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ABSTRACT

The hosts-virus arms race reaches the epigenetic level, where silencing of viral
chromatin can serve as an innate defense mechanism to restrict invading DNA viruses.
However, viruses can code for suppressor proteins to counter epigenetic silencing and
escape host surveillance. Thus, the virus-encoded suppressors offer an untapped source of
tools for the understanding of pathogenesis and chromatin regulation.

TrAP is a transcription factor encoded by model DNA plant viruses of the family
Geminiviridae, which is required for the expression of the virus late genes and for
suppression of gene silencing. TrAP is known to interfere with the transcriptional gene-
silencing (TGS) pathway by obstructing the methyl cycle in the cytoplasm. Nonetheless,
multiple metabolic pathways other than chromatin regulation utilize the methyl donor, and
TrAP mainly localizes to the nucleus; furthermore, TrAP is predicted to interact with the
transcriptional machinery. Thus, we asked whether TrAP directly suppressed TGS.

We first generated TrAP-stable transgenic plants, and through transcriptome and
biochemical assays, we demonstrated that TrAP hampered TGS. We then identified TrAP-
interacting partners using a proteomics approach, confirmed by protein interaction
experiments in vivo and in vitro. To determine whether these interactions were
physiologically relevant, we performed virus infection assays in various host genetic

backgrounds.



We demonstrated that TrAP interacts with multiple SET-domain proteins in
Arabidopsis. Particularly, the H3K9me2 histone methyltransferase, Su(var)3-9 homolog
4/Kryptonite (SUVH4/KYP) is a bona fide cellular target of TrAP. TrAP expression
phenocopies several TGS mutants, reduces the repressive H3K9me2 mark and CHH DNA
methylation, and reactivates many endogenous KYP-repressed loci in vivo. KYP binds to
the viral chromatin and controls its methylation to combat virus infection. We conclude
that TrAP attenuates TGS by inhibiting KYP activity.

Furthermore, we show that TrAP interacts with other proteins, such as the methyl
cycle enzymes SAMe-synthetase 2 (SAM2) and the S-adenosyl homocysteine hydrolase
1 (SAHH1), the RNA processing Enhanced silencing phenotype 3 (ESP3), and the
chromatin remodeler Relative of early flowering 6 (REF6).

Our findings provide new insight in the host antiviral defense and virus counter-
defense at an epigenetic level and provide a model system to study chromatin regulation,

and virus infection.
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NOMENCLATURE

ABRC Arabidopsis Biological Resource Center

DCL Dicer-like protein

DNA Deoxyribonucleic acid

dsRNA double-stranded RNA

ESP3 Enhanced Silencing Phenotype 3

HEN1 HUA enhancer 1

KYP Kryptonite

miRNA microRNA

MRNA messenger RNA

NPC Nuclear pore complex

pre-miRNA precursor miRNA, consists only of the hairpin structure
pri-miRNA primary miRNA, it is the mRNA from the MIRNA gene
PTGS Post-transcriptional Gene Silencing

RdDM RNA directed DNA Methylation

RDR RNA-dependent RNA Polymerase

REF6 Relative of Early Flowering 6

RITS RNA Induced Transcriptional Silencing complex

RISC RNA Induced Silencing Complex

RNA Ribonucleic acid

RNAI RNA interference
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SAM

SAMe

SE

SET

SIRNA

SRNA

SSRNA

tasiRNA

TGS

TrAP

TrIP

Shoot Apical Meristem

S-Adenosyl Methionine

Serrate

Suppressor of variegation / Enhancer of Zeste / Trithorax
small-interfering RNA

small RNA

single-stranded RNA

trans-acting small-interfering RNA

Transcriptional Gene Silencing

Transcription Activation Protein

TrAP-interacting protein
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1. INTRODUCTION®
Invasion of a host by a pathogen is a very complex process in which both
organisms exhibit a splendid array of molecular weapons to fight for survival. Since viral
pathogens rely on the host for replication, their weapons are targeted to the subversion of
the host replication machinery and the restrain of the host defenses; hence, viruses are not
only important because of their effects in the host, but they are also great tools for studying
many important biological processes in the host.

1.1 RNA silencing
RNA silencing, also known as RNA interference (RNAI), co-suppression or

quelling, was originally described in petunia flowers that were engineered to overexpress
the enzyme chalcone synthase (CHS). The expectation was that overexpression of the
CHS gene would produce purple flowers; alas, the transgenic plants were white because
of the silencing of both the endogenous and the introduced copies of CHS (Napoli et al.,
1990). About ten years later, research on the nematode Caenorhabditis elegans showed
that injection of double-stranded RNA (dsRNA) caused gene silencing in a sequence-
specific manner (Fire et al., 1998). These two findings paved the way to the discovery of
a plant RNA-dependent RNA polymerase (RDR) able to produce double-stranded RNA
from very abundant messenger RNAs (MRNASs) (Dalmay et al., 2001); thus, explaining

the co-suppression of CHS in the engineered petunias, and unequivocally demonstrating

* Part of this chapter is reprinted with permission from “The functions of plant small RNAs in development
and in stress responses” by Shengjun Li, Claudia Castillo-Gonzdez, Bin Yu, and Xiuren Zhang. 2017. Plant
J. 90: 654-670. doi:10.1111/tpj.13444, Copyright [2017] by John Wiley and Sons. License number:
41343514483009.

1



the conservation of the RNA-mediated regulation of gene expression throughout
eukaryotes. The RNAI is essential to regulate multiple biological processes, including
stem cell development, maintenance and differentiation, stress response, symbiosis, and
pathogenesis.

RNAI is elicited by small double-stranded RNAs (dsRNAs) that interfere with
multiple steps of the informational flow in the cell; specifically, 20-30nt small RNAs
(sSRNAs) are loaded into an Argonaute (AGO)-containing protein complex to serve as
guides for gene silencing. RNAI can occur at two stages: (1) Post-Transcriptional Gene
Silencing (PTGS), which regulates the expression of target genes through an RNA-
induced silencing complex (RISC) to direct translation inhibition or mRNA cleavage in a
sequence-specific manner (Baulcombe, 2004; Li et al., 2013; Vaucheret, 2006). Notably,
the same mRNA target can be subjected to both modes of PTGS; it has been proposed that
translation inhibition is predominant at an early stage, and is followed by mRNA cleavage
(Brodersen et al., 2008; Iwakawa and Tomari, 2013; Wilson and Doudna, 2013). (2)
Transcriptional Gene Silencing (TGS), which regulates the expression of target genes
through an RNA-induced transcriptional silencing (RITS) complex to direct DNA
methylation and drive the conformation of heterochromatin, and precluding the
transcription of target genes (Cui and Cao, 2014; Jones and Sung, 2014; Pikaard and
Scheid, 2014; Zhang and Zhu, 2011).

Based on their biogenesis, there are two main classes of SRNA: (1) the micro
RNAs (miRNAS), and (2) the small-interfering RNAs (SiRNAs). In plants, all SRNAs have

a 2-nt overhang and 2’-O-methylation at the 3’-ends (Li et al., 2005; Yu et al., 2005). The
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methyltransferase HUA ENHANCER 1 (HEN1) methylates the 2’hydroxyl groups at the
3’-overhangs of the SRNA duplexes to protect them from trimming or tailing, and eventual
degradation (Sanei and Chen, 2015; Yang et al., 2006b).

miRNAs originate from MIRNA genes which are transcribed by RNA Polymerase
Il (RNA Pol 1) to produce primary miRNA transcripts (pri-miRNAS). Pri-miRNA is
capped, polyadenylated, and folded onto itself to form a hairpin-like structure. The pri-
miRNA hairpin, which contains an imperfect dsSRNA stem and an ssRNA loop, is
recognized and processed in the nucleus by an RNase Il protein in a microprocessor
complex. In plants, the core microprocessor excises the miRNA from the pri-miRNA in
two consecutive steps, entailing the RNase 11l enzyme DICER-LIKE 1 (DCL1) and the
RNA-binding protein HYPONASTIC LEAVES 1 (HYL1) (Figure 1). It was originally
believed that the zinc-finger protein SERRATE (SE) was also part of the microprocessor
(lwata et al., 2013; Machida et al., 2011; Yang et al., 2006a), but recent studies have
suggested that SE serves as a scaffold for the protein complexes that exert tight regulation
on the processing of pri-miRNAs into miRNAs (Zhu et al., 2013). Notably, CPL1
(Manavella et al., 2012), NOT2 (Wang et al., 2013) and CDC5 (Zhang et al., 2013b)
interact with the RNA Pol Il and the microprocessor through SE, indicating the coupling
of transcription and pri-miRNA processing. SE also interacts with the CAP-binding
complex subunits CBP20 and CBP80, which are important for the pri-miRNAs into
miRNAs (Gregory et al., 2008; Laubinger et al., 2008). Other accessory proteins, such as

the RNA-binding TOUGH (TGH), DAWDLE, and many others, have also been reported



to bind to the pri-miRNA and control the microprocessor activity (Mateos et al., 2011;

Szarzynska et al., 2009; Voinnet, 2009; Yang et al., 2006a; Zhu et al., 2013).

Cytoplasm

Figure 1. The miRNA biogenesis pathway.

RNA Pol Il transcribes a MIRNA gene to produce a pri-miRNA transcript, which is subsequently
processed by the DCL1/HYL1 microprocessor into 21-22bp miRNA/* duplexes. Then, HEN1
catalyzes the 2’-O-methylation of the miRNA/* duplexes at their 3’-ends to protect them from
degradation. The mature miRNA/* duplexes are exported to the cytoplasm through HASTY; the
miRNA (guide strand) is then loaded onto an AGO1-RISC to inhibit translation or to cleave the
target transcript.

After miRNAs are produced (Figure 1) HEN1 methylates the miRNA duplexes in
the nucleus (Yang et al., 2006b). The methylated miRNAs are then exported to the
cytoplasm likely through the nuclear transportin HASTY (HST) (Park et al., 2005), where
they are loaded into AGO1 as ssRNA, to activate the RISC and guide PTGS (Voinnet,

2009). In the miRNA duplex (miRNA/*), the AGO1-loaded strand is called “guide” or



mIiRNA, while the complementary strand is named “passenger” or miRNA* (Chen, 2005;
Fang and Qi, 2016; Ji et al.; Meister, 2013; VVoinnet, 2009; Wu, 2013). miRNAs can direct
both mMRNA cleavage and translation repression in a non-exclusive way, and are essential
for plant development.

The small-interfering RNAs (siRNAS), on the other hand, are derived from perfect
dsRNAs, which can originate from antisense transcripts, inverted repeats, viral genomes
and transcripts, and from the activity of RDRs, among others. Notably, the expansion of
the RDR, DCL, and AGO protein families contributed to the functional diversification of
siRNAs in plants (Ahlquist, 2002; Chen, 2005; Tang et al., 2003; Tretter et al., 2008).
Similarly to pri-miRNAs, a DCL protein processes the long dsSRNAs into 21-24nt sSiRNAs,
which are subsequently methylated by HEN1 and loaded into an AGO-containing
silencing complex. However, unlike miRNAsS, the biogenesis of SIRNAs does not need to
occur in the nucleus (Figure 2, Figure 3) (Ding, 2010; Meister, 2013; Pattanayak et al.,
2013; Yang et al., 2006b). Of the four DCL proteins in Arabidopsis, DCL1 is mainly
dedicated to the production of miRNAs, while siRNAs are predominantly generated by
DCL2, 3 and 4.

There are three main classes of siRNAs, namely: heterochromatic-siRNAS
(hetsiRNAS), natural antisense siRNAs (natsiRNAs), and secondary siRNAs, which are
further classified into trans-acting sSiRNAs (tasiRNASs), phased-siRNAs (phasiRNAs), and
epigenetically-activated siRNAs (easiRNAs) (Axtell, 2013; Borges and Martienssen,

2015).
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Figure 2. The primary siRNA biogenesis pathways.

There are two classes of primary siRNAs: hetsiRNAs (left panel), and natsiRNAs (right panel).
hetsiRNAs are produced in the nucleus. RNA pollV synthesizes short transcripts to serve as
substrates for RDR2 and produce short dsSRNAs to be processed by DCL3 into 24nt hetsiRNAS
and methylated at their 3’ends by HEN1. hetsiRNAs are loaded into an AGO3/4/6/9-containing
RITS complex to direct TGS. natsiRNASs result of the transcription of complementary mRNAs,
forming dsRNAs, which are processed by a DCL protein into 21-24nt natsiRNAs. After
methylation by HEN1, natsiRNAs are loaded into an AGO-containing RISC complex to direct
PTGS and subsequently trigger the secondary siRNA production by recruiting RNA pollV, RDRS,
SGS3, and several other DCL proteins.



hetsiRNAs are the most abundant SRNAs, are 24nt long, and mediate the TGS of
heterochromatic regions (i.e. pericentromeric regions and TE-rich regions) through a
process called RNA directed DNA methylation (RADM) (Matzke and Mosher, 2014;
Pikaard and Scheid, 2014). Briefly, the plant-specific RNA polymerase IV (RNA pollV)
synthesizes short transcripts that subsequently serve as substrates for RDR2 to produce
short dsSRNAs, which are processed by Dicer-like3 into 24nt hetsiRNAs (Figure 2). The
hetsiRNAs are then loaded into an AGO3/4/6/9-containing RITS complex to recruit a de
novo DNA methyltransferase to the DNA (Zhang et al., 2016). The methylated genome is
recognized by chromatin remodeling proteins that catalyze the deposition of repressive
marks to the nucleosomes (Chan et al., 2004; Havecker et al., 2010).

The natural antisense siRNAs, or natsiRNAs, are 21-24nt long and result from
double stranded RNAs produced by complementary mRNAs in the cell (Figure 2). Those
can occur in cis, when produced from overlapping regions of convergent transcripts; or in
trans, when the complementary transcripts are produced from different genomic regions
(Bologna and Voinnet, 2014; Vaucheret, 2006). Although the details of the natsiRNAs
biosynthesis are not yet fully understood, it is widely accepted that environmental
conditions or a developmental program induces them (Borges and Martienssen, 2015). As
a general rule, one of the transcripts is constitutively expressed, while the other is induced
(Borsani et al., 2005). The resulting dsRNAs will be substrates of a DCL protein into
natsiRNAs, which are methylated by HEN1 and loaded in an AGO-containing RISC
complex (Figure 2). Subsequently, the SRNA machinery, including the RNA Pol IV

subunit NRPD1, the RNA-dependent RNA polymerase RDR6, SGS3, and several DCL
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proteins (mostly DCL1 and DCL2) establish a reinforcement loop to produce secondary
natsiRNAs and amplify the silencing signal (Figure 3) (Borsani et al., 2005; Mart mez de
Albaetal., 2013).

The secondary siRNAs mediate the amplification of the PTGS signal. Briefly, a
MRNA becomes the substrate of an RDR to produce dsRNA, which is subsequently
processed by a DCL protein and methylated by HEN1 to produce mature secondary
siRNAs. The substrate mRNAs are typically aberrant mRNAs, mRNAs that have been
cleaved by a miRNA-loaded RISC, or invading mRNAs (i.e. TEs, viroids, etc). There are
three main classes of secondary siRNAs: tasiRNAs, phasiRNAs and easiRNAs (Figure 3).

The trans-acting siRNAs originate from a tasiRNA-precursor mRNA, which is
encoded by a TAS gene. The Arabidopsis genome encodes for eight TAS genes grouped
into four families. MRNAs produced from genes in the TAS families 1 and 2 are targeted
by miR173 (Yoshikawa et al., 2016), while miR390 targets the mRNAs from TAS3 genes
(Endo et al., 2013; Fahlgren et al., 2006; Montgomery et al., 2008), and miR828 targets
those of the TAS4 family (Chen et al., 2010; Fei et al., 2013). Notably, miR390 is loaded
almost exclusively onto AGO7-containing RISCs (Endo et al., 2013), while miR173 and
miR828 are loaded to AGO1-RISCs. tasiRNAs are produced through dedicated machinery
consisting of SGS3/RDR6/DCLA4 that acts downstream of the miRNA-AGO cleavage of
the TAS transcripts. In the case of the TAS3 genes, AGO7 binds preferentially to miR390
directing the cleavage of tasiRNA-inducing transcript TAS3 (Endo et al., 2013; Fahlgren

et al., 2006; Liu et al., 2009; Montgomery et al., 2008; Zhang et al., 2013a).
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Figure 3. The secondary siRNAs biogenesis pathway.

RDR6 and SGS3 synthesize the dsSRNA that serves as substrate for DCL2 and DCL4, which
produce 22 or 21nt secondary siRNAs, respectively. Both DCL2 and DCLA4 are highly processive
enzymes which produce phased siRNAs by consecutive slicing along the dsRNA substrate.
According to their precursor RNAs, there are three main classes of secondary siRNAs: tasiRNAS
(top left), easiRNAs (top right) and phasiRNAs (top center). tasiRNAs are produced from a TAS
gene which encodes a miRNA substrate. The phase tasiRNAs are produced fom the miRNA-RISC
cleaves TAS transcript and act in the silencing of other genes. easiRNAS result from the targeting
of miRNAs to transcripts of active retrotransposon, while phasiRNAs can be produced from
coding and non-coding RNA and are independent of miRNA-directed cleavage.



The cleaved TAS products, stabilized by the Zn-finger protein SGS3, serve as
substrates for RDR6 to make dsRNAs. The resultant dSRNAs are further processed by
DCL4 or DCL1 into 21-22nt ta-siRNAs that are associated with AGO1-RISCs to down-
regulate the expression of their target genes in trans (Figure 3) (Allen et al., 2005; Fahlgren
et al., 2006; Montgomery et al., 2008; Peragine et al., 2004).

Due to the processivity of the DCL2 and DCL4 enzymes, the secondary siRNAs
are phased,; that is, they are produced consecutively every 21 or 22 nucleotides depending
on whether they are processed by DCL4 or DCL2, respectively (Allen et al., 2005; Fei et
al., 2013). Unlike tasiRNAs, the phasiRNAs are independent of miRNA-directed cleavage
and do not have a clear function. The precursor phasiRNA can be coding or non-coding
RNA (Figure 3).

Similarly to tasiRNAs, the easiRNAs result from the targeting of miRNAs to
transcripts of active retrotransposons; particularly 22nt miRNAs loaded onto an AGO1-
RISC (Chen et al., 2010). Mainly DCL4 catalyzes the processing of the dsSRNA into 21nt
easiRNAs; however, DCL2 is recruited to those substrates to produce 22nt easiRNAS in
the absence of DCL4 or when the transcript levels surpass the catalytic capacity of the
DCL4 enzyme (Figure 3). Notably, DCL3 can also be recruited to these substrates and
produce 24nt easiRNAs that can direct de novo DNA methylation and establish TGS
(Borges and Martienssen, 2015; Clavel et al., 2016; Creasey et al., 2014; Cui and Cao,
2014). Other invasive nucleic acids, such as viruses and viroids, as well as transgenes, are
also substrates of DCL2 and DCL4 (Mlotshwa et al., 2008, 2010). Indeed, DCL2 and

DCLA4 play a major role in antiviral defense and produce virus-derived SiRNAs (VSiIRNAS)
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from dsRNA produced by RDR1, which can be further amplified by RDR6 (Deleris et al.,
2006; Mlotshwa et al., 2008; Qu et al., 2008; Wang et al., 2010b).

There has been significant progress in the understanding SRNA-mediated gene
regulation; however, we still ignore the factors that regulate the efficiency of sSRNA-
mediated target regulation, the determinants for translational repression or transcript
cleavage, and the specific contribution of each of these mechanisms to gene regulation.

1.2 RNAI in development
All plant tissues and organs arise from structures containing pluripotent stem cells

called meristems, which can be determinate or indeterminate depending on whether they
are exhausted during development. Plants specify their tissues from two main meristems,
the shoot apical meristem (SAM) and the root apical meristem (RAM). The SAM is
established during embryogenesis to maintain the population of stem cells, to provide cells
to organ primordia, and to specify the primary axis of growth. After embryogenesis,
axillary meristems produce branches and secondary growth axes. Finally, in the transition
to the reproductive phase indeterminate shoot meristems develop into determinate
inflorescence meristems (IM) (Wang et al., 2016; Soyars et al., 2016). Here | discuss the
role of small RNAs (SRNAs) in the establishment, maintenance, and maturation of shoot
meristems.

