recent
finding demonstrated the destruction of GA and therefore stabilization of DELLAs by ETHYLENE
RESPONSE FACTOR 5 (ERF5) and ERF6, demonstrating the crosstalk between GAs and ethylene
(Dubois et al., 2013).

abscisic acid (ABA) plays a major role in seed maturation and dormancy as well as drought tolerance
and stomata closure. It promotes root and inhibits shoot growth, but these effects are strongly
dependent on the water status of the plant (for review see Leung and Giraudat, 1998).

The last class of phytohormones to be mentioned here are the brassinosteroids (BRs). These plant
steroids take over critical roles during various plant growth processes, including control of cell
proliferation and cell elongation (for review see Fridman and Savaldi-Goldstein, 2013). The BR
deficient mutants det2 (de-etiolated2) and cpd (constitutive photomorphogenesis and dwarfism)
grow under normal light conditions as dark-green dwarfs due to a reduction in cell size and
intercellular spaces and they have reduced apical dominance (Chory et al., 1991; Szekeres et al.,

1996).
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1.2. Nuclear polyadenylation is a conserved mechanism amongst eukaryotes

In all eukaryotic cells, DNA is transcribed by Polymerase Il into pre-messenger RNA that serves as
transport form of the genetic information from the nucleus to the cytoplasm. Prior to export, several
modifications must happen to the pre-mRNA including splicing, 5'-capping, editing and 3'-end
processing. mRNA 3'-end processing is part of this network of different pathways, making it possible
to control gene expression. The 3'-end cleavage and addition of the poly (A) tail is performed by a
multi-enzymatic complex, termed the 3'-end processing complex. This complex is in physical
interaction with the transcription and splicing machinery. It was for example shown in yeast
(Saccharomyces cerevisae), that promoter and terminator regions are juxtaposed by interaction of
transcription factor 1IB (TFIIB) with the poly(A) polymerase and cleavage factor 1 (CF1), and that the
resulting gene loops facilitate transcription reinitiation by the same molecule of RNAP Il (Medler et
al., 2011; Al Husini et al., 2013). Furthermore, the phosphorylated carboxy-terminal domain (CTD) of
Polll serves as a 'delivering' platform for polyadenylation factors (Hirose and Manley, 1998). Splicing
and polyadenylation are interconnected by regulating splicing of the terminal intron through
physical interaction of the components of the 3'-end processing complex with the spliceosome.
Furthermore, it was shown, that the cleavage and polyadenylation specificity factor 1 (CPSF1)
regulates alternative splicing of interleukin 7 receptor (IL7R) exon 6. These and other examples imply
the involvement of more than 80 proteins from different pathways of RNA biogenesis and
maturation in a complex network to regulate gene expression (Nagaike et al., 2011; Niwa and Berget
1991; Cooke et al., 1999; Lutz et al., 1996; Kyburz et al., 2006, Evsyukova et al., 2013, Shi et al.,
2009).

The resulting poly(A) tail has various important functions. It promotes the transport of mRNA from
the nucleus to the cytoplasm (Vinciguerra and Stutz, 2004). Addition of the poly(A) tail and
subsequent binding of the poly(A) binding protein (PAB) confers mRNA stability in the cytoplasm and
protects it from degradation (Wickens et al., 1997; Ford et al., 1997). Furthermore the poly(A) tail
and PABP interact with the methyl cap at the 5’-endof the mRNA to promote translation (Wickens et
al., 1997; Sachs et al., 1997; Wilusz et al., 2004; Chekanova and Belostotsky, 2006).
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Fig. 1.2: Schematic overview of the eukaryotic 3'-end processing machineries (figure taken from Millevoi and
Vagner, 2010)
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1.2.1. Polyadenylation cis-elements

Cis-regulatory elements are sequence elements on the DNA or RNA that regulate the expression of
genes located in their vicinity. The 3’-end cleavage site (CS) in mammals is the conserved
dinucleotide CA (Sheets et al., 1990). Around 10 to 30 basepairs (bp) upstream of the CS is the
polyadenylation signal (PAS) that has the conserved sequence A(A/U)UAAA in the majority of all
mammalian mRNAs (reviewed in Tian et al., 2005; Millevoi and Vagner, 2010; and references herein)
followed by a UGUA motif that serves as binding site for CFIm (see section 1.2.2 |Brown and
Gilmartin, 2003 |). Further upstream, the U-rich upstream sequence element (USE) serves as an
anchor for the 3’-end processing machinery by recruiting other factors (see Millevoi and Vagner,
2010). 30 nucleotides downstream of the CS, the downstream sequence element (DSE) can be
found. This element is U/UG rich and associates with CstF. The following auxiliary downstream
element (AuxDSE) is G-rich and recruits regulatory factors, which enhance 3’end formation (Chen
and Wilusz, 1998 and others) (Fig. 1.2).

Polyadenylation signals in plants are much more diverse (Rothnie, 1996; Li and Hunt, 1997; Rothnie
et al., 2001; Loke et al., 2005). The Cleavage element (CE) consists of the CS, a pyrimidine-adenosine
dinucleotide, surrounded by 5 to 10 bp long U-rich regions. Upstream of the CE, the Near Upstream
element (NUE) and the Far Upstream Element (FUE) can be found. The NUE spans 6 to 10
nucleotides and is located 10 to 40 nt upstream of the CE. The sequence of the NUE is typically A and
T rich, but the conserved mammalian motif AAUAAA can be found in only 10% of 8000 examined
UTRs (Loke et al., 2005). The FUE spans 60 to 100 nt and is located 25 to 160 bp upstream from the
CS. The FUE is very variable in sequence as well but also generally A and U rich (Fig. 1.2). In addition
to sequence properties, secondary structures in the 3’-UTR may also play a role in polyadenylation

site choice (Loke et al., 2005).

1.2.2. Polyadenylation trans-factors

3'-end processing is a two-step nuclear process that involves an endonucleolytic cleavage of the
transcribed pre-mRNA followed by the addition of the poly(A) tail. The 3'-end processing machinery
is a multienzymatic complex and plants express homologues of almost all factors acting in humans
and yeast (for review see |Millevoi and Vagner, 2010| and included references).

The mammalian 3’-end processing machinery consists of the following subunits: Cleavage and
polyadenylation specificity factor (CPSF, containing five subunits: CPSF-30, -73, -100, -160, hFip1);
Cleavage stimulation factor (CstF, containing 3 subunits: CstF-50, -77, -64); Cleavage Factor | (CFIm
subunits: CFIm-68, CFIm-25); Cleavage Factor Il (CF llm subunits hClp1, hPcf11) and symplekin (for
review see Mandel et al., 2008). Binding of the PAS by CPSF-160 and the DSE by Cstf-64 positions the
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3’-end processing machinery on the pre-mRNA, directing the endoribonuclease CPSF-73 close to the
cleavage site. Interaction between the CstF subunits and CPSF is mediated by CstF-77, thus
stabilizing the whole complex. The poly(A) polymerase (PAP, will be discussed in detail in section
1.2.3) is recruited to the complex by binding by CPSF-160 and CFIm-25. Subsequent polyadenylation
is carried out by the PAP with involvement of CPSF and the emerging poly(A) tail is bound by nuclear
poly(A) binding protein Il (PABII or PABNP1). The binding of the PABN1 to the RNA is unstable and
upon nuclear export it is replaced by the cytosolic poly(A) binding protein (PABC) (Thuresson et al.,
1994; Manley, 1995; Murthy and Manley, 1995; Kim and Lee, 2001; Mangus et al., 2003; Kuhn and
Wahle, 2004). Additional factors are involved in modulating the efficiency or stability of the 3’-end
processing complex that will not be discussed further here (see Millevoi and Vagner, 2010) (Fig. 1.2).
Much progress has been made in the past decade to shed light on the plant 3’-end processing
mechanism, mainly by identifying mammalian and yeast 3’-end processing complex homologues.
Plant poly(A) polymerases have been identified in many plant species, including maize, wheat, thale
cress, rice and others (Mans and Huff, 1975; Berry and Sachar, 1982; Addepalli et al., 2004, Hunt et
al., 2012). Other Arabidopsis 3’-end processing complex subunits and their mammalian homologues

and functions are listed in Table 1.

The interactions between the different 3’-end processing complex factors have been examined by
yeast-two hybrid assays (Hunt et al, 2008). These experiments discovered three theoretical
complexes around FIPS5, CPSF100 and a putative CFlim-like complex (CLP5 and CPSF orthologs)
bridged by CPSF30, CFIS2 and three CSTF subunits. The four PAPS and PABN isoforms are all part of
the FIPS5 complex and PAPS2 is also directly linked to CPSF100 subcomplex. Furthermore it was
shown that FY physically interacts with CPSF160 and CPSF100 (Manzano et al., 2009).

The fact that many single-gene encoded mammalian polyadenylation trans-factors have more than
one homologue in Arabidopsis (Table 1) suggests the possibility that there are different 3’-end

processing complexes in plants, fulfilling different functions.
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Table 1: Factors of the Arabidopsis thaliana 3’-end processing complex (after Hunt et al., 2008).

mammals function AGI code Name
——— — — — |
CPSF160 Binds AAUAAA At5g51660 CPSF160
CPSF100 Unknown At5g23880 CPSF100, ESP5
CPSF73a Endonuclease At1g61010 CPSF73-I
CPSF73b Similar to CPSF73a At2g01730 CPSF73-Il, FEG
CPSF30 RNA binding, endonuclease At1g30460 CPSF30, OXT6
Cstf77 Scaffold for Cstf64 and Cstf50, bridge to CPSF Atlgl17760 CSTF77
CstF64 Binds to DSE At1g71800 CSTF64
Cstf50 At5g60940 CSTF50
hPfs2 RNA binding At5g1348R FY
PAP Creates poly(A) tail At1g17980 PAPS1
At2g25850 PAPS2
At3g06560 PAPS3
At4g32850 PAPS4
hFipl Interacts with PAP, regulates CPSF30 activity At3g66652 FIPS3
At5g58040 FIPS5
CFIm-25 Cleavage factor, interacts with RNA At4g25550 CFIS2
At4g29820 CFIS1
hClp1l RNA Kinase At3g04680 CLPS3
At5g39930 CLPS5
hPcfl Interacts with CstF At1g66500 PCFS1
At4g04885 PCFS4
At5g43620 PCFS5
PAB Binds poly(A) tail, controls length At1g34140 PAB1
cytoplasmic At4g34110 PAB2
At1g22760 PAB3
At2g23350 PAB4
Atlg71770 PAB5
At3g16380 PAB6
At2g36660 PAB7
At1g49760 PAB8
PABN Binds poly(A) tail, controls length At5g65260 PABN1
nuclear At5g51120 PABN2
At5g10350 PABN3
Symplekin Part of CPSF At5g10350 ESP4, SYM5
At1g27590 SYM1
At1g27595 SYM2

1.2.3. Canonical Poly(A) Polymerases (cPAP)

One of the central proteins in the 3'-end processing complex is the poly(A) polymerase (PAP or PAPS
in plants). PAPs belong to the DNA polymerase B subfamily (Holm and Sander, 1995; Martin and
Keller, 1996) and retain adenylyltransferase activity and nucleotide specificity when separated from
the complex (Edmonds, 1990). Crystal structures of the bovine and yeast PAPs have shown that they
possess a modular organization with a nucleotide binding N-terminal domain, a central catalytic
domain and an RNA-binding region that overlaps with a nuclear localization signal (NLS) near the C-

terminus (Raabe et al., 1991; Martin et al., 1999; Martin et al., 2000; Bard et al., 2000). The active
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site, with two divalent cations, is located at the bottom of a large cleft between the N- and C-
terminal domains, near the interface between the N-terminal and middle domains. Structural and
biochemical data suggest that PAPs are induced-fit enzymes to select for the right nucleotide (Balbo
et al., 2005). They act via a two-metal-ion catalytic mechanism and add adenosine monophosphates
to the free 3’-hydroxyl group of the mRNA in a catalytic cycle (Steitz, 1998). PAPs are categorized in
canonical and non-canonical PAPs. Canonical PAPs (cPAPs) share high similarity with the bovine and
yeast PAP and polyadenylate predominantly mRNA, while non-canonical PAPs (ncPAPs) are not so
closely related to the bovie and yeast PAP and show remarkably diversity in substrate and nucleotide
specificity (Schmidt and Norbury, 2010). For example the Trf4 ncPAP in Saccharomyces cerevisiae is
part of the TRAMP complex. TRAMP mediated polyadenylation of abberant and other short-lived
nuclear noncoding RNAs targets them for degradation by the RNA exosome (Haracska et al., 2005;
Vanacova et al., 2005)

cPAPs are highly conserved enzymes that can be found throughout all eukaryotic organisms. While
only one cPAP is encoded in the Saccharomyces cerevisiae (Paplp (Ligner et al., 1990)) and
Drosophila melanogaster genomes (Junge et al., 2002), three can be found in mammals termed
PAPOLA (PAPa) (Raabe et al.,, 1991; Wahle et al., 1991), PAPOLB (PAPB) (Kashiwabara et al., 2000)
and PAPOLG (PAPy) (Kyriakopoulou et al., 2001; Perumal et al., 2001; Topalian et al., 2001). PAPa
and PAPy are very similar nuclear localized proteins with an extended C-terminal domain that
contains two nuclear localization sequence (NLS) motifs. In contrast, PAPB contains only one
degenerated NLS motif, is cytosolic and testis-specific.

PAPs are regulated post-transcriptionally and post-translationally. For example, human PAPa exists
in multiple forms due to extensive alternative splicing (Zhao and Manley, 1996). Numerous post-
translational modifications occur on the C-terminal domain of PAPa and PAPy in vertebrates.
Hyperphosphorylation of the PAP regulatory domain represses its activity (Colgan et al., 1996; 1998),
while hypophosphorylation leads to hyperactivity of the PAP (Mouland et al., 2002). Additionally,
acetylation of the C-terminal domain compromises nuclear localization and inhibits the interaction
between PAP and cleavage factor | subunit 25 (CFI25m) in COS cell lines (Shimazu et al., 2007).
Furthermore, PAP sumoylation is required for nuclear localization and contributes to PAP stability

(Vethantham et al., 2007).
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1.2.4. cPAPs in plants
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Fig. 1.3: Intron/exon map of the four PAPS genes in Arabidopsis. The longest protein-coding regions from each
of the Arabidopsis PAPS genes are illustrated as rectangular boxes. The portion of the encoded proteins that is
conserved in these, and other eukaryotic PAPs is shown as a dark bar within the coding region. The small black
boxes in the chromosome | and IV depictions denote deletions relative to the chromosome Il gene (Addepalli
et al., 2004)

The model plant Arabidopsis thaliana possesses four canonical poly(A) polymerases (PAPS) termed
PAPS1 (At1g17980), PAPS2 (At2g25850), PAPS3 (At3g06560) and PAPS4 (At4g32850) according to
the chromosomes they are encoded on (Addepalli et al., 2004). All of them are believed to be
essential enzymes, since no T-DNA mutants could be found (Meeks et al, 2009). All four PAPS
possess a conserved core that is also present in other eukaryotic PAPs (Fig. 1.3). PAPS1, PAPS2 and
PAPS4 possess a NLS and an extended C-terminal domain and are localized exclusively to the
nucleus. In contrast, PAPS3 lacks these domains and is located in the cytoplasm, therefore
resembling mammalian PAPB (Meeks et al., 2009). The C-terminal domains of the three longer PAPS
are rather dissimilar between them and also very different from the C-terminal domains of PAPS
from other organisms (Addepalli et al., 2004). The presence of S/T-rich regions within this domain
suggests that phosphorylation/dephosphorylation of the c-terminal domain may occur in plants as
well (Verma and Sachar, 1994; Hunt et al., 2000; Addepalli et al., 2004). Alternative splicing was
observed in all four PAPS, each introducing a premature stop codon resulting in truncated protein.
PAPS1 mRNA retains the sixth intron in flower cells (Addepalli et al., 2004). PAPS2 alternative mRNA
keeps additional 20 nt from intron 6 in stem and root cells (Hunt et al., 2000; Addepalli et al., 2004),
PAPS3 mRNA shows inclusion of intron 7, predominantly in roots and flowers and PAPS4 alternative
splicing occurs within a cryptic splice sites between exon 6 and 10 with the longer mRNA being not
present in roots (Addepalli et al., 2004). PAPS1, PAPS2 and PAPS4 are expressed ubiquitously in all
tissues during all developmental stages while PAPS3 is only highly expressed in floral organs

(Addepalli et al., 2004; Meeks et al., 2009).
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1.2.5. Control of mRNA poly(A) tail length

Since the poly(A) tail has various important biological functions, it is conceivable that regulation of
poly(A) tail length could be used to control gene expression. The length of the poly(A) tail can be
regulated by either synthesis in the nucleus or degradation in the cytoplasm. Average or steady-state
poly(A) tail lengths therefore always reflect the balance between de novo adenylation and
deadenylation. It was shown that different species have different average poly(A) tail lengths of their
mMRNAs reaching from a few adenosines (As) in yeast (Brown and Sachs, 1998) to ~250 in mammals
(Sawicki et al., 1977; Wahle, 1995). In plants, the average poly(A) tail length is not clear.
Furthermore, the steady-state poly(A) tail length is very variable as it was shown by genome-wide
analysis (Meijer et al., 2007; Beilharz and Preiss, 2007; Subtelny et al., 2014).

In mammals, the final length of the poly(A) tail is reached by increasing the processivity of PAP by
CPSF, PABPN1 and hFipl as PAP alone is unable to produce tails of defined length (Wahle, 1991;
Wahle, 1995; Kaufmann et al, 2004). CPSF binds the AAUAAA signal, recruits PAP to the RNA
template by direct interaction and anchors it to the mRNA (Kerwitz et al., 2003). Once the minimal
binding site for PABNP1 (12 adenosines) is synthesized it joins the complex, increasing the
processivity of the PAP by 150-fold (Wahle, 1995). Binding of the emerging poly(A) tail by additional
PABNP1s builds up a fold back-structure within the 3’-end processing complex to sustain the
connection between the three proteins. When the length of the poly(A) tail exceeds 250 nucleotides
(nt) the connection between CPSF, PABPN1 and PAP can no longer be maintained. Hence PAP is only
stimulated by PABNP1, therefore losing its processivity and polyadenylation comes to an end (Kiihn
et al., 2009). However, there are also exceptions to the 250 A rule present in mammals. It has been
shown, that Xenopus laevis serum albumin mRNA has exceptionally short poly(A) tails, ranging from
only 12 to 17 nt (Schoenberg et al., 1989). A sequence element termed poly(A) limiting element
(PLE) in the terminal exon is responsible for this regulation (Das Gupta et al., 1998). Surprisingly,
reporter-genes mRNAs containing PLEs accumulate, are efficiently recruited to polyribosomes and
final protein levels do not differ from PLE-lacking mRNAs (Peng et al., 2005; Shi et al., 2009). A recent
report showed that median poly(A) tail lenths in Arabidopsis are around 50 nucleotides in length
(Subtelny et al., 2014). To date, no data is available about poly(A) tail length regulation in plants but
the presence of homologues of all mammalian poly(A) factors and the importance of the 3’-end
processing in all eukaryotes suggests a similar mechanism.

After export to the cytoplasm, the mRNA is protected from different degradation mechanisms by its
poly(A) tail and the 5’-guanosine cap. To achieve degradation, there are two possible ways. Either
the 5'-cap is removed by a process known as decapping, which allows the mRNA body to be

degraded in the 5'—+3' direction by the XRN1 exoribonuclease, a nuclear protein that degrades
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aberrant RNAs. Or the unprotected 3'-end is attacked by a large complex of 3'—+5' exonucleases
known as the exosome. The exosome is cytoplasmic and degrades mRNAs. There are three major
deadenylases in eukaryotes: the CCR4-POP2-Not (carbon-catabolite repressor) complex, PAN
(poly(A) nuclease) and PARN (poly(A) specific ribonuclease) complex (reviewed in |Garneau et al.,
2007; Goldstorm and Wickens, 2008; Wahle and Winkler; 2013 |). Deadenylation in mammalian cells
is a biphasic process. In the first phase, the PAN2-PAN3 complex synchronously shortens the poly(A)
tail to ~110 nt whereas in the second phase, catalysed by the CCR4-Not complex, mRNAs become
highly heterogeneous in the lengths of their poly(A) tails, ranging from ~ 110 nt to ~20 nt
(Yamashita et al., 2005). Deadenylases are often associated with multisubunit complexes and form
homo- or heterodimers or multimers and therefore provide a complex regulatory potential
(Goldstorm and Wickens, 2008). They are regulated by transcription rate (Green and Besharse, 1996)
or intercellular localization (Yamashita et al., 2005; Wagner et al., 2007). A unique feature of PARN
is, that its activity is dependent on the presence of a 5’-cap on the mRNA (Dehlin et al., 2000; Gao et
al., 2000; Martinez et al., 2001). Interestingly, the PABP can activate deadenylation by recruiting
PAN2-PAN3 in yeast to trim off poly(A) tails from pre-mRNAs (~80 nt) to mRNA specific poly(A) tails
(55-70 nt) (Brown and Sachs, 1998). Homologues of most of the mammalian and yeast deadenylases
have been identified in plants (reviewed in |Abbasi et al., 2013]). As in other eukaryotes, CCR4 is the
main cytoplasmic deadenylase while PARN deadenylates only a subset of transcripts in Arabidopsis
(Reverdatto et al, 2004). Additionally, a recent study showed that PARN directly regulates the
poly(A) tail of mitochondrial RNAs (Hirayama et al, 2013). These findings suggest a distinct
regulation of deadenylation for different transcripts in Arabidopsis. The third deadenylase complex,

PAN, has not been examined in Arabidopsis yet.

1.2.6. Alternative polyadenylation

A large proportion of genes contains more than one polyadenylation site, a phenomenon termed
alternative polyadenylation (APA). Several studies have shown, that 30% of mouse and 50% of
human (Tian et al., 2005; Ozsolak et al., 2010) and the majority of genes in plants (up to 82% in rice
and 74% in Arabidopsis) contain more than one polyadenylation site (Shen et al., 2011; Wu et al.,
2011, Sherstnev et al., 2012). This fact already implies the great regulatory potential of APA by
determining the coding and regulatory regions of an mRNA (Lutz and Moreira, 2011; Xing and Li,
2011). APA may cause incorrect definition of the 3’-end on an mRNA leading to a truncation of the
mRNA and/or resulting protein (Xing and Li, 2010). APA might also cause inclusion or exclusion of
specific sequence elements (e.g. miRNA target sites) to control mRNA turnover (Mayr and Bartel,
2009). One well characterized example for APA is the regulation of FLOWERING LOCUS C (FLC) by the
RNA binding protein FCA and the spen family protein FPA (Liu et al., 2010; Hornyik et al., 2010). A
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promoter situated downstream of the polyA site of the FLC sense gene and on the opposite strand
generates antisense transcripts that have alternative polyA sites. Two classes of transcript arise from
this: the class | antisense transcript PAS is opposite to the terminal FLC intron, whereas class Il
antisense transcripts have the PAS opposite to the FLC promoter. Both, FCA and FPA associate with
FLC mRNA downstream of the antisense class | poly(A) site and promote its usage. This short
antisense transcript functions in silencing of FLC, thus promoting flowering (Hornyik et al., 2010; Liu
et al., 2010). Additionally, both proteins promote the proximal poly(A) site selection (within the first
intron of the pre-mRNA) in their own mRNA, negatively autoregulating their own expression
(Quesada et al., 2003; Hornyik et al., 2010).

As mentioned before, plants possess very variable poly(A) signals situated in exons, introns, 3’-UTRs
or 5’-UTRs (Wu et al., 2011). To date, no auxiliary downstream element has been identified that can
explain the choice between the different sites. However, it was recently shown that a protein of the
3’-end processing complex, AtCPSF30 (see section 1.2.2), is involved in redox-potential dependent
poly(A) site choice (Thomas et al., 2013). This fact implies the specific regulation of poly(A)-site
choice under different conditions or in different developmental stages and underlines the regulatory
potential of APA.

(reviewed in |Elkon et al., 2013 |, for plant APA see |Xing and Li, 2010; Hunt, 2012|).