In plants, the SAM contains three radial layers (L1-L3) (Figure 4). L1 (epidermis)
and L2 (sub-epidermal layer) are the two outer layers that are both one cell thick, whereas
L3 (corpus) is a multilayer of cells that make up the rest of the internal cells. These layers

of cells also constitute three different zones in the SAM: the Peripheral Zone (PZ) which
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forms the lateral primordia; the Central Zone (CZ) which maintains the population of
pluripotent cells in a subregion called Organizing Center (OC); and the Rib Zone (RZ)
which produces the stem. The OC is made exclusively from L3 cells (Soyars et al., 2016).
In the Arabidopsis SAM, stem cell fate is determined by the homeodomain transcription
factor WUSCHEL (WUS) (Mayer et al., 1998). WUS protein is synthesized in the OC and
migrates into the CZ to activate the negative regulator, CLAVATA3 (CLV3) (Brand et al.,
2000; Schoof et al., 2000; Zhou et al., 2015a). CLV3 further restricts WUS to the OC via
a receptor kinase signaling cascade (Brand et al., 2000; Schoof et al., 2000). This local
feedback loop controls development and maintenance of stem cell population. A family
of KNOX 1 transcription factors, mainly, SHOOT MERISTEMLESS (STM), and
BREVIPEDICELLUS (BP), positively regulates WUS expression. In monocots, the
establishment of stem cells also requires the transcription factors of the SAM-restricted
KNOX | family; the founding member of this family is the maize KNOTTED 1 (KN1)
gene, and it is necessary for SAM establishment and maintenance (Bolduc et al., 2012).
Unlike dicots, SAM regulation is likely independent of WUS: while no wus mutant has
been found in maize, the rice WUS ortholog TAB1 only seems to affect axillary meristem
formation (Tanaka et al., 2015). Thus, while KNOX 1 regulation is sufficient for SAM
development in monocots, WUS and KNOX I are critical for SAM development in
eudicots. Numerous genetic pathways that control SAM development, converge in the
interplay with these two key transcription factors (Galli and Gallavotti, 2016; Zhou et al.,

2015a).
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Mature SAM

Figure 4. Shoot apical meristem organization.

The meristem is organized in concentric layers of different genetic lineages, named L1 or
protoderm, L2 or subepidermal tissue, and L3 or inner corpus. The interactions among them give
rise to the Peripheral Zone (PZ), which forms the lateral primordia; the Central Zone (CZ), which
maintains the population of pluripotent cells, is made exclusively from L3 cells.

SAM development is regulated by plant hormones. It is known that a high ratio of
cytokinin (CK) to auxin ratio is critical for meristem establishment and maintenance
(Vanstraelen and Benkova 2012; Azizi et al., 2015). While CK enhances the expression
of WOX and KNOX | genes, auxin promotes cell growth; however, auxin also induces CK
accumulation through the transcriptional inhibition of ARR7 and ARR15, two CK
repressors. In Arabidopsis, WUS directly represses ARR7/15, whereas STM and BP
upregulate expression of the CK synthase IPT7, hence establishing a positive feedback
loop to maintain the meristem (Jasinski et al., 2005; Leibfried et al., 2005; Yanai et al.,
2005).

The effect of auxin on SAM development is exerted through transcriptional
regulators in the Auxin Response Factor (ARF) family, and their regulation is paramount
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in the establishment of embryonary stem cells (Seefried et al., 2014). The induction of
somatic embryos requires the accumulation of miR167, which targets and directs the
patterning of ARF6 and ARF8. Loss of ARF6 and ARF8 results in somatic embryo arrest
(Suetal., 2016). SAM establishment is also regulated by ARF2, ARF3 and ARF4 but they
are downregulated by TAS3-derived tasiRNAs. Notably, the accumulation of TAS3
transcripts is regulated during embryogenesis. Throughout the globular stage, TAS3 is
mostly detected in the apical region; by the torpedo stage TAS3 accumulation is restricted
to the adaxial region; and in the bent-cotyledon stage it is expressed mainly in the SAM
(Liuetal., 2009). Such spatio-temporal patterning of TAS3 underscores the regulatory role
of tasiRNAs in meristem development through the modulation of ARFs (Figure 5) (Fei et
al., 2013; Petsch et al., 2015; Rajeswaran and Pooggin, 2012). Importantly, the critical
regulatory role of the tasiRNA pathway in SAM establishment and maintenance is
conserved in mono- and eudicots. The SGS3 maize ortholog LEAF BLADELESNESS 1
(LBL1) regulates the meristem master regulator KN1 (Nogueira et al., 2009); and loss-of-
function mutants in the rice orthologs of RDR6/SHOOTLESS2 (SHL2), AGO7/SHOOT
ORGANIZATION 2 (SHO2), and DCL4/SHO1 completely lack SAM (Nagasaki et al.,

2007).
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TAS3

Heart Stage Embryo

Figure 5. Functional model of miR165/166 and miR394 at the heart stage of embryogenesis.
miR394 is strongly expressed from the L1 layer and moves inwards to regulate the downstream
activity of WUS and defining the identity of the inner layers of the SAM. AGO10 restricts miR165
and miR166 to the outer and abaxial side of the embryo. This enables expression of HD-ZIP III
transcription factors and the correct patterning of the SAM and vascular tissues.

Concurrent with the establishment of stem cells, the SAM surges from a boundary
zone during embryogenesis. The boundary zones not only propitiate a local environment
for meristematic activity but also separate pluripotent cells from the regions of active cell
differentiation. The organ boundaries are set by several groups of transcription factors
including NAC, MYB, LBD, and GRAS families (Wang et al., 2016). The restriction of
the NAC genes CUP SHAPED COTYLEDONL1 and 2 (CUCL1 and CUC?2) in the boundary
regions is accomplished through miR164 (Figure 5, Figure 6). miR164, which directly
targets CUCL1 and CUC2, is accumulated in the PZ so that CUC1 and CUC2 transcripts
are degraded in the PZ but not in the boundary regions (Figure 4, Figure 5) (Larue et al.,
2009; Nikovics et al., 2006). In a similar way, miR164 is also essential in the formation

of axillary meristems throughout the plant (Fouracre and Poethig, 2016; Laufs et al., 2004;
15



Wang et al., 2016). Besides regulating the boundary establishment, CUC1 and CUC2 act
with the MYB transcription factor LOF1 to further induce STM and SAM formation
during the late globular stage (Aida et al., 1999). Mutants lacking both CUC1 and CUC2
activities fail to establish the SAM and die during embryogenesis (Mallory et al., 2004;

Takada et al., 2001).

Cytokinin
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miR164MACU1CID1/2—>STI\/I—~IPT7
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Tas3LCL  GiR-ARFS TAGO1
AGO7 lAGO1\ miR394
D200 ARFc.... - AGO1 — —_—
miR390 ARFs ,?+m|F%165f6—IHD—ZIP II— SAM
AGO10 Cell Differeintiation
SPL10/11
AGO1|
miR156——

Figure 6. Multiple SRNA regulatory modules converge in the regulation of the SAM.

Black arrows represent validated positive regulation; dotted black arrow represents a hypothesized
positive regulation; red blunt arrows represent validated downregulated targets; purple arrows
indicate downstream positive regulation.
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The abaxial/adaxial regulatory network originated from the leaf primordium
impacts the SAM establishment. The network consists primarily of two sets of
transcription factors; and at least one set regulates the SAM through modulation of
expression of the downstream KNOX | and WOX genes (Roodbarkelari and Groot, 2016).
One set includes the KANADI and YABBY transcription actors and promotes abaxial leaf
identity, whereas the other set includes the class 11l HOMEODOMAIN LEUCINE
ZIPPER (HD-ZIP) transcription factors (specifically PHABULOSA (PHB),
PHAVOLUTA (PHV), REVOLUTA (REV), CORONA (CNA), and ARABIDOPSIS
HOMEOBOX GENE 8 (ATHBS8)) and promotes adaxial leaf fates. Interestingly, the
spatial restriction of HD-ZIPIII adaxial factors is mediated by miRNAs that are also
spatiotemporally distributed (Figure 5, Figure 6) (Williams et al., 2005; Sakaguchi and
Watanabe, 2012; Roodbarkelari and Groot, 2016).

The first indication of miRNA involvement in SAM maintenance was the
discovery that WUS depends on AGO10 (also known as ZWILLE) for the activation of its
downstream target CLV3 in Arabidopsis (Bohmert et al., 1998; Lynn et al., 1999; Tucker
et al., 2008). In Ler ecotype background, ago10 mutants can initiate but not maintain the
SAM (Lynn et al., 1999; Moussian et al., 1998). This defect is clearly ecotype-specific as
Col-0 ago10 mutant rarely displays shoot meristem termination. In the SAM, AGO10
recognizes structural properties in the duplexes of miR165/6 and their complementary
strands (*), and outcompetes their binding by AGO1. However, unlike AGO1, AGO10
decoys miR165/6 and protects the HD-ZIP 11l transcripts by mechanisms yet to be

unveiled (Zhang and Zhang, 2012; Zhu et al., 2011; Zhou et al., 2015; Liu et al., 2009).
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Arabidopsis has nine loci able to produce miR165/6: MIR165a, and b, and MIR166a-g.
Despite their individual contributions to the accumulation of miR165/6, only four genes
seem to be critical for the SAM development (MIR165b and MIR166a, b, and Q)
(Miyashimaetal., 2013; Zhou et al., 2015). Such differences may be attributed to variation
in the promoter activities (Miyashima et al., 2013); alternatively, the secondary structures
of some of primary miR165/6 transcripts (pri-miR165/6) cause poor production of
miR165/6, as shown for pri-miR166c, d, and e (Zhu et al., 2013).

Expression of AGO10 is detected in embryo as early as the 8-cell stage of
embryogenesis. Unlike the ubiquitously expressed AGO1, AGO10 continues to
accumulate only in the adaxial region and throughout the SAM, where it neutralizes
mobile miR165/6 that are produced in the abaxial sites and enables the HD-ZIP Il
function in the adaxial regions (Figure 5, Figure 6) (Lynn et al., 1999; Zhou et al., 2015).
In rice and maize, miR166 also regulates HD-ZIP 11l genes and SAM maintenance (Itoh
etal., 2008; Juarez et al., 2004). Rice AGO10 ortholog OsPNH1 is also necessary for SAM
maintenance and organ development, and exhibits a expression pattern similar to
Arabidopsis AGO10; however, OsPNH1 regulation of miR166 or its mode of action are

still unknown (Nishimura et al., 2002).
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Figure 7. Interplay of tasiRNA and miRNA pathway in the determination of leaf polarity.
Black arrows represent validated positive regulation; dotted black arrow represents a hypothesized
positive regulation; red blunt arrows represent validated downregulated targets.

Reciprocally to the AGO10-mediated spatial decoy of miR165/6, determination of
organ polarity in the PZ requires AGO1 to execute the tasiR-ARFs silencing and
consequential down-regulation of miR165/6 accumulation (Figure 7) (Sakaguchi and
Watanabe, 2012). Importantly, the rice tasiRNA machinery, SHL2/RDR6, SHO1/DCLA4,
and SHO2/AGO7, negatively regulates miR166 accumulation (Nagasaki et al., 2007).
Likewise, maize loss-of-function mutants of SGS3/LBL1 have abaxialized leaves as a
result of ectopic distribution of pri-miR166 (Nogueira et al., 2007); and lack of
AGO7/RGD2 results in increased miR166 accumulation, although with normal leaf
polarity (Douglas et al., 2010). In Arabidopsis, while TAS3 expression is localized in the

SAM apical region and adaxial side of the leaf primordia, ago10 rdr6 and ago10 ago7
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double mutants exhibit a stronger SAM phenotype and an even higher accumulation of
miR165/6 compared to agolO single mutant. This observation further suggests that
AGO10 and tasiR-ARFs act in parallel to regulate miR165/6 and HD-ZIP |11 genes (Liu
etal., 2009). Since AGO7, SHO2 and RGD?2 preferentially bind to miR390 to target TAS3
and produce tasiR-ARFs, it is likely that the target ARFs are positive regulators of MIR166
genes (Figure 7). This would be in accordance with HD-ZIP 111 regulation by auxin (ltoh
et al., 2008) and the presence of ARF-regulatory sequences in the promoters of several
MIR166 genes in maize and MIR166c¢ in Arabidopsis (Nogueira and Timmermans, 2007).
Alternatively, and consistent with the opposite leaf phenotypes of Ibl1 and rgd2 in maize,
yet undiscovered tasiRNAs might target pri-miR166 transcripts impairing miR166
accumulation.  Additionally, the abaxial-determining genes YABBY, regulate the
MIR165A gene expression, resulting in the rigid determination of the adaxial-abaxial
boundary in leaf primordia (Figure 7) (Tatematsu et al., 2015).

The study of the spatiotemporal regulation of HD-ZIP Il and their regulators
miR165/166 during embryogenesis highlights that non-cell-autonomous function of
SRNAs underlies SAM maintenance and organ patterning (Seefried et al., 2014; Nodine
and Bartel, 2010; Zhou et al., 2015). SRNAs move cell-to-cell through plasmodesmata for
approximately 15 cells in a path of decreasing concentration (Mar n-Gonz&ez and Suaez-
Ldpez, 2012; Sparks et al., 2013). Indeed, the requirement of L1 cells for the meristem
determination engages a mobile L1-derived miRNA, miR394 (Figure 4, Figure 5, Figure
6). The role of miR394 in SAM determination was discovered in a genetic-screening for

enhancers of an ago10-1 mutant in Col-0 background; there, a mutant that dramatically
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increased shoot meristem termination was recovered and identified as a mutant in
MIR394b (Knauer et al., 2013). The ago10-1 mir394b-1 double mutant displays a single
leaf-like organ or a filamentous structure at the stem cell position, reminiscent of strong
agol10 mutant alleles in Ler background. miR394 appears to regulate SAM development
through modulating downstream WUS activity. As mentioned above, expression of CLV3
in the CZ depends on the expression and mobility of WUS from the OC (Brand et al.,
2000; Schoof et al., 2000); However, mir394b-1 ago10-1 mutants lacked CLV3 even
when the WUS expression domain expanded. miR394 targets transcripts of the F-box gene
LEAF CURLING RESPONSIVENESS (LCR), and its function is proposed to degrade
proteins through the 26S proteasome. Thus, lack of miR394 presumably allows over-
accumulation of LCR in the meristem and causes degradation of an unknown WUS
cofactor necessary to induce CLV3 in the CZ (Figure 6). miR394 moves inwards from the
L1 layer, acting as a polarizing signal that confines the stem cells to the OC, defining the
identity of the inner layers of the SAM (Figure 4, Figure 5) (Knauer et al., 2013).

SRNAs also govern the branching from the axillary meristems. Shoot branching in
plants takes place by the formation of new meristems in the axils of leaves, which develop
into secondary axes of growth and axillary buds. CUC and LOF1 genes are required for
the boundary formation between the stem and the leaf, so that the two organs can continue
with their developmental program. However, CUC and LOF1 also promote the expression
of the meristem initiators WUS and STM. This mechanism is also conserved in monocots
were expression of the rice WUS and STM orthologs, TAB1 and OSH1, are necessary for

axillary meristem formation and branching (Tanaka et al., 2015). The CUC transcription
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factors also directly regulate the expression of the LATERAL SUPPRESSOR (LAS) genes
in Arabidopsis, tomato and rice. The LAS genes are putative transcription factors
belonging to the GRAS family, which specifically regulate the initiation of axillary
meristems during the vegetative growth phase. miR164 controls branching through the
regulation of the CUC genes and consequent repression of downstream LAS genes. This
was evidenced by the abolition of axillary meristem formation in plants overexpressing
miR164, and the development of accessory buds in leaf axils in mirl64 mutants and plants
expressing miR164-resistant alleles of CUC1 or CUC2 (Bustamante et al., 2016; Larue et
al., 2009; Liu et al., 2014c; Raman et al., 2008). Other miRNAs have also been involved
in the regulation of branch formation. While miR171c prevents branching through
targeting the GRAS transcription factors of the SCARECROW family (Wang et al.,
2010a), miR156 promotes branching by targeting the LAS repressors SPL9 and SPL15
(Tian et al., 2014).

The shoot meristems dictate the formation of all aerial organs, including leaves,
stems and flowers. miRNAs also regulate leaf growth and senescence (Figure 8). An
exemplified case IS the regulation of class I TEOSINTE
BRANCHED1/CYCLOIDEA/PCF (TCP) transcription factors by miR319 (Efroni et al.,
2008; Li et al., 2012; Nath et al., 2003; Palatnik et al., 2003). Arabidopsis has eight class
Il TCP genes, five of which (TCP2, 3, 4, 5, 10, and 24) are the direct targets of miR319.
Arabidopsis also contains three MIR319 genes and they are expressed largely through non-
overlapping regions (Reviewed in Lopez et al., 2015). Notably, TCP3 is a transcriptional

activator of miR164, AS1, and auxin response repressor SHY2. Loss of miR319 or increase
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in TCP3 accumulation leads to down-regulation of CUC, KNOX, and WUS genes; thus
promoting cell differentiation. TCP genes also regulate cell growth by modulating the
auxin accumulation and response. For example, TCP3 represses the auxin efflux genes
PINZ1, PIN5, and PING, and also targets the ARF regulators, TAS3 and AGO7 (Koyama et
al., 2010). Furthermore, TCP4 protein regulates CK response and cell proliferation
through the SWI/SNF chromatin remodeler BRM/CHRZ2. This observation suggests direct
involvement of TCP proteins in chromatin regulation (Efroni et al., 2013; Schommer et

al., 2014).

ARFs
PIN1/
I j Senescence
Auxin Response  _
Growth

Figure 8. Convergent sRNA pathways determine the balance of cell proliferation,
differentiation and senescence.

Black arrows represent validated positive regulation; red blunt arrows represent validated
downregulated targets.
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SRNAs also regulate plant developmental transition from juvenile to adult (Figure
9) (Xue et al., 2014). As understood today, such regulation consists primarily of the
interplay of two miRNAs, miR156 and miR172. miR156 targets members of
SQUAMOSA PROMOTER BINDING-LIKE (SPL) transcription factors (Xie, 2006),
which are positive regulators of phase change and flowering time. Overexpression of
miR156 delays flowering time (Zhang et al., 2011a), while the expression of miR156-
resistant SPL transcripts induces early flowering. Furthermore, SPL9 acts as a
transcriptional activator of MIR172 genes, which in turn prevents expression of APETALA
2 (AP2) transcription factors (Aukerman and Sakai, 2003; Chen, 2004; Zhu et al., 2009).
The AP2 proteins regulate flowering time, organ identity and floral meristem fate.
Arabidopsis has four AP2 transcription factors, TOE1, TOE2, SCHNARCHZAPFEN, and
SCHLAFMUTZE. Overexpression of any AP2 gene delays flowering, while
overexpression of miR172 or loss-of-function mutation in any of the AP2 genes produces
an early flowering phenotype. As a surrogate pathway, miR169 can replace the function
of AP2 genes in Petunia and Antirrhinum because miR169 targets a family of NF-YA
transcription factors, which regulate expression of downstream flowering genes
(Cartolano et al., 2007). The decision to transit from vegetative to reproductive growth
depends on the gradients of miR156 and miR172 (Wu et al., 2009; and reviewed in Teotia
and Tang, 2015; Nag and Jack, 2010); this was first evidenced in the maize dominant
mutant Corngrass (Cg). Cg mutant displays enhanced expression of two tandem MIR156
genes, and thus have lower accumulation of miR172. As such, the mutant retains juvenile

features even in the reproductive phase (Chuck et al., 2007). Such phenotype not only
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involves miRNAs in the phase change, but also uncouples the juvenile-to-adult transition
from the vegetative-to-reproductive growth. The expression of miR156 originates in the
SAM and is highest at the early stages of growth, but it declines as the plant ages.
Conversely, the levels of miR172 rise and the reproductive phase transition occurs
(Reviewed in Zhu and Helliwell, 2011). Recent works indicate that nutrient availability
(i.e. sugar) plays a major role in the accumulation of miR156 and might serve as an

environmental cue underlying phase transition (Yang et al., 2013; Yu et al., 2013).
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Figure 9. miR156 and miR172 modulate the juvenile-to-adult and vegetative-to-reproductive

phase transitions.
Black arrows represent validated positive regulation; red blunt arrows represent validated

downregulated targets
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This kind of interplay between miRNA pathways seems to be a general rule and
not the exception in plant development. In an elegant study in Cardamine hirsuta, it was
evidenced that miR319-regulated TCPs compete with miR156-regulated SPLs for
interaction with miR164-regulated CUC transcription factors. Such interplay determines
leaf complexity as a function of plant age (Rubio-Somoza et al., 2014). Interestingly,
miR156 not only regulates phase transition but also enables the appropriate embryo
development. Involvement of miR156 in embryonic development appears to be through
preventing the expression of transcription factors that promote differentiation later in the
plant life cycle. This has been shown in the molecular characterization of the
embryogenesis of dcll mutants in Arabidopsis, where the expression of the miR156-
regulated SPL10 and SPL11 genes is abnormally induced in embryos as early as 8-cells
stage; and this up-regulation is largely responsible for the phenotypic defects in the
embryo patterning in dcl1 the mutant (Nodine and Bartel, 2010).

miRNAs also regulate seed maturation. The seed maturation program only takes
place during late embryogenesis, and repression of the process is essential for seedling
development. In Arabidopsis, LEC2 is a key regulator of seed maturation; and its
transcription is directly regulated by PHB and PHV. Through a sensitized genetic
screening of suppressors of seed maturation in vegetative growth stage, a weak allele of
agol mutant was recovered. The repression function of AGOL1 in seed maturation program
is through miR165/6 as AGO1 binds to miR165/166 to silence PHB and PHYV transcripts,
leading to ectopic expression of LEC2 mRNA and activation of the downstream cascade

of seed maturation (Tang et al., 2012). In maize, a severe growth-impaired mutant, fuzzy

26



tassel (fzt), was also identified. Loss-of-function fzt mutant contains a missense mutation
in the RNase Illa domain in DCL1 and negatively affects the accumulation of miRNAs
(Thompson et al., 2014).