1.3. Plants have a variety of mechanisms to react on biotic stress

As sessile organisms plants have to face a variety of environmental factors that they cannot escape by
moving. Not only abiotic factors like temperature or water supply influence plant life, they also have
to defend their space against other plants and share it with billions of microorganisms, including
pathogens. The basal, or nonhost, resistance to invasive pathogens is the first crucial protective layer.
Without it, plants become hyper-susceptible to even mild infections and are less likely to survive in a
competitive environment. The next level of defense mechanisms is the expression of plant 'resistance'
(R) genes, which encode components that allow the recognition and response of plants to specialized
pathogens. The pathogen’s counterpart inducing the expression of R genes was referred to as the
avirulence (Avr) gene. However, recent studies have shown that R genes do not only recognize the
presence of the pathogen itself, but the changes of the pathogen's targets in the host (Chisholm et al,,
2006; Jones and Dangl, 2006). Unlike animals, plants lack an adaptive immune system (Ausubel 2005),
but plants are equipped with a sophisticated immune system for the recognition of invading
pathogens, transmission of alarm signals, and rapid activation of efficient defense responses that limit

infection.
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Fig. 1.4: In this scheme, the ultimate amplitude of disease resistance or susceptibility is proportional to [PTI —
ETS + ETI]. In phase 1, plants detect microbial/pathogen-associated molecular patterns (MAMPs/PAMPs, red
diamonds) via PRRs to trigger PAMP-triggered immunity (PTI). In phase 2, successful pathogens deliver
effectors that interfere with PTI, or otherwise enable pathogen nutrition and dispersal, resulting in effector-
triggered susceptibility (ETS). In phase 3, one effector (indicated in red) is recognized by an NB-LRR protein,
activating effector-triggered immunity (ETI), an amplified version of PTI that often passes a threshold for
induction of hypersensitive cell death (HR). In phase 4, pathogen isolates are selected that have lost the red
effector, and perhaps gained new effectors through horizontal gene flow (in blue)—these can help pathogens
to suppress ETI. Selection favours new plant NB-LRR alleles that can recognize one of the newly acquired
effectors, resulting again in ETI (from Jones and Dangl, 2006).

1.3.1. Pathogen recognition and reaction in plants — PTl and ETI

A simple but elegant model of innate immunity in plant pathogen interactions is depicted by the so-
called zigzag model introduced by Jones and Dangl (2006) (Fig. 1.4). This model proposes that the
first line of active plant defense is formed by pattern recognition receptors (PRRs) that recognize
pathogen-associated molecular patterns (PAMPs) (Janeway, 1989) and activate pattern-triggered
immunity (PTI). PAMPs are highly conserved molecules within a class of microbes that have an
essential function in microbial fitness or survival, so cannot be easily lost in evolution (Medzhitov
and Janeway, 1997). The best known examples of PAMPs include lipopolysaccharide (LPS) of gram-
negative bacteria, peptidoglycan of gram-positive bacteria (reviewed in |Boller, 1995]) and flagellin
(Felix et al., 1999). The first PRR identified in plants is the FLS2 gene from Arabidopsis (Gémez-
GAmez and Boller, 2000), a transmembrane protein that is responsible for the recognition of the
bacterial elicitor flagellin (in particular a highly conserved 22-amino-acid epitope, flg22). Intercellular

responses associated with PTI include rapid ion fluxes across the plasma membranes, MAP kinase
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activation, production of reactive oxygen species (ROS), cell wall reinforcement and rapid changes in
gene expression (Zipfel, 2008). Successful pathogens are able to overcome PTI by inserting effectors
into the plant cell that suppress PTI responses, resulting in effector-triggered susceptibility (ETS).
Plants in turn have reacted to this by evolving cytoplasmic R-proteins that recognize the presence or
activity of an effector. The majority of these R proteins are intracellular receptor proteins of the
nucleotide-binding leucine-rich-repeat (NB-LRR) type that activate so-called effector-triggered
immunity (ETI). NB-LRRs belong to a subfamily of proteins within the STAND (signal transduction
ATPase with numerous domains) superfamily that also contains regulators of immunity,
inflammation and apoptosis in animals (Ye and Ting, 2008; Lukasik and Takken, 2009). The N-
terminal domain usually exhibits either a toll/interleukin-1 receptor (TIR) domain or a coiled-coil
domain (CC), which influences the requirement for distinct downstream signaling components (Aarts
et al., 1998). Typically, the ability to induce ETI is pathogen strain- or race-specific. It is associated
with an increase of cytosolic Ca** levels, programmed cell death in the plant (the so called
hypersensitive response [HR]), and ‘priming’ of the surrounding tissue to react on the diseases (the
so called systemic acquired resistance [SAR]). However, some studies have shown that also PTI can
induce HR in plants (e.g. flg22 in Arabidopsis) (Naito et al., 2007). Although PTI and ETI share many
signaling components, it is believed that ETl occurs more quickly, more prolonged and more robust
than PTI, suggesting that PTI is a weak variant of ETl. Both PTI and ETI trigger massive
reprogramming of the transcriptome (Tao et al., 2003; Navarro et al., 2004). A key component
involved in the transcriptional regulation of immune-response genes is NONEXPRESSOR OF
PATHOGENESIS RELATED GENES 1 (NPR1). A salicylic acid (SA)-triggered change of the intracellular
redox state causes release of the disulfite bonds in the NPR1 oligomer by the activity of the
thioredoxins TRX-H3 and TRX-H5 (Tada et al., 2008). Released NPR1 monomers subsequently
translocate from the cytoplasm to the nucleus (Kinkema et al, 2000). There, NPR1 recruits
transcription factors to the promoters of defense-related genes including the PATHOGENESIS-
RELATED 1 (PR1) gene (Dong, 2004). In this ongoing evolutionary battle, pathogens are forced to
evolve other effectors, which suppress the ETI in the host in turn forcing the plant to evolve new

resistance strategies.
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1.3.2. EDS1/PAD4/SAG101 mediated signalling

ENHANCED DISEASE SUSCEPTIBILITY 1 (EDS1) and its interacting partners, PHYTOALEXIN DEFICIENT 4
(PAD4) and SENESCENCE ASSOCIATED GENE 101 (SAG101) are plant-specific proteins that constitute
a regulatory hub that is essential for basal resistance to invasive biotrophic and hemi-biotrophic
pathogens, ETI, SAR and response to photo-oxidative stress. Mutational analyses demonstrated that
EDS1 is an essential component of the basal immunity to virulent biotrophic pathogens. Furthermore
it playes a role in effector triggered immunity (ETI) conditioned by intracellular TIR-NB-LRR receptors
recognizing specific pathogen effectors (Wiermer et al., 2005 and references therein). Two recent
studies revealed a direct physical interaction of EDS1 with two effectors (AvrRps4 and HopA1l), and
also with their corresponding TIR-NB-LRR proteins (RPS4 and RPS6) (Bhattacharjee et al., 2011;
Heidrich et al., 2011). This suggests that EDS1 could be the target of some pathogen effectors and
might be guarded by the corresponding R proteins (McDowell, 2011). A model has been proposed,
whereby molecular transitions of EDS1 between complexes determine different stages of EDS1
signal relay (Rietz et al., 2011). In this model, low levels of EDS1 (probably as a homodimer), and in
some cases dissociated PAD4, ‘kick’ start the resistance response after TIR-NB-LRR receptor
activation by triggering rapid, localized host cell death. In cells surrounding death foci (and in basal
resistance), EDS1 and PAD4, together as a complex, serve a different function involving the
transcriptional reprogramming of host cells. This enables the spread of resistance to systemic tissues
and mobilization of SA-mediated and other defenses. The EDS1-SAG101 complex on the other hand
acts to reinforce resistance at the edges of the local HR (Tsuda et al.,, 2009; Rietz et al., 2011).
Coordination between the EDS1 cytoplasmic and nuclear pools via the nuclear pore trafficking
machinery is therefore needed to condition full plant resistance (Cheng et al., 2009; Garcia et al.,
2010). However, there is also an SA-independent EDS1 signaling pathway present in Arabidopsis in
which FLAVIN MONOOXYGENASE (FMO1) acts as a positive regulator, whereas NUDIX HYDROLASE7
(NUDT7) acts as a negative regulator (Bartsch et al., 2006; Straus et al., 2010). FMO1 was also shown
to be an essential component of SAR but not PTI or ETI (Mishina and Zeier, 2006). AtNUDT7 and
AtNUDT6 are members of the FGFTNE clan of the Nudix hydrolases with redundant functions and
exhibit ADP-ribose/NADH pyrophosphohydrolase activity in vitro (Ogawa et al., 2005). In the nudt6-2
nudt7 double mutants, autoimmunity is activated in an SNC1 (suppressor of nprl-1, constitutivel)
dependent and independent pathway, which are both temperature sensitive and dependent on

EDS1 (Wang et al., 2013).
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1.3.3. Phytohormone crosstalk in plant immunity

Plant hormones play important roles in regulating plant growth and defense by mediating
developmental processes and signaling networks involved in plant responses to a wide range of
parasitic and mutualistic biotic interactions. Salicylic acid (SA), a major player in disease resistance
signaling (Vlot et al., 2009), is typically but not exclusively effective against microbial biotrophic
pathogens (Glazebrook, 2005). EDS1 and PAD4 act in the onset of SA biosynthesis during PTI and
during TIR-NB-LRR mediated ETI (Wiermer et al., 2005). As mentioned before, NPR1 is the most
important signal component in response to SA. It triggers expression of R-genes like PR1 or WRKY
transcription factors in the nucleus. A similar response is often triggered in distal parts of the plant
to protect undamaged tissue against subsequent pathogen invasion which is referred to as systemic
acquired resistance (SAR). The second plant hormone playing a major role in pathogen response is
jasmonic acid (JA), its metabolite Methyl-jasmonate (MeJA) or its conjugate with Isoleucin (JA-lle). In
unchallenged cells, JA signaling pathways are repressed by JASMONATE ZIM (JAZ) proteins through
binding to positive transcriptional regulators. Together with CORONATINE INSENSITIVE1 (COI1) JAZ
proteins serve as JA-lle receptor and are targeted for proteasome turnover upon JA-lle perception
(Pauwels and Goossens, 2011). Two major signaling branches can be distinguished: the MYC branch
that is controlled by MYC-type transcription factors (Fernandez-Calvo et al.,, 2011; Niu et al., 2011)
and the ERF branch that is regulated by the APETALA/ETHYLENE RESPONSE FACTOR (AP2/ERF) family
of transcription factors (Pré et al., 2008) and includes the expression of the JA-marker gene PLANT
DEFENSIN 1.2 (PDF1.2). This latter pathway is associated with resistance against necrotrophic
pathogens (Lorenzo et al., 2003) whereas the MYC pathway is associated with the wound response
and defense against insects (Kazan and Manners, 2012). The SA and JA signaling pathways are
interconnected with each other in a dosage-dependent antagonistic manner (Spoel et al., 2003). For
example, induction of the SA pathway by avirulent P. syringae suppressed JA signaling and rendered
infected Arabidopsis leaves more susceptible to the necrotrophic fungus Alternaria brassicicola
(Spoel et al., 2007). Similarly, preceding inoculation with the SA-inducing biotrophic pathogen
Hyaloperonospora arabidopsidis suppressed JA-mediated defenses that were activated upon feeding
by caterpillars of imported cabbageworm, Pieris rapae (Koornneef et al., 2008). Additionally, both SA
and JA affect the cellular redox buffer glutathione. SA increases the cellular amount as well as the
ratio of reduced to oxidized glutathione, whereas JA lowers the glutathione pool (Spoel & Loake
2011). Other plant hormones modulate the balance between SA and JA signaling, for example the
gaseous hormone Ethylen (ET). It potentiates the SA-responsive PR-1 expression in Arabidopsis (De
Vos et al.,, 2006) and is essential for the onset of SAR in tobacco (Verbene et al., 2003). When

produced in combination with JA, such as upon infection by necrotrophic pathogens, ET acts
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synergistically on the expression of the ERF branch of the JA pathway, while it antagonizes the MYC
branch. The result is prioritization of the immune signaling network towards JA- and ET-dependent
defense signaling associated with resistance to necrotrophs (Anderson et al., 2004; Lorenzo et al.,
2003; Pré et al., 2008). Additionally, when the JA and ET pathways are fully induced prior to SA
induction, the antagonistic effect of SA on the JA pathway is completely abolished. In addition to its
before mentioned effects, also ABA plays a role in plant defense responses. In Arabidopsis, ABA and
SA response mechanisms affect each other at multiple steps, from the level of biosynthesis to
intermediate components of the signal transduction pathways (Yasuda et al., 2008). Hence, plants
seem to balance ABA-mediated abiotic stress tolerance and SA-mediated biotic stress resistance
through ABA-SA crosstalk. Upon wounding or herbivory ABA is produced in combination with JA and
promotes the expression of the MYC branch of the JA response pathway, while it suppresses the ERF
branch (Anderson et al., 2004).

The most important growth hormone auxin also plays a role during pathogen responses. Many
microbes can produce auxins or manipulate auxin signaling in the host to interfere with normal
growth processes (Robert-Selaniantz et al., 2011a). Moreover, auxin signaling can repress SA levels
and signaling (Robert-Seilaniantz et al., 2011b) while in turn elevated SA levels impede auxin
responses (Wang et al., 2007). Gibberellins (GAs) were firmly implicated in plant immune signaling
when degradation of DELLA proteins (see section 1.1.3) was shown to promote susceptibility to
necrotrophs and resistance to biotrophs through modulation of JA and SA signaling (Navarro et al.,
2008). Recent findings have shed light on a distinct role of cytokinins in plant immune responses.
Cytokinins systemically induce resistance against pathogen infection. This resistance is orchestrated
by endogenous cytokinin and salicylic acid signaling (Choi et al, 2011; lJiang et al., 2013).
Phytohormone crosstalk provides a powerful regulatory potential to finely tune defense.
Nevertheless it is possible that plant attackers can manipulate the plant hormone signaling network
for their own benefit. For instance, the necrotrophic fungus Botrytis cinerea produces an
exopolysaccharide that acts as an elicitor of the SA/NPR1 pathway and thus suppresses effective JA-

dependent defenses in its host, the tomato plant (Solanum lycopersicum) (El Oirdi et al., 2011).
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1.3.4. Role of polyadenylation/deadenylation proteins in plant immunity

Proteins of the 3’-end processing complex, RNA-binding proteins (RBPs) and proteins of the
deadenylation machinery play an important role in plants in abiotic and biotic stress responses. For
example mutant plants deficient in CPSF30 expression are more tolerant to oxidative stresses than
the wild type (Zhang et al., 2008). Consistent with this suggestion, the biochemical activities of the
Arabidopsis CPSF30, which has RNA binding and endonuclease activity, are affected in vitro by
calmodulin and sulfhydryl reagents (Delaney et al., 2006; Addepalli and Hunt, 2008). In addition, one
of the three zinc finger motifs of the protein is engaged in a dithiothreitol-sensitive disulfide bond
(Addepalli et al., 2010). These properties are suggestive of communication of the protein with
calcium and redox cellular signaling pathways and provide conceptual links between these signaling
pathways and alternative poly(A) site choice. Additionally, functional analysis of Arabidopsis
cytoplasmic deadenylation factors has uncovered a link between the control of poly(A)-tail lengths
and pathogen response. Mutations in AtCAF1a and AtCAF1b, the two homologues of the yeast CCR4-
associated factor that is a component of the CCR4-NOT deadenylase complex, result in defective
poly(A)-tail shortening of stress-associated mRNAs and in reduced expression of the PATHOGENESIS-
RELATED1 (PR1) gene (Liang et al., 2009; Walley et al., 2010a; Walley et al., 2010b). By contrast,
overexpressing AtCAFla upregulates PR1 expression and increases pathogen resistance in the
transgenic plants. Also, overexpression of the yeast poly(A)-binding protein Pablp in tobacco or A.
thaliana leads to a constitutive pathogen response and increased resistance (Li et al., 2000). Another
example is the plant RBP known as FPA, which regulates 3’-end mRNA polyadenylation and
negatively regulates basal resistance to bacterial pathogen Pseudomonas syringae in Arabidopsis. A
custom microarray analysis revealed that flg22, a peptide derived from bacterial flagellins, induces
expression of alternatively polyadenylated isoforms of the mRNA encoding the defense-related
transcriptional repressor ETHYLENE RESPONSE FACTOR 4 (ERF4), which is regulated by FPA (Lyons et
al., 2013).
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1.4. Aim of this study

To our current understanding, poly(A) polymerases play a general, essential role in the 3’-end
processing in all eukaryotes. Their catalytic activity gives rise to the poly(A) tail on the 3’-end of each
mRNA that has various important functions. It promotes the transport of the mRNA from the
nucleus to the cytoplasm, confers mRNA stability and promotes translation. Both vertebrate and
higher-plant genomes encode more than one isoform of this enzyme, and these are coexpressed in
different tissues. However, in neither case is it known whether the isoforms fulfill different functions
or polyadenylate distinct subsets of pre-mRNA.

An Arabidopsis thaliana mutant in the poly(A) polymerase 1 (PAPS1) gene was identified that shows
bigger flowers but smaller leaves, in contrast to virtually all previously described organ-size mutants
(Vi et al., 2013). This effect is specific for PAPS1 since mutations in other PAPS in Arabidopsis (e.g.

PAPS2 or PAPS4) show no phenotypic effect besides late flowering.

The questions addressed in this thesis are:

How and why do the different organs in PAPS1 mutants reach their altered size?

What is the molecular basis for this effect?

Is there a functional specialization amongst the different PAPS in Arabidopsis?

May this support a general idea in evolution of allele specific effects?

May there be an additional level of gene regulation through poly(A) tail length or polyadenylation by

different PAPS, respectively?
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2. Results

2.1 Target specificity among nuclear poly(A) polymerases in plants modulates

organ growth and pathogen response

The content of this chapter resembles largely the following publication:
Vi LS, Trost G, Lange P, Czesnick H, Rao N, Lieber D, Laux T, Gray WM, Manlex JL, Groth D, Kappel

C, Lenhard M (2013) Target specificity among nuclear poly(A) polymerases in plants modulates
organ growth and pathogen response. Proc Nat! Acad Sci USA 110: 13994-13999.

Proceeding of the National Academy of Science of the United States of America; Vol. 110 Issue 34;
Pages: 13994-13999

doi: 10.1073/pnas.1303967110

Following Experiments and corresponding evaluation within this manuscript were done by myself:
Fig. 1E

Fig. 3B, 3C, 3D, 3E, 3F, 3G, 3H

Fig. 4B, 4C, 4D

Supplementary Fig. 3B, 3C, 3D, 3E, 3F, 3G

Supplementary Fig. 4A, 4B, 4C, 4D, 4E

Supplementary Fig. 5A
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ABSTRACT

Polyadenylation of pre-mRNAs is critical for efficient nuclear export, stability and translation of the
mature mRNAs, and thus for gene expression. The bulk of pre-mRNAs are processed by canonical
nuclear poly(A) polymerase (PAPS). Both vertebrate and higher-plant genomes encode more than
one isoform of this enzyme, and these are co-expressed in different tissues. However, in neither case
is it known whether the isoforms fulfil different functions or polyadenylate distinct subsets of pre-
mRNAs. Here we show that the three canonical nuclear PAPS isoforms in Arabidopsis are functionally
specialized owing to their evolutionarily divergent C-terminal domains. A strong loss-of-function
mutation in PAPS1 causes a male gametophytic defect, whereas a weak allele leads to reduced leaf
growth that results in part from a constitutive pathogen response. By contrast, plants lacking both
PAPS2 and PAPS4 function are viable with wild-type leaf growth. Polyadenylation of SMALL AUXIN
UP RNA (SAUR) mRNAs depends specifically on PAPS1 function. The resulting reduction in SAUR
activity in paps1 mutants contributes to their reduced leaf growth, providing a causal link between
polyadenylation of specific pre-mRNAs by a particular PAPS isoform and plant growth. This suggests
the existence of an additional layer of regulation in plant and possibly vertebrate gene expression,
where the relative activities of canonical nuclear PAPS isoforms control de novo synthesized poly(A)-

tail length and hence expression of specific subsets of mRNAs.
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INTRODUCTION

The poly(A) tail at the 3’-end is an essential feature of virtually all eukaryotic mRNAs that influences
stability, nuclear export and translational efficiency of the mRNAs (1, 2). It is synthesized after RNA
polymerase Il has transcribed past the cleavage and polyadenylation site and associated signal
sequences (3, 4). These sequences are bound by several protein complexes, including Cleavage-
stimulation Factor (CstF) and Cleavage and Polyadenylation Specificity Factor (CPSF) in animals and
their counterparts in yeast (5). The complexes effect the cleavage of the nascent pre-mRNA at the
prospective polyadenylation site and recruit poly(A) polymerase to add the poly(A) tail. The same
scenario is presumed to hold also for 3’-end processing and polyadenylation in plants, as plant
genomes encode homologues to the components of these complexes in yeast and animals (2).

The poly(A) tail is synthesized by poly(A) polymerases, with the bulk of cellular pre-mRNAs being
polyadenylated by canonical nuclear poly(A) polymerases (cPAPSs) (5, 6) that share substantial
sequence identity with human poly(A) polymerase-a (PAPOLA), bovine poly(A) polymerase or the
yeast enzyme Paplp (7-9). While the Saccharomyces cerevisiae and Drosophila melanogaster
genomes only encode one cPAPS, which is essential for growth (7, 10), three such proteins are found
in humans, PAPOLA (PAPa), PAPOLB (PAPB) and PAPOLG (PAPy) (11). Of these, PAPOLA is thought to
be the main PAPS in somatic cells. PAPOLA and PAPOLG proteins contain a C-terminal regulatory
region next to the highly conserved catalytic N-terminal domain and are found either in both nucleus
and cytoplasm (PAPOLA) or only in the nucleus (PAPOLG) of cells throughout the human body (9, 11-
14). By contrast, PAPOLB lacks the C-terminal region, is exclusively cytoplasmic, and is only found in
testis cells where it is required to extend the poly(A) tail of cytoplasmic mRNAs encoding sperm-
related proteins (15); as a consequence male mice mutant for PAPOLB are sterile.

The Arabidopsis thaliana genome encodes four cPAPS proteins, termed PAPS1 to PAPS4 (16, 17).
PAPS3 resembles PAPOLB in lacking an extended C-terminal region, being localized in the cytoplasm
and expressed mainly in the male gametophytes (the pollen). By contrast, PAPS1, PAPS2 and PAPS4
all contain an extended C-terminal region, localize exclusively to the nucleus and are expressed
throughout the plant (2, 16-18). All four proteins have non-specific polyadenylation activity in vitro,
suggesting that they represent functional cPAPSs (16, 19). Based on the failure to identify
homozygous T-DNA insertion mutants for any of the three genes, it was concluded that all of them

are essential for plant growth and development (17).

Gene expression can be regulated via a number of mechanisms impinging on the mRNA 3’ end. The
choice between alternative 3’-end cleavage sites is widely used to regulate gene expression in both

animal and plant development, for example via the exclusion or inclusion of microRNA-target sites in
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the resulting 3’-UTRs (20-24). Also, modulating the length of the poly(A) tails on mRNAs in the
cytoplasm by the opposing actions of cytoplasmic PAPS (e.g. PAPOLB) and deadenylases can be used
to control the expression of the encoded proteins (1, 15). However, it is currently unclear whether
polyadenylation by nuclear cPAPS can also contribute to the control of specific gene expression. In
principle, this could occur in either of two ways. First, pre-mRNAs could be differentially sensitive to
variations in the total cPAPS activity provided by one or more functionally interchangeable cPAPS
isoforms; such a mechanism may underlie specific developmental phenotypes in weak mutants of D.
melanogaster cPAPS (25). Second, some mRNAs may be exclusively or preferentially polyadenylated
by one cPAPS in organisms with more than one isoform. Given such target specificity, modulating
the balance of activities between the isoforms could then be used to alter the length of the de novo
synthesized poly(A) tails, and hence ultimately gene expression, of subsets of mRNAs. Target
specificity has at present only been observed for non-canonical PAPS (6, 26), such as Star-PAP, which

is required for the cellular response to oxidative stress.

Here we provide evidence for functional specialization and target specificity amongst A. thaliana
nuclear cPAPS isoforms. Mutations affecting different isoforms cause very different phenotypes that
depend on the divergent C-terminal domains of the proteins. In particular, reduction of PAPS1
activity disrupts polyadenylation of SMALL AUXIN UP RNA (SAUR) mRNAs and causes leaf growth
defects due to reduced SAUR function and a constitutive pathogen response. We propose that this

specificity of PAPS isoforms provides an additional level of regulating plant gene expression.
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RESULTS AND DISCUSSION
paps1 mutants show organ-specific effects on growth.

From an ethyl-methanesulfonate (EMS) mutagenesis screen, we identified a novel recessive
mutation causing opposite effects on the growth of leaves and flowers, termed paps1-1 (Fig. 1A-C).
While the size of papsl-1 mutant leaves is reduced to less than one third of the wild-type value,
mutant petals and other floral organs are larger than in wild type, with petals reaching almost twice
the wild-type size. At the cellular level, the reduced leaf size is largely due to a defect in cell
expansion (Fig. 1C). Conversely, the size of papsi-1 mutant petal cells is only increased by 21%,
indicating that the bulk of the difference in petal size is due to a higher number of cells (Fig. 1C).
Thus, PAPS1 function is required to allow normal cell expansion in leaves and to limit cell

proliferation in petals.

The paps1-1 mutation reduces the activity of PAPS1 in canonical nuclear polyadenylation of pre-

mRNAs.

To determine the molecular basis of the paps1-1 mutant phenotype, we isolated the affected gene
by mapping and sequencing of candidate genes. This identified a C-to-T transition typical for EMS-
induced mutations in the At1g17980 gene coding for PAPS1 (Fig. S1A). The mutation causes an
amino-acid substitution of serine for proline at position 313. The mutated proline lies in a linker
peptide between the nucleotidyl-transferase domain and the RNA-binding domain within the N-
terminal catalytic region of the protein and is very highly conserved in poly(A) polymerases from
yeast, plants and animals (Fig. S1B). Complementation of the papsi-1 mutant with a wild-type
genomic copy of the PAPS1 locus restored a wild-type phenotype (Fig. S1C). The papsi1-1 allele is
temperature sensitive (Fig. S1D); in contrast to growth at 23°C, seedlings grown at 28°C showed a
very severe phenotype with bleaching and almost complete growth inhibition, indicating that the
phenotypes seen at lower temperatures result from only a moderate reduction in PAPS1 activity (see
also below).

To determine the effect of the paps1-1 mutation on the protein’s activity, we performed in vitro
polyadenylation assays using purified recombinant protein (27). While the wild-type protein showed
robust polyadenylation activity, virtually no enzymatic activity was observed when using the mutant
form (Fig. 1D and Fig. S1E).

To genetically determine whether PAPS1 is indeed involved in canonical pre-mRNA processing in the
nucleus, we combined the paps1-1 allele with a mutant allele of the CSTF64 locus encoding the sole

A. thaliana homologue to the Cstf64 subunit of the cleavage-stimulation factor complex (28). We
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could not recover any double homozygous cstf64-1 paps1-1 mutants, and the siliques from cstf64-
1/+; paps1-1/papsi-1 plants contained 25% aborted seeds (Fig. 1E and Fig. S1F), indicating that
double mutant embryos are lethal. This contrasts with full seed set in either single mutant. Together,
this synthetic lethality and the results of the in vitro assay strongly suggest that the papsi-1

mutation affects nuclear polyadenylation of transcripts.

Figure 1: Loss of PAPS1 function leads to altered organ growth.

(A, B) Whole-plant (A) and flower images (B) of the indicated genotypes.

(C) Quantification of organ and cell sizes from the indicated genotypes. Values are mean +SE from at least 5
(leaves), 20 (petals, sepals, anthers), 7 (gynoecia) or 55 (seeds) organs per genotype, normalized to the wild-
type mean.

(D) Autoradiograph of in vitro non-specific polyadenylation assay. The indicated amounts of wild-type PAPS1
protein (WT) or of the mutant form encoded by the paps1-1 allele (mut) were used. Asterisk indicates the
unpolyadenylated RNA substrate.

(E) Micrographs of opened siliques from the indicated genotypes. Note the aborted seeds produced by paps1-
1 cstf64-1/+ plants.

(F) Light-micrographs of openend siliques from Col-0 (left) and paps1-3/+ heterozygous plants (right) after
selfing.

(G) Transmission efficiency (TE) of the paps1-3 mutant allele through the male and the female gametophyte.
The result for the first cross is not significantly different from the expected 50:50 ratio (p=0.10, Chi-square
test).

Scale barsare 1 cmin (A), 1 mm in (B), 500 um in (F).
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PAPS1 activity is essential for male gametophyte function.

To determine the effects of a complete loss of PAPS1 activity, we studied a presumed null allele with
a T-DNA insertion in the fifth intron within the region coding for the N-terminal catalytic protein
domain (paps1-3; Fig. S1A). It was not possible to recover plants homozygous for the paps1-3 allele.
To determine whether this is due to embryonic lethality or to a gametophytic defect, we analysed
the seeds developing on papsi-3/+ heterozygous plants and performed reciprocal crosses. There
was no evidence for either embryo lethality or a female gametophytic defect from analyzing the
siliques of paps1-3/+ plants, as we did not detect aborted seeds or unfertilized ovules (Fig. 1F).
Consistent with this, the paps1-3 mutant allele was normally transmitted through the female
gametophyte (Fig. 1G). By contrast, when applying pollen from paps1-3/+ plants to wild-type
stigmas, none of the progeny carried the mutant allele (Fig. 1G), indicating that the papsi-3
mutation causes a male-gametophytic defect. Pollen from paps1-1 mutant plants and from papsi-
3/+ heterozygotes was morphologically normal and viable (Fig. S1G). Thus, PAPS1 represents an
essential gene for male gametophyte function, and a progressive reduction of remaining PAPS1
activity in the diploid sporophyte causes increasingly more severe phenotypic defects as seen in the

paps1-1 allele (see above).

The three canonical nuclear poly(A) polymerases encoded by the A. thaliana genome are

functionally specialized.

To determine the roles of the other two canonical nuclear PAPSs in A. thaliana, putative null alleles
were isolated for PAPS2 and PAPS4. In both cases the eighth exon within the region coding for the
catalytic N--terminal domain was disrupted, and no full-length mRNA could we detected from the
mutant alleles (Fig. S2 B, D, and E). Both single mutants and the paps2-1 paps4-1 double mutant
were viable (Fig. S2B) and showed normal leaf and petal growth (Fig. 2 A and B). To test whether the
much more severe phenotypes resulting from loss of PAPS1 function were simply due to PAPS1
being responsible for most polyadenylation in Arabidopsis, we determined bulk poly(A) tail lengths
in paps1-1 mutant and wildtype seedlings. There was virtually no change in the distribution of bulk
poly(A) tail lengths (Fig. S2 F and G), despite the very severe mutant phenotype under the growth
conditions used (Fig. S1D). Together, these results indicate that most transcripts can be redundantly
polyadenylated by either PAPS1 or PAPS2/PAPS4 but that a small subset of critical transcripts is

exclusively or preferentially targeted by PAPS1.

40



Results

A Leaf area (cm?) B

Petal area (mm?)
o 1 2 3 4 5 8

4 . PO » P - 0 1 2 3 4
Col-0 [ . = Col-0
paps2-1 I I paps2-1 paps4-1
paps4-1 I . - . paps1-1 (Col-0)

paps2-1 paps4d-1 [

1 4. _ .. PPAPST::
Ler papsi-1 PPAPS1::PAPS1 pPAPS1:PAPS4 PAPSAN-PAPS 1©
in paps1-1
D E
5 o Petal area 8 ,Rosette area
(mm?2) 7 (cm?) **
4 Iz el 1
3 I ik I I I I++ & 5 l I *k dk kk
o o T TV B T
2 Y G [ 10
IR A T
11 AJE 10 1 il 111
- [~y M -— - —
papsi-1 2 © v, T, — M~ N papsi1-1 € -, — I~ N
NN ppp ppp Noopp ppp
Ler pPPAPS1:: pPAPS1:: pPAPST: Ler pPAPS1:pPAPS1:pPAPST:
PAPS1  PAPS4 PAPS4M- PAPS1 PAPS4 PAPS4"-
PAPS1C PAPS1°
in papst-1 in papsT-1

Figure 2: The three nuclear PAPS isoforms in A. thaliana fulfil distinct functions.

(A, B) Quantification of leaf (A) and petal size (B) in the indicated genotypes. Values are mean SE from at least
5 leaves and 20 petals per genotype. **: significantly different from wild-type value at p<0.01 (t-test).

(C) Top views of plants of the indicated genotypes.

(D, E) Quantification of petal (D) and rosette (E) size in the indicated genotypes. Individual bars represent
independent transformant lines for the transgenic plants. Values are mean +SE from at least 15 petals and at
least 6 rosettes per genotype. *,**: significantly different from papsi-1 mutant value at p<0.05 (*) or p<0.01
(**) based on t-test with Bonferroni-correction.
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The three proteins PAPS1, PAPS2 and PAPS4 share highly conserved N-terminal catalytic regions,
while the C-terminal domains are more divergent (Fig. S2A). We therefore asked whether the
functional divergence apparent from the different mutant phenotypes was due to differences at the
protein level. Introducing the PAPS4 coding region under the control of the pPAPS1 promoter
(pPAPS1::PAPS4) into a papsl-1 background did not complement the mutant phenotype (Fig. 2C-E;
Fig. S2C). By contrast, when a chimeric protein consisting of the catalytic domain from PAPS4 and
the C-terminal region from PAPS1 was expressed under the control of the pPAPS1 promoter in
paps1l-1 mutants (pPAPS1::PAPS4"-PAPS1‘), it was able to substantially rescue the growth
phenotype in leaves and particularly in flowers (Fig. 2C-E; Fig. S2C). Thus, divergence in the C-
terminal domains of the proteins is responsible for functional specialization amongst the PAPS

isoforms in Arabidopsis thaliana.
Polyadenylation of SMALL AUXIN UP RNA mRNAs is defective in paps1 mutants.

To determine the molecular basis for the papsl mutant phenotypes, we compared transcript
abundances in paps1-1 mutant vs. wildtype leaves and flowers, using microarray hybridization. A
total of 1,130 and 779 genes were misregulated more than twofold in papsi-1 mutant leaves and
flowers compared with wild type (Tables S1, S2). Two hundred sixty-one genes were misregulated in
both organs, suggesting that despite a substantial overlap in the molecular phenotypes of mutant
leaves and floral organs, many transcript changes were specific to one or the other organ type,
potentially contributing to the different growth phenotypes. We found a significantly reduced
hybridization signal for the family of SAUR mRNAs (29-31) from paps1-1 mutants compared with
wild type, particularly in seedlings (Fig. 3A, Fig. S3A; median and average fold-change of 0.72). This
was not accompanied by a comparable misregulation of other auxinresponsive genes, such as
Aux/IAA or GH3 family members (Fig. 3A and S3A), indicating that the paps1-1 mutation did not
interfere with auxin response as such. Testing individual SAUR transcripts using quantitative RT-PCR
(qRT-PCR) with oligo (dT) priming confirmed the reduced signal specifically from papsi1-1 mutants
but not from paps2-1 paps4-1 mutants (Fig. 3B). However, no such effect was observed when using
random hexamers to prime the reverse transcription, with comparable or even higher signals in
paps1-1 mutants than in wild type (Fig. 3B). This suggests that the weaker signal on the microarrays
and in the oligo(dT)-primed qRT-PCR was due to less efficient oligo (dT)-primed reverse transcription

because of a shorter poly(A)tail, not due to reduced abundance of the tested SAUR mRNAs.
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Figure 3
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Figure 3: Defective polyadenylation of SAUR mRNAs in paps1 contributes to reduced leaf growth.

(A) Cumulative distribution plot of the expression levels of SAUR, GH3 and Aux/IAA family members in paps1-1
versus wild-type seedlings. Y-axis indicates the fraction of genes with a log2-expression ratio less than or equal
to the value on the X-axis. Numbers in legend are p-values of a Wilcoxon rank-sum test. “other”: all remaining
genes on the array.

(B) Expression of the indicated SAUR genes in papsl-1 and paps2-1 paps4-1 mutant seedlings compared to
wild-type. Values from oligo(dT)-primed cDNA are shown in grey shades, those from random hexamer-primed
cDNA in blue shades. Values shown are the means +SE from three (Col-0 and paps2-3 paps4-3) or two (paps1-
1) biological replicates, normalized to the constitutive reference gene PDF2 (AT1G13320). Plants had been kept
at 30°C for 2 h before harvesting. *: p<0.05; **: p<0.01 (Student’s t-test).

(C) Bioanalyzer electropherogram of RT-PCR-amplified 3’ ends of SAUR19/24 transcripts from the indicated
genotypes. Two biological replicates per genotype are shown. RNA had been left untreated (left) or poly(A)-
tails had been digested with RNAseH and oligo(dT) (right) before reverse transcription.

(D) Normalized signal intensities of the PCR-products in (C). Averages of the two biological replicates per
genotype are shown.

(E) Length distribution of poly(A) tails as determined by sequencing subcloned individual PCR-products from
intact RNA in (C). p-values in legend are from a Wilcoxon rank-sum test.

(F-H) Leaf area (F), length (G) and width (H) of wild-type or papsi-1 mutant plants with or without the
35S::GFP-SAUR19 transgene. * **: significantly different from value in the absence of the transgene at p<0.05
(*) or p<0.01 (**) based on t-tests with Bonferroni correction.

To determine whether PAPS1 activity was indeed required for polyadenylation of SAUR mRNAs, we
compared their poly(A) tail lengths between paps1-1 mutants and wild type using a PCR-based assay
to amplify part of the coding sequence/3’ UTR and the entire poly(A) tail (S| Results and Discussion).
Before harvesting, seedlings were kept at 30 °C for 2 h to largely abolish the remaining activity of the
temperature-sensitive mutant protein (see above). PCR products for SAUR19/24 and
SAUR62/63/66/68 mRNAs from paps1-1 mutants were shorter than from wild type or paps2 paps4
double mutants (Fig. 3 C and D, Fig. S3 D and E, and Sl Results and Discussion). To confirm that the
different lengths of the PCR products indeed reflected a difference in poly (A) tail length and not in
the choice of cleavage site, we subcloned and sequenced individual molecules. This indicated that
the choice of 3’ end cleavage site was not affected (Fig. S3 B and G) and confirmed the dramatic
reduction in the lengths of the poly(A) tails specifically in paps1-1 mutants but not in paps2-1 paps4-
1 plants (Fig. 3E and Fig. S3F). The median lengths of poly(A) tails determined from subcloned
molecules from wildtype, paps2-1 paps4-1, and paps1-1 were 22, 17, and 2 for SAUR19/24 and 19,
20, and 2 for SAUR62/63/66/68, respectively. Measuring the SAUR19/24 poly(A) tail length from
nuclear RNA of wild-type and paps1-1 inflorescences showed the same difference as seen for total
RNA (Fig. S4 A-C), arguing that the shorter poly(A) tails are indeed due to defective nuclear
polyadenylation, rather than faster cytoplasmic deadenylation in the mutant. The most
parsimonious explanation of these results is that SAUR transcripts are polyadenylated directly and
exclusively by the PAPS1 isoform.

We asked whether the phenotypic rescue of the paps1 leafgrowth defect by the chimeric PAPS4™-
PAPS1° protein was mirrored at the molecular level by a rescue of the SAUR mRNA polyadenylation

defect. The poly(A) tails on SAUR19/24 mRNAs were longer in paps1-1 plants expressing the chimeric
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PAPS4AN-PAPS1C protein than in plants expressing PAPS4 under the control of the pPAPS1 promoter
or in nontransgenic paps1-1 mutants, yet they did not reach the wild-type length (Fig. S4 D—F). This
indicates that the divergent C-terminal domains of the PAPS proteins influence the mapping of PAPS
isoforms to at least some of their presumed targets, possibly via binding to different forms of 3’ end

processing factors (3, 5).

Reduced SAUR activity contributes to the leaf-growth defect in paps1 mutants.

A recent report demonstrated that the activity of the SAUR19-24 subfamily is required for normal
cell expansion in hypocotyls and leaves (31). Hypocotyls in paps1-1 are longer than in wild type (Fig.
S5A), suggesting that other expansion-promoting effects override a possibly reduced SAUR activity in
this organ. To determine whether reduced SAUR19-24 activity contributed to the defect in leaf
growth in papsi-1 mutants, we introduced a 35S:: GFP-SAUR19 transgene with the 3’ UTR of the
nopaline synthase

gene (nos terminator) into the mutant background. The transgene promoted growth, especially in
the leaf-length direction, in both the wild-type and the paps1-1 mutant background; however, it had
a much stronger effect in the latter, both in absolute and in relative terms (leaf length +17% in wild-
type, +38% in paps1-1 background; Fig. 3 F-H). Indeed, leaf length was indistinguishable between
355::GFP-SAUR19 and paps1-1; 355::GFP-SAUR19 plants (Fig. 3G). This nonadditive effect indicates
that the reduced leaf length in paps1-1 mutants is due to lower SAUR activity, because otherwise the
GFP-SAUR19 transgene would be expected to have the same effect in both genetic backgrounds. The
above experiment suggests that SAUR19 protein levels are lower in papsl-1 mutant than in wild-
type leaves. However, the polyadenylation defect of SAUR mRNAs in papsl mutants does not seem
to destabilize the mRNAs, as indicated by the gqRT-PCR experiments on random hexamer-primed
cDNA (Fig. 3B), as reported for several previous examples of stable mRNAs with very short poly(A)
tails (32—-34). Consistent with this, introducing the dst2 mutant (35) into the paps1-1 background to
alleviate the inherent instability of SAUR mRNAs did not rescue the paps1-1 phenotype (Fig. S5B).
This suggests that in paps1 mutants either nuclear export or translation efficiency of SAUR mRNAs is

reduced, either of which could lead to reduced SAUR protein levels.

paps1-1 mutant leaves show a constitutive pathogen response.

To identify additional biological processes affected by the papsl mutation, we compared the
misregulated genes to more than 600 published A. thaliana microarray studies using MASTA (36).
This identified a strong overlap with genes affected in the constitutive expression of pathogenesis-

related genes5 (cpr5) mutant and in response to pathogen infection and other stresses (Fig. 4A and
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Fig. S6A). In particular, the overlap was almost as strong with genes affected in cpr5 vs. wild type as
with genes affected in cpr5 nprl vs. nprl. This suggests that the constitutive pathogen response in
papsl-1 is independent of NON-EXPRESSOR OF PR1 (NPR1), a master regulator of the SA-mediated
pathogen response (Fig. 4A) (37). This in turn suggests the activation of the ENHANCED DISEASE
SUSCEPTIBILITY1 (EDS1)/ PHYTOALEXIN DEFICIENT 4 (PAD4)-dependent pathogen response in paps1-
1, which forms part of the cpr5 phenotype (38). The signature of a constitutive pathogen response
was also evident at the single-gene level, with several classic marker genes specifically up-regulated
in paps1-1 mutant vs. wild-type leaves but not in paps2-1 paps4-1 plants (e.g., PR1, PR2, SID2, and
the defensins PDF1.2b, PDF1.2c, and PDF1.4) (Fig. 4B and Table S1).

Constitutive activation of the pathogen response results in reduced leaf growth due to reduced cell
expansion (39). We therefore tested whether an EDS1/PAD4-dependent constitutive pathogen
response contributes to the papsi-1 phenotype. Indeed, leaf growth in the eds1-2 papsi-1 and the
pad4-1 papsl-1 double mutants was substantially rescued (Fig. 4 C and D and Fig. S6 B and C).
However, petal overgrowth was not rescued (Fig. S6D). Thus, an EDS1/PAD4-dependent constitutive
pathogen response contributes to the reduced leaf growth but not to the petal overgrowth in papsil
mutants. This indicates that PAPS1, but not PAPS2 or PAPS4, negatively modulates the plant
pathogen response. However, none of several pathogen-response associated genes tested (e.g.,
EDS1, NPR1, PR1, PR2, SID2, SIZ1, WRKY18), some of which are affected in the microarray analysis,

showed a robust change in the lengths of their poly(A) tails.

Figure 4: Reduced leaf growth in paps1 is partly due to an EDS1-dependent pathogen response.

(A) Overlap of genes misregulated in leaves of papsi-1 mutants versus wild-type with genes misregulated in
the experiments indicated. See Table S3 for an explanation of the abbreviations used.

(B) Expression of the indicated genes in papsi-1 mutant seedlings compared to wild-type, using oligo(dT)-
primed (grey shades) or random hexamer-primed cDNA (blue shades). Values shown are the means *SE from
three biological replicates, normalized to the constitutive reference gene PDF2 (AT1G13320).

(C) Quantification of leaf area in the indicated genotypes. Values shown are means +SE from at least three
plants per genotype.

(D) Whole-plant phenotypes of the indicated genotypes.
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Functional specialization amongst PAPS isoforms provides an additional level of gene regulation

Our results demonstrate that the three canonical nuclear poly(A) polymerases in Arabidopsis fulfil
different functions due to their divergent C-terminal domains. The very different mutant
phenotypes, the results of analyzing bulk poly(A)-tail length, and the defects in polyadenylation of
SAUR mRNAs in paps1, but not paps2 paps4 mutants strongly suggest that a fraction of mRNAs is
exclusively or preferentially targeted by PAPS1. As outlined in the introduction, such target
specificity provides an opportunity for regulating gene expression by modulating the balance of
activities amongst the PAPS isoforms. PAPS1 is phosphorylated on several residues in its C-terminal
domain (http://phosphat.mpimp-golm.mpg.de; (40)), suggesting posttranslational modification as
one way of altering PAPS1 activity. Reduced PAPS1 activity causes a constitutive pathogen response
via an EDS1/PAD4-dependent mechanism. Thus, it is tempting to speculate that response to
pathogen infection may be a scenario in which modulation of PAPS1 activity is used to alter the
MRNA polyadenylation status and thus expression of a subset of pathogen-response factors. A
genome-wide approach to determine poly(A)-tail lengths will be required to identify the pathogen-
response genes whose polyadenylation depends on PAPS1 in order to conclusively test this notion.
Finally, we note that as homologues to PAPS1 and PAPS2/PAPS4 are found throughout higher plants
in phylogenetically well-supported clades (17), this mode of regulation may function broadly in

higher plants.
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Materials and Methods

Plant Materials and Growth Conditions. The papsi-1 mutation was identified in an EMS-
mutagenesis screen in the Landsberg erecta (Ler) background and back-crossed three times to Ler
before analysis. For comparison with mutants in the Col-0 background, the papsl-1 mutation was
introgressed into Col-0 by three rounds of back-crossing. Details of T-DNA insertion lines and other
mutants used can be found in SI Materials and Methods. Plant growth conditions were as described
previously (41). All measurements were done with plants grown at 23 °C, unless otherwise stated.
For the experiment involving the 35S::GFP-SAUR19 transgene plants were grown on 1/2 MS plates
including 1% sucrose at 21 °C (day) and 14 °C (night).

Genotyping Mutant Alleles. For genotyping the papsl-1 allele, a dCAPS marker (oSV126 and
0oSV166) was used. The PCR product (210 bp) from the mutated allele is cut by EcoRI. For genotyping
of T-DNA insertion alleles, gene-specific primers (called LP and RP primer) that flank the T-DNA
insertion site, and a T-DNA right border primer (BP) were used. These are listed in SI Materials and
Methods.

Phenotypic Analysis, Measurements of Organ and Cell Sizes. Dissected organs were scanned, and
their size was measured using Imagel software (http://rsbweb.nih.gov/ij/). Petal-cell size was
determined essentially as described previously (42). For determining cell size in leaves, leaves were
fixed in FAA solution [10% (wt/vol) formaldehyde, 5% (vol/vol) acetic acid, 50% (vol/vol) ethanol],
cleared with chloral hydrate, and observed using differential phase contrast. Further details can be
found in SI Materials and Methods.

In Vitro Polyadenylation Assay and Measurement of Bulk Poly(A) Tail Length. Nonspecific
polyadenylation assays were performed essentially as described previously (27), as was the
measurement of bulk poly(A) taillengths (43). Further details can be found in SI Materials and
Methods.

Microarray Analysis. Transcriptomes of paps1-1 mutant and wild-type seedlings and flowers (details
in S| Materials and Methods) were compared using the Agilent Arabidopsis 4 x 44K oligo microarray.
Two-color microarrays were normalized using the loess method (44). Differentially expressed genes
were identified using the R/Bioconducor package Limma (45).

gRT-PCR and Measurements of Poly(A) Tail Length. Total RNA was prepared by the hot phenol
method (46), DNase-digested, and reverse-transcribed using oligo(dT)17 or random-hexamer
primers. Expression levels were analysed using a Roche LightCycler 480. Poly(A) tail length was
determined using the Affymetrix Poly(A) Tail-Length Assay Kit. Details and primers used are

described in SI Materials and Methods. Molecular Cloning and Plant Transformation. The floral dip
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transformation protocol was carried out as described previously (47). Details of molecular cloning

can be found in SI Materials and Methods.
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S| Figures

Figure S1: Molecular characterization of PAPS1 and transgenic complementation of the paps1-1 mutant.

(A) Schematic representation of PAPS1 gene structure and the position of mutant alleles. The promoter is
shown as a light blue arrow, 5 and 3’ untranslated regions as blue rectangles, exons as beige pointed
rectangles, and introns as thin black lines. The red ellipse marks the boundary between the region coding for
the N-terminal catalytic domain and that coding for the C-terminal domain. The position of the paps1-1 point
mutation is indicated by the red asterisk.

(B) Multiple sequence alignment of canonical poly(A) polymerases from the indicated organisms surrounding
the proline (highlighted) that is mutated in the paps1-1 allele.

(C) Whole-plant images of the indicated genotypes demonstrating rescue of the papsl-1 phenotype by a wild-
type genomic PAPS1 fragment. (Scale bar, 2 cm.)

(D) Seedling phenotypes of the indicated genotypes grown at 23 °C or 28 °C.

(E) Coomassie-stained SDS/PAGE of purified recombinant wild-type PAPS1 protein (WT) or mutant protein
encoded by the paps1-1 allele (mut). Asterisk indicates the position of the full-length protein. Marker sizes are
in kDa.

(F) Genetic interaction between papsi-1 and cstf64-1. The numbers and proportions of aborted seeds are
shown for the indicated genotypes.