Transcriptome characterization of loss-of-function allelic series of genes involved
in SRNA biogenesis uncovered an unforeseen depth of the regulation exerted by these
small molecules. SRNAs are involved in the establishment and maintenance of the
pluripotent state of cells, and also in the regulation of cell fate at the organ primordia
(Nodine and Bartel, 2010; Seefried et al., 2014). Furthermore, SRNAs can control their
targets by mRNA cleavage and/or translation inhibition, further increasing the complexity
of the regulation exerted. Of note, miRNA-mediated translational inhibition occurs at the
endoplasmic reticulum; and this regulation entails the membrane-bound protein
ALTERED MERISTEM PROGRAMMING 1 (AMP1), which interacts with the AGO1-
miRNA complex (Li et al., 2013). Interestingly, the amp1 mutant was initially recovered
in @ mutagenesis screening for genes that affected leaf morphogenesis in Arabidopsis.
Loss-of-function amp1 allele develops an extraordinarily large shoot meristem during the
globular embryo stage, well before than wild-type embryos (Conway and Poethig, 1997).
ampl mutants also exhibit enlarged leaf primordia, leaves with striking similarities to
cotyledons, ectopic stem cells niches, abnormal hormone regulation, seed dormancy, and
many other pleiotropic phenotypes (Huang et al., 2015). Such pleotropic effect suggests a
much broader effect of SRNA-mediated translation inhibition in the overall plant growth
and development.

The detailed study of MIRNA gene families and their targets has substantially
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increased our understanding of the regulation of development and also underscored the
complexity of such intertwined regulatory systems. Numerous questions still need to be
addressed concerning SAM control in particular and SRNA function in general. How do
tasiR-ARF regulate miR165/6? How is the expression of miR156 regulated? Indeed, how
is the expression of the MIRNA genes regulated? So far, it is possible to envision the
gradients of SRNAs in the meristem functioning in a similar fashion as morphogens in
animals (Skopelitis et al., 2012). However, it is unknown if mobility is an inherent
characteristic of SRNAs. To date, few mobile SRNAs have been characterized, but this
could be due to lack of sensitivity of our current methods. On the other hand, if not all
SRNAs move, then what makes an SRNA mobile? Furthermore, SRNA gradients seem to
determine a myriad of processes including but not limited to organ polarity and phase
transition; nonetheless, in some cases it appears that the SRNA movement is detrimental
for the recipient organ function (i.e. miR165/6 in SAM) and that complex adaptive
mechanisms have been put into place to quench their effects (i.e. AGO10).
1.3 sSRNAs as regulators of biotic interactions

Plants are the primary producers in the ecosystem; thus, constituting the base of
the trophic chain and serving as food sources for microbes, invertebrates and higher
organisms alike. Such trophic interactions can be established through parasitism,
herbivory, or mutualism, and must be regulated for the plant survival. The deployment of
defense or special developmental programs implies a major deviation of resources
otherwise allocated to growth (Tian et al., 2003); therefore, the decision to fight or enable

a biotic interaction requires an accurate calculation based on the environmental conditions,
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and the identification of the interacting organism. Here | discuss the underlying roles of
SRNAs as key regulators of the defense response and propose their role as the “lingua
franca” in biotic transactions (Li et al., 2017).
1.3.1 RNAI as an immune system against invasive nucleic acids

RNA silencing is elicited by dsRNAs that interfere with multiple steps of the
informational flow in the cell; specifically, SRNAs affect translation and stability of target
MRNASs; SRNAs can also direct DNA methylation, therefore precluding transcription of
target genes. Because dsRNAs can result from intermediates in RNA virus replication,
highly structured RNA virus genomes, viral transcripts, repetitive DNA sequences or from
transposable elements (TEs), it is not surprising that RNAI has evolved as an efficient
mechanism to prevent the proliferation of invasive nucleic acids. Viruses, viroids, satellite
RNAs (sat-RNAs), and TEs are the most common invasive nucleic acids in plants. Some
satellite RNAs are malignant: for example, Cucumber Mosaic Virus (CMV) Y-sat can
trigger production of 22nt SRNAs against transcripts of photosystem component Chl 1,
causing chlorosis in the infected plant and worsening viral symptoms (Shimura et al.,
2011; Smith et al., 2011). Moreover, CMV Q-satellite (Q-sat) can also interact with a
bromodomain protein (BRP), suggesting that sat-RNAs can directly target effectors of
epigenetic regulation and potentially affect chromatin regulation (Chaturvedi et al., 2014).
However, some satellite RNAs are molecular parasites of viruses because they cause the
reduction of their helper viruses, acting benignly in agriculture. Two modes of action have
been proposed to mediate the benign effects of sat-RNAs in the infected plants: 1) direct

competition for cellular machinery, and 2) induction of SRNAs that target the helper
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viruses for cleavage, producing substrates for RDR6 to generate secondary SRNAs that in
turn target the virus (Shimura and Masuta, 2016). Interestingly, it was recently shown that
the genome of Nicotiana tabacum contains Y-sat sequences that produce 24nt siRNAs and
direct DNA methylation (Zahid et al., 2015). Furthermore, it has been hypothesized that
sat-RNAs evolved from RNAI byproducts because the sliced products of RNAi-targeted
viruses or TEs can serve as substrates of TE- or virus-encoded RNA ligases for the
production of chimeric RNAs. This has been shown to occur spontaneously in greenhouse
experiments with CMV (Hajimorad et al., 2009).

Plants deficient in RNAI are hypersusceptible to virus infection; specific cases are
henl, agol, ago2, dcl4, drb4, agol ago2, and dcl2 mutants. However, this phenomenon
is not seen in dcll or dcI3 mutants, implying that they do not affect virus accumulation
(Deleris et al., 2006; Qu et al., 2008). The current model of RNAI antiviral defense is akin
to the tasiRNA biogenesis (Figure 10). It consists of the production of 21nt virus derived
small RNAs (vsiRNAs) through the cytoplasmic DRB4 and DCL4. The vsiRNAs are
stabilized by HEN1 methylation and loaded into AGO1 or AGO2 effectors to guide
cleavage of viral RNAs. The cleaved transcripts serve as substrates for SGS3, RDR6 and
DCL2 to produce 22nt secondary vsiRNAs. The secondary vsiRNAs are in turn loaded
into the antiviral AGO2 and reinforce the antiviral response (Pumplin and VVoinnet, 2013).
However, this model has been challenged by the discovery of the production of secondary
vsiRNAs by SGS3 and RDR6 in the absence of AGO1 and AGO2. Furthermore, not all
vsiRNAs are equally efficient at targeting the virus (Wang et al., 2011). Indeed,

degradadome studies have shown that only few vsiRNAs cause viral RNA cleavage, and
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DCL2 produced 22nt vsiRNAs are less efficient than the 21nt vsiRNAs produced by
DCL4 (Wang et al., 2010b, 2011). Furthermore, viruses can evade this mechanism by
localizing to different cellular compartments than the RNAi machinery, such as vesicles
and chloroplasts (Lalibertéand Sanfagon, 2010).
1.3.2 Viral suppressors of RNA silencing

RNAII targets invasive nucleic acids, imposing a selective pressure that has resulted
in essentially all plant viruses encoding for suppressors of RNA silencing (VSRs), thus
enabling infection. In fact, both infection efficacy and severity of the disease caused by
viruses correlate with the effectiveness of their encoded VSRs (Csorba et al., 2015).
Notably, the virus-RNAIi-VSR systems were the first evidence for a role of SRNA in plant
defense. They have also been a useful toolkit in the investigation of the RNAI mechanism
itself because viruses have evolved VSRs to target virtually every step in the SRNA-
mediated defense (Figure 10). Roughly speaking, VSRs can be grouped in three major
classes, those that prevent SRNA biogenesis, those that inhibit AGO effectors, and the
ones that preclude RNAI amplification. VSR-mediated impairment of SRNA biogenesis is
exemplified by Cauliflower Mosaic Virus (CaMV) protein P6. This suppressor prevents
the accumulation of vsiRNAs by binding to DRB4 in the nucleus and preventing its
translocation to the cytoplasm. Cytoplasmic localization of DRB4 upon virus infection is
essential for its interaction with DCL4 (Haas et al., 2008). Tobacco Mosaic Virus (TMV)
protein P126 inhibits HEN1 and thus destabilize vsiRNAs (Vogler et al., 2007; Yu et al.,
2006), while Sweet Potato Chlorotic Stunt Virus (SPCSV) produces an RNase 111 enzyme

that specifically cleaves SRNAs (21-24nt) into inactive 14nt oligos (Kreuze et al., 2005).
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Additionally, it is well-known that the Tombusvirus genus of plant viruses, including
Tomato Bushy Stunt Virus (TBSV), encode the P19 protein, P19 functions as a “molecular
caliper” by decoying vsiRNAs and preventing their loading into AGO effectors (Guo et
al., 2014; Ye et al., 2003; Vargason et al., 2003). Interestingly, P19 has a particularly low
affinity for miR168, which directly targets AGOL1 transcripts, producing downregulation
of AGOL1 to escape RISC attack (Vaallyay et al., 2010). Aside P19, other VSRs can
directly target AGO proteins. Polerovirus-encoded PO is an F-box protein able to form a
complex with SKP1/CULLINL1 to ubiquitinate AGO1 and induce its degradation through
the autophagy pathway (Baumberger et al., 2007; Csorba et al., 2010). Similarly, Potato
Virus X (PVX) protein P25 promotes degradation of both AGO1 and AGO2 through the
26S proteasome (Chiu et al., 2010). VSRs can also inhibit AGO silencing function. CMV
protein 2b directly binds to AGO1 and inhibits its slicing activity (Zhang et al., 2006a),
while Turnip Crinkle Virus (TCV) protein P38 associates with AGO1 and AGO2 through
a glycine-tryptophan (GW) - AGO hook to prevent loading of siRNAs but not of miRNAs
into AGO effectors (Azevedo et al., 2010; Zhang et al., 2012). DNA viruses also encode
VSRs to target AGOL1 activity. Mungbean Yellow Mosaic India Virus (MYMIV) AC2
protein binds to AGO1 and inhibits its slicing activity; however, it also interacts with and
inhibits RDR6, therefore preventing accumulation of secondary vsiRNAs and the
amplification step of the silencing signal (Kumar et al., 2015). A similar mechanism has
been reported for Rice Yellow Stunt Virus (RYSV) P6 protein (Guo et al., 2013), which
targets RDR6, and for Tomato Yellow Leaf Curl Virus (TYLCV) V2 protein, which

interacts with SGS3, and prevent systemic silencing (Zrachya et al., 2007).
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Figure 10. Mechanism of antiviral response mediated by sSRNAs.

Viral suppressors of RNA silencing (VSRs) are depicted in red at the specific stage that they
inhibit. Dotted black arrows represent the separation of the guide and passenger strands of the
siRNA duplex, which ends up in the degradation of the passenger strand; red blunt arrow
represents inhibition.

1.3.3 RNAi in non-viral threats

The plant defense against non-viral pathogens involves a complex signaling
pathway to deploy a broad spectrum or targeted immune responses. Briefly, recognition
of pathogen-associated molecular patterns (PAMPS), such as flagellin in bacteria or chitin
in fungi, elicits a basal layer of defense known as PAMP-triggered immunity (PTI). Viral
dsRNAs can be considered as virus-associated molecular patterns (VAMPS). Under this
selective pressure, pathogens have engaged in a co-evolutionary arms race to overcome

the PTI by producing specific virulence factors called effectors; this is in a similar fashion
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as the selective advantage conferred by the viral production of VSRs. To counter those
effectors, plants produce specific resistance proteins (R) during the targeted effector-
triggered immunity (ETI). Previously, PTI and ETI have been considered to be
independent from RNAI because they mostly regulate protein- and hormone-mediated
immune responses, but recent discoveries have pointed to an SRNA-mediated regulation
of both immune strategies.

The PTGS pathways have also been found to be involved in the response to non-
viral pathogens. Arabidopsis plants lacking a functional miRNA pathway (i.e. agol, henl,
and hasty) seem to prevent infection by the fungus Verticillium, evident in the reduced
fungal growth. This observation implies that successful infection requires a functional
miRNA pathway in the host. Importantly, mutants of dcl4, rdr6, sgs3, and ago7 were all
hypersusceptible to Verticillium but not to Fusarium, Botrytis, Alternaria or
Plectophaerella, suggesting that an amplified endogenous siRNA pathway specifically
restricts Verticillium infection. Furthermore, loss-of-function mutants in specific TGS
components display similar hypersusceptibility to the fungi mentioned above; thus,
different stages in the RNAI mechanisms play different roles in the fungal infection by

Verticillium (Ellendorff et al., 2009).
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1.3.3.1 RNAI is a constitutive repressor of the immune response

Two major breakthroughs were the discovery of miRNA-mediated constitutive
repression of ETI and PTI components, and the finding that pathogenic bacteria, fungi and
oomycetes also code for suppressors of RNA silencing among their effectors. The
constitutive repression of ETI and PTI responses mediated by miRNAs is consistent with
the requirement of the miRNA pathway for Verticillium infection. Regarding RNA
silencing, the best-understood pathogenic system is the one comprising A. thaliana and
the bacteria Pseudomonas syringae pv. tomato (Pst) (Figure 11). There, the flagellin
peptide flg22 induces transcription of MIR393 gene. miR393 represses TRANSPORT
INHIBITOR RESPONSE 1 (TIR1), which functions in the ubiquitin pathway to degrade
transcriptional repressors in response to auxin and promote cell growth (Navarro et al.,
2006). The role of miRNAs in regulation of PTI was further highlighted in a stronger
miRNA response of wild-type Arabidopsis plants upon infection with Pst hrcC™ Pst hrcC
is defective in the type-Ill secretion system and is therefore unable to deliver the its
effectors to the host. Correspondingly, when Arabidopsis mutants in the miRNA pathway
(i.e. dcl1-9 and henl-1) were challenged with Pst hrcC" the infection symptoms worsen
(Navarro et al., 2008), implying that wild-type Pst delivers a suppressor of the miRNA
pathway through the type 111 secretion system Pst infection also induces the accumulation
of AGO2, and ago2 mutants are more susceptible to infection. Several miRNA*
(passenger) strands accumulate and load into AGO2 during Pst infection, whereas these
molecules are otherwise rapidly turned-over during loading of mMiRNA-miRNA* duplexes

into AGO1 in uninfected plants. Among the miRNA* loaded into AGO2 is miR393*,
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which targets the transcript of MEMBRIN 12 (MEMB12). MEMB12 is a SNARE protein
that negatively regulates the secretion of PATHOGENESIS-RELATED 1 (PR1) protein.
Accordingly, plants carrying mutations in MEMB12, or overexpressing miR393*, display
enhanced secretion of PR1 and increased resistance to virulent and avirulent Pst (Zhang
etal., 2011b). Thus, AGO2 and AGO1 are regulators of antibacterial immunity by binding
to miR393* and miR393, respectively; thus de-repressing exocytosis of antimicrobial PR1
and preventing allocation of resources to growth (Figure 11). Similar de-repression of
defense genes by miRNA regulation was observed during wheat powdery mildew
infection by fungus Erysiphe graminis. In this case, downregulation of miR156 is required
for the accumulation of the SPL target Ta3711, which is a positive regulator of plant
defense response (Xin et al., 2010). Notably, it has been noticed that 10 conserved miRNA
families are downregulated in the gymnosperm Pinus taeda (loblolly pine) upon fungal
rust infection by Cronartium quercuum (Lu et al., 2007). miRNAs controlling R gene
transcripts were also observed in soybean infected with the oomycete Phytophthora sojae.

The RNA decay machinery might compete or collaborate with the epigenetic
machinery to potentiate or circumvent either transcriptional recovery via PTGS or
memory formation via RADM. For instance, stress is well known to induce very rapid
production of transcripts, which conceivably could lead to an increase in aberrant mRNA
that, in turn, would be potential substrates for RDRs. In line with this hypothesis, the RNA
decay inhibitor 3’-phosphoadenosine-5'-phosphate is produced during drought and light

stress, potentially impairing RNA decay. In this scenario, nRNA molecules could be more
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readily susceptible to PTGS. During stress, this could lead to RdDM and potentially

heritable changes in gene expression.
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Figure 11. sRNAs regulate host-pathogen interactions.
Black arrows represent validated positive regulation or the release of pathogen effectors; Red blunt

arrows represent validated inhibition or down-regulation of target genes.

1.3.3.2 Pathogen suppressors of RNA silencing

Consistent with the involvement of RNAI in the regulation of plant defense, further
study of the Pst-Arabidopsis system led to discovery of bacterial suppressors or RNA
silencing (BSRs) (Navarro et al., 2008). Specifically, Pst effectors include AvrPtoB,
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which suppresses transcription of MIR393a and MIR393b genes (Figure 11); AvrPto also
reduces accumulation of miRNAs in a posttranscriptional manner; and, Hop1-1 represses
both slicing and translational inhibition activities of AGO effectors. Importantly, not only
bacteria have been shown to produce silencing suppressors, the oomycete Phytophtora
sojae delivers two RNA-interacting proteins to the host to prevent RNA silencing, namely
PSR1 and PSR2 (from Phytophtora Suppressors of RNA silencing 1 and 2, Figure 11)
(Qiao et al., 2013, 2015). PSR1 impairs accumulation of SRNAs by interfering with the
activity of the nuclear PSR1-Interacting Protein (PINP1). PINP1 regulates the
accumulation of several kinds of sRNAs likely mediating the assembly of dicing
complexes. On the other hand, PSR2 negatively affects the abundance of specific SRNAs
that targets some known defense response genes such as nucleotide-binding leucine-rich
repeat proteins (NB-LRRs). Notably, PSR2 also influences the accumulation of specific
tasiRNAs through targeting miR173, which in turn suppress the biosynthesis of ASRP255
and ASRP1151 tasiRNAs without affecting the miR390-dependent tasiRNAs.
1.3.3.3 RNA in the battleground: sRNAs as effector and resistance pawns

A second breakthrough came with the discovery of delivery of RNA molecules as
effector/resistance factors. The host-pathogen interaction is bidirectional, which means
that as pathogens are able to deliver effector molecules to their host, there are mechanisms
for the host to deliver molecules to the pathogen. Weiberg and collaborators provided
outstanding evidence for this phenomenon: the fungal pathogen Botrytis cinerea produces
SRNAs that are transferred to the host and mediate the establishment of pathogenesis, by

modulating the expression of components of the pathogen sensing systems (Figure 11)
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(Weiberg et al., 2013). On the other hand, plants can inject SRNAs into pathogens and
induce gene silencing in the invaders in a process called Host Induced Gene Silencing
(HIGS) (Figure 11). This mechanism was first proposed and tested in barley and wheat
infected with the fungus E. graminis, which causes powdery mildew. Briefly, SIRNAs
targeting the fungal effector Avral0 are produced in the grasses to trigger RNA silencing
in the pathogen, which in turn renders the host immune to infection. The SRNA effect is
abolished when the pathogen expresses an SRNA-resistant Avral0 transcript (Nowara et
al., 2010). This artificial RNA-based crop protection has been successfully applied in
many crops-pathogen systems since 2010, but so far it is unknown whether it occurs in
vivo as well.
1.3.4 RNAI as a fine-tuned sensor of biotic threat

Another level of complexity is added when the RNAi mechanisms themselves
serve as sensors of pathogen attack or disease. During virus infections, but also in other
pathogenic processes, the RNAI effector AGOL is modulated either by impairing its
function or by altering its steady-state level in the cell. In any case the silencing effect is
reduced, which in turn results in the deregulation not only of the “intended” virus RNA
target but also of the endogenous AGO1-dependent transcripts. Among those endogenous
transcripts is the AGO2 mRNA, which is normally targeted by miR403 in Arabidopsis;
however, as AGOL1 is impaired, AGO?2 repression is released and can accumulate to a
higher level as such AGO2 can serve as a surrogate /or additional line of antiviral RNAI
effector (Azevedo et al., 2010; Fayol et al., 2016). The induction of secondary RNAI

components upon infection has also been reported in rice, where virus infection induces
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expression of AGO18, which comparable to AGO10 in Arabidopsis, works as a decoy for
an endogenous miRNA, namely miR168. In normal conditions, AGO1 homeostasis is
regulated by miR168; however, upon expression of AGO18, the steady-state level of
miR168 is greatly reduced and the levels of AGOL1 are increased to potentiate the antiviral
response (Wu et al., 2015).
1.3.5 RNAI as mediator in amicable interactions

However, the life of plants involves more than just defending themselves from
foes. In nature, plants often rely on biotic interactions for survival, the most widespread
being the establishment of mycorrhizae and nitrogen fixing nodules (Gobbato, 2015).
Mycorrhizae are mutualistic symbioses between fungi and plant roots, in which the fungal
micellium acts as an extended rhizome providing the plant with essential nutrients (mainly
phosphorus, but also water and other minerals) in exchange of sugars from the plant. It is
estimated that around 80% of terrestrial plants form mycorrhizae, and it has been proposed
that the establishment of these associations allowed plants to colonize terrestrial
ecosystems. The mycorrhization can be extracellular or intracellular, denominated
ectomycorrhizae and arbuscular mycorrhizae (AM), respectively. On the other hand, the
nitrogen fixing symbiosis appeared later in evolution and has been described only in plants
of the Rosid Clade I. It occurs under nitrogen-limiting conditions between nitrogen-fixing
bacteria, known as rhizobia, and the plant root. Notably, the formation of rhizobia nodules
and AM is not only a phenomenon of plant-microbe interactions but also implies the
deployment of a developmental program. The AM colonized root cells specialize, and are

physiologically modified for the exchange process. Similarly, nodulation occurs on stems
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as root-derived organs, which depend on the deployment of the root developmental
program (Franssen et al., 2015). Interestingly, both developmental programs —~AM and
nodulation- are reversible, since the interactions can be abolished upon changes in the

environmental conditions, such as phosphorus and nitrogen replenishment.
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Figure 12. miRNAs regulate positive symbiosis.
Mycorrhization and nodulation of nitrifying bacteria are shown. Black arrows represent validated
positive regulation; red blunt arrows represent validated downregulated targets or inhibition.