(G) Photographs of Alexander-stained mature pollen from Ler wild-type and paps1-1 mutant plants, as well as
from a paps1-3/+ heterozygous plant.
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Figure S2: Molecular characterization of PAPS isoforms in Arabidopsis thaliana.

(A) Sequence comparison of the three nuclear PAPS proteins. Values shown are amino acid identities between
the indicated protein domains.

(B) Agarose-gel electrophoresis of RT-PCR products on RNA from the indicated genotypes using primers
directed against the target transcripts shown on the right.

(C) Expression of the indicated PAPS chimeric transgenes as determined by quantitative RT-PCRon RNA from
three independent lines each. Primers used amplify only the chimeric transcripts which contain the 5’ UTR
from PAPS1 and the region coding for the N-terminal protein domain from PAPS4. Expression was normalized
to that of the constitutive control gene PDF2 (AT1G13320). Values shown are the means + SE from three
technical replicates on one biological replicate of pooled inflorescences.

(D and E) Schematic representation of PAPS2 (D) and PAPS4 (E) gene structure and the position of mutant
alleles. Beige arrows represent exons, black lines show introns. The position of primers used for the RT-PCR in
B is indicated (0SV198, 0SV121 for PAPS2; 0SV110, oSV112 for PAPS4).

(F) Autoradiogram of radioactively labeled bulk poly(A) tails from Ler (Left) and papsl-1 mutant seedlings
(Right) grown for 11 d at 28 °C. Poly(A) tails were separated on an 8.3 M urea/10% polyacrylamide gel. Fig. S1D
shows phenotypes of paps1-1 mutant seedlings grown at 28 °C. The discontinuity at around 70 bp is due to a
tear in the gel. (G) Same as F, but including control reactions treated with RNAseH/oligo(dT) before cordycepin
labeling to demonstrate that the observed labeled products indeed represent poly(A) tails.
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Figure S3: Polyadenylation, but not 3’-end cleavage of SAUR mRNA:s, is affected in paps1 mutants.

(A) Cumulative distribution plot of the expression levels of SAUR, GH3, and Aux/IAA family members in paps1-1
vs. wild-type inflorescences. The y axis indicates the fraction of genes with a log2-expression ratio less than or
equal to the value on the x axis. Numbers in legends are P values of a Wilcoxon rank-sum test. “other,” all
remaining genes on the array.

(B) Determination of 3’-end cleavage sites of SAUR19 and SAUR24 mRNAs as determined by sequencing
subcloned individual PCR products from intact RNA in Fig. 3C.

(C) Length distribution of poly(A) tails as determined by sequencing subcloned individual molecules of
SAUR19/24 PCR products from intact RNA or from RNAseH/oligo (dT)-treated RNA from wild type. Data for
intact RNA are the same as in Fig. 3E. The P value in the legend is from a Wilcoxon rank-sum test.

(D) Bioanalyzer electropherogram of RT-PCR—amplified 3’ ends of At1g29430/SAUR62, At1g29440/SAUR63,
At1g29500/SAUR66, and At1g29510/SAUR68 transcripts from the indicated genotypes. Two biological
replicates per genotype are shown. RNA had been left untreated (Left) or poly(A) tails had been digested with
RNAseH and oligo(dT) (Right) before reverse transcription.

(E) Normalized signal intensities of the PCR products in D. Averages of the two biological replicates per
genotype are shown.

(F and G) Length distribution of poly(A) tails (F) and 3’-end cleavage sites (G) as determined by sequencing
subcloned individual molecules from intact RNA in D. P values in legend to F are from a Wilcoxon rank-sum
test. Distance to the primer-binding site is the same for all four sequences shown in G.

Figure S4: Nuclear polyadenylation of SAUR transcripts is defective in paps1-1 mutants, but polyadenylation
is partially rescued in plants expressing the chimeric PAPS4"-PAPS1° protein.

(A) Bioanalyzer electropherogram of RT-PCR products against the constitutive-control gene PDF2 on oligo(dT)-
primed cDNA from nuclear RNA (Left) or total cellular RNA (Right). The primers used span two introns, and “s”
indicates completely spliced products, whereas “u” marks unspliced or partially spliced products.
Quantification of peak intensities shows that the ratio of unspliced/partially spliced transcript to completely
spliced transcript is more than 14-fold higher in the nuclear relative to the total-RNA sample. RT, reverse
transcriptase.

(B) Bioanalyzer electropherogram of RT-PCR—amplified 3’ ends of SAUR19/24 transcripts from the indicated
genotypes. Two biological replicates per genotype are shown. RNA had been isolated from purified nuclei
(Left) or from total cellular extract (Center). (Right) Total RNA digested with RNAseH and oligo(dT) before
reverse transcription was used for these reactions.

(C) Normalized signal intensities of the PCR products in B, each panel corresponding to the electropherogram
shown above.

(D) Bioanalyzer electropherogram of RT-PCR—amplified 3’ ends of SAUR19/24 transcripts from the indicated
genotypes. Two biological replicates per genotype are shown. RNA had been left untreated (Left) or poly(A)
tails had been digested with RNAseH and oligo(dT) (Right) before reverse transcription.

(E and F) Normalized signal intensities of the PCR-products in D, with intact-RNA samples in E and
oligo(dT)/RNAseH-digested RNA samples in F. Averages of the two biological replicates per genotype are
shown.
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Figure S5: Interaction between PAPS1, SAUR19, and DST2.

(A) Hypocotyl lengths of light-grown seedlings from the indicated genotypes. At least 17 seedlings were
measured per genotype. Asterisks (**, ***) indicate significant differences at P < 0.01 (**) or P < 0.001 (***) as
determined by Student t test.

(B) Distribution of genotypes and phenotypes observed in an F2 population of a dst2 x paps1-1 cross. Note
that no papsl-1 homozygous mutants with a modified or rescued phenotype were found. The
overrepresentation of wild-type plants at the expense of paps1-1 mutant plants reflects bias in the selection of
plants to be genotyped, based on the assumption that the doublemutantmight have a (partially) rescued
phenotype. Genotyping for the dst2 allele is not possible, because the gene has not been identified.
Performing this analysis with dstl1 is not feasible, because dst1 appears to be closely linked to papsl on
chromosome | (6).

Figure S6: The constitutive pathogen response in paps1-1 mutant leaves depends on PAD4 activity.

(A) Overlap of genes misregulated in flowers of paps1-1 mutants vs. wild-type with genes misregulated in the
experiments indicated. Table S3 defines the abbreviations used.

(B) Whole-plant phenotypes of the indicated genotypes.

(C) Leaf area throughout the rosette from the indicated genotypes. Values shown are mean + SE from four
plants each.

(D) Petal area of the indicated genotypes. Values shown are mean * SE from at least 22 petals from four
different plants each.
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Sl Results and Discussion

The following comments relate to the poly(A)-tail length assay. Because of the high sequence
similarity between different members of the SMALL AUXIN UP RNA (SAUR) gene family, it was not
possible to design primers that gave both efficient PCR amplification when used with the universal
reverse primer from the Affymetrix poly(A) tail-length assay kit and that were able to discriminate
between closely related SAUR genes. As a result, the PCR products shown in Fig. 3C and Figs. S3D
and S4 B and D represent mixtures of products derived from two or four individual SAUR transcripts.
When comparing the normalized-intensity profiles in Fig. 3C and Fig. S3D, it appears that even after
RNAseH digestion there is still a difference between the products from the papsi-1 mutants and the
other two genotypes. This might indicate a difference in the choice of cleavage site, with a bias
toward more distal sites in wild type and paps2 paps4 mutants. However, the sequencing results
shown in Fig. S3B and Fig. S3G rule out this explanation; if anything, distal sites seem to be used
more frequently in paps1-1 mutants. In addition, subcloning and sequencing individual molecules
from the SAUR19/24 PCR products on RNAseH-treated wild-type RNA indeed detected short
remaining poly(A) tails (Fig. S3C). Thus, the difference seen in the RNAseH-digested samples results

from incomplete digestion of the poly(A) tails by RNAseH.

S| Materials and Methods

Plant Materials. Transfer DNA (T-DNA) insertion mutants are in Col-0 background including paps1-3
(T-DNA line WiscDsLox413-416L14), paps2-1 (T-DNA line SALK_126395), and paps4-1 (T-DNA line
SALK_007979), and therefore Col-0 was used as wild-type control for these plants. SALK and
WiscDsLox collections of T-DNA insertion mutants have been described previously (1, 2). T-DNA
insertion mutants were obtained from the Nottingham Arabidopsis Stock Centre. For comparison
with mutants in Col-0 background, the paps1-1 allele was introgressed into the Col-0 background by
three rounds of back-crossing. The cstf64-1 mutant, the eds1-2 mutant, the pad4-1 mutant, and the
dst2 mutant have been described previously (3-6), as has the 355::GFP-SAUR19 transgene (7).

Genetic Mapping and Mutant Identification. The paps1-1 mutant in Ler background was crossed to

wild-type Col-0, and a segregating F2 population was established. This was used for genetic mapping

as previously described (8).
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Genotyping mutant alleles

The following primers were used:

Oligonucleotide

name Sequence Description

oSV166 TAATGCCCATCATTACTCCTGCGAAT genotype paps1-1

oSV126 GCTTTGTTTGATTCCATAGC genotype papsi-1

oSV126 GCTTTGTTTGATTCCATAGC genotype paps1-3 LP primer
oSV78 TGGGACCTAGACATGCAACTAG genotype paps1-3 RP primer
oSV120 ACATGGAGATGTTGAACTGCC genotype paps2-3 LP primer
oSV121 CCACTGTTCCACGTATATCAAAC genotype paps2-3 RP primer
oSV110 TGCATCTGCTGCCACTATATC genotype paps4-3 LP primer
oSV11l1 TTGCTGAAGCTGTAGGGTCTG genotype paps4-3 RP primer
ML437 TGGTTCACGTAGTGGGCCATCG BP primer for SALK-TDNA
oSV139 AACGTCCGCAATGTGTTATTAAGTTGTC BP primer for Ws-TDNA

Primers used for determining gene expression in T-DNA insertion mutants were:

Oligonucleotide

name Sequence Description
oSV198 CCTAGTATGTTGGTTTCTCGA RT-PCR PAPS2
oSV121 CCACTGTTCCACGTATATCAAAC RT-PCR PAPS2
oSV110 TGCATCTGCTGCCACTATATC RT-PCR PAPS4
oSV112 CAATCGTGCCATGGTGGTGGGTACTCAAAATTTAGG RT-PCR PAPS4

Phenotypic Analysis, Measurements of Organ and Cell Sizes.

Petals were dissected from the 6th to 15th flowers and used for measurements. For leaves, the
fourth and fifth leaves of plants at the bolting stage or the entire rosette were taken for
measurements in all experiments except the one involving the 35S::GFPSAUR19 transgene. For the
latter the first two true leaves were collected. For measuring petal-cell size, a drop of 2% (wt/vol)
low-melt agarose containing 0.01% bromophenol blue prewarmed at 50 °C was placed on a
prewarmed glass slide. The droplet was spread by a pipette tip to get a thin layer of agarose. A petal
was immediately gently placed on it. Once the gel solidified, the petal was carefully peeled off, and
the remaining gel cast was left to dry for approximately 10 min. The gel cast was then observed
without a cover glass under a differential phase contrast microscope. For determining cell size in
leaves, leaves were fixed in FAA solution [10% (wt/vol) formaldehyde, 5% (vol/vol) acetic acid, and
50% (vol/vol) ethanol]. The FAA solution was then replaced with chloral hydrate solution (200 g

chloral hydrate, 20 g glycerol, and 50 mL distilled water), and the tube was incubated overnight.
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Samples were mounted on a glass slide and observed under a differential phase contrast
microscope.

Alexander Staining of Pollen. Mature pollen was mounted in Alexander’s stain (9) and observed
under a light microscope with 20x magnification after incubating for 15 min.

In Vitro Polyadenylation Assay. Reaction mixtures contained 2.5% (wt/vol) polyvinyl alcohol, 1 mM
MnCI2, 100 ng BSA, 1 mM ATP, 0.5 U RNasin, 10 mM Hepes (pH 7.9), 25 mM NH4(S04)2, 0.2 mM
PMSF, and 0.2 mM DTT, and the indicated amounts of protein (wild type or mutant). Reaction
mixtures were incubated for 30 min at room temperature, followed by proteinase K treatment,
phenol/chloroform extraction, ethanol precipitation, and separation on 6% (wt/vol) urea-acrylamide
gels. The constructs pSV1lb (pET28a-PAPS1cDNA-wt) and pSV11ld (pET28a_cDNAPAPS1-P313S-
mutated; see below) were used for expressing the proteins. These were purified using Ni-NTA
agarose.

Measurement of Bulk Poly(A) Tail Length. The protocol was adapted from ref. 10. RNA samples [2
ug, either untreated or digested with RNAseH/oligo(dT); see below] were 3’-end-labeled with 10 uCi
32P-cordycepin using 5 U of yeast poly(A) polymerase. The reaction (10 pL) was incubated at 37 °C
for 20 min, followed by heat inactivation at 70 °C for 10 min. The sample was then subjected to
RNase treatment in a volume of 80 pL consisting of 10 mM Tris-HCI (pH 8), 300 mM NaCl, 5 pg
RNaseA, and 125 U RNase T1 for 60 min at 37 °C. The RNase treatment was stopped in a volume of
100 pL consisting of 100 pg Proteinase K, 0.5% SDS, and 10 mM EDTA and incubated for 30 min at 37
°C. The reaction volume was then adjusted to 200 pL with the addition of 52 ug tRNA, 125 pg
glycogen, ammonium acetate (to a final concentration of 2.5 M), and magnesium chloride (to a final
concentration of 15 mM) and water. The RNA [poly(A) tails] were precipitated by adding 2.5 volumes
of ice-cold ethanol and centrifuging for 1 h at 13,000 x g at 8 °C. The pellet was washed with ice-cold
80% (vol/vol) ethanol and allowed to dry at room temperature. The dried pellet was resuspended in
10 L of loading buffer [94% (vol/vol) formamide, 20 mM EDTA, 0.2% bromophenol blue, and 0.2%
xylene cyanol]. The poly(A) tails were then separated by electrophoresis on a 8.3 M urea/10%
(wt/vol) polyacrylamide gel and visualized using autoradiography on a Typhoon phosphorimager.
Microarray Analysis. All plants were grown at 21 °C. For inflorescence collection, main
inflorescences excluding the open flowers/buds were collected from 30-d-old plants grown on soil.
Plants at the stage of harvest had approximately 7-12 siliques (wild type) or 2-5 siliques (mutant).
Plants were grown in long day conditions, and material was collected at 5-7 h after the light period
starts. Whole seedlings including roots were harvested from 11-d-old (mutant) or 9-d-old (wild type)
plants grown on MS plates. The different ages were used to ensure that the first true leaves were at

a comparable developmental stage. Plants were grown in long day conditions, and material was
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collected at 5-7 h after the light period starts. Total RNA was prepared by the hot phenol method
(11) and cleaned up with the Qiagen RNAeasy Kit, digested with TURBO Dnase (Ambion). Subsequent
labeling and array hybridization were carried out by CRX Biosciences Ltd. A two-color array platform
was used: Agilent Arabidopsis 4 x 44K oligo microarray and Agilent 4 x 44K gasket slides. One
microgram of total RNA samples was used for labeling with the Quick Amp Labeling Kit-Two Color
using the manufacturer’s protocols. Differentially expressed genes were identified using the
R/Bioconducor package Limma (12). Background correction was done by subtracting background
intensities and then setting zero or negative intensities to half the minimum of the positive ones.
Two-color microarrays were normalized using the loess method (13).

gRT-PCR and measurements of polyA-tail length

Primers used for gRT-PCR are listed below.

Gene name AGI code Primer sequences
SAUR19 AT5G18010 fw ATTTGGTGCCGCTCTCATAC

rev TTCATTGGAGCCGAGAAGTC
SAUR20 AT5G18020 fw CCAAAAGGGTTTCTTGCAGT

rev CATCGTTGGAACCGAGAAGT
SAUR60 AT4G38860 fw GTGCAAGCCACCACTTATCA

rev CGGACTAAAACCTGTAAGATCCA
SAUR6G3 AT1G29440 fw AGATTTCGGTCTCCCAACG

rev TGGTTGAAAAGAGCATCTAGCA
PDF2 At1g13320 fw GCATTTCACTCCTCTGGCTAAG

rev GGCACTTGGGTATGCAATATG
PR1 AT2G14610 fw TGTGCCAAAGTGAGGTGTAAC

rev TGATGCTCCTTATTGAAATACTGATAC
PR2 AT3G57260 fw GGTGTCGGAGACCGGTTGGC

rev CCCTGGCCTTCTCGGTGATCCA
SID2 AT1G74710 fw TGAAGCAACAACATCTCTACAGGCG

rev CCCGAAAAGGCTCGGCCCAT

For poly(A) tail measurement, RNAwas isolated as described before. To eliminate the activity of the
temperature-sensitive protein encoded by the papsi1-1 allele as far as possible, plants were shifted
to 30 °C for 2 h before harvesting. Poly(A) tail length was determined using the Affymetrix Poly(A)
Tail- Length Assay Kit according to the manufacturer’s instructions, using primers detailed below.
PCR products from the poly(A) tail-length assays were analysed on an Agilent 2100 Bioanalyzer. PCR
products of SAUR19/24 and SAUR62/63/66/68 were subcloned and Sanger-sequenced. Obtained
sequencing results were compared with the Arabidopsis genome. Oligod(T)17/RNaseH digestion was
performed as follows: 20 pug of DNase-digested RNA was mixed with 3.2 uL oligod (T)17, 10 pL 10x
RNaseH buffer, 0.4 uL RNaseH (NEB), and 79.4 uL water and incubated for 1 h at 37 °C. Before G/I

Tailing, RNA was precipitated adding 0.1 vol 3 M NaAc, 1 vol Isopropanol, incubated at -20 °C for a
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minimum of 30 min, centrifuged, washed with 70% (vol/vol) ethanol, dried, and dissolved in 10-15
uL water. The following primers were used for poly(A) tail (PAT) tests. As discussed above, these

primers amplify two to four very closely related transcripts when used in PAT assays.

At1g29440 (SAUR63) AACGGAAGGACCAATCACATT

At5g18010 (SAUR19) GGCTCCAATGAAGATGATCCAACATTT

Nuclei Isolation. Nuclei were isolated from Ler wild-type and papsl-1 mutant inflorescences that
had been treated at 30 °C for 2 h, following the procedure from ref. 14. Enrichment of nuclei was
determined by RT-PCR against PDF2, using the above primers that span two introns. As seen in Fig.
S4A, there is a strong enrichment of unspliced or partially spliced transcripts in the nuclear RNA
compared with total RNA. When quantified using the Bioanalyzer, the ratio of unspliced/partially
spliced to completely spliced transcripts is more than 14-fold higher in the nuclear RNA sample than
in total RNA.

Molecular Cloning. Complementation of paps1-1 mutants. A genomic fragment of PAPS1 (5,877 bp)
was isolated from a TAC clone and ligated into the binary vector for plant transformation. TAC
JAtY72B09 (15) containing the PAPS1 locus was digested withXbal, and the fragment around 5.8 kb
was gel-purified and ligated into ML939 (amodified form of pBluescript) using the Xbal site to create
plasmid pSV1. All plasmids were verified by partial sequencing and restriction enzyme digestion. The
PAPS1 locus was released from pSV1 by digesting with Ascl and ligated into binary vector ML1297 [a
derivative of pGPTV-BAR (16)] using the Ascl site. The resulting plasmid (pSV2) was transformed into
Agrobacterium strain GV3101, which was used to transformed paps1-1 mutants.

Promoter swap pPAPS1::genomicPAPS4 experiment. The genomic PAPS4 fragment was isolated
from TAC clone JAt49G10 by Ncol digestion and gel-purification of the 9,906-bp fragment. The
fragment was ligated into ML939 using the Ncol site to create pSV5a (ML939-Ncol_gPAPS4_Ncol).
An Ncol site was introduced at the ATG start codon of gPAPS4 by overlap PCR using primer oSV106,
oSV107, oSV112, and oSV113. The PCR product was ligated into pSV5a using Pmel and Xhol sites to
create pSV5b (ML939 SDM_Ncol at ATG_gPAPS4 Ncol). An Ncol site was introduced at the ATG
start codon of gPAPS1 in pSV1 by overlap PCR using primer oSV104, oSV105 0SV91, and oSV101. The
PCR product was ligated into pSV1 using Clal and BstEll sites to create pSV5c (pSV1_SDM_Ncol at
ATG_gPAPS1). The genomic PAPS4 fragment starting at the ATG start codon was released from
pSV5b by digesting with Ncol and ligated into pSV5c digested with Ncol to give pSV5d (ML939-
pPAPS1:: ATGgPAPS4-PAPS4UTR3'). The pPAPS1::genomicPAPS4 fragment was released from pSVv5d
by digesting with Ascl and ligated into the Ascl site of pBarMAP [a derivative of pGPTV-BAR (16)] to
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create pSV5e (pBarMAP/Ascl/pPAPSIUTR5::ATGgPAPS4-PAPS4UTR3’). This plasmid pSV5e was used
to transform paps1-1 mutants.

Chimeric construct pPAPS1::NPAPS4::CPAPS1. AStul site was introduced into the genomic PAPS1
fragment in pSV5c at the nucleotide that encodes the start of the C-terminal domain of the PAPS1
protein by overlap PCR using primer oSV202, oSV203, oSV102, and oSV103. The PCR product was
ligated into pSV5c (pSV1_SDM_Ncol at ATG_gPAPS1) using Pmel and Bsp1407I sites to create pSV12

(pSV1_SDM_Ncol at ATG_gNPAPS1-Stul-gCPAPS1). The Stul/Pstl fragment from pSV12 (containing
the C-terminal coding region of the PAPS1 protein) was ligated into the Stul/Pstl-digested vector
pSV5d (containing the pPAPS1::gPAPS4-N-terminal coding region) to create pSV14
(pPAPS1::UTR5PAPS1:: NPAPS4::CtermPAPS1). The fragment containing the chimeric construct was
released from pSV14 by digesting with Ascl and was ligated into the Ascl site of pBarMAP to create
pSV15 pBarMAP/Ascl/pPAPS1::UTR5PAPS1::ATGNPAPS4-CtermPAPS1 (all genomic)]. This plasmid
pSV15 was used to transform papsl-1 mutants. With this cloning procedure, the amino acid
sequence at the junction between the N and C terminus of the resulting chimeric protein was
FVFPNGYRRPSHT, whereas the original sequence at corresponding position for PAPS1 is
FVFPGGVRPSHT and for PAPS4 is FVFPNGYRRPRQSRH.

Constructs for expression of PAPS1 proteins in Escherichia coli. The fulllength PAPS1coding region,
amplified from cDNAof either wild-type or mutated papsi-1 plants, were subcloned into pET28a
(Novagen) between Ndel and EcoRl site. This results in a translational fusion of the His-tag to the N
terminus of PAPS1. The resulting plasmids pSV1lb (pET28a-PAPS1cDNA-wt) and pSVi1id

(pET28a_cDNAPAPS1-P313S-mutated) were verified by DNA sequencing. Primers used for cloning:

Primer Name Sequence

oSV102 At1g17980_exonlOR ACTGCTTCATAAGGGAAAGGAG

oSV103 At1g17980_exonl1OF GCAGAAGGCGAGCAATTCGA

oSV106 At4g32850_1R CACACAAAGTATCAATGTCAG

oSV107 At4g32850_2F GTCAAGCTAATGTATAGATCG

oSV112 At4g32850_ATGNCcolF CAATCGTGCCATGGTGGTGGGTACTCAAAATTTAGG
oSV113 At4g32850_AtgNcolR GTACCCACCACCATGGCACGATTGATAATCCTAAGC
oSV202 Stul_PAP1_F GAGTTAGACCTAGGCCTTCACATACCTCTAAAGGAACATG
oSV203 Stul_PAP1_R AGAGGTATGTGAAGGCCTAGGTCTAACTCCACCAGGAAAC

Table S1 is attached as electronic file on a CD.
Table S2 is attached as electronic file on a CD.

Table S3 is attached as electronic file on a CD.
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2.2. Arabidopsis poly(A) polymerase PAPS1 limits founder-cell recruitment to
organ primordia and suppresses the salicylic acid-independent pathogen
response downstream of EDS1/PAD4

The content of this chapter resembles largely the following publication:

Trost G, Vi LS, Czesnick H, Lange P, Holton N, Giavalisco P, Zipfel C, Kappel C, Lenhard M (2013)
Arabidopsis poly(A) polymerase PAPS1 limits founder-cell recruitment to organ primordia and
suppresses the salicylic acid-independent immune response downstream of EDS1/PADA4. Plant J Early
View (Online Version of Record published before inclusion in an issue)

The Plant Journal; Vol.77 Issue 5; Pages: 688-699

doi: 10.1111/tpj.12421

Following Experiments and corresponding evaluation within this manuscript were done by myself:
Fig. 2B, 2C, 2D

Fig. 4C

Fig. 5A, 5B, 5C, 5D

Fig. 6A, 6B, 6C, 6D

Fig. 7B

Fig. S2

Fig. S3

The manuscript was written by myself.
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Summary

Polyadenylation of pre-mRNAs by poly(A) polymerase (PAPS) is a critical process in eukaryotic gene
expression. Like in vertebrates, plant genomes encode several isoforms of canonical nuclear PAPS
enzymes. In Arabidopsis thaliana these isoforms are functionally specialized, with PAPS1 affecting
both organ growth and immune response, at least in part by the preferential polyadenylation of
subsets of pre-mRNAs. Here, we demonstrate that the opposite effects of PAPS1 on leaf and flower
growth reflect the different identities of these organs, identifying a role for PAPS1 in the elusive
connection between organ-identity control and growth regulation. The overgrowth of paps1 mutant
petals is due to increased recruitment of founder cells into early organ primordia, suggesting that
PAPS1 activity plays unique roles influencing organ growth. By contrast, the leaf phenotype of papsi
mutants is dominated by a constitutive immune response that leads to increased resistance to the
biotrophic oomycete Hyaloperonospora arabidopsidis and reflects activation of the salicylic acid-
independent signalling pathway downstream of ENHANCED DISEASE SUSCEPTIBILITY1
(EDS1)/PHYTOALEXIN DEFICIENT4 (PAD4). These findings provide insight into the developmental and

physiological basis of the functional specialization amongst plant PAPS isoforms.
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Introduction

The poly(A) tail at the 3’ end is an essential feature of virtually all eukaryotic mRNAs that has various
important biological functions, including the export of the mRNA from the nucleus, protection from
degradation in the cytoplasm and efficient initiation of translation (Hunt 2008, Eckmann et al.,
2011). After transcription by polymerase Il the addition of the poly(A) tail is catalyzed by the
multienzymatic 3’-end processing complex. Because of its general importance, 3’ end processing has
been studied extensively in yeast, animals and plants (for a detailed review on eukaryotic pre-mRNA
3’-end processing see (Millevoi and Vagner 2010)). After cleavage by other subunits of the complex,
the actual addition of the poly(A) tail is catalyzed by canonical poly(A) polymerases (cPAPS) (Mandel
et al., 2008; Schmidt and Norbury 2010). Some of the components of the 3’-end processing complex
are encoded by small gene families, while others are present as single-copy genes. Strong loss-of-
function mutations of 3’-end processing factors in A. thaliana are frequently lethal, especially when
the factor in question is only encoded by one gene (Hunt 2008; Tsukaya et al., 2013). However, there
are also examples of weak mutations or ones disrupting only one member of a small gene family
that lead to viable plants with more or less pleiotropic phenotypes (Simpson et al.,, 2003; Herr et al.,
2006; Zhang et al., 2008); these phenotypes likely reflect the aberrant 3’-end processing of critical,
dosage-sensitive mRNAs, such as the one coding for the central floral repressor FLOWERING LOCUS C
(Liu et al., 2010). In the model plant Arabidopsis thaliana (Arabidopsis hereafter), three canonical
nuclear poly(A) polymerases are encoded in the genome that share a highly conserved N-terminal
catalytic domain, but differ in their C-terminal domains (Addepalli et al., 2004; Meeks et al., 2009).
Mutant analysis has recently uncovered functional specificity amongst these three poly(A)
polymerases PAPS1, PAPS2 and PAPS4 (Vi et al., 2013). While paps2 paps4 double mutants are viable
with normal leaf and flower growth, a strong loss-of-function mutation in PAPS1 leads to non-
functional male gametophytes, and a weak allele displays reduced leaf, but enhanced flower size.
PAPS1 is specifically required for normal polyadenylation of SMALL AUXIN UP RNA (SAUR) mRNAs,
and reduced SAUR activity contributes to the reduced cell expansion and leaf growth in papsl
mutants. Thus, there appears to be a subpopulation of pre-mRNAs in Arabidopsis that is only
efficiently polyadenylated by PAPS1, and defective processing of these transcripts likely causes the
phenotypes seen in the mutants. Such target specificity can introduce an additional layer of
regulation in plant gene expression. The growth phenotype of papsl mutants with its opposite
changes to leaf and floral-organ growth touches on a central, yet poorly understood problem in
plant developmental biology, the link between organ identity and growth control. Mutant analysis
has indicated that a common set of regulators controls the growth of leaves and floral organs

(Johnson and Lenhard 2011; Powell and Lenhard 2012), yet the final size and shape of leaves, sepals
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and petals is clearly distinct due to different growth patterns (Sauret-Gueto et al., 2013). This
suggests that organ-identity modulates the activity of a basic growth machinery to achieve these
specific morphologies (Dornelas et al., 2010). However, how this occurs remains largely unknown.

The reduced leaf-cell expansion in weak papsl mutants is partly due to a constitutive immune
response as detected by transcriptomic analysis (Vi et al.,, 2013). Plant immunity is constituted of
two levels. Pathogen-associated molecular patterns (PAMPs) are recognized by the host cell via
pattern recognition receptors on the cell surface that trigger cellular immune signaling to restrict
pathogen growth. PAMPs are important components of a whole class of pathogens (e.g. flagellin)
(for review see (Dodds and Rathjen 2010)), and this first layer of immunity is called PAMP-triggered
immunity (PTI). Specialized pathogens can in turn suppress the host’s immune response through
deployment of effector proteins. In resistant plants, these effectors are recognized by intracellular
immune receptor containing nucleotide-binding and leucine-rich repeat domains leading to effector-
triggered immunity (ETI). Different phytohormones and proteins create a complex network to enable
the plant to act and react against pathogens via PTI and ETI (for review see (Pieterse et al., 2009;
Dodds and Rathjen 2010)). In particular, the two lipase-like proteins ENHANCED DISEASE
SUSCEPTIBILITY 1 (EDS1) and PHYTOALEXIN DEFICIENT 4 (PAD4) act together in both PTI and ETI.
Their activation triggers the accumulation of salicylic acid (SA) and presumably other signalling
compounds, thus setting off both an SA-dependent and an SA-independent immune response (Zhou
et al., 1998; Jirage et al., 1999; Feys et al., 2001; Bartsch et al., 2006). The SA-dependent response is
mediated primarily by the transcriptional co-regulator NON-EXPRESSOR OF PR GENES1 (NPR1).
Following an SA-induced change in the cellular redox potential, NPR1 protein is converted from an
inactive multimer in the cytoplasm to an active monomer that can enter the nucleus and modulate
gene expression (Mou et al., 2003). The constitutive pathogen-response in paps1-1 mutants involves

ectopic activation of the EDS1/PAD4 pathway (Vi et al., 2013).

Here we address the developmental and physiological basis of the papsl mutant growth
phenotypes. We find that the different effects on leaf and floral-organ growth depend on the
organs’ identity. The enlarged size of papsl mutant petals is accompanied by the incorporation of
more founder cells into the earliest petal primordium and reflects PAPS1 function directly in the
petals. In leaves the constitutive immune response that contributes to reduced leaf expansion also
leads to higher pathogen resistance. This constitutive immune response is mediated by the
EDS1/PAD4 pathway via an SA-independent route. Together, these findings provide detailed insight
into the developmental and physiological basis of the functional specialization amongst canonical

nuclear PAPS isoforms in Arabidopsis.
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Results

An allelic series of PAPS1 alleles indicates different requirements of pre-mRNAs for

polyadenylation by PAPS1

To obtain a more comprehensive picture of PAPS1 function, we isolated additional mutant alleles
carrying transferred-DNA (T-DNA) insertions (Fig. S1A). The paps1-2 allele harbours an insertion in
the 5’ untranslated region (UTR), and in the paps1-4 allele the T-DNA disrupts the tenth exon coding
for the evolutionarily less conserved C-terminal domain of the protein. Reverse-transcription PCR
(RT-PCR) analysis indicated that very little full-length PAPS1 transcript is present in paps1-2 mutants,
while no full-length transcript was detected in paps1-4 plants (Fig. S1B). This suggests the formation
of a C-terminally truncated protein in paps1-4 mutants and potentially defects in protein translation
in paps1-2 mutants. Phenotypically, homozygous paps1-4 mutants show similar, albeit somewhat
weaker defects than papsi-1 plants, with smaller leaves and enlarged floral organs (Fig. 1A). By
contrast, the flowers of papsi-2 plants appear deformed with strongly reduced petals (Fig. 1A),

while their leaves resemble those of paps1-4 mutants, being smaller than in wild type.
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Figure 1: An allelic series of paps1 mutations
(A) Whole plant and flower images of the indicated genotypes.

(B) Petal area of the indicated genotypes. Values are mean = SE of at least 18 petals from at least five

individual plants. Asterisk indicates significant difference at p<0.01 (t-test).

(C) Flowers of Col-0, paps1-1 and paps1-2 mutant plants grown at 23°C or 25 °C. paps1-1 flowers are deformed
when grown at 25 °C.

(D) Inflorescences of Ler and paps1-1 plants grown at 28 °C
Scale bars are 1 cm (A, top row), 2 mm (A, bottom row; C) and 5 mm (D).
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We hypothesized that the different phenotypes observed in flowers of paps1-1, paps1-2 and papsl-
4 mutants reflect a progressive reduction in the remaining PAPS1 activity according to the following

series: paps1-4 > papsl-1 > papsl-2. This notion is supported by two lines of evidence.

Firstly, transheterozygous papsi-2/papsi-4 plants form larger petals than either of the homozygous
mutants, similar in size to paps1-1 mutant petals (Fig. 1B), suggesting that combining a weaker and a
stronger allele results in an intermediate level of remaining PAPS1 activity as in paps1-1 mutants.
Secondly, as described before (Vi et al., 2013), in contrast to the T-DNA insertion allele papsi-2
(Figure S1C) the papsi1-1 allele is temperature-sensitive; when grown at higher temperatures (25°C
or 28°C versus 23°C), paps1-1 plants form similarly disorganized flowers and inflorescences as the
paps1-2 mutant (Fig. 1C,D). Thus, the progressively more severe phenotypes in this allelic series
suggest the existence of transcript classes with different sensitivities to reduced PAPS1 activity:
While in paps1-4 and paps1-1 mutants (grown at low temperature) only very sensitive transcripts
are affected in their polyadenylation, including ones coding for inhibitors of petal growth, the
stronger reduction in remaining PAPS1 activity in paps1-2 mutants and in paps1-1 grown at high
temperatures appears to cause defective polyadenylation of a larger range of transcripts and

consequently more severe and pleiotropic phenotypes.

The effect of the papsl-1 mutation on growth depends on organ identity and is organ-

autonomous.

As mentioned above, the paps1-1 mutant grown at low temperatures forms enlarged floral organs
by up to two-fold, whereas the size of rosette leaves is decreased to about one third (Vi et al., 2013).
By contrast, virtually all previously described mutants that affect organ size (except for cincinnata in
Antirrhinum majus) either do so in the same manner in leaves and floral organs, or they only affect
one type of organ, but not the other (Johnson and Lenhard 2011, Powell and Lenhard 2012). The
opposite effects of the papsl-1 mutation could be due to the identity (leaf versus flower) or the
position of the organs on the plant (in the basal rosette or elevated on the inflorescence stem). To
distinguish between these possibilities, we separated organ position and organ identity, using the
floral homoeotic mutation apetala2-1 (ap2-1) (Bowman et al., 1989). In ap2-1 mutants, sepals are
converted into ectopic leaves, allowing us to ask whether these ectopic leaves would respond to
reduced PAPS1 function according to their identity or their position. While reducing PAPS1 function
in an otherwise wild-type background increased sepal size by 36%, reducing PAPS1 function in an
ap2-1 mutant background halved the size of the ectopic leaves in the first whorl of the mutant

flowers (Fig. 2A,B). The expression of two sepal marker genes that are strongly downregulated in
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ap2-1 mutant first-whorl organs compared to wild-type sepals were equally downregulated in the
first whorl of ap2-1 papsi-1 plants compared to papsl-1 sepals, confirming the altered identity of
these organs (Fig. 2D). Thus, the effect of the paps1-1 mutation on organ size does not depend on

the position of the organs on the plant, but is rather modulated by organ identity.

It has been reported that the PAPS1 transcript is alternatively spliced between leaves and flowers,
with flower cells retaining the sixth intron leading to a form of the mRNA that can only be translated
into a putatively non-functional, truncated protein (Addepalli et al., 2004). It is conceivable that such
alternative splicing underlies the different effects of the papsl mutations in leaves versus flowers.
However, using the same primers as Addepalli et al., we could not detect any evidence for retention
of the sixth intron of PAPS1 in flowers (Fig. 2C), suggesting that alternative splicing is not the reason

for the organ-specific effects

Figure 2: PAPS1 activity is modulated by organ-identity

(A) Flowers and dissected first-whorl organs of the indicated genotypes.

(B) Quantification of first-whorl organ size for the genotypes shown in (A). Values shown are mean 1SE from at
least 11 organs per genotype. Scale baris 2 mm.

**. difference is significant at p<0.01 (t-test).

(C) RT-PCR products for PAPS1 from Ler wild-type and papsi-1 mutant leaves and flowers, using primers that
span the sixth intron. gDNA: genomic DNA as template

(D) Expression levels of two sepal-specific marker genes in the indicated genotypes as assessed by qRTPCR.
Values shown are mean +SE from three biological replicates.

*: difference to the corresponding AP2 genotype is significant at p<0.05 (t-test)
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To further characterize the role of PAPS1 in floral-organ growth, we asked whether the petal
overgrowth in the mutant reflects a function of PAPS1 directly in the floral meristem and/or the
petal primordium, or whether it results non-autonomously from the constitutive immune response
in the earlier formed rosette leaves (see below). To address this, we made use of a Cre/loxP-based
system for generating chimaeric plants in which Cre-mediated excision converts YFP-expressing
complemented cells into CFP-expressing homozygous mutant cells (Adamski et al., 2009). Cre
expression is restricted to the stem cells of the shoot apical meristem and can be temporally
controlled by induction with ethanol. Using this approach, we generated plants that formed a
complemented, phenotypically wild-type rosette, but whose inflorescence was composed of
homozygous papsl-1 mutant next to complemented flowers (Fig. 3A,B). Measuring the size of
complemented and mutant petals developing side by side in the same inflorescence indicated that
paps1-1 mutant petals were almost twice as large as the complemented petals (Fig. 3C,D). This is the
same ratio as in papsl-1 mutant compared to wild-type flowers from different plants (Vi et al.,
2013). Thus, we conclude that the strong overgrowth seen in papsi-1 mutant organs even when
developing on a largely wild-type plant reflects a direct, autonomous role for PAPS1 in the flowers to

limit organ growth.
Increased founder-cell recruitment contributes to the petal overgrowth in papsi-1 mutants.

In paps1-1 mutant petals cell size is increased by 21%, yet overall the petals are almost two-fold
larger than wild type, indicating that the bulk of the difference in petal size is due to a higher cell
number (Vi et al., 2013). To trace the developmental basis for this effect, we followed the growth of
petal primordia over time. While the rate of petal growth was essentially unchanged in the papsi-1
mutant relative to wild type, mutant petals continued growing for a longer period of time than wild-
type primordia, suggesting that PAPS1 acts to limit the duration of petal growth (Fig. 4A).
Proliferation in papsl-1 mutant petals as monitored by the mitotic reporter gene
PAtCycB1,1::CDBGUS similarly continued for longer than in wild-type: While almost no dividing cells
were observed in wild-type petals larger than 0.2 mm? a large proportion of the area of

corresponding mutant petals was still dividing (Fig. 4B).
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Figure 3: PAPS1 acts autonomously at the level of individual organs.

(A-C) Fluorescence and bright field micrographs of the rosette (A) and the inflorescence (B) from one chimaeric
plant, as well as two petals from one chimaeric flower (C). YFP-fluorescence indicates PAPS1 wild-type tissue,
while CFP fluorescence marks paps1-1 mutant tissue.

(D) Quantification of PAPS1 wild-type and paps1-1 mutant petal size from chimaeric inflorescences as shown in
(B). Completely PAPS1 wild-type and papsl1-1 mutant petals developing in the same main inflorescence were
collected from three individual plants. The size of wild-type and mutant petals from one inflorescence was
normalized to the average size of wild-type petals from that inflorescence. Values shown are the mean % SE of
these normalized sizes. We measured 26 PAPS1 wild-type and 9 paps1-1 mutant petals.

**. difference is significant at p<0.01 (t-test). Scale barsare 5 mmin Aand B, 1 mmin C

79



Results

The above approach is based on dissecting petals from closed flowers. It is therefore unable to
investigate the very early stage of petal development. This can be done by inducing marked stem-
cell clones in the shoot apical meristem and using the boundary between marked and unmarked
clones to dissect the number of founder cells in the earliest petal primordium (Bossinger and Smyth
1996, Jenik and Irish 2000, Stransfeld et al., 2010). In wild-type, such clone boundaries only ever split
petals in half, either in the epidermis or in the subepidermal tissue, indicating that the earliest petal
primordium is made up of two epidermal and two subepidermal cells (Bossinger and Smyth 1996;
Jenik and lIrish 2000; Stransfeld et al., 2010). We have previously confirmed this result using a
Cre/loxP system for generating YFP-expressing clones by the excision of a spacer fragment from a
non-functional reporter gene (Eriksson et al., 2010; Stransfeld et al., 2010). As above, Cre expression
can be induced by EtOH treatment and is restricted to the stem cells of the shoot and floral
meristems. To determine the size of the early petal primordium in paps1-1 mutants, Cre expression
was induced at seven days after germination, long before the switch to flowering occurred. This
ensures that all clones originate outside of the flower meristems. We found that only 58% (15 of 26)
of paps1-1 mutant petals are split along the midvein. The remaining 42% showed sector patterns
indicative of three to four founder cells per tissue layer, i.e. roughly two-thirds or three-quarters of
the petal were taken up by the marked or the unmarked sector (Fig. 4C). Thus, already the size of

the early primordium and the number of founder cells appears to be increased in paps1-1 mutants.

80



Results

A o0
y=7.8577¢%021%x s 40
R?=0.9831 o .
o £ 804 * ¢
y=6.3926¢ 00238 - = y A
. RI=0.9834 5,5 3 704 o 8
E 100. gl £ ¢ x8 % Ler
= f‘i' = s 60 % L
o . JE
= W o~ ¢ * 1-1
I /" © 3504 i e
@ . m — X x *
@ o ® Ler T 2 40 ¢
% P ® paps1-1 T o
..'_E )‘," o < e 3
B 10-__:;,.‘ 5 30+ N
) c
S 20 a a5
5
o -
5 10 -
e, y X
1 : : , .
0 50 100 150 200 0 100000 200000 300000 400000 500000 600000
Time (h) Petal area (um?)

C 15/26 half-half 11/26 other

Figure 4: More founder cells contribute to paps1-1 mutant than to wild-type petal primordia

(A) Quantification of petal growth in paps1-1 mutants compared to Ler wild type. Values are means + SE from
at least 10 petal primordia from six (paps1-1) or four (Ler) plants. Regression lines for exponential growth are
shown. The last two data points for each series are from open flowers.

(B) Dynamics of cell proliferation in paps1-1 mutant compared to Ler wild-type petals. The relative petal area
with dividing cells as indicated by staining for pAtCycB1,;1::CDBGUS reporter activity is plotted relative to the
total size for individual primordia.

(C) Representative petals from papsi-1 mutants with YFP-marked sectors originating in the stem cells of the
shoot apical meristem. The frequencies of petals split by the clonal boundary along the midvein and of petals
showing different arrangements of marked and unmarked cells are given. Scale bar is 2 mm
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paps1 mutants show increased pathogen resistance.

We next turned to the basis for the reduced growth seen in papsl mutant leaves. Transcriptomic
and double mutant analyses had indicated that paps1-1 mutant leaves show a constitutive immune
response (Vi et al., 2013). In particular, the reduced leaf growth was substantially rescued by
introducing the eds1-2 or pad4-1 mutations, indicating that this constitutive immune response partly
underlies the growth defect. To determine whether this is reflected in an enhanced pathogen
resistance in the papsl mutants, we performed infection assays with the biotrophic oomycete
Hyaloperonospora arabidopsidis strain Emco5, which is virulent on Col-0 (Fig. 5A). Indeed, both
paps1-1 and papsl-4 mutants supported significantly less conidiospore formation than wild-type
plants. The increased pathogen resistance of papsl was abolished in edsl papsl and pad4 papsi
double mutants, in line with the phenotypic suppression at the level of leaf growth. This suppression
of the constitutive immune response of papsl plants by pad4 loss of function was further confirmed
at the molecular level by examining the expression of several marker genes (Fig. 5B). PR1, PR2 and
PR5 expression were all reduced in pad4 paps1 double mutants compared to paps1 plants, whereas

for SID2 the suppression in the double mutant was not significant.

In contrast to papsl1 mutants, paps2 paps4 double mutants (Vi et al., 2013) were as susceptible to H.
arabidopsidis as the wild type, confirming the functional specificity of the different PAPS isoforms.
Domain-swap experiments had suggested that this specificity is encoded by the C-terminal protein
domains that are divergent between PAPS1 and PAPS2/4. To confirm this at the molecular level, we
assayed the expression of PR1, PR2 and SID2 in paps1-1 mutants expressing either the PAPS4 coding
sequence or a fusion of the N-terminal domain of PAPS4 and the C-terminal domain of PAPS1 under
the control of the pPAPS1 promoter. Both PR1 and PR2 were still overexpressed in pPAPS1::PAPS4
expressing papsl-1 mutants compared to wild-type, but their expression was rescued to wild-type
levels in the pPAPS1::PAPS4"-PAPS1¢ expressing papsl-1 mutants (Fig. 5C). By contrast, SID2
expression was indistinguishable from wild type in either transgenic line. Thus, the C-terminal

domains of the PAPS isoforms influence their specific functions in the immune response.

To further characterize the constitutive immune response at the physiological and cellular levels, we
tested for two hallmarks of the plant hypersensitive response to pathogens, the occurrence of
ectopic cell death and the accumulation of H,0, (Thordal-Christensen et al., 1997; Mur et al., 2008).
Trypan Blue staining did not detect any ectopic cell death in the leaves of 9- or 12-day old paps1-1
mutants or wild-type plants. Only six weeks after germination, when senescence becomes
phenotypically visible in paps1-1 plants, dead cells were detected in the mutant leaves. These were

visible as randomly distributed spots, whereas still none were observed in wild type Ler leaves (Fig.
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5D, arrows). Thus, the constitutive immune response in paps1-1 mutants does not include ectopic

cell death.

Reactive oxygen species (ROS) in general and hydrogen peroxide (H,0,) in particular are well known
signalling components in response to pathogens, elicitors, wounding or heat (Slesak et al., 2007). To
test for H,0, accumulation in papsi-1 mutants, we made use of 3'3' Diaminobenzidine (DAB)
staining. DAB captures H,0, when peroxidase activity is present and is converted into a brown
polymer (Thordal-Christensen et al., 1997). We could not detect a stronger accumulation of H,0,in

paps1-1 leaves that could contribute to the ectopic immune response (Fig.S2).

Figure 5: paps1 mutants are more resistant to the biotrophic oomycete Hyaloperonospora arabidopsidis

(A) Quantification of conidiospore formation as a measure for Hyaloperonospora arabidopsidis (strain Emco5)
growth on the indicated genotypes. Values are mean + SE of six biological replicates, representing 60 seedlings.
*. difference is significant at p<0.01 (t-test).

(B, C) PR-gene expression in the indicated genotypes as assessed by qRT-PCR. Values are means +SE from three
biological replicates. Difference to wild type is significant at *: p<0.05, ***: p<0.001 (t-test).

(D) Trypan Blue staining of Ler and paps1-1 leaves from 9 and 12 day-old seedlings and mature leaves. Scale
bar is 1 mm; DAG: days after germination. A senescent wild-type leaf was used as control.
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The SA-independent branch of the EDS1/PADA4-triggered immune response is active in papsi

mutants.

As described above, activation of EDS1/PAD4 stimulates both an SA-dependent and an SA-
independent branch of the immune response (Bartsch et al, 2006). To determine whether the
EDS1/PAD4-dependent constitutive pathogen response in papsl-1 mutants is mediated via the SA-
dependent pathway, we generated npri-1 papsi-1 double mutants. In contrast to the eds1 paps1 or
the pad4 paps1 double mutants, there was no phenotypic rescue of the paps1 leaf growth defect in
the npri1-1 paps1-1 double mutant (Fig. 6A,B), and these were indistinguishable from paps1-1 single
mutants at the rosette stage. In flowers, the double mutant showed an additive phenotype, with a
17% reduction in petal area compared to paps1-1, which is also seen when comparing Col-0 to npr1
single mutants (Fig. 6C). Thus, NPR1 is not required for the constitutive immune response in paps1
mutant leaves. To further confirm this result, we also generated the npri-1 pad4-1 papsl-1 triple
mutant, asking whether the additional loss of NPR1 function could enhance the partial rescue of the
papsl mutant leaf-growth defect by the pad4 mutation. Leaf growth was indistinguishable between
pad4-1 papsi-1 and the triple mutant, supporting our conclusion that NPR1 is not ectopically

activated in paps1 mutant leaves.