Not surprisingly, the miRNA machinery is also involved in developmental
regulation of the interactions above (Figure 12). In Medicago, miR396 and miR393 are

negative regulators of mycorrhization (Bazin et al., 2013; Etemadi et al., 2014). miR396
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targets the bHLH and Growth Regulating transcription Factors (GRF), which play a role
in synchronization of development and plant defenses (Liu et al., 2014a); while miR393
IS important in auxin regulation by targeting the TIR1 family of auxin transporters
(Navarro et al., 2006). Although it is expected that hormone, defense and development
regulation converge in the establishment of mycorrhizae, the exact mode of action of these
miRNAs in mycorrhization has been elusive. Establishment of nitrogen fixing nodules is
also regulated by miRNAs (Figure 12). In Medicago, the downregulation of the NF-YA
transcriptional regulator HAP2-1 by over-expression of miR169 arrests meristem
development and delays nodulation, which in turn causes the formation of non-fixating
nodules. Interestingly, expression of miR169-resistant HAP2-1 also produces defective
nodules. These observations and the complementary expression pattern of miR169 and
HAP2-1, imply the need for fine-tuning HAP2-1 expression during nodulation (Combier
et al., 2006). Thanks to the combined strategies of miRNA over-expression, target-
mimicry and miRNA-resistant targets, many other miRNAs have been reported to be
involved in nodulation. Initially, rhizobia release Nodulation Factors (Nod) that are sensed
by the compatible host and enable nodulation. In the soybean-Bradyhizobium japonicum
system, the rhizobia release Nod factors that subsequently induce expression of miR172c.
miR172c positively regulates nodule initiation and nodule number by targeting the
transcript of NODULE NUMBER CONTROL 1 (NNC1) for degradation. NNC1 protein
directly inhibits the nodulin gene ENOD40 upon binding to its AP cis-element, therefore
preventing nodule initiation (Wang et al., 2014). Notably, the miR172-AP module has also

been shown important in the nodulation in the common bean-Rhizobium etli system,
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highlighting the idea of a conserved mechanism (Nova-franco et al., 2015). In soybean, B.
japonicum Nod factors also induce expression of a positive regulator of nodulation,
miR167c. Targets of miR167c in soybean are transcripts of auxin response factors
GmARF8a and b, pointing toward the necessity for regulation of auxin response in the
establishment of nitrogen fixing nodules. Interestingly, the miR167-GmARF8 module
seems to be essential under low inoculum conditions, and to act upstream the nodulation
gene NODULATION SIGNALING PATHWAY1 (NSP1), and ENOD40 (Wang et al.,
2015a). Although miR172-AP and miR167-ARF8 are the best understood modules
involved in nodulation, miR482, miR1512, miR1515 and miR2606b are also known to
positively affect nodulation (Li et al., 2010); while miR156, miR160 and miR4416 have
a negatively effect (Turner et al., 2013). Given the similar impositions made by the
mycorrhyzal fungus and the rhizobia on the plant hosts, it is perhaps not surprising that
the establishment of these interactions include common regulators. In fact, the GRAS
transcription factors NSP1 and NSP2 have been shown to be essential for the
establishment of both symbioses (Delaux et al., 2013; Kal&et al., 2005; Lauressergues et
al., 2012; Smit et al., 2005). In Medicago, NSP2 is regulated by miR171h; consistently,
over-expression of miR171h impairs fungal growth and mycorrhization (Lauressergues et

al., 2012).
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1.4 Chromatin modification

The eukaryotic nuclear DNA is packaged into nucleosomes to constitute the highly
regulated chromatin. Nucleosomes are histone octamers around which the DNA wraps as
wool in a spool; typically, one nucleosome wraps 146bp of DNA. Chromatin regulation
includes modifications on the DNA (i.e. 5’methyl cytosine), post-translational
modification of the histones, and positioning and density of the nucleosomes along the
DNA. All these modifications are relevant to gene expression. Histone methylation is one
of the most abundant posttranslational modifications found in chromatin. It takes place on
lysine residues of histone amino-terminal tails, and serves as a second layer of information
in the eukaryotic genomes. Histone methylation has variable effects on gene expression
depending on the precise residues, contexts, and modification complexity (mono-, di-, or
tri-methylation). For instance, histone 3 lysine 4 tri-methylation (H3K4me3) is almost
uniquely associated with transcriptionally active chromatin, while H3K9me2 and
H3K27me3 are used heterochromatin markers (Binda, 2013; Black and Whetstine, 2011,
Du et al., 2015). Histone methylation is catalyzed by SET domain containing proteins such
as the Arabidopsis Su(var)3-9 homolog 4, KYP, which is responsible of the H3K9me2
deposition (Jackson et al., 2002; Law and Jacobsen, 2010). In Arabidopsis, H3K27
methylation is mainly catalyzed by the PRC2 complex (Liu et al. 2010; Zheng and Chen
2011). Both H3K9me2 and H3K27me3 can spread over neighboring regions inducing a
silent heterochromatic conformation. In plants, this spreading entails a positive feedback

loop between non-CG methylation (catalyzed by CHROMOMETHYLASE3 -CMT3-),
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recognized by KYP to direct H3K9me2, which further recruits CMT3 to boost or regulate
DNA methylation (Berger, 2007; Du et al., 2015; Henderson and Jacobsen, 2007).
1.4.1 Chromatin methylation and genome stability

Chromatin methylation is important in the regulation of endogenous gene
expression during developmental processes, but it is also critical for genome stability
(Alvarez et al., 2010; Black and Whetstine, 2011; Borges and Martienssen, 2013;
Chinnusamy and Zhu, 2009; Cui and Cao, 2014; Fischer et al., 2006; Liu et al., 2010;
Mirouze et al., 2009; Pikaard and Scheid, 2014). TGS controls the exogenous invasive
DNAs such as transposons and repetitive sequences. Since DNA viruses can associate
with histones and form minichromosomes in the host cells (Hanley-Bowdoin et al., 2013),
methylation is likely used to inhibit these pathogens. Indeed, previous work has shown
that plants use methylation of viral chromatin to limit virus replication and transcription
(Aregger et al., 2012; Brough et al., 1992; Pumplin and Voinnet, 2013). Specifically: 1)
Viral DNA and associated histone proteins are methylated in infected plants; 2)
Methylation-deficient Arabidopsis mutants are exquisitely sensitive to virus infection and
show enhanced disease symptoms; and 3) Viral DNA methylation is reduced in
methylation-deficient mutant plants that display enhanced susceptibility (Raja et al.,
2008).

1.5 The Geminivirus

Viruses of the family Geminiviridae, or geminivirus, are circular ssDNA plant
pathogens of great economical importance worldwide. They consist of one or two small

(~2-5kb) genomic molecules encapsidated in twin icosahedral particles that are targeted
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to the plant nucleus, where their genomes are replicated by rolling circle and conformed
in a dsDNA intermediate. This intermediate is wrapped around nucleosomes, the viral
minichromosome from where all transcripts and infective sSDNAs will be synthesized
(Paprotka et al., 2015; Pilartz and Jeske, 1992; Shung et al., 2006). To do so, the virus
must highjack the plant cell machinery with the 4-8 proteins encoded in its genome. The
geminivirus life cycle, small genomes, and consequent limited coding capacity, have made
Geminivirus especially useful in the study of DNA replication, transcription regulation,
and defense in the hosts (Carrillo-Tripp et al., 2006; Fondong, 2013).

The family Geminiviridae is further classified in four genera: Begomovirus,
Curtovirus, Mastrevirus and Topocovirus. This organization is based on genome
conformation, host range and nucleotide similarity. Curtovirus have monopartite
genomes, infect dicotyledonous hosts, and are transmitted by the beet leafhopper
(Circulifer tenellus) (Hormuzdi and Bisaro, 1993, 1995); Topocovirus are so far
represented by a single member named Tomato pseudo-curly Top Virus (TPCTV), which
is @ monopartite virus that infects dicotyledonous hosts through a treehopper vector
(Micrutalis malleifera) (Briddon and Markham, 2001; Briddon et al., 1996; Fondong,
2013; Hanley-Bowdoin et al., 2013; Mansoor et al., 2003); Mastrevirus also have
monopartite genomes and can infect monocotyledonous as well as dicotyledonous hosts
almost exclusively in the Old World, and are transmitted by leafhoppers and dragonflies
(Kammann et al., 1991; Matzeit et al., 1991). Finally, Begomovirus are the most prevalent
and well studied of all geminivirus, they infect monocots and dicots, and are among the

most devastating plant viruses in the world (Scholthof et al., 2011; Yadava et al., 2010).
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They can have monopartite or bipartite genomes and are transmitted by whitefly (Bemisia
tabaci) (Fondong, 2013; Gutierrez, 2000a, 2000b). The bipartite genomes are named DNA
A and DNA B and do not share sequence similarity, except for a ~200nt 5’ intergenic
region named Common Region (CR), which contains the origin of replication and a
conserved stem loop that is required for the assembly of the virus particles (Figure 13)
(Bisaro et al., 1990a).

The geminivirus genomes have open reading frames coded in the virion sense —
named V-, or in the virion complementary sense -named C-. The nomenclature of these
genes specifies the coding strand followed by a number that indicates the order of
discovery. In a begomovirus bipartite genome, the name of the DNA particle (A or B)

precedes the strand and order determinants (Figure 13).
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Figure 13. Genome organization of begomoviruses.

Geminivirus genomes code for proteins involved in: viral replication (AC1/C1), encapsidation
(AV1/V1), cell-to-cell movement (BC1/V2), nuclear shuttling (BV1/V2), and silencing
suppression (AC4/C4, AV2, AC2/C2). However, the limited coding capacity of these pathogens
has lead to the evolution of multifunctional proteins, so most of them interact with multiple cellular
components and have different roles in the pathogenesis.
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1.6 TrAP: the begomovirus AC2/C2 protein
The AC2 is exquisitely multifunctional and unique among the geminivirus C2

positional analogues found in curtoviruses and topocoviruses. It contains a transcriptional
activation domain, which is required for the expression of the late stage genes that code
for the coat protein (AV1/V1) and the nuclear shuttle protein (BV1). Therefore, the
begomovirus AC2/C2 is also known as TrAP for transcriptional activator protein, and it
is essential for the virus assembly and spreading in the host. Here, we refer to begomovirus
AC2/C2 as TrAP, and to the curtovirus and topocovirus positional analogues as C2.
TrAP is a 15KDa protein expressed from a polycistronic transcript that includes
AC1/C1, AC4/C4 and extends to AC3/C3. TrAP is a Zn?* binding phosphoprotein
encoded by the begomovirus plant pathogens (Figure 14). From N- to C-termini TrAP
contains a serine-rich stretch that has been proposed as a possible phosphorylation site to
regulate its cellular localization, interestingly it contains a proline residue that can be
recognized by Karyopherin o; immediately after, TrAP has a basic region that was
proposed to serve in DNA binding, but that later was described as the Nuclear Localization
Signal (NLS); then, the Cys-His Rich Region, which deviates from the canonical Zn2+
finger domains CCHH, is able to bind Zn?* and is also the TrAP dimerization domain; it
is followed by a stretch of 40aa with no known function, no sequence homology to known
proteins, and no predicted secondary structure; finally at the C-terminal, there is an acidic
region that has been related to transcriptional activation (Yang et al., 2007). Importantly,
it has been reported that TrAP can be phosphorylated at serine 109 and that this

modification affects the virus pathogenicity (Shen et al., 2014a). Interestingly, TrAP does
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not bind to dsDNA but it relies on host proteins to target the viral promoters such as the
Arabidopsis thaliana transcription factors PEAPOD2 and JDK (Chung and Sunter, 2014;
Lacatus and Sunter, 2009; Lozano-Duran et al., 2011); however, the precise mechanism

of transactivation mediated by TrAP remains elusive.

10 20 30 1 50 60 70 80 90 100 110 . 120 129
| | | | | | | Minimal Activation Domain

MRNSSSSTPPSIKAQHRAAKRRAIRRRRIDLNCGCSIYIHIDCRNNGFTHRGTYHCASSREWRLYLGDNKSPLFQDNQRRGSPLHQHQDIPLTNQVQPQPEESIGSPQGISQLPSMDDIDDSFWENLFK

Basic Cys-His Rich Region Acidic Region

Figure 14. Primary structure of the tomato golden mosaic virus (TGMV) TrAP.

This is a model of the TrAP encoded by a bipartite begomovirus. The sequence is color-coded and
functionally annotated. The nuclear localization signal (NLS) is located on the basic region and
represented in blue. The dimerization and DNA binding domains are located in the Cys-His rich
region and represented in blue, red arrows point to the cysteine residues; notably, C35 is essential
for TrAP dimerization. The C-terminal acidic region codes for the transcriptional activation
domain and it is represented in green and red, the red region represents the minimal activation
domain.

Possibly due to the limited coding capacity of these viruses, most of their proteins
are truly multi-functional. Particularly, TrAP has been shown to be a transcriptional
activator, a silencing suppressor and a suppressor of basal defense.

1.6.1 TrAP is a transcriptional activator

As a transcriptional activator, TrAP is required for the expression of the virion-
sense genes in both genomic particles. Promoter-reporter fusion and nuclear run-on assays
revealed that TrAP regulates the transcription of the coat protein AR1 (Sunter and Bisaro,

1991; Sunter et al., 1990), and the nuclear shuttle protein BR1 (Sunter and Bisaro, 1992).
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Importantly, there is no systemic infection caused by trap mutant begomoviruses because
of the requirement of these two viral genes. Mutation/complementation analyses of trap,
arl, bl1 and brl mutant viruses showed the absolute requirement of the TrAP-dependent
gene products for successful systemic infection of the host and are summarized below:

1. WT DNA A genomic particle is self-sufficient for replication, but it
depends entirely on the activity of both DNA B encoded proteins to infect
adjacent cells as well as to move systemically (Von Arnim and Stanley,
1992).

2. WT DNA A cell-to-cell and systemic movements are sustained when both
BL1 and BR1 proteins are provided in trans (Jeffrey et al., 1996).

3. trap mutant DNA A co-inoculated with WT DNA B does not sustain cell-
to-cell nor systemic movement (Elmer et al., 1988). It can replicate in the
inoculated cells but does not accumulate ssSDNA (Hayes and Buck, 1989).

4. trap mutant DNA A can move to adjacent cells and systemically when BR1
and BL1 are provided, although to a greatly reduced extend as compared
to the WT. No ssDNA accumulated (Jeffrey et al., 1996).

5. trap mutant DNA A cell-to-cell movement can be restored by BR1 alone
but not by BL1. No ssDNA accumulated (Jeffrey et al., 1996).

6. arl mutant DNA A co-inoculated with WT DNA B particles have cell-to-
cell and systemic movement although at lower levels as compared to WT.

This phenotypes is also accompanied by lower than WT ssDNA
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accumulation (Gardiner et al., 1988; Sunter and Bisaro, 1992; Sunter et al.,
1990).

7. arl mutant DNA A shows recovered cell-to-cell movement when BR1 and
BL1 are provided in trans. No ssSDNA accumulated (Jeffrey et al., 1996).

8. arl mutant DNA A systemic movement is not restored by BR1 and BL1
expression in trans. No ssDNA accumulated (Jeffrey et al., 1996).

9. arl mutant DNA A expressing BR1 in place of AR1 shows cell-to-cell and
systemic movement when BL1 is provided in trans. SSDNA accumulation
(Jeffrey et al., 1996).

These discoveries evidenced a regulatory role for TrAP and it has since been
proposed to serve as a temporal switch during the virus infection, following a common
strategy among DNA viruses in which an early viral gene induces the expression of genes
that are required for later stages of infection such as capsid and movement proteins.
Notably, the rolling circle replication of geminivirus produces ssDNA in every round
(Stenger et al., 1991). Therefore, probably there is a competition between the replication
machinery and the virus proteins for encapsidation and movement, so TrAP can serve to
tilt the balance from dsDNA amplification to sSDNA accumulation. This is consistent with
the lack of ssDNA accumulation in trap and arl mutants, as well as with the sSDNA
binding capacity of both AR1 and BR1 proteins (Pascal et al., 1994).

Two main approaches have been taken to understand the TrAP-dependent
transcriptional activation of viral genes: 1) by studying the promoter regions of the TrAP-

activated genes (PAR1 and PBR1, Figure 15), and 2) by studying the structural
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components in TrAP that are required for the transcriptional activation. The promoter
studies have shown:
1. Parztruncations, but not WT Pars, are active in the phloem tissue, so TrAP
possibly acts as a de-repressor of Par: in the phloem (Sunter and Bisaro,
1997). Indeed, many begomoviruses are restricted to the phloem, and Par1
contains a phloem repressor element that has been mapped to a region
within the TrAP gene.
2. Pgr1 de-repression in the phloem tissue is also dependent on TrAP.
3. Par1 and Pgr: of geminivirus that are not restricted to the phloem tissue
have a conserved late element (CLE) (Argtello-Astorga et al., 1994).
4. Paru is activated by TrAP in mesophyll tissue (Sunter and Bisaro, 1997).
5. Par1 and Pgr:1 have a bipartite arrangement of cis elements that are both
necessary and sufficient for TrAP-dependent transcriptional activation, the
sequences include but are not limited to the CLE and a CAAT region

(Berger and Sunter, 2013; Sunter and Bisaro, 2003).
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Figure 15. Structural components on the geminivirus genome required for TrAP-mediated
transcriptional activation.

Schematic representation of the promoters of the TrAP-activated genes, AV1 and BV1, in the
model begomovirus, tomato golden mosaic virus. CLE is conserved late element; CP is coat/capsid
protein; NSP is nuclear shuttling protein.

The TrAP structural studies have shown:

1. TrAP proteins are not virus specific, which indicates a common
transcriptional activation mechanism.

2. TrAP proteins can activate transcription of chromosomal insertions of
PAR1-driven transgenes, and they can activate host genes (Trinks et al.,
2005).

3. TrAP can bind to ssDNA and dsDNA. The binding is sequence
independent, Zn?*-dependent, and greatly favors ssDNA over dsDNA
(Hartitz et al., 1999).

4. TrAP C-terminal acidic domain is a transcriptional activation domain
capable of activating promoters in heterologous systems. In fact, a minimal
activation domain consistent of the last 15aa of TrAP can drive gene

expression in mice and yeast (Figure 14) (Hartitz et al., 1999).
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5. TrAP interacts with the Arabidopsis transcription factor PEAPOD2, which
recognizes both Par1 and Per1 promoters and can direct TrAP-dependent
activation. PEAPOD?2 does not have a transcriptional activation domain
(Lacatus and Sunter, 2009).

6. TrAP but not C2 can interact with itself forming oligomers, this self-
interactions is abolished by C35A mutation in the Cys-His Rich Region
and is likely mediated by a disulfide bond. Viruses carrying the trap C33A
mutation accumulate mostly in cytoplasm and cannot drive activation of
Par1; nonetheless, it does not impair local silencing suppression (Yang et
al., 2007).

1.6.2 TrAP is a silencing suppressor

TrAP/C2 have also been involved in symptom development and silencing
suppression. These proteins have been involved in TGS suppression by interfering with
the methyl cycle in the cytoplasm (Figure 16), depleting the cell from the methyl donor
SAM and avoiding the viral chromatin methylation. Specifically, TrAP interacts with and
impair the activity of adenosine kinase (ADK) (Mohannath et al., 2014; Wang et al., 2005).
Briefly, the transfer of the methyl moiety from SAMe to a methyl acceptor produces S-
adenosyl-homocysteine (SAH), which is subsequently hydrolyzed to homocysteine (Hcy)
and adenosine by SAH-hydrolase. ADK catalyzes the synthesis of 5’ AMP from adenosine
and ATP, therefore promoting the flux through the methyl cycle, which regenerates SAMe
from methionine (Met) (Moffatt et al., 2002; Weretilnyk et al., 2001). Thus, the inhibition

of ADK likely impedes downstream trans-methylation reactions including chromatin
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methylation in nuclei and metabolism of secondary metabolites including phytohormones
in plants (Moffatt et al., 2002; Wang et al., 2003, 2005). Furthermore, C2 has been found
to stabilize S-adenosyl-methionine decarboxylase 1 (SAMeDC1) by preventing its
degradation by the 26S proteasome. SAMeDCl1 is a negative regulator of the methyl cycle
that produces dcSAMe from SAMe (Zhang et al., 2011c) (Figure 16). Targeting the methyl
cycle may prevent not only the formation of heterochromatin, but also the deposition of
important euchromatin marks (i.e. H3K4me3 and H3K36me3), which could result in
suboptimal transcription and replication of the virus. Furthermore, SAMe is the most
common methyl donor in the cell; its regulation not only serves in chromatin
conformation, but also can have a plethora of metabolic effects in the cell.