To further define the genetic requirements for the constitutive immune response in papsl mutant
leaves, we analysed double mutants between jarl-1 and papsi-1. The jar1-1 mutation shows a
reduced sensitivity to jasmonic acid and is required for expression of the NPR1-independent
constitutive immune response in cpr5 mutants (Clarke et al., 2000), whose transcriptome changes
strongly overlap with those seen in paps1-1 mutants (Vi et al., 2013). The jar1-1 papsi-1 double
mutant was indistinguishable from the papsl-1 single mutant (Fig. S3). In addition, as the
cytochrome P450 PHYTOALEXIN DEFICIENT3 (PAD3; (Zhou et al., 1999)) was the fourth most strongly
upregulated gene in papsl-1 mutant leaves based on microarray analysis, we asked whether
increased formation of phytoalexins contributed to the reduced leaf growth. As for jarl, the pad3
paps1-1 double mutant was indistinguishable from the paps1-1 single mutant (Fig. S3). Thus, neither
jasmonic-acid signalling nor phytoalexin biosynthesis appear to be required for the constitutive

immune response in papsl mutants.
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SA levels are not altered in paps1 mutants.

To directly test our hypothesis that the constitutive immune response in papsl-1 mutants is SA-
independent and to assess the potential contribution of other stress- and immune response-related
hormones, we determined the levels of SA, jasmonates, the auxin indole-acetic acid (IAA) and
abscisic acid (ABA) (Fig. 7A). As expected, free SA levels were indistinguishable between wild type
and papsl-1 mutants, as were IAA levels. By contrast, concentrations of both ABA and the
jasmonates JA and JA-Isoleucine (JA-lle) were significantly reduced in paps1-1 mutants, while the JA
precursor OPDA was present at wild-type levels. The conclusion that accumulation of SA does not
trigger the constitutive immune response was further supported by introducing a 35S::NahG
transgene into the papsl-1 mutant background. NahG encodes salicylate hydroxylase, an SA-
degrading enzyme whose overexpression lowers SA levels (Lawton et al, 1995). However, the
35S::NahG transgene had no effect on the paps1-1 mutant phenotype (Fig. 7B). Thus, constitutive SA

accumulation does not underlie the immune-response phenotype of papsl mutants.

Figure 6: The constitutive immune response in paps1 mutants depends on EDS1/PAD4 but not on NPR1

(A) Whole-plant images of the indicated genotypes. Scale bar is 1 cm.

(B) Quantification of leaf area in the indicated genotypes. Values are means + SE from at least three plants per
genotype.

(C) Quantification of petal area in the indicated genotypes. Values are means * SE from at least 12 petals from
at least three individual plants per genotype.

(D) Quantification of leaf area in the indicated genotypes. Values are means + SE from at least three plants per
genotype.
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Figure 7: SA levels are unaltered in paps1 mutants
(A) Phytohormone levels in Ler and paps1-1 seedlings. Values are means * SE of five independent biological

samples.
*difference is significant at p<0.001 (t-test).
(B) Whole-plant images of the indicated genotypes. Scale bar is 1cm.
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Discussion
Organ identity modulates the function of PAPS1 in growth control and immune response.

The paps1 mutation shows opposite effects on the growth of leaves and floral organs, in contrast to
virtually all previously described organ-size mutants (Vi et al., 2013). Here we have demonstrated
that these different effects indeed depend on the different identities of the organs, rather than their
position on the plant, and that the effect on floral organs reflects the action of PAPS1 in the flowers
themselves. These findings make PAPS1 a promising starting point to study the important, yet poorly
understood functional connection between organ identity and growth control. How could this
modulation by organ identity be achieved? Both PAPS1 transcript accumulation (Hunt et al., 2008)
and splicing do not show marked differences between leaves and flowers, arguing that differences in
PAPS1 expression are unlikely to account for the different effects. Alternatively, it is conceivable that
PAPS1 protein is subject to different post-translational modifications in leaves versus flowers that
alter its activity level or its preference for certain sets of pre-mRNAs. However, at least for
SAUR19/24 transcripts defective polyadenylation was equally seen in leaves and flowers, arguing
against wide-spread differences in isoform-target relations (Vi et al., 2013). Thus, the most plausible
hypothesis at the moment appears to be that identity-dependent changes in transcript patterns
between leaves and flowers underlie the different outcomes of reducing PAPS1 activity. In this view,
flowers would express certain pre-mRNAs that need to be polyadenylated by PAPS1 and that are not
expressed in leaves. Defective processing of these flower-specific transcripts in paps1 mutants would

then ultimately result in the observed overgrowth in contrast to the reduced size of leaves.

Amongst the transcripts that are affected by reduced PAPS1 activity in flowers, there seem to be
differences in their requirement for PAPS1 activity. This conclusion is based on the different
phenotypes observed in the allelic series of paps1 mutations. Weak to moderate reduction in PAPS1
activity in paps1-4 or papsl-1 mutants grown at low temperatures appears to result in defective
polyadenylation of only those pre-mRNAs with the highest specificity for PAPS1, some of which
encode for negative regulators of founder-cell recruitment and/or organ growth (see below). A more
severe reduction in PAPS1 activity as in paps1-2 or papsl-1 mutants grown at high temperature
causes polyadenylation defects of a larger number of transcripts, resulting in more pleiotropic

effects with disorganized flowers.

One of the consequences of these polyadenylation defects in the mutant flowers appears to be the
incorporation of more founder cells than the usual four into the petal primordia, as demonstrated by
our sector analysis of paps1-1 mutant petals. It will be interesting to test whether this is reflected in

a larger expression domain of the petal-anlagen marker DORNROSCHEN-LIKE (Chandler et al., 2011)
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and whether it results from an overall increase in floral-meristem size. To our knowledge, increased
floral-organ size resulting from an increase in the founder cell population has not been
demonstrated before. How can this observation be reconciled with our result that cell proliferation
in and growth of petal primordia appears to occur for a longer period of time in paps1-1 mutants?
The latter conclusion is based on the manual dissection of petal primordia from flower buds, while
the clonal analysis relates to the petal primordium at the time of its inception at the floral meristem.
Thus, there is a period in petal growth to which both of these analyses are blind: the time from
primordium initiation to the earliest stage when petals can be manually dissected. Being larger from
the outset, the mutant petals most likely require less time to reach the stage where they can be
manually dissected, suggesting that the duration of petal growth and also of petal-cell proliferation
is in fact similar in mutant and wild-type plants, yet a larger fraction of this time is visible to our
dissection-based approach. Thus, along with the somewhat increased cell size in paps1-1 mutant
petals (Vi et al., 2013) it appears that the mutant petals become larger, because they already start

out larger.

The constitutive immune response of papsl mutants is triggered by an SA-independent, but

EDS1/PADA4-dependent pathway.

In contrast to flowers, the paps1 mutant phenotype in leaves is dominated by a constitutive immune
response, resulting in reduced cell expansion and thus smaller leaves. This constitutive immune
response is not only apparent at the transcriptomic level, but is manifested in increased resistance
to the biotrophic oomycete H. arabidopsidis. Similar to the reduced leaf growth, the increased
resistance can be suppressed by edsl and pad4 mutations, indicating that the EDS1/PADA4-
dependent signalling pathway is constitutively active in paps1 mutants. Our further analyses indicate
that it is more specifically the SA-independent branch of the EDS1/PAD4-signalling pathway that is
involved. This conclusion is based on three lines of evidence: (1) Loss of nprl function, a major
downstream component of SA-dependent EDS1/PAD4-signalling, does not suppress the constitutive
immune response in paps1. (2) SA levels are not increased in paps1 mutants relative to wild type. (3)
Reducing SA levels by overexpressing the SA-degrading enzyme NahG does not rescue the papsi
mutant leaf phenotype. While overall little is known about the SA-independent functions of
EDS1/PAD4, two important modulators of this process have been identified, the flavin-containing
monooxygenase FMO1 and the Nudix hydrolase NUDT7 (Bartsch et al., 2006). Consistent with our
above interpretation, the expression of FMO1, which positively regulates the EDS1 pathway, is

strongly upregulated in paps1-1 mutant leaves (Vi et al., 2013).
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A functional link between the control of poly(A)-tail lengths and immune response is supported by
the analysis of several other mutant and transgenic plant lines. Mutations in AtCAF1a and AtCAF1b,
the two homologues of the yeast CCR4-associated factor that is a component of the CCR4-NOT
deadenylase complex, result in defective poly(A)-tail shortening of stress-associated mRNAs and in
reduced expression of the PATHOGENESIS-RELATED1 (PR1) gene (Liang et al., 2009). By contrast,
overexpressing AtCAFla upregulates PR1 expression and increases pathogen resistance. Similarly,
overexpression of the yeast poly(A)-binding protein Pablp in tobacco or A. thaliana leads to a
constitutive immune response and increased resistance (Li et al., 2000). The functional link between
polyadenylation or poly(A)-tail length control and immune response extends beyond plants. Blocking
polyadenylation by cordycepin treatment inhibits the induction of inflammatory mRNAs by cytokines
in human airway smooth muscle cells (Kondrashov et al., 2012). However, critical immune response-

related molecular targets for poly(A)-tail length control have not been defined yet.

In conclusion, the results presented here support and refine our model of the functional
specialization amongst Arabidopsis canonical nuclear poly(A) polymerases. While most pre-mRNAs
can be efficiently polyadenylated by either isoform (Vi et al., 2013), other sets of transcripts have an
increasingly higher requirement for polyadenylation specifically by PAPS1. In flowers, transcripts
encoding negative regulators of founder-cell recruitment are amongst the transcripts with the
highest requirement for PAPS1, while other transcripts are only mis-polyadenylated after more
pronounced reduction in PAPS1 activity. By contrast, in leaves the mis-polyadenylated transcripts
ultimately trigger the SA-independent branch of the EDS1/PAD4-signalling pathway, causing
increased pathogen resistance at the expense of reduced growth. These different effects depend on
the identity of the organ, suggesting that some of the highly PAPS1-dependent transcripts are only
expressed in leaves, but not in flowers and vice versa. Identifying these organ-specific critical targets

will be required to validate this notion.
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EXPERIMENTAL PROCEDURES

Plant lines and growth conditions A. thaliana plants were grown in a plant growth chamber with 21
°C during the 16 h light period and 16 ° during the 8 h dark period if not stated differently. Plants
used here include the Columbia-0 (Col-0) and Landsberg erecta (Ler) wildtypes as well as the papsi-1
(Vi et al., 2013), ap2-1 (Bowman et al., 1989), npri-1 (Cao et al., 1997), pad4-1 (lirage et al., 1999),
jarl-1 (Staswick et al., 2002) pAtCycB1;1::CDBGUS line (de Almeida Engler et al., 1999), eds1-2 (Falk
et al., 1999) mutants and the 35S::NahG transgenic line (Lawton et al., 1995). T-DNA insertion lines
were obtained from the Nottingham Arabidopsis Stock Centre. These are in Col-0 background
including paps1-2 (T-DNA line SAIL 172 F11), papsi-4 (T-DNA line WiscDsLox441G5), pad3
(SALK_026585), paps2-3 (SALK_126395), and paps4-3 (SALK_007979) (Vi et al., 2013) lines.
Genotyping Mutant Alleles or genotyping the paps1-1 allele, a dCAPS marker (0SV126 and oSV166)
was used (Vi et al., 2013). For genotyping of T-DNA insertion alleles, gene-specific primers (called LP
and RP primer) that flank the T-DNA insertion site, and a T-DNA right border primer (LBP) were used.
These are listed in Supporting Information.

Phenotypic analysis of leaf and petal growth Petal and leaf sizes, as well as cell sizes were
essentially measured as described (Vi et al., 2013), with petals taken from flowers 6 to 15. Further
details are given in Supporting Information. The developmental series of petal growth and cell
proliferation was determined as described before (Disch et al., 2006).

gRT-PCR Measurements Total RNA was prepared by the hot phenol method (Box et al.,, 2011),
DNase-digested, and reverse-transcribed using oligo(dT)17 or random-hexamer primers. Expression
levels were analysed using a Roche LightCycler 480. Details and primers used are described in
Supporting Information.

Molecular cloning and plant transformation To generate the loxP-flanked PAPS1 rescue construct
for clonal analysis, a genomic PAPS1 fragment of 5.8 kb was excised by Ascl from plasmid pSV1 (Vi et
al., 2013) and cloned into the destination vector ML1297 (pBI101:p35S:loxP-vYFPer:nos-Ascl-
loxP:CFPer:pA) to generate plasmid pSV2. Plant transformation was performed by floral dip (Clough
and Bent 1998).

Clonal analysis To generate YFP-marked clones for dissecting early petal primordia, pCLV3::AlcR-
AlcA::Cre or p35S:loxP-2xnos-SUG-loxP:vYFPer:pA transgenes (Stransfeld et al, 2010) were
introduced into the paps1-1 mutant background by crossing. Homozygous paps1-1 mutants carrying
one copy each of the two transgenes were produced by intercrossing. To generate paps1-1 loss-of-
function chimaeras, homozygous paps1-1 plants carrying pCLV3::AlcR-AlcA::Cre were crossed with

homozygous paps1-1 plants carrying pSV2, and F1 plants were used for EtOH induction. Induction
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was done using EtOH-vapour for 20-30 min at 7 days after germination (for dissecting the petal
primordia) and at 10-12 days after germination for paps1-1 loss-of-function chimaeras.

Pathogen infection assay Hyaloperonospora arabidopsidis inoculations were performed as
described (Tor et al., 2002). Emco5 infection was determined by vortexing infected seedlings in
water and counting conidiospores using a hemocytometer.

Staining for cell death and H,0, accumulation Trypan blue staining was done as described (Koch and
Slusarenko 1990). DAB staining was done as described (Thordal-Christensen et al., 1997).
Phytohormone measurements Extraction 250 mg of rosette leaves of Arabidopsis thaliana were
ground to a fine powder using a mortar and a pestle and the powder was transferred to 15 mL tube.
The first extraction was performed at 4°C for 30 min in 12 mL 2% (v/v) formic acid in water. The
supernatant was separated from the plant debris by a 5 min centrifugation at 3000 g. The procedure
was repeated twice to yield a final combined extract volume of 24 mL. This pooled supernatant was
subjected to a reversed phase (C18) solid phase extraction (Strata X 33um particles in a 10mg bed,
Phenomenex, Aschaffenburg, Germany). After having washed the SPE columns once with 2 mL
methanol and an equilibration step using 2 mL of 2% (v/v) formic acid in water, the 24 mL extract
were loaded onto the solid phase cartridge, Residual salts were then was washed off with two times
using 1 mL 2% formic acid (v/v). Finally the phytohormones were eluted using two times 0.5 mL
methanol and the eluate was evaporated to dryness using a speed vacuum concentrator.

LC MS measurementThe MS-based analysis was performed on a triple quadrupole mass
spectrometer (ABI 3000, Applied Biosystems, Foster City, CA) connected to an Acquity ultra
performance liquid chomatograpy (UPLC, Waters, Milford, USA). The UPLC was equipped with a BEH
C18 reversed-phase column (100 x 2.1 mm i.d., 1.8-um particle size; Waters), which was operated at
a flow rate of 400 pL min™. Solvent A consisted of 0.1% formic acid in water and solvent B consisted
of 0.1% formic acid in methanol. The gradient started at 62 % A followed by a 7-min linear gradient
to 10 % A. The column was re-equilibrated for 3 min at 62% A for 3 min. The eluate was continuously
monitored in negative ion mode using MRM (multiple reaction monitoring). Each compound (indole-
3-acetic acid (IAA), jasmonic acid (JA), JA conjugated with isoleucine (JA-lle), 12-oxo-phytodienoic
acid (OPDA), salicylic acid (SA), and cis-abscisic acid (ABA)) was identified and quantified based on
two fragments (SA 137 m/z to 93 m/z and 85 m/z; JA 209 m/z to 15 m/z and 59 m/z; JA-lle 322 m/z
to 130 m/z and 128 m/z; ABA 23 m/z to 219 m/z and 153 m/z; IAA 174 m/z to 130 m/z and 128 m/z
and OPDA 291 m/z to 15 m/z and 247 m/z). The parameters of the mass spectrometer for the
analysis were set to -4.5 kV electro spray voltage at a temperature of 350°C. The dwell time was set
to 50 msec and pause between mass ranges was set to 5 msec. The collision energy was determined

for each compound using authentic reference compounds, which were obtained from OIChem
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(Olomouc, Czech Republic). The standards were run in parallel. The quantities of phytohormones in
the crude plant extracts were calculated from calibration curves obtained from dilution series of the

authentic standards.
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Supporting Figure 1: Molecular characterization of paps1 mutant alleles.

(A) Schematic representation of the PAPS1 locus indicating the positions of the primers used for the RT-PCRs
shown in (B).

(B) Agarose-gel electrophoresis of RT-PCR products on RNA from the indicated genotypes. The primer
combinations and the cycle numbers used are shown on the left.

(C) Phenotype of Col-0 and papsi-2 seedlings grown under different temperatures.
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Ler

21°C 28 °C

11 DAG 9 DAG

13 DAG

Supporting Figure 2: paps1-1 mutants do not accumulate hydrogen peroxide.
3'3' Diaminobenzidine staining of Ler and papsi-1 plants of different ages grown in either 20 or 28 °C. Scale
bars are 2 mm.

Supporting Figure 3: The constitutive immune response in papsi-1 is independent of JAR and PAD3
activities.
Whole-plant images of the indicated genotypes. Scale bars are 1 cm.
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Supporting Experimental Procedures

Genotying mutant alleles For genotyping point-mutant alleles, the following primers were used:

Name Primer length PCR product cut by

paps1-1 dCAPS oSV126/166 210 mutant by EcoRI
pad4-1 CAPS GT0295/296 452 WT by BsmFlI
npril-1 dCAPS GT0O181/182 286 WT by Nlalll

jarl-1 dCAPS GTO158/159 130 WT by Bgll

ap2-1 dCAPS GT023/24 309 mutant by Hpy188I
eds1-2 Indel GT0293/294 WT 1359, mutant 420

For genotyping T-DNA insertion alleles, gene-specific primers (called LP and RP primer) that flank the

T-DNA insertion site, and a T-DNA right border primer (BP) were used. These are listed below

Oligonucleotide | Sequence Description

name

oSV166 TAATGCCCATCATTACTCCTGCGAAT genotype papsl-1

oSV126 GCTTTGTTTGATTCCATAGC genotype papsi1-1

GT0O295 AGATTCAATGGTACAAAGATCGTT genotype pad4-1

GT0O296 TCTCGCCTCATCCAACCACTCTT genotype pad4-1

GTO181 ATAAGGCACTTGACTCGGATG genotype npri-1

GTO182 AGTGCGGTTCTACCTTCCAA genotype npri-1

GTO158 TTTCTCAGTGTGTGTGTTTTTGATCATCAGAT genotype jarl-1

GTO159 CTGTTTCTGAAGGCAAAAGCAGTGCGAA genotype jaril-1

GTO293 ATATTGTCCCTCGGATTATGCT genotype eds1-2

GT0O294 CTCCAAGCATCCCTTCTAATGT genotype eds1-2

oSV100 TCTCGTACAATCCAACATCTTG genotype paps1-2 LP primer
oSVIl AGTGTCCAACTCTCCAAGTTTC genotype paps1-2 RP primer
oSV126 GCTTTGTTTGATTCCATAGC genotype paps1-3 LP primer
oSV78 TGGGACCTAGACATGCAACTAG genotype paps1-3 RP primer
oSV77 TGTGAAGTAAACTCAACCCAGAC genotype paps1-4 LP primer
oSV79 GGTCTTCTATCAATGGAATTG genotype paps1-4 RP primer
oSV120 ACATGGAGATGTTGAACTGCC genotype paps2-3 LP primer
oSV121 CCACTGTTCCACGTATATCAAAC genotype paps2-3 RP primer
GTO151 TTGAAACCTTCGAAATATAAG genotype pad3-1 LP Primer
GTO152 GTGGTGAAGAACTTGAAAGA genotype pad3-1 RP Primer
ML437 TGGTTCACGTAGTGGGCCATCG BP primer for SALK-TDNA
oSV139 AACGTCCGCAATGTGTTATTAAGTTGTC BP primer for Ws-TDNA
ML438 TTCATAACCAATCTCGATACAC BP primer for SAIL-TDNA
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gRT-PCR Primers used for the different genes are listed below.

Gene Name | AGl code Sequence
PDF2 At1g13320 fw GCATTTCACTCCTCTGGCTAAG
rev | GGCACTTGGGTATGCAATATG
PR1 AT2G14610 fw TGTGCCAAAGTGAGGTGTAAC
rev | TGATGCTCCTTATTGAAATACTGATAC
PR2 AT3G57260 fw GGTGTCGGAGACCGGTTGGC
rev. | CCCTGGCCTTCTCGGTGATCCA
SID2 AT1G74710 fw TGAAGCAACAACATCTCTACAGGCG
rev. | CCCGAAAAGGCTCGGCCCAT
AT5G62730 fw TCTTCGCCGCTTCCTATAAC
rev | AACTCCATCATACCGGCTAGAG
At1g09500 fw CTCCTACAGAAACAAGCCTTAGAG
rev. | GACCTGCAAGGAATAACAAGTAAC
At5g24780 fw AATGGGCTGATTTGGTTGAG
rev. | GTGCCAAAACGGCTACAAAG

Phenotypic analysis, measurements of organ and cell sizes

Petals were dissected from the 6th to 15th flowers and used for measurements. For leaves, the 4th
and 5th leaves of plants at the bolting stage or the entire rosette were taken for measurements. To
measure organ size, the organs were placed with forceps onto Sellotape. Once all organs were
collected, the tape was stuck onto a black Perspex sheet for petals or on a blank white paper sheet
for leaves. The organs were scanned with a resolution of 3600 dpi in greyscale (8-bit, petals) or 1200
dpi colour image (leaves) using the HP Scanjet 4370. The organ size was then measured using the

Image Processing and Analysis in Java (Imagel) software (http://rsbweb.nih.gov/ii/).
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2.3. Additional characterization of the paps1-1 mutants

2.3.1. Double mutants with ahg2-1 are embryo-lethal

As mentioned in the introduction deadenylation in plants is catalyzed by two enzymatic complexes:
CCR4 and PARN, and it is believed that CCR4 is the major cytoplasmic deadenylase whereas PARN
deadenylates only a subset of mRNAs (Reverdatto et al., 2004). To address the question whether
accumulation of the PARN targets has any effect on the paps1-1 mutation, it was combined with the

ahg2-1 mutation.

In a population of 100 F2 plants of a cross of homozygous paps1-1 and ahg2-1 single mutants no
homozygous double mutants could be found. This suggested embryolethality of the double mutants.
To confirm this, the offspring of papsi-1/papsi-1; agh2-1/+ plants were examined. Approximately
25% (24 out of 96) of the seeds did not germinate on MS plates and also 25 % of the seeds inside the

siliques appeared as dark-brown flat chips (Fig. 2.1), proving their lethality.

2.3.2. The BR pathway is not affected in paps1-1 mutants
As shown in chapter 2.1 and 2.2 the paps1-1 mutant leaves exhibit an ectopic pathogen response
that is dependent on the EDS1/PAD4 pathway, but not on the SA or JA pathway. An influence of a

lack of phytoalexins (plant defense molecules) could not be observed either.

In addition to the tested mutants, we asked whether the brassinosteriod pathway, another
important growth and defense hormone class, is altered in the papsi-1 mutants. We therefore
introgressed the bes1-D mutation into the papsl-1 mutants (Fig. 2.2). BES1 is a semidominant
suppressor of BRI1, a receptor kinase that transduces the BR signal to downstream signaling
components. Bes1-D is a gain of function mutant that exhibits constitutive BR response phenotypes,
including long and bending petioles, curly leaves, accelerated senescence, and constitutive
expression of BR response genes (Yin et al., 2002). As the bes1-D paps1-1 double mutants showed
only an additive phenotype of both single mutants, ectopic BR signalling cannot rescue the

constitutive immune response in paps1-1 mutants.
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Fig. 2.1: paps1-1 ahg2-1 double mutants are embryo lethal.
Seeds from one silique of a paps1-1 homozygous ahg2-1 heterozygous mutant, putative homozygous double
mutant seeds right appear as brown chips. Scale bar is 500 um.

Fig. 2.2 The constitutive immune response in paps1-1 is independent of BRI1
Whole plant images of the depicted genotypes. Scale bars are 1 cm.

102



Results

Fig. 2.3 phenotypic similarities of paps1-1 to sncl mutants
(A) whole plant images of the indicated genotypes
(B) flowers of paps1-1 and scnl plants

Scale bars are 1 cm

A constitutive immune response was already observed in the suppressor of nprl, constitutive-1
(snc1) mutants (Li et al., 2001). In sncl, one of the TIR-NB-LRR—type R genes of the RPP5 resistance
gene cluster, a receptor of pathogen-derived ligands, contains a point mutation. This mutation
renders the receptor active and leads to constitutive expression of PR genes (Zhang et al., 2003). The
RPP5 pathway is dependent on EDS1 function, therefore the sncl mutant phenotypes are
suppressed completely by eds1 mutations. However, this pathway also requires the signal molecule
SA, but does not employ NPR1 function (Li et al., 2001). Because of its molecular similarities to the
paps1-1 mutant we compared the phenotypes and combined the two mutations to see whether
there is any effect. Certain phenotypic similarities were observed between the two mutants: both of
them have a small statue with smaller leaves whereas flower size is increased in paps1-1 mutants
but not in sncl mutants (Fig. 2.3). This is likely due to the temperature sensitivity of the PAPS1

protein rather than temperature sensitivity of the affected process.

103



Results

2.3.3. redox-sensitive GFP reveals more oxidized chloroplasts in paps1-1 mutants

As already mentioned, pathogen-responses in plants are accompanied by massive transcriptional
and metabolic reprogramming, where the change in the intracellular redox-status plays an
important role. As described in chapter 2.2 no accumulation of H,0, was observed in the papsi-1
mutants by DAB staining. Could the changes in the intracellular redox-status be more subtle or only
limited to cell compartments? This question was addressed by introducing a modified version of
GFP, the redox-sensitive GFP (roGFP2) into the paps1-1 mutants localized in either the cytoplasm or
plastids (Hansons et al., 2004; Dooley et al., 2004; Schwarzlander et al., 2008; Lehmann et al., 2008).
The emission maxima of this reporter depend on the excitation wavelength and the local redox
potential. The reduced form emits most light when ecited with light of a wavelength of 488 nm and
the oxidized form at 405 nm. This makes it possible to use the ratio of fluorescence emission at 527
nm after excitation with 405 and 480 nm as a measure of the local redox potential. There was no
difference in this ratio between mutant and wild-type leaves for the cytoplasmic reporter (Fig. 2.4A,
Fig. 2.5). By contrast, the spectral ratio for the chloroplast-localized reporter was significantly altered
in papsl-1 mutant leaves. It changed by 50% towards the oxidized form, indicative of a more

oxidizing environment in the mutant chloroplasts than in wild type (Fig. 2.6, Fig. 2.4B).

>
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Fig. 2.4: Quantification of roGFP2 fluorescence in paps1-1 and Ler leaves in cytoplasm (A) and plastids (B).
* Difference is significant at p<0.005 (t-test), DTT — dithitreitol treated leaves as control for reduced form, H,0, —
hydrogen peroxide treated leaves used as control for oxidized form
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raGFP2 ox raGFP2 red overlay
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Fig. 2.5: False-colour images
of cytoplasmic roGFP2
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paps1-1 leaves.
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roGFP2 ox roGFP2 red overlay
Fig. 2.6: False-colour images
of plastidal roGFP2

i fluorescence in Col-0 and

:f} paps1-1 leaves.
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2.3.4. RNA sequencing

So far, only the SAUR genes were shown to be molecularly affected by the papsl-1 mutation,
changing their poly(A) tail and therefore influencing in part the growth phenotype (Chapter 2.1).
However, considering the different growth defects in flowers and leaves, and the ectopic pathogen
answer in the paps1-1 mutant leaves it is likely that additional transcripts are affected by the paps1-
1 mutation changing their poly(A) tail. To address this question | made use of an RNA sequencing
approach coupled with fractionation of the mRNA according to their poly(A) tail length. Total RNA is
incubated with biotinylated oligod(T) primers and paramagnetic streptavidin beads. The biotin part
of the primer binds the magnetic beads whereas the oligod(T) part hybridizes with the poly(A) tails
of the mRNA. The beads can be captured with a magnet to remove unbound RNA or other molecules
in the supernatant. Subsequently a low stringency elution buffer recovers mRNAs with only short
(<50 adenosines [A]) poly(A) tails whereas a following elution with water recovers the remaining
fraction (>50 A). As internal quality control we generated RNAs with defined poly(A) tail lengths of
30 A, 75 A and 134 A and added those to each sample before fractionation. As mentioned before,
the paps1-1 mutant protein is temperature sensitive. To reach more severe molecular effects, the
plants were shifted from 21 °C to 28 °C two hours prior harvesting. After aligning the sequence reads
to the Arabidopsis reference genome, fpkm (fragments per kilobase of exon per million fragments
mapped) values were calculated for each transcript as a measure of its relative abundance in the
fraction. The ratio of fpkm values from the fraction with short poly(A) tails and that with long poly(A)
tails (termed the short and long fractions from here on) was then determined as a proxy for the
distribution of poly(A)-tail lengths on each transcript.

To verify the success of the fractionation, the relative abundance of the three control RNAs was
estimated by gqRT-PCR in each fraction (Fig. 2.7). An equal volume of each fraction was reverse
transcribed and the mean of the PCR efficiency for each primer pair to the power of —ct (PCRet
was used as an approximate value for the abundance of the control RNAs in each fraction. As
expected the 30A control was about 5.2 (wild type) and 5.1 (paps1) times more abundant in the
short than in the long fraction. By contrast, the 75 A and 134 A fractions were about 4.1 (wild type),
4.9 (paps1) and 3.5 (wild type), 3.9 (paps1) times more abundant in the long fractions, respectively.
For further verification 8 genes with an indication of altered long/short ratio based on the initial
bioinformatic analysis were analysed by gPCR and their long/short ratio (as ratio of PCReff“ of WT
to papsl-1, whereas Act = Ctgene-Cteontro) NOrmalized to each of the spike-in control RNAs was
compared to the values obtained from the RNAseq data (Fig. 2.8). Though to different extend, the
trend of long/short ratio is the same in the gPCR data as in the RNAseq data. Thus, the RNA-seq

values meaningfully reflect the transcript abundances in the fractions. The fractionation successfully
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resolved different populations of transcripts based on their poly(A)-tail lengths; the fpkm values
determined by RNA-seq can then be used as estimates for the relative abundances of the transcripts
in the two fractions; and the ratios of these fpkm values can be used as proxies for the poly(A)-tail

length distributions of the transcripts.
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Fig. 2.7: gPCR abundance of three control RNAs in the fractionated mRNA pools
Control mRNAs with 30 As are most prominent in the short fraction whereas control mRNAs with 75 or 134 As
are more prominent in the long fractions.

Values are PCR efficiency to the power of the raw ct values without any reference from 4 biological replicates.
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Fig. 2.8: Long/short mRNA ratios of 8 control genes in the fractionated mRNA pools
values are the ratio of paps1-1/Ler of the long/short ratio from each genotype from RNAseq data or qPCR
values normalized to each of the three spike-in control RNAs.

If the set of transcripts with a predicted change in the poly(A)-tail length indeed reflects the
biological role of PAPS1, it should be possible to identify additional functions of PAPS1 by analysing
this set of transcripts. To this end, we compared both the set of 400 transcripts with the lowest P-
value and the set of 400 transcripts with the stronges fold change with lists of the most strongly
affected genes from published microarray experiments using MASTA (Reina-Pinto et al., 2010).
Amongst the 30 microarray experiments with the strongest overlap (top 5%), there were several
using cold-stress treatment of plants. The most strongest overlap based on P-values was with a line
involving overexpressing the thylakoid-localized form of ascorbate peroxidase (tAPX), a scavenging
enzyme for the reactive oxygen species H202. Genes downregulated in tAPX overexpressing plants
can be assumed to be induced by H202, while H202-repressed genes are expected to be
upregulated in tAPX overexpressors. Of the 45 genes in the overlap, 41 are more strongly expressed
in tAPX overexpressors than in wild-type, 4 are less strongly expressed, and all of these have a
shorter poly(A) tail in papsl mutants. These findings are consistent with the more oxidized
chloroplasts in paps1-1 mutants shown by roGFP (Section 2.3.3) and suggest that paps1-1 mutants
accumulate more H,0, in their chloroplasts contributing to the ectopic immune response.

The RNA seq data is attached as electronic file on a CD.
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2.3.5. Methods and Material

Genotyping Mutant Alleles

Name Primer length PCR product cut by

paps1-1 dCAPS 0oSV126/166 210 bp mutant cut by EcoRI
ahg2-1 dCAPS oSV 292/293 168 bp WT cut by Bsll
bes1-D CAPS GTO 88/89 231 bp WT cut by Hpall
sncl CAPS GTO 154/155 669 bp WT cut by Xball

For genotyping of T-DNA insertion alleles, gene-specific primers (called LP and RP primer) that flank

the T-DNA insertion site, and a T-DNA right border primer (LBP) were used.

Oligonucleotide | Sequence Description

name

oSV166 TAATGCCCATCATTACTCCTGCGAAT genotype papsi-1
oSV126 GCTTTGTTTGATTCCATAGC genotype papsi1-1
oSV292 GTGTATACTGATTCAGACCCCGA genotype ahg2-1
oSV293 TAGCTACATCATCTCTCGAG genotype ahg2-1
ML437 TGGTTCACGTAGTGGGCCATCG BP primer for SALK-TDNA
GTO25 CGTAATGGCATTTGGGAAGT SIZ1 RP primer
GTO26 AGCTATGCTGTGTGGGTCCTC SIZ1 LP Primer
GTO88 AACCATTGCCTACTTGGGAAT genotype bes1-D
GTO89 ATGGCTGTTGTTGTGCAAACT genotype bes1-D
GTO154 ATTGTTGCCTCATGCGTAAT genotype sncl
GTO155 GCAATCACTCATATCTAAATAGATCAG genotype sncl

Molecular cloning and plant transformation For details on the construction of the plasmids for the

control RNA see Appendix A.

oligo d(T) based mRNA fractionation: The mRNA fractionation was carried out with the Promega

PolyATract® System 1000 and the protocol modified as follows:

The GTC, DIL, B-mercaptoethanol (BME), biotinylated oligod(T), 0.5 x SSC and H,0 were allowed to
reach room temperature. Forty-one microliter of BME were added per ml of GTC (GTC/BME) and
20.5 pl BME were added per ml of DIL and preheated to 70 °C. The SSC buffer was diluted to a
concentration of 0.085 x. In a 2 ml tube, 80 ug of total RNA (in a maximum of 40 ul) were mixed with
400 pl GTC/BME, 15 pl biotinylated oligo d(T) (Promega) and 816 ul DIL/BME and heated to 70 °C for
5 min. Afterwards the samples were spun down at 13 000 rpm for 10 minutes at room temperature.
In the meantime the paramagnetic beads were washed as suggested. The supernatant of the spun
samples was added to the washed beads and the biotinylated oligod(T) was allowed to bind the

beads by rotation at room temperature for 15 min. In the following step, the beads were captured
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and the supernatant transferred to a new tube (unbound fraction). The beads were washed three
times with rotation for at least 5 min between each wash step. Afterwards, the beads were
resuspended in 400 pl of 0.085 x SSC and rotated for 10 min at room temperature. The beads were
captured and the eluate transferred to a new tube (short fraction). This step was repeated once
(total of 800 pL). The beads were then washed with 400 ul nuclease free water (rotation for 10 min)
twice and the eluates transferred to a new tube (800 ul, long fraction). All collected samples where
centrifuged for 10 min at 13000 rpm, 4 °C to remove any transferred beads. Then 0.1 vol of Co-
precipitant Pink buffer (BioLine) were added and the samples mixed well. Afterwards 30 ug of Co-
precipitant Pink (BioLine) were added, mixed well, and 1 vol 100 % ethanol was added. The samples
were incubated overnight (15 - 16 hours) at -20 °C. In the next step, the samples were centrifuged at
13000 rpm, 4 °C for 30 min. The supernatant was removed, the pellet washed with 500 pl 80 %

ethanol, dried, and dissolved in 15 pl DEPC treated water.

In-vitro transcription One microgram of each linearized plasmid was diluted in 13.6 pl with water.

Subsequently 2 ul 5 mM NTP solution (BioLine), 2 pl 10 x T7 transcription buffer (NEB) and 1 pl 2
mg/ml BSA (NEB) were added. The samples were mixed well and 1 pl RNase Inhibitor (Promega) and
0.4 pl T7 Polymerase (NEB) were added. The samples were incubated for 2 hours at 37 °C.
Afterwards the reaction was stopped by adding 1.5 ul TURBO DNase (Ambion) and incubating for 30
min at 37 °C. Phenol:Chloroform extraction on the samples was carried out. RNA concentrations
were measured with the Picodrop and a mix of all RNAs with a concentration of 1 ng/ul was made. 1

ul of this mix was added to each RNA sample before fractionation (see above).

RNA sequencing The fractionated RNA samples were sent to LGC Genomics (TGS Haus 8,

OstendstraRe 25, 12459 Berlin) to be sequenced via channel single read (50 bp) on the Illumina
HiSeq 2000. RNAseq evaluation (log fold change and counts per million values) as well as the top 400
list of the MASTA analysis that was done as described (Reina-Pinto et al.,, 2010) are attached as
electronic file on CD.

gRT-PCR Measurements 1 ul of each sample from the oligo d(T) fractionated mRNA was used for

reverse transcription with oligo(dT)17 primers. Expression levels were analysed using a Roche

LightCycler 480.

Following Primers were used:

Gene Sequence
34A control fw CCGACAACCACTACCTGAGC
rev TCCATGCCGAGAGTGATCC
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75A control fw AGACGTTCCAACCACGTCTT

rev GAAGGATAGTGGGATTGTGCG
134A control fw CTTCGGGATAGTTCCGACCT

rev CAGTACCAGAAAGTGCTCCGT
At1g72930 fw TCCGGCGATTGTTCAGGTGATG

rev ATGCGAGTCCTTATGGGCCTTC
At2g31081 fw GGAAGAGAGCCCTTCAGATTCAGG

rev AGAACCGTTTGGCCGTCTTTCG
At5g67300 fw GAAGCGTGTGGGACAAGTAAG

rev GACGTTGGAGTGGGCTATG
At2g41100 fw TTCGACAAGAATGGTGATGGTTCC

rev TCCGCTTCGTTCATCAAGTCCTG
At2g24600 fw TGGAAAGGGAAATCGCTTGTAGGG

rev TGCGGTATGGTCACCAAAGATGC
At5g59310 fw AGTGTTCATCGTTGCATCAGTGG

rev AGACATGGACTCAAGCTACTTGCC
At2g37870 fw TCGGCGTTCCTAAACGCTGTAAC

rev TGTAACGTCCACATCGCTTGCC

Confocal imaging of roGFP

All images were taken with a LSM 710, AxioObserver (Zeiss) with the C-Apochromat 40x/1.20 W Korr
M27 objective in multi-track mode with line switching between 405 nm and 488 nm excitation and
constant emission acquisition at 527 nm wavelength. Settings were adjusted to untreated roGFP2 in
the Col-0 background for cytoplasm and plastids separately and not changed for image acquisition of
treated control or paps1-1 mutant leaves in the respective compartment. Two pictures each from
three different plants were taken.

Plant material were 11 day old paps1-1/roGFP2 seedlings and 9 day old roGFP2 seedlings grown on
% MS plates under standard growth conditions. Dithiothreitol (DTT) and H,0, controls were
prepared as described in (Schwarzlander et al., 2008).

Images were evaluated with the Carl Zeiss ZEN software in the following way: three different parts of
each picture were selected and the values for the mean intensity and standard deviation for both
channels were noted, then the ratio of oxidized/reduced mean intensity was calculated and

averaged.
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3. Discussion

Polyadenylation of mRNA is an essential process throughout the eukaryotic kingdom. The model
plant Arabidopsis thaliana possesses four different poly(A) polymerases that catalyze the addition of
the poly(A) tail to the pre-mRNA (Addepalli et al., 2004). To our current understanding, it is noch
clear whether these isoform fulfil different functions. Although poly(A) tails must exceed a minimal
length to promote translation, an influence of tail length beyond this minimum is largely unknown,
also it is unclear whether different PAPS are responsible for different tail-lengths (Eckmann et al.,
2011; Weill et al., 2012). The identification of a mutant in the Poly(A) Polymerase 1 (PAPS1) gene led
to the idea of a functional specialization amongst the different PAPS. The respective mutant plants
exhibit an increase of floral organ size whereas the size of the leaves is reduced. By contrast, virtually
all previously described mutants that affect organ size (except for cincinnata in Antirrhinum majus)
either do so in the same manner in leaves and floral organs, or they only affect one type of organ,

but not the other (Johnson and Lenhard 2011; Powell and Lenhard 2012).

3.1. Why is the PAPS1 function different in flowers and leaves?

An intriguing feature of the paps1-1 mutation is the opposite effect on the diffenrent plant organs.
By converting sepals into ectopic leaves (through the ap2-1 mutation) the organ-specificity of the
paps1-1 mutation was demonstrated as opposed to a position-dependent effect. It had beed
reported, that PAPS1 is alternatively spliced between flowers and leaves which could be the possible
reason for the opposite effects. The mRNA in flowers retains the sixth intron, leading to a truncated,
putatively non-functional protein (Addepalli et al., 2004). However, this result could not be
confirmed, hence retention of the sixth intron is not likely to be the cause of the opposite
phenotypes in flowers and leaves (Chapter 2.2). Additionally, at least for SAUR19/24 transcripts
defective polyadenylation was equally seen in leaves and flowers, arguing against wide-spread
differences in isoform-target relations or suggesting that other transcripts besides growth-regulators
are affected that do no or only minor contributions to the mutant phenotype.

Two more likely explainations may account for the opposite phenotypes 1) due to different
posttranslational modifications in flowers and leaves PAPS1 forms different 3’-end processing
complexes and gains differential substrate specificity or 2) the same PAPS complex targets different
flower and leaf specific mMRNAs in the respective organs. Amongst the targets of these modified
PAPS1 in flowers or flower-specific mRNAs might be growth repressors. When these are mis-

polyadenylated, they get degraded faster and are not able to retain their growth repressing function
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in the flowers, hence these become bigger. In contrast, the modified PAPS1 in leaves targets PR
genes. Mispolyadenylation of these leads to a constitutive activation of the PR genes which results in
growth-retardation. Consistent with this, mutants that exhibit an ectopic pathogen response are
well known to be impaired in growth as well, for example the scn1 mutants (Li et al., 2001; Chinchilla
et al., 2007). However, PR1, PR2 and PR5 expression levels were below the detection level in the
RNA sequencing experiment but their overexpression was demonstrated by gPCR before. Consistent
with this defense-related gene expression remains largely unchanged in paps1-1 mutant flowers
(Chapter 2.1). Additionally, it was shown, that when plants enter the reproductive phase, pathogen-
responsive genes are downregulated by LEAFY (Winter et al., 2011). Hence, it seems likely that floral
organs have a low innate responsiveness to pathogens supporting the idea of differential mRNAs
being affected in the different plant organs. As polyadenylation is an essential mechanism both
explanations may be true to a certain extend: certain mRNAs are affected in both, flowers and

leaves, as well as flower and leaf-specific mRNAs contributing to the phenotype in paps1-1 mutants.

How does the paps1-1 mutation affect gene expression? The 3’-end processing complex is in physical
interaction with the transcription and splicing machinery (reviewed in [Bentley, 2014]). Mutations in
PAPS1 can prevent the proper assembly of the 3’-end processing complex and therefore the
interaction with either the splicing or transcription machinery and lead already to altered pre-
mRNAs that can not be processed accurately. Another imagineable scenario is that the mutated
PAPS protein produces poly(A) tails of the wrong length. The misregulation of flower- and leaf-
specific mMRNAs may result from the altered length of the poly(A) tail that inhibits proper translation
as it is well known that 3’-end processing and translation are coupled. Alternatively the respective
MRNAs are subject to faster degradation (Chapter 3.3) because of their incomplete poly(A) tail. A
third possibility is that not only the change of poly(A) tail length, but also the choice of poly(A) site
by the mutated PAPS1 protein may affect the growth regulating fators and the pathogenesis related
genes. oxt6 mutant plants lacking CPSF30 (Chapter 1.2.2), a component of the plant 3’-end
processing complex, are more tolerant to oxidative stress (Zhang et al., 2008). Additionally, a
genome wide approach revealed a large number of Arabidopsis genes with altered poly(A) site
choice in oxt6 mutants. The authors analysed sequence motifs in and around the 3’-UTR and
identified a subset of transcripts exclusively found in oxt6 mutants that are polyadenylated on sites
that lack the near upstream element (NUE, Chapter 1.2.1). Poly(A) site choice may also be changed
in paps1-1 mutant plants. Again, the poly(A) site choice of general growth repressing or enhancing
factors can be altered or flower- and leaf-specific transcripts might be affected leading to the
phenotype. Following this pathway, alternative polyadenylation can ultimately lead to removal or

inclusion of novel regulatory elements as microRNA binding sites in the respective growth-
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influencing genes. At least for SAUR19/24 transcripts it was shown, that the poly(A) site is largely the
same in wildtype and mutant plants and that the transcipts differ in their poly(A) tail length, arguing
against APA.

In paps1-1 mutant petals cell size is increased by 21%, yet overall the petals are almost two-fold
larger than wild type. Mutant petals are growing and dividing for a longer period of time.
Additionally the size of the early primordium and the number of founder cells appear to be
increased in paps1-1 mutants (Chapter 2.1). Therefore, PAPS1 limits the duration of the petal growth
period and founder-cell recruitment into the emerging organs. Polyadenylation of cell-cycle gene
mRNAs is a crucial feature for proper cell division. Mutations in RNA Pol Il in Drosophila
melanogaster lead to alternative polyadenylation of the cell cycle gene polo, a protein kinase with
various functions in cell division. Transgenic flies lacking the distal polo pA site died with severe
abdominal abnormalities (Moreira, 2011). As mentioned before, alternative poly(A) site choice by
the mutated PAPS1 could lead to altered expression of cell-cycle regulating genes, causing the
increase of cells in the petal primordia. Consitent with thids, a change in expression or tail length of
cell-cycle related genes could not be observed in the mutant leaves based on RNA sequencing. It will
be interesting to analyse whether mispolyadenylation by the mutatet PAPS1 may affect cell-cycle
related genes in flowers and be the cause for the enlarged floral organs in Arabidopsis. Consistent
with this idea, human CstF-77 level is important for the expression of cell-cycle related genes and its
downregulation may help cells halt proliferation and launch differentiation (Luo et al., 2013).
Additionally, it will be interesting to test whether this increase in floral organ size is reflected in a
larger expression domain of the petal-anlagen marker DORNROSCHEN-LIKE (Chandler et al., 2011)
and whether it results from an overall increase in floral-meristem size.

The transcripts that are affected by reduced PAPS1 activity in flowers seem to have different
sentitivity to polyadenylation defects. This conclusion is based on the different phenotypes observed
in the allelic series of papsl mutations. The weakest allele paps1-4 shows only a moderate increase
of floral organ size, indicating that only highly sensitive mRNAs to PAPS1 defects are affected.
Amongs those may be cell cycle regulating genes or negative regulators of founder-cell recruitment
and/or organ growth. A moderate reduction of PAPS1 activity can be seen in paps1-1 mutants grown
in 21 °C. In this mutant either the most sensitive transcripts are affected more strongly, or also less-
sensitive mRNAs might be affected, or both causing even more strongly increased floral organs, but
decreased leaf size. The strongest reduction of PAPS1 activity in viable mutants can be observed in
paps1-2 mutants likely causing polyadenylation defects of a larger number of transcripts, resulting in
more pleiotropic effects with disorganized flowers. This idea is supported by the fact that papsi-1

plants grown in high temperatures resemble papsi-2 flowers (probably because higher
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temperatures destabilize the paps1-1 mutant protein) and that trans-heterozygous plants between
papsl-4 and papsl-2 resemble papsi-1 plants. A non-functional PAPS1 as in the papsi-3 mutants,
where the T-DNA insertion is in the catalytic domain, leads to male gametophytic lethality. This
demonstrates that PAPS1 is an essential protein in plant development, but there exist different
classes of mRNAs that show different sensitivity to PAPS1 activity.

It will be interesting to further evaluate the long/short RNAseq data to search for flower or leaf
specific RNAs that change their poly(A) tail and could contribute to the opposite phenotypes.
Additionally, affected mRNAs can be analysed at the level of sequence-motifs to identify possible
unique motifs for PAPS1 target mRNAs that could explain the functional specificity amongst the
different PAPS in Arabidopsis. A recent approach made use of the so-called PAL-seq, a method that
accurately measures individual poly(A) tails of any physiological length (Subtelny et al, 2014).
Applying this method to the papsi-1 mutants might be worthwile to characterize poly(A) tail

differences in greater detail.