RNAI can induce transcriptional and post-transcriptional gene silencing. The
standard method to assess the silencing suppression activity of proteins in plants is as
follows: a GFP stable transgenic Nicotiana benthamiana (N. benthamiana) plant is
inoculated with a cocktail of three agrobacteria strains that drive the expression of GFP,
anti-sense GFP RNA (These two constructs will provide dsSRNA substrate to initiate RNAI
against the GFP transgene), and suspect RNAI suppressor gene. The readout of silencing
suppressor activity is the maintenance of GFP fluorescence in the plant. This system can
reflect effects at any level of the RNAi mechanism and all TrAP, trapAAD (TrAP protein
lacking the 31 C-terminal aminoacids that constitute the transcriptional activation
domain), and C2 proteins evaluated by this method showed RNAI suppression activity
(Wang et al., 2005). This activity was (prematurely) attributed to the inactivation of ADK

by TrAP/C2 because co-delivery of an inverted repeat of ADK gene (to produce ADK
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dsRNA) and the addition of an ADK inhibitor also prevented silencing of the GFP
transgene. It was also concluded that the silencing suppression activity is independent
from the activation domain, but this is controversial because this activity in TrAP from
Mungbean Yellow Mosaic Virus (MYMV) is completely abolished by mutations in the

NLS, Cys-His- Rich Region, and trapAAD (Trinks et al., 2005).

AMP
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Adenosine

Homocysteine
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SAHH1/Hog1
SAH hydrolase 1
Methionine
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SAH
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SAM2
SAMe Sinthetase 2 R-CH,
SAMe

S-adenosyl-methionine MTase
Methyl transferase
SAMeDC1
SAMe Decarboxylase 1
dcSAMe

S-adenosyl-methionamine

Figure 16. The cellular SAMe or methyl cycle.

R represents the substrate in the transmethylation reactions; enzymes are bolded and italic; red
blunt arrow represents inhibition.
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Other methods have been used to specifically evaluate the early events of RNAI,
typically PTGS. The transient expression of genes in N. benthamiana is transient because
of the establishment of RNAI against the delivered construct, so the co-delivery of a
reporter gene together with a suspect RNAI suppressor serves to determine suppression of
the RNAI establishment by measuring the expression time of the reporter gene. Typically
a GFP reporter will be completely silenced after seven days, while when co-delivered with
a PTGS suppressor it can last for several weeks. Neither TrAP nor C2 show silencing
suppression by this method (Zrachya et al., 2007).

1.6.3 TrAP is a suppressor of basal defense and this activity is independent of the
transcriptional activation domain

As a pathogenicity determinant, TrAP/C2 causes enhanced susceptibility when
expressed in transgenic plants (Sunter et al., 2001). Both proteins interfere with host
signaling pathways required for nutrient, cell cycle, development, and stress response
regulation (Baliji etal., 2007, 2010; Yang et al., 2007). Until recently, TrAP/C2 interaction
with the global regulator of metabolism SnRK1 kinase was proposed to be the effector of
the virus metabolic control of the host cell (Hao et al., 2003; Shen and Hanley-Bowdoin,
2006). However, Dr. Hanley-Bowdoin’s group reported that SnRK1 phosphorylates
TrAP/C2 proteins to counter the virus threat (Shen et al., 2014a). In addition, C2 also
affects the activity of COP9 signalosome (Lozano-Duran et al., 2011), suggesting its
multiple functions in viral counter-defense. Although ADK, SAMDC1 and SnRK1 are
TrAP/C2-interacting proteins, their cytoplasmic localization makes them unlikely

responsible for the TrAP nuclear function. Furthermore, the loss-of-function mutants do
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not phenocopy TrAP transgenic plants, suggesting that TrAP has additional targets in the
nucleus.

Microarray analysis of the 6 hours transcriptome of protoplast transiently
expressing TrAP protein from different begomoviruses, showed induction of 55 genes
>2fold, while only 5 seemed downregulated; consistent with previous studies, there was
no induction of host genes by TrAP mutated in their nuclear localization signal, in the
Cys-His Rich Region, or lacking the activation domain (Trinks et al., 2005). This study
confirmed the TrAP activation of host promoters by promoter-reporter fusions, but it did
not show induction of genes normally associated with defense.

The constitutive expression of TrAP proteins lacking the activation domain results
in plants that are more susceptible to virus infection. The same phenotype was observed
in plants overexpressing the TrAP positional homolog C2; also, plants infected with c2
mutant geminivirus exhibit enhanced recovery from infection. The mechanism is likely
mediated by the interaction of C2 and TrAP with host proteins involved in pathogen
response. Specifically, C2 and TrAP interact with the cytoplasmic proteins ADK and
SnRK1, which are essential regulators of plant metabolism. ADK takes part in the methyl
and ATP biosynthetic cycles, which affect a myriad of processes; among them are
chromatin modifications and kinase activation. SnRK1 inactivation has shown to greatly
enhance susceptibility to virus infection, while overexpression leads to higher resistance.
C2 and TrAP inactivate ADK possibly directing the cell metabolism to a more permissive
status for virus infection. Interestingly, SnRK1 can phosphorylate TrAP within the

activation domain in S109, which is proposed to serve as a defense mechanism. Plants
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infected with the phosphomimic TrAP S109D showed delayed and attenuated symptoms.
Other works have shown that C2 interacts with and stabilizes SAMDC, further regulating
the methyl cycle and greatly affecting the trans-methylation reactions in the cell; an
important consequence of this is the demethylation of the virus genomes. Hyper-
methylation of the virus genomes results in attenuated infection and higher recovery from
infection.

In sum, SRNAs are central to gene regulation, which is not limited to development
but underlies all interactions with the ecosystem. Among the biotic interactions, | have
focused on the pathosystem established by begomoviruses and their host plants, and the
dependence of their success on the function of the viral protein TrAP. Since TrAP has
been previously described as a suppressor of SRNA-mediated gene silencing, the focus of
my research was to determine the mechanism by which TrAP exerts this gene regulation
in the host. | hypothesized that TrAP functions through the interaction with host factors
and | used a combination of genetic and biochemical approaches to identify those TrAP-
interacting proteins (TrIPs). Chapter 2 focuses on the interaction of TrAP with the histone
methyltransferase KYP, while the global findings of proteomics studies are presented in
Chapter 3. This work provides mechanistic insight for the TrAP-mediated suppression of
TGS, provides valuable resources for the scientific community, and builds on the current
understanding of the function of chromatin regulators. Specifically, we provide evidence
of the role of KYP in the immune system and predict this to be a general mechanism

employed by DNA viruses to overcome the host.
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2. GEMINIVIRUS-ENCODED TrAP SUPPRESSOR INHIBITS THE HISTONE
METHYLTRANSFERASE SUVH4/KYP TO COUNTER HOST DEFENSE"

2.1 Overview

Transcriptional gene silencing (TGS) can serve as an innate immunity against
invading DNA viruses throughout Eukaryotes. Geminivirus code for TrAP protein to
suppress the TGS pathway. Here, we identified an Arabidopsis H3K9me2 histone
methyltransferase, Su(var)3-9 homolog 4/Kryptonite (SUVH4/KYP), as a bona fide
cellular target of TrAP. TrAP interacts with the catalytic domain of KYP and inhibits its
activity in vitro. TrAP elicits developmental anomalies phenocopying several TGS
mutants, reduces the repressive H3K9me2 mark and CHH DNA methylation, and
reactivates numerous endogenous KYP-repressed loci in vivo. Moreover, KYP binds to
the viral chromatin and controls its methylation to combat virus infection.
Notably, kyp mutants support systemic infection of TrAP-deficient Geminivirus. We
conclude that TrAP attenuates the TGS of the viral chromatin by inhibiting KYP activity
to evade host surveillance. These findings provide new insight on the molecular arms race

between host antiviral defense and virus counter defense at an epigenetic level.

- Reprinted with permission from “Geminivirus-encoded TrAP suppressor inhibits the histone
methyltransferase SUVH4/KYP to counter host defense” by Claudia Castillo-Gonzd&ez, Xiuying Liu,
Changjun Huang, Changjiang Zhao, Zeyang Ma, Tao Hu, Feng Sun, Yijun Zhou, Xueping Zhou, Xiu-Jie
Wang, and Xiuren Zhang. eLife 2015,4:e06671. doi: 10.7554/elife.06671, Copyright 2015 by eLife
Sciences Publications Ltd.

60



2.2 Introduction

RNA silencing is a host defense mechanism to combat invading nucleic acids. One
type of RNA silencing is referred to as post-transcriptional gene silencing (PTGS). In
PTGS, double-stranded RNAs (dsRNAs) are processed by Dicer-like ribonucleases into
small-interfering RNAs (siRNAs). Mature siRNAs are incorporated into an Argonaute
(AGO)-centered RNA-induced silencing complex (RISC) to regulate expression of target
genes through RNA cleavage or translational repression. PTGS has evolved as a universal
defense response toward all viruses because dsRNAs can result from intermediates in
RNA virus replication, highly structured RNA virus genomes, or from viral transcripts.
To evade this surveillance mechanism, virtually all plant viruses are known to encode
suppressor proteins that are able to block different key steps of the PTGS pathway (Ding
and Voinnet, 2007).

While the host/virus battle at the PTGS level has been well appreciated, virus
suppression at a transcriptional gene silencing (TGS) level is poorly understood. In
eukaryotes, the nuclear DNA is wrapped onto histone octamers to constitute chromatin.
The chromatin undergoes various DNA and histone methylations, and these modifications
have variable effects on gene expression depending on the precise residues, contexts, and
modification complexity. Histone methylation takes place on lysine and arginine residues
of the amino-terminal tails (Greer and Shi, 2012; Kouzarides, 2007). The prevailing
dogma is that histone 3 lysine 4 tri-methylation (H3K4me3) is mostly associated with
transcriptionally active euchromatin, while H3K9me2 and H3K27me3 are repressive

marks (Deal and Henikoff, 2011; Feng and Jacobsen, 2011). Histone methylation is
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catalyzed by SET domain containing methyltransferases, specifically, H3K9me2 is
deposited by Arabidopsis Su(var)3-9 homolog 4, Kryptonite (KYP) (Du et al., 2014), and
its paralogs (SUVHS5,6) in Arabidopsis, while H3K27 methylation is carried out by the
PRC2, which includes Curly Leaf (CLF) (Liu et al., 2010; Zheng and Chen, 2011). Local
H3K9me2 and H3K27me3 can spread over wide regions to elicit heterochromatin
configuration. In animals, the propagation of histone methylations entails co-repressor
heterochromatin protein 1 (HP1), whereas in plants, KYP acts synergistically with DNA
methyltransferases (i.e., Chromomethylase 3 [CMT3]) to constitute a mutually reinforcing
cycle of DNA and histone methylation to secure TGS (Du et al., 2012, 2014).

Histone methylation not only regulates endogenous gene expression but also
invasive DNAs such as transposons and viruses (Narasipura et al., 2014). Plant DNA
viruses, exemplified by Geminivirus, form minichromosomes in the host (Hanley-
Bowdoin et al., 2013). Both Geminivirus DNA and associated histones are methylated in
infected cells, whereas viral methylation is reduced in methylation-deficient hosts,
methylation-compromised Arabidopsis mutants are hypersusceptible to Geminivirus
infection and show exacerbated disease symptoms (Raja et al., 2008). Thus, plants appear
to employ methylation of viral chromatin to limit viral replication and transcription
(Aregger et al., 2012; Pumplin and Voinnet, 2013). On the other hand, geminiviruses
encode a multi-functional protein called transcriptional activation protein
(TrAP/AL2/AC2) that counters the epigenetic defense (Buchmann et al., 2009; Raja et al.,
2008). It has been shown that TrAP inhibits adenosine kinase (ADK) (Wang et al., 2005).

ADK catalyzes the synthesis of 5' AMP from adenosine and ATP, a process that promotes
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the regeneration of S-adenosyl-methionine (SAM), the major methyl donor in the cell
(Buchmann et al., 2009; Moffatt et al., 2002). Consequently, the TrAP-mediated inhibition
of ADK activity likely impedes downstream trans-methylation events, including viral
chromatin methylation in the nucleus (Bisaro, 2006; Buchmann et al., 2009). In parallel,
some Geminivirus encode a TrAP positional homolog, named C2, that is able to stabilize
SAM decarboxylase 1 to downregulate the methyl group metabolism (Zhang et al.,
2011c). It seems that interfering with the methyl cycle is a common suppression
mechanism for Geminivirus-encoded TrAP/AL2/C2 proteins. In addition, C2 also
subverts the activity of COP9 signalosome to inhibit jasmonate signaling (Lozano-Duran
etal., 2011), suggesting its multiple functions in viral counter-defense.

Here, we investigated the suppression mechanism of TrAP proteins, encoded by
two Geminivirus members, Tomato Golden Mosaic Virus (TGMV) and Cabbage Leaf
Curl Virus (CaLCuV). We found that -constitutive expression of TGMV-
TrAP in Arabidopsis thaliana caused morphological abnormalities that mimic loss-of-
function mutants of numerous TGS components including lhpl (like-heterochromatinl)
and clf. Microarray analyses of TrAP transgenic plants and lhpl mutants revealed a
substantial overlap in reprogrammed host genes at a genome-wide level. Through
biochemical screening, we identified KYP as the bona fide target of TrAP. We
demonstrated in vitro that TrAP binds to the catalytic domain of KYP and inhibits its
enzymatic activity; while in vivo, TrAP decreases the repressive H3K9me2 marks and
H3K9me2-dependent CHH methylation in gene-rich regions. We also found that KYP

directly associates with the Geminivirus minichromosome and deposits H3K9me2 marks
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on viral chromatin. In addition, kyp mutants but not wild-type plants sustain low systemic
infection of CaLCuV lacking TrAP protein. Taken together, we propose that KYP-
catalyzed H3K9mez2 is a line of the innate immunity against invading DNA pathogens,
and Geminivirus TrAP functions to inactivate KYP to counter host defense. Thus, this
study provides new insight into the host—virus interaction at the TGS level.
2.3 Results
2.3.1 TGMV-encoded TrAP causes developmental abnormalities in Arabidopsis but not
through miRNA pathway

To study the suppression mechanism of TrAP, we generated
235 Arabidopsis transgenic lines overexpressing full-length TGMV TrAP, with or without
Flag-Myc4 (FM), 3HA, or CFP epitopes. These transgenic plants were confirmed by
northern (data not shown) or western blot assays (Figure 17A, Figure 21A). Importantly,
the majority of the transgenic lines exhibited developmental abnormalities consisting of
short statues, strongly upward curled cotyledons and true leaves (Figure 17B). Moreover,
these overexpressing lines exhibited early flowering compared to wild-type (WT) plants.
These phenotypes were morphologically distinct from loss-of-function mutants of ADK1
ADK2 (Moffatt et al., 2002; Weretilnyk et al., 2001), SnRK1 (Shen et al., 2009,
2014a), PEAPOD2 (Lacatus and Sunter, 2009), and rgsCaM (Chung et al., 2014), a
calmodulin-like protein, which are also targets or partners of TrAP. This result indicated

that TrAP exerts some novel cellular function (s).
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Figure 17. TrAP caused developmental abnormalities in Arabidopsis, but not through
mMiRNA pathway.

(A) Western blot analysis of 35S-TrAP-3HA and 35S-TrAP-CFP transgenic lines. Arrows indicate
the locations of the tagged TrAP proteins; * Cross-reaction band serves a loading control. (B)
Morphological defects of Arabidopsis transgenic plants expressing 35S-TGMV TrAP. Photographs
were taken of 10-day seedlings. (C) RNA blot analysis of PHB and AGOL1 transcripts in the TrAP
overexpression transgenic plants using gene-specific random-labeled probes. 25S rRNA is a
loading control. (D) sRNA blot analysis of miRNA and miRNA* in the TrAP overexpression
transgenic plants. Total RNA was prepared from a pool of T2 transgenic plants (n>50 for each
line). sSRNA blots were probed using 5’ end *?P-labeled oligonucleotide probes complementary to
the indicated miRNA or miRNA*. 5S rRNA and tRNA are a loading control. All the samples were
run in the same gel; but the lane order of miRNA*s was rearranged to match that of miRNAs. (E)
SRNA blot analysis of miR165 loading into Arabidopsis RISCs. RNA was extracted from flowers
or Flag-AGO1 immunoprecipitates of transgenic plants harboring 35S-TrAP or 35S-TrAP-3HA in
agol-36; Pacoi-Flag-AGO1 background and agol-36; Pacoi-Flag-AGO1 control plants
(Baumberger and Baulcombe, 2005). (Top panel), total RNA; (Middle panel), each lane contained
SRNA associated with Flag-AGO1 immunoprecipitated from 0.4 g of flowers. (Bottom panel), the
input and immunoprecipitate of Flag-AGO1 were analyzed by Western blot assays in the same
samples for SRNA blots. A cross-reacting band (*) was used as a loading control.
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Figure 17 Continued.

Developmental anomalies of transgenic plants expressing viral suppressors have
been associated with interruption of the miRNA pathway. To test this, we compared
expression levels of several miRNAs and their targets between Col-0 wild-type and TGMV
TrAP transgenic plants. Plants expressing Cucumber mosaic virus-encoded 2b suppressor
(Zhang et al., 2006a) and ago1-27, a hypomorphic allele of agol (Morel et al., 2002), were
used as controls. We observed that the accumulation of miR165 and miR168 and their
targets, PHB and AGO1 transcripts, in the 35S-TGMV TrAP lines was comparable to the
amount in wild-type plants (Figure 17C, D). We further confirmed that loading of

MIiRNAs into AGO1-centered RISCs was not affected by TrAP (Figure 17E). The same
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results were obtained with miR167, miR159, and ta-siRNA480/255 and their
corresponding targets (Figure 18). Thus, unlike most of previously reported viral

suppressors, TrAP does not act on the miRNA pathway.
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Figure 18. sRNA blot analysis of additional miRNAs and siRNA in the TrAP overexpression
transgenic plants.

Total RNA was prepared from a pool of T2 transgenic plants (n>50 for each line). SRNA blots

were probed using 5° end 32P-labeled oligonucleotide probes complementary to the indicated
miRNAs or siRNA. U6 serves as loading control.

2.3.2 TrAP genetically interrupts the TGS pathway
To study how TrAP altered plant development, we mined publicly available
databases and literature for the molecular and morphological phenotype of 35S-

TrAP lines. We found that35S-TrAP transgenic lines phenocopied several mutants in the
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epigenetic pathway including LHP1 (Kotake et al., 2003) (Figure 19A) and clf mutants
(Chanvivattana et al., 2004), with respect to the early flowering and upward curling of
leaves. CLF belongs to PRC2, a complex that catalyzes the deposition of H3K27me3
marks. LHP1 (Nakahigashi et al., 2005), on the other hand, associates to silent genes in
euchromatin and directs the spreading of the silent status to adjacent loci (Farrona et al.,
2008; Turck et al., 2007; Zhang et al., 2005, 2007a; Zheng and Chen, 2011). Thus,
coordinate activities of CLF and LHP1 result in chromatin methylation and transcriptional
repression (Farrona et al., 2008).

We examined global expression profiles of 7-day-old 35S-TrAP transgenic plants
compared to Col-0 wild-type using an Affymetrix ATH1 GeneChip and identified 586
genes that are differentially expressed in the 35S-TrAP transgenic plants (q < 0.005). Of
these, 295 transcripts were elevated whereas 291 were reduced (Figure 19E). We
performed real-time PCR and RNA blot assays to validate the microarray results for the
differentially expressed genes (DEGs). Among 25 genes randomly tested, we confirmed
the ATHL results for 24, indicating that the microarray results were reliable (Figure 19B,
C; data not shown). Gene-Ontology (GO) analysis placed the DEGs into seven functional
categories (Figure 19D; Supplementary file 1): hormone response (86 genes), stress
response (94 genes), development regulation (50 genes), transcriptional regulation (20
genes), RNA metabolism (13 genes), post-translational modification (36 genes), and
general metabolism (182 genes), plus a set of 105 un-annotated genes (Figure

19D; Supplementary file 1).
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Figure 19. TrAP is genetically involved in the TGS pathway.

(A) 35S-TrAP transgenic plants phenocopied Ihpl mutants. Photographs were taken of 15-day
seedlings. (B and C) Microarray results were validated by gRT-PCR analysis. Only 12 randomly
selected loci were shown. (D) Gene ontology analysis of the TrAP-regulated DEGs. The numbers
adjacent to the pies represent the ratio of genes in each category over the total DEGs (E) Genome-
wide overlapping of the genes regulated by TrAP and loss-of-function Ihpl. White and black
numbers correspond to upregulated and downregulated genes, respectively. Maroon number
indicates the genes that are differentially deregulated in both genotypes. (F) Heatmap of the
commonly deregulated genes in the 35S-TrAP and lhpl lines. The typical gene-ontology
categories are shown on top. (G and H) Microarray and RNA blot analyses of epigenetically
regulated flowering genes in the TrAP transgenic lines and Ihpl mutants. Cyt450 is a control. (1)
gRT-PCR analysis of TEs in heterochromatic regions in the lhpl mutant and TrAP transgenic
lines.
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Then, we compared the DEG profiles of the TrAP overexpression lines and loss-
of-function lhpl mutant (Figure 19E, F; Supplementary file 2). Transcriptome analysis
revealed that out of 295 genes significantly upregulated in the 35S-TrAP transgenic lines,
120 (40.7%) were also upregulated in Ihpl mutant. This is significantly greater than 1.28%
expected by chance (p < 2.2e-16, Pearson's Chi-squared test). Interestingly, among the co-
upregulated genes are a group of flowering-stimulated transcriptional factors including the
key flowering-time integrator, FT,and 12 other genes such asTFL1, AGLS5,
and AGL9 (Farrona et al., 2008) (Figure 19F-H; Supplementary file 2; Supplementary file
8) clustered in the transcriptional regulation category. Importantly, all these genes are
regulated through epigenetic pathways and account for the early flowering phenotypes
of Ihpl mutant and possibly of TrAP transgenic plants as well (Gan et al., 2013). Other
highly represented categories included 31 genes involved in aging and 116 genes engaged
in stress responses (Supplementary file 2). Notably, the stress-responsive genes included
genes specific to biotic stress such as PR4, WRKY18, FLS2, and PDF1.2; additionally,
genes related to chemical stress, such as PTR3 and TAT3, were also identified. Thus,
constitutive expression of TrAP could trigger plant senescence and innate defense
pathways, and this activation is potentially through interference with the LHP1-related
epigenetic silencing.

Similarly, out of 291 genes significantly downregulated in the 35S-
TrAP transgenic lines, 137 (47.1%) were also repressed in lhpl mutant. This is
significantly greater than 1.25% expected by chance (p < 2.2e-16, Pearson's Chi-squared

test) (Supplementary file 2). Genes related to auxin response were of special interest. Of
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the 32 DEGs involved in the auxin pathway, 29 genes were downregulated in the 35S-
TrAP transgenic plants, classified as small auxin upregulated mRNAs (SAURs). These
results suggested a possible hyposensitivity to auxin in Ihpl mutants and TrAP transgenic
plants, which could explain the smaller statues of both genotypes. Consistent with this
hypothesis, numerous auxin-repressed loci including PS2 and aging genes
like TET9, SAG13, and SRG1 were upregulated in both lines. Concomitantly, six genes
related to cell growth and five genes engaged in cell wall loosening were also repressed.
Significant genome-wide overlap 0f35S-TrAP and Ihpl loss-of-function-responsive genes
suggested that TrAP might be genetically involved in the LHP1-related TGS pathway.

Since LHP1 is believed to reside in euchromatic regions, we wondered
whether TrAP also deregulates expression of heterochromatic loci. To this end, we
selected numerous transposable elements (TEs) that were not recovered from the
microarray assays and assessed them directly by qRT-PCR. Excitingly, most of the tested
transposons were transcriptionally active (Figure 191), further suggesting
that TrAP indeed inhibits the TGS pathway, in both euchromatic and heterochromatic
regions.
2.3.3 KYP is a bona fide target of TrAP

Given that TrAP transgenic plants phenocopied several TGS mutants and
displayed transcriptional activation of heterochromatic loci, we hypothesized that TrAP
epistatically regulates a TGS integrator (s), indirectly leading to deregulation of the
epigenetic marks. Analysis of the microarray data challenged this possibility as no

significant changes in the transcripts of any canonical TGS components were revealed
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(Supplementary file 3). An alternative hypothesis was that TrAP directly interferes with
the function of a TGS component (s). To test this in an unbiased manner, we used
luciferase complementation imaging (LCI) assay to screen 34 TGS-related proteins and
some other cellular factors for TrAP interaction (Zhang et al., 2011c) (Supplementary file
4). In the LCI experiments (Figure 20A), the N- and C-terminal parts of firefly luciferase
(NLuc and CLuc) are fused to different test proteins to be transiently expressed
in Nicotiana benthamiana (N. benthamiana). When NLuc and CLuc are brought together
through interaction of the test proteins, catalytic activity is restored and recorded through
CCD camera. In our LCI screening, we recovered LHP1 and KYP, a SUVH-type
H3K9me2 methyltransferase, suggesting that TrAP is physically close to LHP1 and/or
KYP proteins in vivo (Figure 20B). Next, we carried out confocal microscopy imaging
assays. TrAP co-localized with both LHP1 and KYP in scattered but not yet clearly
defined nuclear foci, whereas co-expression of TrAP-CFP and other YFP-tagged proteins
in N. benthamiana cells did not show such patterns (Figure 20C). These observations
further suggested that TrAP was in the same complexes as LHP1 or KYP. To further
examine if TrAP interacted with these proteins, we conducted co-immunoprecipitation
(Co-IP) assays (Figure 20D). Interestingly, we validated the TrAP-KYP interaction
(Figure 20D) but not TrAP-LHP1 (data not shown), indicating that the LCI signal resulting
from the TrAP-LHP1 combination likely involved additional cofactors between TrAP and
LHP1 in vivo (Figure 20B). Alternatively, TrAP-LHP1 interaction might be transient or
unstable in our stringent co-1P condition. We observed that expression of CLuc-HA3-KYP

in N. benthamiana vyielded truncated proteins of various lengths that accumulated to
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comparable levels as the full-length protein; only the full-length KYP showed specific
interaction with TrAP, implying the KYP C-terminal domain as the interaction interface
with TrAP (Figure 20D). We further confirmed the in vivo TrAP-KYP interaction by
F&ster resonance energy transfer-acceptor bleaching (FRET-AB), using TrAP-CFP as a
donor and YFP-KYP as an acceptor. Shortly, FRET involves the energy transfer from an
excited donor to an adjacent acceptor when the fluorophores are less than 10 nm apart. If
the fluorophores are coupled, the excited donor leads to acceptor emission; bleaching the
acceptor allows the emission of the donor to be measured (Figure 20E). Consecutive
cycles of YFP-KYP bleach/recovery correlated with release/quench on the TrAP-CFP
signal (Figure 20E-F); the positive FRET-AB (CaLCuV-TrAP 2.699 +0.23, TGMV-
TrAP 3.8228 £0.58, p < 0.05) corroborated TrAP-CFP/YFP-KYP interaction (Figure

20G).
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Figure 20. TrAP interacts with KYP in vivo.

(A) Schematic representation of the luciferase complementation imaging assay. The bottom panel
shows different combinations of infiltrated constructs that were fused either to N-terminal (NLuc)
and C-terminal (CLuc) regions of luciferase. (B) Screening of host factors targeted by TrAP. The
infiltration positions of the constructs (red arrows) and luminescence signal resulting from the
protein-protein interaction in a leaf are shown. FTSZ and LOM2 serve as negative controls. (C)
Confocal imaging assays show the co-localization of TrAP-CFP with YFP-KYP in the nuclei in
N. benthamiana. FTSZ serves as a negative control. (D) Specific interaction between KYP and
TrAP was confirmed in N. benthamiana by co-immunoprecipitation (Co-IP). Constructs harboring
35S-Myc-TrAP-nLuc and cLuc-HA-KYP were co-infiltrated in N. benthamiana leaves. IP was
conducted using anti-Myc antibody. Western blot analyses were done with the crude extract
(input) and the IP products using anti-Myc, or -HA antibodies. Truncated versions (red arrows)
serve as an internal control. (E) Exemplary imaging of FRET assays of TrAP-CFP and YFP-KYP
co-expressed in a nucleus. The nucleus is irradiated with 458nm laser to excite the CFP
fluorophore. Three regions were selected for the assay: #1, autofluorescence control, #2
fluorophore decay control, and #3, FRET-Acceptor Bleaching test. Regions #1 and #3 were treated
with pulses of 514nm laser to bleach the YFP fluorophore. The CFP signal is then visible in region
#3 when the emission of CFP is dequenched. (F) Quantification of the signals from each
fluorophore observed during FRET-AB experiment in E. (G) FRET is positive for YFP-KYP
paired with the CFP-tagged TrAPs from either CaLCuV or TGMV.
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To examine whether TrAP interacted with KYP under physiological conditions,
we isolated TrAP complexes through two-step immunoprecipitation (Zhu et al., 2013)
from stable transgenic plants expressing FM-TrAP under the inducible promoter (XVE)
(Zuo et al., 2000) followed by mass spectrometry analysis. A total of 624 peptides
representing 288 unique sequences were recovered from the TrAP sample; of those, 31
unique peptides matched specifically to KYP/SUVH4 and were not found in control
immunoprecipitates using Col-0 plants (Figure 21). Together, all these assays clearly

indicated that TrAP and KYP interact in vivo.
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Figure 21. Mass spectrometry analyses confirmed endogenous KYP as a bona fide TrAP
interacting partner.

(A) Western blot indicating expression of FM-TrAP in seedlings upon induction with bet-estradiol.
Anti-Myc antibody as used for detection. (B) 31 peptides (green) uniquely match to the KYP
sequence.
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2.3.4 TrAP binds to the catalytic domain of KYP

We performed in vitro pull-down assays to examine whether TrAP interacts
directly with KYP. We found that maltose-binding protein (MBP)-KYP, but not MBP and
other MBP-tagged control proteins, was able to pull down GST-tagged TGMV- and
CaLCuV-encoded TrAP proteins (Figure 23A, B). This interaction was specific as MBP-

KYP was unable to pull down GST protein alone.
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Figure 22. TrAP does not interact with LHP1 in vitro.

In vitro pull down assays of GST-TrAP by MBP-LHP1 is shown. Left panel, Coomassie brilliant
blue R250 staining of the proteins shows their mobility. Right panel, output of in vitro pull-down
assays. The recovered MBP-tagged bait proteins were monitored by Coomassie brilliant blue R250
staining. The output of the GST-tagged prey proteins was analyzed by western blot using a
monoclonal anti-GST antibody. TrAP dimerization is shown as positive control. 2.5ug of prey
proteins were pulled down with the indicated bait proteins (2.5ug each).
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Notably, we did not observe direct LHP1-TrAP interaction in the parallel pull-
down experiments (Figure 22); and this result was consistent with the in vivo Co-IP
experiments. From N- to C- termini, KYP contains SRA, PreSET, SET, and PostSET
domains. To further define the protein domain (s) responsible for the specific interaction,
we generated five truncations of KYP (Figure 23C). Pull-down assays showed that the
SET domain interacted with TrAP proteins from both TGMV and CaLCuV at a higher
affinity, whereas SRA domain might interact with CaLCuV TrAP at a reduced affinity in
vitro (Figure 23E, F). These results were consistent with the results of the in vivo Co-IP
experiments in which only full-length KYP, but not C-terminal-truncated versions, could
recover TrAP (Figure 23D). Recent structural analysis on KYP revealed that SET and pre-
SET domains constitute two modules: one forms a narrow pocket harboring the H3 tail
(1-15aa), whereas the other binds the SAM cofactor, together with the post-SET domain
(Du et al., 2014). Because the post-SET domain does not seem to contribute to the KYP-

TrAP interaction, TrAP could potentially occupy the histone-binding cavity (Figure 23F).
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Figure 23. TrAP interacts directly with KYP through the SET domain.

(A and B) In vitro pull-down assays showed that KYP specifically interacted with TGMV TrAP
(A) and CaLCuV TrAP (B). Left panel, Coomassie brilliant blue R250 staining of the proteins
shows their mobility. Right panel, Output of in vitro pull-down assays. All His-MBP-tagged bait
proteins and His-GST-tagged prey proteins were purified from E. coli using Ni-NTA columns. In
all assays, 2.5ug of prey proteins were pulled down with the indicated bait proteins (2.5ug each)
using amylose resins. The recovered MBP-tagged bait proteins were monitored by Coomassie
brilliant blue R250 staining. All the experiments were done at the same time and the samples were
run in the same gels. The spacers in the images indicate digital rearrangements of the pictures. The
output of the GST-tagged prey proteins was analyzed by western blot using a monoclonal anti-
GST antibody. (C) Schematic diagram of full-length and truncated forms of KYP. The numbers
on the left refer to the amino acid residues in KYP protein. Locations of SRA, Pre-SET, SET, and
Post-SET domains are shown. (D) In vitro pull-down assays of truncated KYP proteins and TrAPs.
The experiments were done as in (A and B). The GST negative control was loaded in the lanes
marked with (*). (E) Summary of interaction between the truncated KYP proteins and TrAP
encoded by TGMV and CaLCuV. (F) Model of possible KYP-TrAP interaction based on the
experimental results from panels D and E. KYP structure was generated in Chimera from PDB:
4QEN dataset, domains are color coded and indicated.
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Since the SET domain is well conserved among histone methyltransferases
(HMTase) (Liu et al., 2010), we next investigated whether TrAP interacts with KYP
paralogs. In vitro pull-down assays showed that TrAP indeed interacted with numerous
tested HMTases (SUVH2, 5, and 6) (Figure 24). Notably, loss-of-function mutants
of SUVH2display early-flowering phenotype, suggesting that TrAP might target this

protein in vivo as well.
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Figure 24. TrAP directly interacts with KYP paralogs SUVH2, 5, and 6.

In vitro pull down assays. Left panel, Coomassie brilliant blue R250 staining of the proteins shows
their mobility. Right panel, output of in vitro pull-down assays. The recovered MBP-tagged bait
proteins were monitored by Coomassie brilliant blue R250 staining. The output of the GST-tagged
prey proteins was analyzed by western blot using a monoclonal anti-GST antibody. SUVH4/KYP
was used as a positive control. 2.5 pg of prey proteins were pulled down with the indicated bait
proteins (2.5 pg each). All the experiments were performed simultaneously and run in two separate
gels.
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2.3.5 TrAP inhibits the catalytic activity of KYP in vitro

The specific interaction of TrAP with the catalytic SET domain of the SUVHSs
prompted the question of whether TrAP inhibits KYP activity. To test this, we set up an
in vitro reconstitution of H3K9 methylation using His-GST-KYP purified
from Escherichia coli as the enzyme source, recombinant histone 3 as the substrate, and
methyl-12C-SAM as the methyl donor (Figure 25A). Under our experimental conditions,
1 pM GST-KYP methylated 3 M of histone 3 in less than 5 min at 37 <C, as detected by
saturation of the radioactive signal (Figure 25B). Excitingly, incubation of His-GST-KYP
with His-MBP-TrAP from either TGMV or CaLCuV reduced the initial velocity of KYP
transmethylation activity in a dose-dependent fashion, whereas His-MBP alone did not
affect KYP catalysis (Figure 25B). Quantification of signal intensity revealed that the
TrAP-KYP molar ratio of 2 was enough to cause approximately 50% inhibition of KYP
activity (half maximal inhibitory concentration [ICso]) (Figure 25C). Thus, our results

indicated that TrAP potently inhibited the catalytic function of the HMTase.
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Figure 25. TrAP inhibited HMTase activity of KYP in vitro.

(A) Coomassie staining of purified proteins uses for the assays. (B) In vitro HMTase
reconstitution assays with different molar ratio of MBP and MBP-TrAP proteins (0-10x) relative
to GST-KYP. The recombinant KYP was incubated without (buffer only) or with the indicated
proteins before addition of Histone3 and C14-SAM. The reactions were done in a 6-minutes
time course; aliquots were resolved in 18% SDS PAGE, and stained with Coomassie blue R250
to show Histone3 input (top panels). The dried gels were auto-radiographed to detect 14C-
methylated Histone3. (C). Plotting of KYP initial velocity vs TrAP/KYP molar ratio. The initial
velocity was calculated from the slope of the linear range in the signal vs. time plot for each
assay, and then the values were normalized using the non-inhibitor control as a standard of 1 to
obtain the relative initial velocity with standard deviation (SD) from at least three biological
repeats. The relative initial velocity is plotted as a function of inhibitor:enzyme molar ratio in a
logarithmic scale of base 2.

10x

83



2.3.6 TrAP reduces H3K9me2-repressive marks in vivo

Given that in vivo TrAP genetically interferes with the TGS pathway, and in vitro
it physically interacts with HMTases (KYP, SUVH2, 5, 6) and inhibits the activity of
KYP, we wondered whether TrAP alters KYP function in vivo. To address this question,
we conducted chromatin immunoprecipitation (ChlP) analyses of H3K4me3, H3K9me2,
and K3K27me3 marks (Figure 26, Figure 27, Figure 28) on numerous KYP-regulated TEs
(Figure 27B, Figure 28A) in TrAP overexpression plants as compared to Col-
0, ddm1, kyp, and Ihp1 control plants. Remarkably, all tested loci in TrAP transgenic lines
displayed consistent reduction of H3K9me2 and H3K27me3, whereas changes of
H3K4me3 were variable. This molecular phenotype mimicked kyp mutant at all tested
loci, but not Ihpl mutant. This result indicated inhibitory effect of TrAP on KYP activity

on the TESs in vivo.
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Figure 26. Western blot analysis to show specificity of antibodies used for ChIP assays in the
study.

Crude extract (A) and isolated nuclei (B) were probed with antibodies against histone 3, H3K9me2
(Abcam Cat# ab1220), H3K27me3 (Millipore Cat# 07-449) and H3K4me3 (Millipore Cat# 04-
745), respectively.
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Figure 27 ChIP-PCR assays for selected flowering genes and heterochromatic loci confirm
ChIP-gPCR.

(A) ChIP-PCR analysis of various histone 3 modifications in flowering genes in different genetic
backgrounds. (B) ChIP-PCR analysis of various histone3 modifications in TEs in different genetic
backgrounds. ChlP assays were conducted on 9-day old seedlings using antibodies specific for
H3K9me2 (Abcam Cat# ab1220), H3K27me3 (Millipore Cat# 07-449) and H3K4me3 (Millipore
Cat# 04-745). The PCRs were done with 22 cycles for the input samples and with 30 cycles after
ChlP.
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Since TrAP is a transcriptional activator protein, we next asked whether the
increased transcription of the TrAP-responsive protein-coding genes is associated with
changes in the histone methylation status. First, we screened numerous loci that showed
transcriptional deregulation in the TrAP overexpression lines (Figure 19B-D,G,H) for the

presence of various histone modifications. We identified a dozen loci in which H3K9me2
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marks are easily detected in wild-type plants. We then conducted ChIP-qPCR for these
loci in the TrAP transgenic plants.

As expected, H3K9me2 and H3K27me3 were reduced in most of the tested loci
in ddm1, kyp and Ihpl mutants, whereas H3K4me3 was enriched. These results are
consistent with the generally antagonistic roles of H3K4me3 and H3K9me2
modifications. Specifically, six out of seven TrAP deregulated loci including the
flowering-promoting genes displayed greater than twofold reduction in H3K9me2 and
H3K27me3 in the TrAP overexpression plants compared to wild-type Col-0, while
changes in H3K4me3 were inconsistent. This scenario was similar to that observed for
TEs (Figure 28B,C). Collectively, the ChIP assays indicated that TrAP interferes with the
epigenetic pathways through reducing repressive H3K9me2 marks in vivo.

2.3.7 TrAP decreases CHH DNA methylation

KYP, SUVHS5, and SUVH6 are required for maintenance of non-CG (CHG and
CHH) methylation in Arabidopsis (Stroud et al., 2013, 2014). We predicted that inhibition
of KYP function by TrAP might indirectly cause reduction in non-CG DNA methylation.
To test this, we conducted genome-wide bisulfite sequencing with 11-day-old seedlings
of TrAP transgenic plants, kyp mutant, and Col-0. Consistent with previous
studies, kyp mutant showed genome wide loss of methylation in CHG (~42.1%) and CHH
(~21.7%), but not in CG (~2%) contexts when compared to Col-0. To our surprise, TrAP
transgenic plants only exhibited decrease in methylation of CHH (~11%) but not CHG

(Figure 29A).
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Figure 28. ChIP-gPCR analyses of H3K4me3, H3K9me2 and H3K27me3 in TrAP-regulated
loci in vivo.

(A) TrAP-activated transposons in heterochromatic regions contained reduced H3K9me2 and
H3K27me3 but did not show consistent variation in H3K4me3 marks. (B) TrAP-upregulated
flowering genes showed consistently reduced H3K9me2 and H3K27me3 marks compared to wild-
type Col-0. (C) TrAP-downregulated genes displayed variable changes of H3K9me2 and
H3K27me3 marks and no obvious changes of H3K4me3 mark. (D) Tubulin (TUB8) was used as
internal control for all the ChIP experiments; the percentage enrichment versus input is shown.
ChIP assays were conducted on 11-day old seedling using antibodies specific for H3K9me2
(Abcam Cat# ab1220), H3K27me3 (Millipore, cat #,07-449), and H3K4me3 (Millipore, cat #04-
745). Enrichment of H3K4me3 and H3K27me3 in each locus is hormalized to that of TUBS;
H3K9me2 enrichment is plotted as percentage of input. The standard deviation (SD) was
calculated from at least three biological repeats.
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Figure 29. TrAP reduces CHH DNA methylation in vivo.
(A) Genome-wide heat map of DNA methylation levels in Col-0, kyp mutant, and TrAP transgenic
plants (Left). Sequence context of all cytosine, CG, CHG and CHH methylation was depicted as
black, yellow, blue, and red, respectively. The percentage of cytosine methylation is shown for
each genotype (Right). (B) Average distribution of context specific DNA methylation in Gene-
and TE- Rich Regions in Col-0 (red), kyp mutants (green) and TrAP transgenic plants (blue). (C).
Overlap of CHH DMRs between TrAP transgenic plants and kyp mutant.
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Figure 29 Continued.