3.2. The ectopic pathogen response in paps1 mutant leaves

A global transcriptome analysis revealed that an ectopic pathogen response is activated in paps1-1
mutant leaves (Chapter 2.1). As already known, constitutive activation of pathogen responses results
in reduced leaf growth due to reduced cell expansion (Bowling et al., 1994) and thus smaller leaves.
However, pathogen-responses in plants involve massive transcriptional reprogramming and a
complex network of receptors, resistance-proteins and phytohormones as reaction on pathogen
attack (Chapter 1.3).

Reactive oxygen species (ROS) in general and hydrogen peroxide (H,0,) in particular are well known
signalling components in response to pathogens, elicitors, wounding or heat (Slesak et al., 2007). No
accumulation of H,0,in paps1-1 leaves was observed by DAB staining. To discover potentially more
subtle changes in the intra-cellular or intra-cell organellar redox status | made use of a redox-
sensitive form of green fluorescent protein (GFP). This method revealed that the plastids
(chloroplasts) in papsi-1 mutant leaves are more oxidized. During photosynthesis, redox
intermediates with extraordinarily negative redox potentials are generated that can convert oxygen
into superoxide radicals, H,0, and other ROS species. Plants have evolved complex machanisms to
control the redox poise of the electron transport chain and the redox environment in the
chloroplasts like production of low-molecular weight antioxidants and antioxidant enzymes (Baier
and Dietz, 2005). However, during evolution of plants, chloroplasts have lost the exclusive genetic
control over redox regulation and antioxidant gene expression. Together with many other genes, all

genes encoding antioxidant enzymes and enzymes involved in the biosynthesis of low molecular
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weight antioxidants were transferred to the nucleus. It sounds reasonable that nucleus-encoded
chloroplast-localized proteins responsible for photosynthesis and/or antioxidant enzymes are
susceptible to poly(A) tail changes by the mutated PAPS1 protein. Therefore a proper regulation of
photosynthesis and detoxification of ROS can not be ensured. Consistent with this, paps1-1 mutants
are lighter green than wild-type plants and show severe bleaching when grown under high
temperatures. This hypothesis is further supported by the fact that RNA sequencing revealed a
profile of mis-regulated genes that overlaps with those seen in plant overexpressing a thylakoid-
localized form of ascorbate peroxidase. In addition to their photosynthetic function, chloroplast
development directly influences growth of the whole organ. Inhibition of chloroplast differentiation
by norflurazon showed that retrograde signals from the chloroplasts are key factors driving the
transition from cell proliferation to cell expansion (Andriankaja et al., 2012). Leaf cells in the paps1-1
mutants are smaller than in the wildtype, a fact that could be also caused by the misdeveloped
chloroplasts, but this remains to be analysed.

Besides their photosynthetic function, chloroplasts are the starting point of ABA synthesis. ABA
levels are reduced in the papsi-1 mutants, a probably secondary effect that results from the mis-
balaced redox status of the chloroplasts. Nevertheless, this ABA deficiency may also contribute to
the aggravation of the papsi-1 phenotype under higher temperatures where the paps1-1 encoded
protein is less active and chloroplast function/ABA biosynthesis are more severely impaired. ABA
plays a major role in controlling stomatal closure. Evaporation through the stomata increases under
higher temperatures and paps1-1 mutants can probably not react on this properly by closing their
stomata due to the ABA deficiency. It wil be interesting to analyse whether the chloroplast
morphology is changed in paps1-1 mutants and whether the stomatal conductance is increased.
Another open question is whether applicaton of exogenous ABA can somehow rescue the mutant
phenotype at least under high temperatures.

JAs regulate Arabidopsis thaliana wound and defense responses, pollen development and stress-
related growth inhibition. JA is synthesized starting from linolenic acid via OPDA. OPDA REDUCTASE3
(OPR3) reduces OPDA and the resulting intermediate undergoes three rounds of B-oxidation in the
peroxisomes to yield JA. JA itself can then be metabolized to the volatile Methyl Jasmonate (MeJA)
by a JA carboxy methyl transferase (JMT) or to the bioactive conjugate Ja-lle by JA amino acid
synthetase JARI (JASMONATE RESISTANT1) that conjugates isoleucine (lle) to JA or other jasmonyl-
amino acid conjugates as for example jasmonyl-tryptophan (JA-Trp) by other conjugating enzymes.
Overall OPDA levels were unchanged in paps1-1 mutants, whereas JA levels were reduced. This
indicates either a disturbed biosynthesis downstream of OPDA or a preferential metabolism to one

or the other derivate downstream of JA. As shown by double mutant analysis, the jar1-1 papsi-1
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double mutants were indistinguishable from the papsi-1 single mutants and JA-lle levels were
reduced in the paps1-1 mutant leaves. A preferential production of JA-lle and its influence on the
phenotype can therefore be excluded. It will be interesting to analyse mutants impaired in
metabolizing OPDA to JA like the opr3 mutant (Stintzi and Browse, 2000) or mutants impaired in
converting JA to MelA or other jasmonyl-amino acid conjugates. The latter is particularly interesting
because it was shown that MelA delays the switch from the mitotic cell cycle to the
endoreduplication cycle, which accompanies cell expansion and inhibits the mitotic cycle itself,
arresting cells in G1 phase prior to the S-phase transition (Noir et al., 2013). Additionally class | and
class Il TCP proteins regulate leaf development antagonistically via the jasmonate signaling pathway
(Danisman et al., 2012). Misregulation of the JA pathway as a direct effect from the PAPS1 mutations
or as indirect effect from the ectopic pathogen response may therefore influence the growth
phenotype as well.

An influence of two other phytohormones involved in growth and pathogen responses,
brassinosteroids and salicylic acid was excluded (see below). It is the SA-independent branch of the
EDS1/PAD4-signalling pathway that is involved in the ectopic pathogen-response in leaves. This
conclusion is based on three lines of evidence: (1) Loss of nprl function, a major downstream
component of SA-dependent EDS1/PADA4-signalling, does not suppress the constitutive immune
response in papsl. (2) SA levels are not increased in papsl mutants relative to wild type. (3)
Reducing SA levels by overexpressing the SA-degrading enzyme NahG does not rescue the papsi
mutant leaf phenotype. While overall little is known about the SA-independent functions of
EDS1/PAD4, two important modulators of this process have been identified: the flavin-containing
monooxygenase FMO1 and the Nudix hydrolase NUDT7 (Bartsch et al., 2006). Consistent with the
above interpretation, the expression of FMO1, which positively regulates the EDS1 pathway, is
strongly upregulated in paps1-1 mutant leaves (Chapter 2.1). The Arabidopsis SNC1 gene encodes a
TIR-NB-LRR receptor protein of the RPP5 resistance gene cluster upstream of the EDS1 regulatory
node. Mutations in this gene lead to a constitutive immune response with phenotypic changes
comparable to paps1-1 mutant leaves, whereas flowers are essentially unchanged. In the nudt6-2
nudt7 double mutants autoimmunity is activated in an SNC1 (suppressor of nprl-1, constitutivel)
dependent and independent pathway, which are both temperature sensitive and dependent on
EDS1 (Wang et al., 2013). It remains to be analysed, whether poly(A) tail changes in the SNCI mRNA
are responsible for the leaf phenotype in papsi-1 mutants and whether NUDT7 or FMO1 are
involved. The double mutant between paps1-1 and sncl appears similar to both single mutants. It is
therefore likely that snc1 and paps1-1 act in a common pathway. It will be interesting to find out

whether EDS1 or PAD4 are subject to the paps1-1 mispolyadenylation, changing their poly(A) tail and
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therefore are the cause of the ectopic pathogen response. Indeed, EDS1 and PAD4 tend to have
sharter poly(A) tails based on the RNAseq data. Alternatively TIR-NB-LRR receptor proteins
upstream of the EDS1/PAD4 regulatory node or factors of the SA independent branch of the
EDS1/PAD4 pathway could be affected by mispolyadenylation and be the underlying reason for the
phenotype.

As mentioned before, immune responses are often accompanied by ROS production and resulting
oxidative stress. A link between polyadenylation and oxidative stress has been reported in mutant
plants deficient in CPSF30 expression. These are more tolerant to oxidative stresses than the wild
type and imply a link between calcium and redox signaling pathways and alternative polyadenylation
(Zhang et al., 2008). Maybe the paps1 mutations affects the same set of transcripts as in the CPSF30
mutants, demonstrating a general effect of disturbed 3’-end processing on oxidative stress
tolerance.

Overexpression of the yeast poly(A)-binding protein Pablp in tobacco or A. thaliana leads to a
constitutive immune response and increased resistance (Li et al, 2000). Another example is the
plant RNA binding protein FPA, which regulates 3’-end mRNA polyadenylation and negatively
regulates basal resistance to bacterial pathogen Pseudomonas syringae in Arabidopsis (Lyons et al.,
2013). The connection between polyadenylation or poly(A)-tail length control and immune response
has been reported in other species as well. Blocking polyadenylation by cordycepin treatment
inhibits the induction of inflammatory mRNAs by cytokines in human airway smooth muscle cells
(Kondrashov et al., 2012). However, critical immune response-related molecular targets for poly(A)-

tail length control have not been defined yet.

3.3. Influence of paps mutations on deadenylation and RNA decay

As mentioned before, deadenylation and mRNA decay are important features of maintaining the
transcriptional homeostasis inside the cells. The first step, deadenylation, is carried out by three
major deadenylases in eukaryotes: the CCR4-POP2-Not complex, PAN and PARN complex (Chapter
1.2.5). CCR4 is the main cytoplasmic deadenylase while PARN deadenylates only a subset of
transcripts in Arabidopsis (Reverdatto et al., 2004). Additionally, a recent study showed that PARN
directly regulates the poly(A) tail of mitochondrial RNAs (Hirayama et al.,, 2013). These findings
suggest a distinct regulation of deadenylation for different transcripts in Arabidopsis. Interestingly,
the poly(A) binding protein (PABP) in yeast can activate deadenylation by recruiting PAN2-PAN3 to
trim off poly(A) tails from pre-mRNAs (~80 nt) to mRNA specific poly(A) tails (55-70 nt) (Brown and
Sachs, 1998). Although it is believed that this is a special feature of yeast, similar mechanisms may

exist in plants as PAN has not been examined in Arabidopsis yet. It is therefore interesting whether
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mispolyadenylation of certain transcripts prevents trimming of the poly(A) tail to a proper length by
the different deadenylases in Arabidopsis as well.

A mutation in the AtPARN complex termed ABA hypersensitive germination 2 (ahg2-1) leads to
embryolethality when introgressed into papsi-1 mutans. This suggests that nucleus-encoded
mitochondrial genes are mispolyadenylated in paps1-1 mutans which are normally degraded by the
PARN complex. In double mutants, the mispolyadenylated transcripts accumulate and disturb the
transcriptional balance inside the mitochondria leading to lethality. A functional link between
deadenylation defects and immune response was shown before. Mutations in AtCAFla and
AtCAF1b, the two homologues of the yeast CCR4-associated factor, result in defective poly(A)-tail
shortening of stress-associated mRNAs and in reduced expression of the PATHOGENESIS-RELATED1
(PR1) gene (Liang et al., 2009). By contrast, overexpressing AtCAF1a upregulates PR1 expression and
increases pathogen resistance. It will be interesting to analyse whether only accumulation of PARN
targets in papsl-1 mutants leads to embryolethality or if an accumulation of mis-polyadenylated
transcripts in general causes this severe phenotype by introgressing ccr4 knock-out mutations into
the paps1-1 background.

After removal of the poly(A) tail mMRNAs can be degraded by two different pathways. One pathway
degrades RNA in the 5’- to 3’-direction through the action of exoribonucleases (XRN). In the case of
MRNA, this process is preceded by decapping. Arabidopsis has three XRN-like proteins XRN2, XRN3
and XRN4. AtXRN2 and AtXRN3 are localized to the nucleus and involved in pre-rRNA processing
while AtXRN4 is cytoplasmic and acts as the main mRNA degrading enzyme. It will be interesting to
analyse whether mispolyadenylated mRNAs in paps mutants are subject to faster degradation in the
cytoplasm because of their incomplete poly(A) tail. If this holds true, inhibition of mMRNA degradation
in the cytoplasm by blocking XRN4 activity through the xrn4-6 mutation (Gy et al., 2007) should
restore the wildtype phenotype.

The second degradation pathway utilizes the exosome complex to degrade RNA in the 3’ to 5’
direction. The two types of exosomes are categorized based on localization, i.e., nuclear or
cytoplasmic. The nuclear exosome degrades aberrant pre-mRNAs such as nonsense transcripts,
rRNA, snRNA and snoRNA by-products, while the cytoplasmic exosome is responsible for the 3’- to
5’-exoribonucleolytic degradation of mMRNAs. The exosome is a multiprotein complex where only the
RRP41 subunit retained the catalytic activity (Chekanova et al., 2000). The RNA- destabilizing role of
polyadenylation seems paradoxical given that poly(A) tails are best known for stabilizing mRNAs in
eukaryotes. Polyadenylation by canonical PAPS stabilizes RNAs whereas polyadenylation by a set of
noncanonical PAPS triggers degradation of a variety of RNAs because these poly(A) tails serve as

‘landing platforms’ for exoribonucleases. The key feature that distinguishes between stabilizing and
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destabilizing poly(A) tails is probably the length of the tail (Eckmann et al., 2010). Polyadenylation
assisted RNA degradation in the nucleus is mediated by the exosome (Schmidt and Jensen, 2006).
This suggests that mispolyadenylated transcripts with short poly(A) tails in the paps1-1 mutants may
already be target of degradation by the nuclear exosome. However, blocking exosome function by
mutating the RRP4 or RRP41 subunit is not suitable because they cause embryo lethality and severe
female gametophytic defects, respectively (Chekanova et al., 2002; Chekanova et al., 2007). A more
useful tool is the deployment of estradiol inducible rrp4 and rrp41 RNAi lines (Chekanova et al.,

2007) and their effect on paps1-1 mutants should be analysed.

3.4. Functional specialization amongst PAPS in Arabidopsis

Only mutations in PAPS1 cause an increase of floral organ size and decrease of leaf size. Mutations in
PAPS2 or PAPS4 cause only a late-flowering phenotype. This defect is not a general phenotype for
plants impaired in 3’-end processing since cstf64-1 mutants do not show decreased leaf or increased
flower size. This fact suggests a potential specialized function amongst the different PAPS in
Arabidopsis. As shown in chapter 2.1 the different PAPS share high similarity in their N-terminal
catalytic domain but differ in their C-terminal domains. Introduction of chimaeric proteins with the
PAPS4 N-terminus and the PAPS1 C-terminus can nearly fully rescue the phenotype. All three PAPS
show non-specific polyadenylation activity in vitro (Hunt et al.,, 2000; Addepalli et al., 2004) and are
expressed ubiquitously in all tissues throughout all developmental stages (Meeks et al., 2009). Bulk-
poly(A) tail distribution is equal in mutant and wildtype plants, suggesting that the majority of
mRNAs is properly polyadenylated and the different PAPs have in part redundant functions. It is
therefore more likely that the specificity arises from post-translational modifications or substrate-
specificity rather than differential expression.

The diverging C-terminal domains of the different PAPS may provide a platform for different C-
terminal modifications. It is already known that human PAPa and PAPy are subject to numerous
post-translational modifications that change their activity (phosphorylation), binding ability to other
3’-end processing complex factors (acetylation) or intracellular localization (acetylation,
sumoylation) (Colgan et al., 1996; 1998; Mouland et al., 2002; Shimazu et al., 2007; Vethantham et
al., 2007). This may also holdtrue for the different PAPS in Arabidopsis: PAPS1 is phosphorylated on
several residues in its C-terminal domain [http:// phosphat.mpimp-golm.mpg.de; (Durek et al.,
2010)]. However, the biological function remains unknown. An example for diverse 3’-end
processing complexes is shown by pull-down assay of FY, which revealed two complexes of different

sizes (Manzano et al., 2009). This supports the idea that the different PAPS form different 3’-end
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processing complexes that fulfil different functions. This idea is supported by the fact that
SAUR19/24 transcripts have shorter poly(A) tails in paps1, but not paps2 or paps4 mutants.

Altough the different PAPS have different functions, it is not clear where the specificity comes from
and which genes are targets of the one PAPS or the other. Clearly SAUR19/24 transcripts are targets
for PAPS1 mediated polyadenylation, but only have a minor contribution to the mutant phenotype.
Additionally PAPS1 funtion seems to be different in the different plant organs: an ectopic pathogen
response is activated in the paps1-1 mutant leaves that involves the SA-independent EDS1/PAD4
pathway and contributes to the reduced leaf size. This constitutive immune response that was
apparent at the transcriptomic level as different PR genes were overexpressed. The phenotype and
the PR genexpression was rescued by introducing the chimaeric PAPS4"-PAPS1¢ contruct into the
papsl-1 mutants. This argues for the responsibility of the C-terminal PAPS domains in regulating
specialized functions amongst the different PAP isoforms. In accordance, papsl-1 and papsl-4
mutants are more resistant to the biotrophic oomycete Hyaloperonospora arabidopsidis whereas
the paps2-3 paps4-3 doublemutant are not. The size of the mutant flowers is increased, probably
because negative-regulators of founder cell recruitment are very susceptible to polyadenylation
defects. It is likely that several generally expressed genes are impaired by mispolyadenylation
through the mutated PAPS1 all of whom make additional minor contributions to the phenotype.
Employing different PAPS to react on different environmental conditions or during different
developmental stages enables the plant to generate transcripts with different poly(A) tail lengthes.
As the poly(A) tail length affects transcription and splicing, stability of the transcript, contributes to
efficient nuclear export and influences translation, regulation of its length appears to be a novel
layer of gene regulation in plants that has not been reported so far.Future research is necessary to
fing out how exactly and under which conditions plants modulate the balance of activities amongst
the PAPS isoform, which genes are susceptible to differential polyadenylation and how this

differentiation is regulated.
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Appendix A: Cloning strategies

poly(A) Tail control vectors for RNA Sequencing

short fraction (30As)

Plasmid plill_SV1 (35S::omega Leader::YFP in pBlueML) was linearized with BsrGl (NEB) and Gel-
purified. A equimolar mixture of GTO277 and GTO278 (1/2 BsrGl restriction site + 30 As) was heated
to 95 °Cin a heating block. Afterwards the heating block was carried to the cold room (8 °C) and the
samples slowly cooled down to room temperature. This Primer mixture was used as insert and
ligated to the linearized plill_SV1. After transformation, clones where tested by colony-PCR
(GTO279, HBo116) for absence or presence of the insert. Positive clones where sent for sequencing
and one with the right orientation of the insert was termed pGT2c and further used. pGT2c was
digested with Ncol to remove the omega leader and religated. The resulting plasmid was termed
pGT2d. pGT2d was linearized with BamHI, phenol:chloroform purified, and used as template for in-
vitro transcription (see 2.3.4.).

intermediate fraction (75As)

Plasmid plJill_SV1 (35S::omega Leader::YFP in pBlueML) was linearized with Kpnl (NEB) and Gel-
purified. A equimolar mixture of GTO289 and GT0290 (1/2 Kpnl restriction site + 75 As) was heated
to 95 °C in a heating block. Afterwards the heating block was carried to the cold room (8 °C) and the
samples slowly cooled down to room temperature. This Primer mixture was used as insert and
ligated to the linearized plill_SV1. This Primer mixture was used as insert and ligated to the
linearized plill_SV1. After transformation, clones where tested by colony-PCR (GT0O291, GT0292) for
absence or presence of the insert. Positive clones where sent for sequencing and one with the right
orientation of the insert was termed pGT3b. pGT3b was linearized with Xmal, phenol:chloroform
purified and used as template for in-vitro transcription.

long fraction (134As)

Plasmid ML1004 (AlcA::omega Leader in pBlueML) was digested with Sall and Xhol to remove the
omega leader and religated. The resulting plasmid was termed pGT4. The plasmid pGT3a was
digested with Kpnl and the 150 bp fragment gel-purified and ligated into the Kpnl linearized pGT4.
Clones where screened by colony-PCR (HBo006 and HBo0116). Positive clones where sent for
sequencing and one with the right orientation of the insert was termed pGT5 and further used. pGT5
was linearized with BamHI, phenol:chloroform purified, and used as template for in-vitro

transcription (see 2.3.4.).
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Oligonucleotides

Name

Sequence

GTO277

GTACATTTTTTTTTTTTTTTTTTTITTTTITTTTTT

GTO278

GTACAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

GTO279

ATCACTCTCGGCATGGACGA

GTO289

CAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
AAAAAAAAAAAAAGGTAC

GTO290

CTTTTTTTIT T I T I T T T T I e T eI I T T T I T T I T I T I T T I T T TTI I I TITI I I T T T
TGGTAC

GTO291

GTCACTTTATTGTGAAGATAGTGGA

GT0292

ATGAAATGAACTTCCCTCGAC

HBo006

TAATACGACTCACTATAGGG

HB0116

AATTAACCCTCACTAAAGGG
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Appendix B: Instruments

Name Model/Type Company
Camera AxioCam MRm Zeiss
Camerall Powershot Canon
Confocal Microscope AxioObserver Zeiss
Cooling centrifuge 5417R eppendorf
Electroporator Micropulser BioRad
Fluorescence lamp HxP120c Zeiss
Fluorescence Microscope SteREO Lumar V.12 Zeiss
Geldocumentation BioDoc Analyze Biometra
Plant growth chamber Percival
Microscope BX51 Olympus
Mini Centrifuge Biofuge pico Heraeus
PCR Machine PTC200 MJ Research
Photometer BioPhotometer eppendorf
Picodrop Pico100 Picodrop
Plate centrifuge 4K15 Sigma

RF camera F14532 Marlin
geldocumentation

Rotator SB3 stuart
shaking Incubator Ecotron Infors HT
Thermomixer Thermomixer comfort eppendorf

Vortex

Vortex Genie 2

scientific industries
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Abbreviations

35S promoter of the 35S gene from cauliflower mosaic virus
AA amino acid

ABA abscisic acid

Agrobacterium Agrobacterium tumefaciens
ahg2-1 ABA hypersensitive germination 2-1
Amp ampicillin

ANT AINTEGUMENTA

APA alternative polyadenylation
APS ammoniumperoxysulfate

AP2 APETALA2

At Arabidopsis thaliana
Arabidopsis Arabidopsis thaliana

ATP adenosine 5’-triphosphate

BB BIG BROTHER

bp basepairs

BR brassinosteroid

Ca calcium

CaMV cauliflower mosaic virus

CCR4 carbon catabolite repressor 4
CDK cyclin dependent kinase

cDNA complementary DNA

CF cleavage factor

CFP cyan fluorescent protein

CLv CLAVATA

Col coronatine insensitive

Col-0 Columbia-0

CPSF cleavage and polyadenylation specificity factor
CSTF cleavage stimulation factor
CTD carboxyterminal domain
C-terminal carboxyterminal

DAB 3’3’ diaminobenzidine

DNA deoxyribonucleic acid

DNase deoxyribonuclease

dNTPs deoxynucleoside triphosphates
E. coli Escherichia coli

EDS enhanced disease susceptibility
e.g. for example

EMS ethylmethanesulfonate

etal. et alii

EtOH ethanol

FLC FLOWERING LOCUS C

fw forward

Xg gravity, 9.81 m/s’

g gramme

GA giberellic acid
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GFP green fluorescent protein

GRF growth regulating factor

GUS R-Glucoronidase

h hour

H,0 water

i.e. id est

JA jasmonic acid

JAR jasmonic acid receptor

Kana kanamycin

kg kilogram

LB lysogeny broth

Ler Landsberg erecta

LFY LEAFY

LRR leucin rich repeat

M molar

Me-JA methyl-jasmonate

min minute

mRNA messenger RNA

MS medium after Murashige & Skoog
ul microliter

ng nanogram

NLS nuclear localization signal
NPR1 NONEXPRESSOR OF PATHOGENESIS RELATED GENES 1
N-terminal amino-terminal

nt nucleotides

oD optical density

PABN nuclear poly(A) binding protein
PAD phytoalexin deficient

PAN poly(A) nuclease

PAP/PAPS poly(A)polymerase

PARN poly(A) specific ribonuclease
PCR polymerase chain reaction

PPT phosphinotricin

PR genes pathogenesis related genes
gPCR quantitative PCR

rev reverse

RNA ribonucleic acid

roGFP redox sensitive GFP

rpm rotations per minute

rRNA ribosomal RNA

RT room temperature (20-24 °C)

S second

SA salicylic acid

SAG101 senescence associated gene 101
SAM shoot apical meristem

SAUR small auxin upregulated RNA
S. cerevisae Sacchaomyces cerevisae

snc-1 suppressor of nprl, constitutive-1
STM SHOOT MERISTEMLESS

TCA trichlor acetic acid
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TCP TEOSINTE-BRANCHED1/CYCLOIDEA/PCF
TIR toll-interleukin-receptor

T-DNA transferred DNA

vol, v volume

w weight

WT wildtype

wus WUSCHEL

XRN exoribonuclease

YFP yellow fluorescent protein
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