To further analyze the effect of TrAP on DNA methylation, we identified
differentially methylated regions (DMRs) by scanning the genomes in 200 bp tiles and
comparing the level of methylation among kyp and TrAP overexpression plants with Col-
0 (See Section 2.5 “Materials and Methods”) (Supplementary files 5, 6, 7). Given that
non-CG methylation is highly co-localized and predominant in TE-rich heterochromatic
regions (Dubin et al., 2015; Shen et al., 2014a; Stroud et al., 2013, 2014; Yang et al.,
2015), we separated the DMRs into gene- and TE-rich regions (GRR and TERR

respectively); When compared to Col-0, TrAP transgenic plants displayed loss of CHH
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methylation at GRR but not in TERR, nor in CG or CHG contexts (Figure 29B).
Remarkably, of the 3442 and 1784 GRR hypomethylated DMRs identified in kyp mutant
and TrAP transgenic plants, 1642 were shared. To better understand the effect of
TrAP expression on CHH DNA methylation, the GRR DRMs were further separated into
promoter, terminator, UTR, intronic, and coding regions. We found
that TrAP hypomethylated DMRs in coding sequences, UTRs, and introns overlapped
almost completely with the kyp mutant (96.7%, 96%, and 95.4% respectively) (Figure
29C). Notably, gene ontology analysis of the overlapped genes pointed to response genes,
specifically in protein kinase categories (Figure 30; Supplementary file 7). This substantial
overlap explains about one-third of the total CHH DMRs in kyp mutant, and one half
of kyp DMRs in genic regions (Figure 29C). Together, these results suggest an inhibitory

effect of TrAP in KYP-dependent CHH DNA methylation.

92



GO of TrAP transgenic and kyp mutant CHH hypomethylated DMRs at CDS
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Figure 30. Gene ontology of CHH hypomethylated genes in TrAP transgenic plants and kyp
mutant.

The genes associated to the CHH hypomethylated DMRs in both TrAP transgenic and kyp mutant
plants underwent Gene Ontology analysis using AgriGo tool with TAIR10 as reference
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2.3.8 TrAP inhibits KYP activity to counter host defense

In animals, H3K9 methylation promotes TGS and latency of integrated viruses. In
plants, Geminivirus constitutes into a minichromosome that also undergoes epigenetic
regulation. The specific TrAP-KYP interaction, inhibition of KYP activity in vitro, and
reduction of H3K9me2 and CHH methylation in vivo suggest that KYP is a major factor
in combating viruses. Previous studies showed that kyp mutants are hypersusceptible to
Geminivirus infection (Hanley-Bowdoin et al., 2013); these experiments were
reproducible in our hands (Figure 31A-D). Moreover, the hypersusceptibility
of kyp mutant to the virus could be rescued by the wild-type KYP transgene under the
control of both the native and the constitutive 35S promoters (Figure 31A-D); further
validating a role for KYP in regulation of viral infection. In line with the phenotypic
complementation, wild-type KYP almost completely rescued H3K9me2 defects of the TEs
in the kyp mutant (Figure 31E, lanes 1-4). Interestingly, although the accumulation
of KYP transcripts was substantially increased when transcribed from the 35S promoter
when compared to the native promoter, the steady-state protein level was only twofold to
threefold higher in the 35S-Flag-4Myc-KYP than in the Pkvr-Flag-4Myc-KYP transgenic
plants (data not shown). These observations suggest a possible homoeostatic regulation of

this critical TGS component.
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Figure 31. KYP methylates geminivirus chromatin as a host defense.

(A). Western blot analysis of kyp complementation lines expressing PKYP- or 35S-Flag-4Myc-
KYP using anti-myc antibody. *, a cross-reaction band serves as a loading control. (B)
Representative CaLCuV symptoms with different severities. (C) Time course of CaLCuV
symptom development in kyp mutant and the complementation lines. The mean values were
calculated with SD from at least three experiments (>30 plants/line). (D). CaLCuV symptom
severity in Col-0, kyp mutant, and the complementation lines. The mean values were calculated
with SD from at least three experiments (>30 plants/line). (E) ChIP-PCR of H3K9me2 marks in
heterochromatic loci in kyp mutant and complementation lines inoculated with mock or CaLCuV.
Note: CaLCuV infection largely removed H3K9me2 marks from heterochromatic loci. (F)
Schematic linearized representation of the regions of viral genome A selected for ChIP assays. (G)
ChIP-qPCR assays showed KYP-dependent enrichment of H3K9me2 in several tested loci in the
viral chromatin. The relative value of histone methylation in each sample was normalized to that
of wild-type control where the signal was arbitrarily assigned a value of 1 with standard deviation
(SD) from at least three biological repeats. Note: the region defined by # Primer 7 serves as a
negative control. (H) Western blot analysis of to detect FM-KYP in the ChIP (IP) samples using
anti-myc antibody. (1) ChIP-PCR assays showed that KYP binds to the viral minichromosome.
The ChIP assays were done with a monoclonal anti-Flag antibody.
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Figure 31 Continued.

Geminivirus minichromosome harbors H3K9me2 (Figure 31G, Figure 32)
(Hanley-Bowdoin et al., 2013). Interestingly, H3K9me2 marks were dramatically
decreased on several, but not all tested loci in the viral genome in kyp mutant, and the
methylation marks were further restored by the KYP transgene, suggesting that viral
chromatin H3K9me2 is catalyzed by KYP. Notably, the H3K9me2 amount was
substantially enhanced in the locus defined by Primer #9 in the

transgenic KYP overexpression plants (Figure 31G). It is noteworthy that this locus
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harbors the promoter element for TrAP itself (Shung and Sunter, 2009). This result
suggests that the tight control of TrAP expression likely determines the balance between
the host and virus interactions. If so, the result might also explain the relatively milder
viral symptoms of 35S-FM-KYP lines compared to WT control or Pkyr-FM-
KYP complementation lines (Figure 31A-D). To further test whether KYP methylated the
viral chromatin, we performed ChIP assays using monoclonal anti-Flag antibody to pull
down FM-KYP bound chromatin (Figure 31H). Excitingly, KYP was found at all tested
loci in the viral chromatin (Figure 311). Notably, regions delineated by the primer #7
showed KYP-independent H3K9me2 marks but were still immunoprecipitated in the
KYP-chromatin complex. A possible explanation is incomplete chromatin shearing of the
small viral mini-chromosome under the conditions used in this experiment, which were
standardized for host chromatin ChIP. Alternatively, this might suggest the presence of
additional epigenetic regulation that masks KYP activity on this locus. This
notwithstanding, our results indicate that KYP directly deposits the H3K9me2 mark on
the Geminivirus minichromosome to reinforce the silent status of the virus.

Since constitutive expression of TrAP reduced H3K9me2 in vivo, we wondered if
Geminivirus infection could also decrease the repressive marks in the host. To this end,
we tested the KYP-controlled endogenous transposons for H3K9me2 accumulation.
CaLCuV-infected plants showed 60—-100% H3K9me2 loss in the tested loci compared to
the amount in the mock-inoculated plants (Figure 31E), this is reminiscent of the
molecular phenotype of TrAP transgenic plants, which showed lower enrichment of

H3K9me2 mark at the studied loci (Figure 28C). These results indicated that Geminivirus
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infection largely removed the repressive H3K9me2 marks in the transposons, and that the
removal resulted at least in part from TrAP function. Given that TrAP is known to activate
the expression of viral genes in the minichromosome and that endogenous transposons can
serve as a proxy for viral genomes, it is conceivable that virus-encoded TrAP acts to
suppress KYP in order to prevent the deposition of H3K9me2-repressive marks in the

epigenome, to activate the expression of viral genes.
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Figure 32. Virus chromatin contains H3K9me2 marks.
ChIP-PCR assays of H3K9me2 marks on the CaLCuV DNA A. ChIP assays were conducted on
9-day old seedlings using antibodies specific for H3K9me2 (Abcam Cat# ab1220), H3K27me3
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2.3.9 kyp mutants sustain systemic infection of CaLCuV lacking a functional TrAP gene

Previous studies show that TrAP is required for the accumulation of the virus
infective form, single-stranded (ss) DNA (Hayes and Buck, 1989). TrAP is indispensable
for systemic infection of Begomoviruses because it activates the expression of the viral
ssDNA binding proteins (nuclear shuttle protein and coat protein), which are essential for
releasing the virus from the nucleus and for cell-to-cell spreading (Sunter and Bisaro,
1992). If TrAP-mediated transcriptional activation and accumulation of sSDNA result
from inhibition of KYP and correspondingly heterochromatin formation, then infectivity
of CaLCuV lacking TrAP should be impaired in wild-type but recovered in kyp plants. To
test this hypothesis, we engineered a CaLCuV variant without functional TrAP protein
(CaLCuV Atrap) by changing a single nucleotide (T to A) that produces an amber
mutation and introduces an Xbal restriction site after the sixth codon in the TrAP gene
(Figure 33A). Then, we assessed systemic infection of CaLCuV and CaLCuV Atrap on
wild type and kyp plants (Figure 33B).

Consistent with the hypersusceptible phenotype of kyp mutants to CaLCuV
(Figure 31C,D), these plants accumulated significantly higher titers of CaLCuV relative
to wild-type control as both the replicative intermediate, open circle (OC), and the
infective particle, SS DNA (Figure 33C). Consistent with previous reports, the wild-type
plants did not show any symptoms of infection (Figure 33E) or systemic accumulation of

CaLCuV Atrap, as evidenced by Southern blot analyses and PCR (Figure 33C).
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Figure 33. Infectivity of CaLCuV lacking functional TrAP protein.

(A) Sequence alignment of CaLCuV Atrap and CaLCuV sequences. The translated amino acids
are shown for each sequence, and the Xbal restriction site resulting from the T to A point mutation
is highlighted. (B) Schematics of the systemic infection experiment. Plants with eight true leaves
(depicted in grey) were inoculated with the begomovirus, and eighteen days post inoculation nine
to 11 newly emerged, not inoculated, rosseta leaves (depicted in bright green) were collected to
test for virus systemic infection. (C) Southern blot analysis of viruses in non-inoculated leaves of
infected plants. Ethidium bromide staining of total genomic DNA serves as a loading control (top
panels). Southern blots were probed against CaLCuV DNA A common region (CR) (bottom
panels); the viral populations are indicated as the replicative intermediate open circle (OC), linear
(L), super coiled (SC) and the infective particle sSDNA. (D) Genotypic confirmation of the
systemically amplified viruses. Top panels show PCR amplification of a TrAP-containing region;
bottom panels show EcoRI and Xbal digestions of PCR products to examine the presence of the
amber mutation in the gene. (E) Exemplary phenotypes of wild-type and kyp mutant plants
inoculated with mock, CaLCuV and CaLCuV Atrap.
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Particularly, PCR amplification followed by Xbal digestion of the
viral TrAP region in wild-type plants infected with CaLCuV Atrap showed loss of the
Xbal restriction site (Figure 34). Excitingly, the viral DNA was detected, in low amount
but reproducibly, in kyp mutants. Further PCR amplification of the TrAP gene followed
by Xbal digestion, confirmed that the detected viral DNAs in kyp mutants indeed came
from CaLCuV Atrap and not from a reversion of the mutation in the virus genome. These
results show that kyp plants sustained systemic infection of CaLCuVAtrap. Noticeably,
the titers of accumulated CaLCuV Atrap were much lower than the ones of CaLCuV,
suggesting either redundant activity of KYP paralogs in host defense or necessity of
additional functions of TrAP besides inhibition of KYP activity for the virus to achieve
efficient infection.

2.4 Discussion

TrAP was among the first viral suppressors identified to interfere with the TGS
pathway. The prevailing model is that TrAP lowers the reservoir of transferable methyl
groups by targeting ADK, a key enzyme in the SAM pathway. Here, we propose a novel
model in which TrAP regulates TGS by directly targeting KYP (Figure 35). Several pieces
of evidence supported our notion: (1) TrAP genetically interfered with the TGS pathway
(Figure 19); (2) TrAP directly interacted with KYP in vivo and also with other HMTases in
vitro (Figure 20, Figure 23); (3) TrAP inhibited the catalytic activity of KYP in vitro
(Figure 25); (4) TrAP reduced the repressive H3K9me2 marks in vivo (Figure 28), and
correspondingly, reactivated numerous loci that are otherwise repressed by KYP (Figure

19); (5) TrAP decreased CHH methylation in gene-rich regions that are also regulated by
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KYP (Figure 29); (6) methylation of viral chromatin entailed KYP (Figure 31); (7) KYP
bound the viral chromatin (Figure 31); and (8) kyp mutants but not wild-type plants sustain
low systemic infection of CaLCuV lacking TrAP protein (Figure 33). To our best
understanding, this is the first evidence that a viral protein directly suppresses HMTases

in the host TGS machinery.
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Figure 34. CaL.CuV lacking functional TrAP protein cannot cause systemic infection in wild-
type plants.

The region corresponding to TrAP gene was amplified by PCR using the primers AL3_cterm_F
and AL1 cterm_R (Supplemental Table 8) from total DNA extracted from plants infected with
CaLCuV or CaLCuV Atrap. 5uL of the PCR products were run and 3uL were used for digestion
with EcoRI or Xbal to examine the presence of the amber mutation in all the amplified products.
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Figure 35. Model of TrAP suppression of KYP activity to prevent epigenetic silencing of the
viral chromatin.

Geminivirus genome is packed on histone octamers to form a minichromosome. The
minichromosome undergoes extensive H3K9me2 modification deposited by host-encoded KYP,
and this modification could be further reinforced by DNA methylation, leading to formation of
viral heterochromatin. As a counter-defense strategy, Geminivirus-encoded TrAP protein inhibits
KYP activity to maintain the euchromatic status of the minichromosome to permit active
replication and transcription of viral genes, and correspondingly to escape host surveillance.

Given that TrAP protein could concurrently limit the upstream supply of the
methyl groups and directly inhibit downstream enzymatic activity of KYP, Geminiviruses
appear to have evolved sophisticated strategies to cripple the host TGS pathway. What
would be the biological advantages of blocking the TGS pathways? In eukaryotes,
chromatin appears to be a critical battleground for virus—host interaction. Animals use
histone modifications to reinforce the latency of integrated viruses (du Chénéet al., 2007,
Narasipura et al., 2014; Park et al., 2014). Plant DNA viruses including Geminiviruses

and pararetroviruses replicate as nuclear minichromosomes or episomes. Clearly, TGS
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functions as an immune system to control virus replication and the expression of viral
genes, in a similar fashion as the repression of endogenous TEs and transposon remnants.
In previous studies and here in our experiments, kyp mutants displayed hypersusceptibility
to Geminivirus infection, which could be rescued by exogenous wild-type KYP gene.
KYP directly acts on viral chromatin and deposits the repressive H3K9me2 mark on the
viral chromatin. Moreover, viruses lacking the essential TrAP protein can, although
inefficiently, cause systemic infection in KYP-deficient hosts. All these facts point out the
unambiguous role of KYP-mediated TGS in defense against viral infection. On the other
hand, TrAP functions to inhibit KYP catalytic activity, reducing the repressive H3K9me2
mark, to activate transcription of viral genes. Our KYP reconstitution assays show that
TrAP:KYP molar ratio of around 2 is enough to cause ~50% inhibition of KYP activity,
indicating that TrAP is a potent inhibitor of HMTase activity. Thus, direct inhibition of
KYP represents a novel counter-defense mechanism for virus survival in the hosts. This
mechanism could account for the long-documented essential role of TrAP in expression
of viral genes including the coat protein and the nuclear shuttle protein (Hanley-Bowdoin
et al., 2013; Shen et al., 2009; Sunter and Bisaro, 1992; Yang et al., 2007).

In plants, H3K9me2 marks often correlate with non-CG DNA methylation, and in
particular with CHG modification. The tight coordination results from a self-enforcing
loop consisting of KYP and CMT3 (Du et al., 2014). Briefly, KYP methylates H3K9 to
generate the binding sites for CMT3, which further methylates CHG DNA to create more
binding sites for KYP. Consequently, the crosstalk between DNA and histone methylation

ascertains the silent status of heterochromatin. We hypothesized that TrAP targets KYP
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to reduce H3K9me2 marks, and this inhibition would further decrease DNA methylation
both on the host and on the viral genome. Here, we found that ectopic expression of TrAP
had no effect on CHG but only on CHH methylation, at sites that are up to 96.7%
overlapped with the hypo-methylated regions in kyp mutant (Figure 29). In plants,
sequence contexts of CHG and CHH methylation are largely overlapped throughout the
genome and are maintained to a limited extent by all non-CG methyltransferases (Stroud
et al., 2014). One outstanding question would be how could TrAP differentially alter
methylation of CHH rather than CHG, given that TrAP targets KYP? Methylation in the
CHH context is catalyzed by CMT2 and DRM1/2 in Arabidopsis, and the sites regulated
through the two sets of enzymes are mostly non-overlapping. Thus, the functions of CMT2
and DRM1/2 are mostly non-redundant at CHH sites (Stroud et al., 2013, 2014). DRM1/2
largely catalyze CHH methylation at the TE-rich regions (Stroud et al., 2014). In our study,
we did not observe any effect of TrAP on CHH methylation in the TEs, suggesting that
TrAP might not (or not sufficiently) interrupt the RdDM pathway that entails DRM1/2
and 24-nt siRNAs (Stroud et al., 2014). Importantly, it has been recently discovered that
bulk CHH methylation is maintained by CMT2 (Dubin et al., 2015; Shen et al., 2014b;
Stroud et al., 2014) and that its activity is largely dependent on H3K9me?2. In this scenario,
CMT2 recognizes methylated H3K9 but preferentially binds to di-methylated over mono-
methylated histone tails. This preference towards H3K9me2 is not observed in the CHG
methyltransferase CMT3, which can equally bind to all forms of H3K9 methylation
(Stroud et al., 2014). We might envision that methylation at CHH sites could be more

sensitive to changes in H3K9me2 than CHG, since CMT3 could still maintain CHG DNA
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methylation in the presence of H3K9mel resulting from residual activity of HMTase, as
would be the case when KYP is inhibited by TrAP. Alternatively, CHH methylation might
play an important but yet unappreciated regulatory role in host defense genes (Figure 30).
If so, preferentially targeting these loci by TrAP protein might represent a new counter-
defense mechanism.

In the host, Geminivirus DNAs also undergo extensive methylation modification
(Raja et al., 2008). In our study, TrAP reduces CHH methylation in the host and possibly
in the viral genome, too. Remarkably, the Geminivirus replicase, AC1/C1 and the
embedded protein AC4/C4, downregulate the expression of host DNA
methyltransferases MET1 and CMT3 (Pumplin and Voinnet, 2013; Rodr Quez-Negrete et
al., 2013); hence, it interrupts the reinforcing loop of histone and DNA methylation.
Consistent to this study, cmt3 mutants exhibit hypersusceptibility to viral infection (Raja
et al., 2008). The fact that Rep/C4 represses CMT3 expression in the host is in perfect
alignment with our ChIP assay results on CaLCuV-infected plants, where the loss of
H3K9me2 is even more severe than the observed by TrAP transgenic plants. Thus,
interruption of the compelling feedback loop of histone and DNA methylation represents
an important strategy to sustain transcription of viral chromatin. Together, it seems that
the synergistic inhibition of histone and DNA methyltransferases by Geminivirus proteins
evolves as a powerful tactic to win the arms race between host and pathogen.

Our in vitro assays clearly demonstrated that TrAP predominantly binds to the
catalytic domain of KYP and inhibited its enzymatic activity. Whether TrAP might alter

KYP conformation or block the accessibility of substrates to the active sites upon
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interaction awaits future structural analysis. We note, however, that Arabidopsis has 49
SET domain containing proteins of which 31 are considered to have HMTase activity (Liu
et al., 2010). Arising from this fact is whether TrAP specifically targets KYP or
promiscuously acts on additional HMTases. Although TrAP overexpression plants display
molecular features in common with kyp mutant (i.e., reduced H3K9me2 levels), and an
early flowering phenotype similar to loss-of-function mutant of the kyp paralog, SUVH2,
the transgenic plants are phenotypically different from kyp single mutant. This could be
due to functional redundancy between KYP and its paralogs in vivo; alas, the
morphological phenotype of the higher-order mutants has not been fully documented.
We also noticed that TrAP-overexpression plants are morphologically similar
to Ihpl, which is characteristic of the H3K27me3 pathway. Moreover, the substantial
overlapping of TrAP-responsive genes with lhpl-regulated genes strongly suggested that
TrAP might target theLHP1-related H3K27me3 pathway (Zheng and Chen, 2011). Indeed,
most of our tested loci in the host genome exhibited decreased H3K27me3 levels,
consistent with the fact that ~50% genes were co-regulated by TrAP and LHP1in a
genome-wide scale. Interestingly, recent ChIP—chip studies revealed that H3K27me3
and LHP1-bound sites are predominantly distributed in the euchromatic regions (Turck et
al., 2007; Zhang et al., 2007a, 2007b). This distribution is not correlated with KYP-
dependent H3K9me2 marks that are highly enriched at pericentromeric regions as large
and uninterrupted heterochromatic blocks (Black et al., 2012; Du et al., 2014; Liu et al.,
2010, 2014d). H3K9me2 can also occur in euchromatic regions but rather exist as small

heterochromatin patches (Zheng and Chen, 2011). In our current study, we did not further
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examine whether TrAP physically targets H3K27me3 HMTase in the LHP1 pathway. But
it is plausible that TrAP inhibits both KYP and LHP1 pathways. Notably, we did not
observe the repression of transcriptionally active histone methylation marks, such as
H3K4me3 and H3K36me3. This observation suggests that TrAP does not target the
HMTases that are writers for the active marks. How can TrAP distinguish KYP from those
active writers remains unclear, but we propose that structural components other than the
SET domain might contribute to the recognition and affinity of TrAP binding to HMTases
(Figure 23). Alternatively, additional cellular factors might also contribute to the
specificity.

The direct consequence of TrAP-dependent inhibition of KYP activity is to
activate viral transcription and replication. Because KYP is a key effector of TGS in the
host, and regulates a broad array of endogenous genes, interference with this core
component would reprogram the expression profile of the host genome and thus trigger a
series of downstream cascade signaling events that impact the balance of host/virus
interaction. As an example, TrAP suppresses auxin and cell growth, whether this change
might constitute a defense mechanism for the host benefit or create a favorable cellular
niche for virus propagation remains for further investigation.

In conclusion, our results support the notion that Geminivirus-encoded TrAP
protein interferes with the TGS pathway and abrogates epigenetic silencing by direct
interaction with KYP and inhibition of its transmethylation activity. Thus, Geminivirus
TrAP functions clearly different from most of previously characterized viral suppressors,

which target various steps of the PTGS pathway (Ding and Voinnet, 2007). Together with
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previous studies (Raja et al., 2008), we provide evidence that KYP evolves as a critical
immune system to control invading nucleic acids in plants; this is reminiscent of the roles
of human SUV39H1 in maintaining the latency of HIV (du Ché&eéet al., 2007), Epsteinn-
Barr virus (Imai et al., 2014), and some other mammalian viruses. Thus, sequestering or
interfering with this core component is an effective strategy for Geminivirus to block TGS
and to subvert host defense; we expect this strategy to be used by other suppressors in
plants and mammals. Given that many viral suppressors interrupt different steps in the
PTGS pathways to efficiently combat host surveillance, it would not be surprising that
additional key cellular factors in the TGS pathway, besides HMTase, were readily targeted
by invading viruses in eukaryotes. Importantly, it is believed that compounds or drugs that
alter chromatin methylation might ultimately be the most effective means of combating
disease. Our discovery that TrAP inhibits a histone-modifying enzyme also offers a new
natural strategy to develop epigenetic-targeted drugs to cure human diseases that arise
from epigenetic dysfunction (Hgfeldt et al., 2013) or to engineer new biotechnological
products to improve agricultural productivity.
2.5 Materials and methods
2.5.1 DNA constructions

All the plant constructs were made using the Gateway system (Invitrogen) (Zhang
etal., 2005). The destination vectors (containing the destination cassette-DC-) pHyg-DC-
CFP, pBA-DC-CFP, pBA-DC-3HA, pBA-DC, pBA-Flag-4Myc-DC, and pER10-YFP-
DC (zZhang et al., 2006a) were used for transient expression in N. benthamiana and for

stable Arabidopsis transformation. The vector pER10 for beta-estradiol-inducible
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expression under the XVE promoter (Zuo et al., 2000) was modified to obtain the
destination vector pPER10cLUC-3HA-DC. For this, the pER10 vector was linearized with
Xhol, filled in with Klenow fragment; and further digested with Pacl. In parallel, the cLuc-
3HA-DC insert was obtained by linearizing the pCambial300-cLuc-3HA-DC (Zhang et
al., 2011c) plasmid treated with Sacl/Klenow treatment and further digested with Pacl.
The vector and insert were ligated and transformed into E. coli DB3.1 and finally
confirmed by sequencing. This vector was used together with pCambia Myc-DC-nLUC
(Zhang et al., 2011c) for transient expression in N. benthamiana.

The cDNA or DNA fragments were cloned into pENTR/D vectors, sequencing
confirmed; and then transferred to the appropriate destination vectors by recombination
using the LR Clonase (Invitrogen). The primers for the cloning are listed in
the Supplementary file 8. To drive KYP expression from its native promoter, we amplified
a 2.7-Kb genomic region immediately upstream of the KYP start codon with the primers
Pkyp ECORV for and PkyrBamHI rev. The binary vector pBA002a Flag-4Myc-KYP was
obtained by the Gateway system using LR clonase. The resultant plasmid and PCR product
harboring KYP promoter were digested with EcoRV/BamHI and ligated with T4 DNA
ligase. The plasmid was confirmed by sequencing using the primer Pkvyp seq For.

For expression of recombinant proteins, the cONA or DNA fragments were cloned
into pMCSG9 or pMCSG10 vectors to produce His-MBP- or His-GST-tagged proteins
respectively, by ligation independent cloning (Eschenfeldt et al., 2009) using primers that
include 18nt identical to the ends of the linearized pMCSG vector (Supplementary file 8).

The pMCSG plasmids were linearized with the blunt end restriction enzyme Sspl, and the
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sticky ends were generated by T4 DNA Polymerase (NEB) supplemented with 2.5 mM
dGTP. In parallel, the complementary sticky ends in the PCR products were generated
supplementing the T4 DNA Polymerase (NEB) with 2.5 mM dCTP. The mixture of treated
plasmid:PCR (3:4, respectively) was incubated on ice for 30 min to allow annealing of the
complementary free strands and transformed in E. coli DH5a. The plasmids were further
confirmed by sequencing and transformed into E. coli BL21 Rossetta DE3 for expression.

To engineer the CaLCuV Atrap DNA A infective clone the pNSB1090 plasmid
was subjected to site directed mutagenesis by amplification with the primers
CaLCuV_AL2_null_Xbal_for and CaLCuV_AL2_null_Xbal_rev (Supplementary file 8),
digested overnight with Dpnl, cleaned with the QIAquick PCR Purification Kit (Qiagen),
and amplified inE. coli DH5a. The plasmid was confirmed by sequencing and
transformed in Agrobacterium tumefasciens ABI for the virus infection assays.
2.5.2 Transgenic plants

A. thaliana (Col-0) plants were transformed with binary vectors by the floral-dip
method (Clough and Bent, 1998; Zhang et al., 2006b). The transgenic seeds were selected
on standard MS medium (Murashige and Skoog, 1962) containing the appropriate
selective agents: 10 mg/l glufosinate ammonium (Sigma) or 25 mg/l hygromycin (Sigma),
together with 100 mg/I carbenicillin (Sigma). kyp mutant (SALK _130630C) was obtained
from the Arabidopsis Biological Resource Center and confirmed by genotyping and qRT-

PCR.
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2.5.3 Expression and purification of recombinant proteins

For in vitro pull-down or HMTase reconstitution assays, the recombinant proteins
were purified following either one or two-step affinity purification procedure. His-MBP-
tagged proteins were first purified through Immobilized Metal ion Affinity
Chromatography (IMAC) using the Ni-NTA resin (Qiagen), followed by amylose resin
(NEB) according to manufacturers' protocols. His-GST-tagged proteins were initially
purified through sepharose glutathione column (GE) followed by IMAC. Specifically for
HMTase assays, His-MBP-CaLCuV_TrAP, His-MBP-TGMV_TrAP, and His-MBP were
prepared in lysis buffer (50 mM Tris-HCI pH 9, 300 mM NaCl, 10 mM 2-
mercaptoethanol, 2 mM PMSF), incubated with the Ni-NTA resin at 4<C for 1 hr, eluted
with 300 mM imidazole and immediately incubated with the amylose resin (NEB) at 4<C
for 1 hr. The proteins were eluted with 10 mM maltose and the elute was further separated
by size exclusion chromatography (SEC) in column buffer (20 mM Tris-HCI pH 9, 100
mM NacCl); the fractions containing the target protein were pulled together, concentrated
to 100 M, aliquoted and stored at —80 <C until usage. His-GST-KYP was prepared in PBS
buffer (140 mM NaCl, 2.7 mM KCI, 10 mM NazHPOas, 1.8 mM KH2HPOs, pH 7.3, 10
mM 2-mercaptoethanol) incubated with the sepharose glutathione 1 hr at 4<C, eluted with
elution buffer (50 mM Tris-HCI pH 9, 200 mM NaCl, 10 mM reduced glutathione, 10 mM
2-mercaptoethanol). The elute was further purified through the Ni-NTA column and
finally through SEC in column buffer (20 mM Tris-HCI pH 9, 100 mM NaCl); the
fractions containing the target protein were pulled together, concentrated to 25 uM and

aliquoted for usage.
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For in vitro pull down assay, both the prey (His-GST-CaLCuV-TrAP, His-GST-
TGMV-TrAP, and His-GST) and the bait (His-MBP-Bait) proteins were purified by
IMAC using the lysis buffer (50 mM Tris-HCI pH 8, 300 mM NaCl, 20 mM imidazole, 2
mM PMSF), incubated with the Ni-NTA resin (at 4<C for 1 hr, eluted with 300 mM
imidazole and immediately dialyzed in storage buffer (20 mM Tris-HCI pH 8, 150 mM
NaCl, 2 mM 2-mercaptoethanol, 50% Glycerol) at 4<C overnight.

2.5.4 In vitro pull down and Co-IP assays

In vitro pull-down assays and in vivo Co-IP were done as described (Zhang et al.,
2005). Briefly, 2.5 png of 6His-GST-tagged prey proteins were pre-absorbed to 50 |A of
the amylose resin (NEB) for 1 hr at 4<C in 1 ml of binding buffer (50 mM Tris-HCI pH
7.5, 150 mM NacCl, 0.2% glycerol, 0.6% Triton X-100, 0.5 mM 2-mercaptoethanol, 2 mM
PMSF). The proteins were recovered by ultracentrifugation at 12,000>qg for 2 min,
transferred to a second tube containing 2.5 g of the MBP-tagged bait protein, and
incubated at room temperature for 2 hr. The protein complexes were harvested by adding
50 ( amylose resin beads, followed by 2 hr incubation at room temperature, and cleaned
with six vigorous washes with buffer. The pulled-down proteins were resolved by SDS-
PAGE and the preys were detected by western blot using anti-GST antibody.

For Co-IP experiments, N. benthamiana leaves were collected 2 days after
agroinfiltration, ground in liquid nitrogen and stored at —80<C until use. For the assay,
total proteins were extracted from 0.4 g of ground powder in 1.2 ml (3 volumes) of IP
buffer (40 mM Tris-HCI pH 7.5, 300 mM NaCl, 5 mM MgClz, 2 mM EDTA, 4 mM DTT,

0.5% Triton X-100, 1 mM PMSF, 5% glycerol, 2xRoche Complete EDTA-free protease
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inhibitor); then, the soluble proteins were cleared twice by ultracentrifugation at
20,000 xrcf for 15 min at 4<C. The protein complexes were immunoprecipitated with
15 (i Anti-c-Myc-agarose affinity gel (Sigma—Aldrich #A7470) at 4<C for 2 hr, the
unspecific-bound proteins were removed by four consecutive washes with the IP buffer
with 10 min incubation each at 4<C. The protein complexes were eluted in 200 ul of
elution buffer (5 mM EDTA, 200 mM NH+OH) for 20 min. The supernatant was collected,
frozen in liquid nitrogen and dried using the Savant SpeedVac concentrator; finally, the
sample was solubilized in 50 ul of 2xSDS-loading buffer for western blot analyses.
2.5.5 Two-step immunoprecipitation for mass spectrometry analysis

9-day-old wild-type control and Arabidopsis transgenic plants expressing XVE-
FM-TrAP were induced for 16 hr with 25 M f3estradiol in liquid MS media, ground in
liquid nitrogen and stored at —80 <C until use. For the assay, total proteins were extracted
from 10 g of ground powder in 40 ml (4 volumes) of IP buffer (20 mM Tris-HCI pH 7.5,
150 mM NaCl, 4 mM MgClz, 50 uM ZnClz, 0.1% Triton X-100, 1 mM PMSF, 1%
glycerol, 3xRoche Complete EDTA-free protease inhibitor, 15 uM MG132); then, the
soluble proteins were cleared twice by ultracentrifugation at 20,000 >rcf for 15 min at
4<C. The protein complexes were first immunoprecipitated using 500 ul of Anti-FLAG
M2 magnetic beads (Sigma, Cat# M8823) and incubated in slow rotation for 2 hr at 4 <C,
the nonspecific-bound proteins were removed by three consecutive washes with 15 ml of
IP buffer for 10 min incubation each at 4<C. The protein complexes were then eluted by
competition with 100 mg/ml FLAG peptide and subsequently immunoprecipitated with

100 (A Anti-c-Myc-agarose affinity gel (Sigma—Aldrich #A7470) at 4<C for 1.5 hr, the
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nonspecific-bound proteins were removed by five consecutive washes with the IP buffer
with 5 min incubation each at 4<C. The protein complexes were eluted in 200 ul of elution
buffer (5 mM EDTA, 200 mM NH4OH) for 20 min. The supernatant was collected, frozen
in liquid nitrogen and dried using the Savant SpeedVac concentrator; finally, the sample
was solubilized in 30 pl of 2xSDS-loading buffer and run in 10% SDS-PAGE. The
samples were run to one-third of the gel, stained with Coomassie blue and collected by
excising the whole lane for mass spectrometry analysis in the Taplin Mass Spectrometry
Facility at Harvard Medical School.
2.5.6 Southern blot analyses

The plant material was lysed in CTAB buffer (100 mM Tris HCI pH 8.0, 20 mM
EDTA pH 8.0, 1.4 M NaCl, 2% CTAB, 2% (3mercaptoethanol); then total DNA was
extracted with phenol:chlorophorm:isoamyl alcohol (25:24:1) and precipitated with 2-
propanol. The DNA was treated with RNase A and further purified with
phenol:chlorophorm:isoamyl alcohol (25:24:1) and precipitated with ethanol, then
dissolved in ultrapure water. The specified amount of DNA was separated by
electrophoresis in 0.8% agarose, transferred overnight by capillarity to a Hybond-N
membrane (Amersham), and probed with s2P-labeled probe targeting the CR region of
CaLCuV DNA A. The probe was obtained by PCR using the primers CR_F and CR_R
(Supplementary file 8) and labeled using the Rediprime Il DNA Labeling System

(Amersham) following the manufacturer's instructions.
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2.5.7 RNA blot analyses

Total RNA was extracted using Trizol reagent from either adult rosette leaves or
2-week-old seedlings of independent transgenic lines, the RNA blots were then performed
as previously described (Zhang et al., 2006a).
2.5.8 Immunoprecipitation of Flag-AGO1-associated small RNAs

Immunoprecipitation of Flag-AGO1-associated small RNAs were performed as
described (Zhang et al., 2006a). RNA was recovered with Trizol reagent from the
immunoprecipitates, separated in 8 M urea, 15% polyacrylamide gels and subjected to
RNA blot analysis of low-molecular-weight RNAs.
2.5.9 Luciferase complementation imaging (LCI) assay

The LCI was performed on 4-week-old N. benthamiana leaves infiltrated with
various combinations of A. tumefaciens GV3101 harboring pCambia Myc-TrAP-nLUC or
pCambia Myc-nLUC and A. tumefaciens ABI carrying pER10cLUC-3HA or
pER10cLUC-3HA-candidate proteins. The agrobacteria containing the pER10 plasmids
were incubated with 25pM beta-estradiol for 3 hr prior infiltration, and all the cultures
were adjusted to ODsoo = 0.8. The transfected leaves were assayed 2 days after
agroinfiltration by adding the substrate (10 mM luciferin). The sprayed leaves were
incubated in total darkness for 5 min and photographed using an electron multiplying
charge-coupled device (EMCCD) camera, Cascade Il 512, from Photomerics (Roper

Scientific). The images were processed with WinView32 Ver 2.5.19.7 (Roper Scientific).
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2.5.10 Confocal microscopy and FRET assays

Leaves of 4-week-old tobacco plants (N. benthamiana) were agroinfiltrated with
syringe without needle as previously described (Zhang et al., 2005) with A.
tumefasciens ABI carrying pBA-TrAP-CFP and pER10-YFP-Test protein. The
agrobacteria containing the pER10 plasmids were incubated with 25 M beta-estradiol for
3 hr prior infiltration, and all the cultures were adjusted to ODsoo = 0.8. The plants were
maintained for 2 days at 24<C (16 hr light/8 hr dark). The co-localization was evaluated
using a Nikon inverted microscope Eclipse Ti-E. CFP signal was measured by excitation
with Shutter 10-3 filter 3 (CFPHQ [EX]), and emission was detected at 485 nm; YFP used
Shutter 10-3 filter 4 (YFPHQ [EX]) and emission was detected at 540 nm. The images
were processed using NIS-Elements-AR 4.30.01 (Nikon) and Adobe Photoshop software.

FRET-AB experiments were performed on N. benthamiana epidermal cells of 4-
week-old leaves agroinfiltrated with a 1:1 mixture of pBA-TrAP-CFP and pER10-YFP-
KYP to a final OD600 = 0.8. YFP and CFP signals were captured with a Zeiss LSM 710
confocal Microscope. FRET was determined by the acceptor photobleaching method
(Daelemans et al., 2004; Kenworthy, 2001). First, to define the base line, the signal
intensities of a pre-photobleach CFP (donor) and YFP (acceptor) are acquired by exciting
with the 458 and 514-nm laser lines, respectively. Then, three regions of interest in the
cell were selected: #1, Autofluorescence control; #2, non-photobleaching control; and #3,
FRET-AB region. The CFP donor was excited with the 458 nm laser line for all FRET
experiments; the emission of both CFP and YFP was recorded at 485 nm and 540 nm.

Regions #1 and #3 were rendered free of YFP by consecutive cycles of bleaching recovery
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with the 514-nm laser line until no recovery of YFP was detected. The CFP and YFP
signals were monitored throughout the experiment. After correction for background with
control region #1 and for photobleaching of the donor because of imaging with control

region #2, the FRET efficiencies (E) in the region #3 was calculated from the CFP signal

Dpre

using FRETgsr = 1 — , Where D is the mean intensity of the donor CFP in the area

post

where the acceptor was bleached, before (Dpre) and after (Dpost) acceptor bleaching. The
FRET efficiency is considered positive when Dpost > Dpre. The image and statistical
analyses were performed with the FRET module for the ZEN software (Zeiss). The
average FRET efficiency and its standard deviation were calculated from the FRET
efficiencies of each individual cell in 27—30 cells per experiment. The standard Student's t-
test was used to determine the statistical significance of the results.
2.5.11 HMTase reconstitution assay

In vitro HMTase reactions were modified from (Rea et al., 2000; Tachibana et al.,
2001) as follows: 20 | of reaction mixture containing 3.3 pM Histone 3.2 (NEB), 1 pM
His-GST-KYP, and 50 nCi of S-adenosyl-[methyl-14C]-L-methionine in HMTase buffer
(50 mM Tris-HCI pH 9, 10 mM MgClz, 1 mM (dmercaptoethanol, 250 mM sucrose) was
incubated for 0—10 min at 37<C. The reaction products were separated by 18% SDS-
polyacrylamide gel electrophoresis and visualized by Coomassie Brilliant Blue R-250
staining; then, the gels were fixed 1 hr in fixing solution (25% Ethanol, 2% Glycerol) and
scintillated for 30 min in 1 M sodium salicylate. Gels were dried 2 hr at 80 <C. The 14C
signal was detected by fluorography using in a preflashed Classic autoradiography film

blue sensitive; Filters Kodak Wratten No. 22 and No. 96 were used together for
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preflashing. Preflashed film was exposed 5-7 days at —80<C. The film was developed
using a Kodak M35A X-OMAT Processor, and the results were digitalized in a Chemi-
Doc XRS System and analyzed with the Image Lab Software (Bio-Rad).

To assess the impact of TrAP on KYP activity, His-MBP-TrAP or His-MBP were
pre-incubated with His-GST-KYP in different molar ratios, ranging from 0 to 10, for 1 hr
at room temperature, then the assays were proceeded as described above. The experiments
were performed 3-5 times for statistical analysis.

2.5.12 ChIP assays

The analysis of histone modifications was performed as described (Saleh et al.,
2008). Two grams of 9-day-old seedlings were crosslinked with 1% formaldehyde for
10 min by vacuum infiltration at 4 <C; the reaction was stopped with 2 M Glycine to a final
concentration of 100 mM at room temperature. Plants were rinsed 5 times with ice cold
with water, flash-frozen in liquid nitrogen, and ground with mortar and pestle. The powder
was suspended in 6 volumes (12 ml) of nuclei isolation buffer (15 mM PIPES-KOH pH
6.8, 0.25 M sucrose, 0.9% Triton X-200, 5 mM MgClz, 60 mM KCI, 15 mM NaCl, 1 mM
CaCl2, 1 mM PMSF, 1 pellet/50 ml Complete EDTA-free Protease inhibitor [Roche]),
filtered through two layers of Miracloth and centrifuged at 11,000 >rcf for 10 min in 4<C.
After discarding the supernatant, the pellet was resuspended in 1 ml of Nuclei lysis buffer
(50 mM HEPES pH 7.5, 1 mM EDTA pH 8.0, 150 mM NacCl, 1% SDS, 0.1% Sodium
Deoxycholate, 1% Triton X-100, 1 pellet/50 ml Complete EDTA-free Protease inhibitor
[Roche]); the samples were sonicated in 10 cycles 30 s ON and 90 s OFF, using the

Bioruptor (Diagenode) at the highest power in 4<Cs. The sonicated samples were
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centrifuged for 10 min at 21,000 >xrcf in 4<C. 100 pl of the clarified chromatin was diluted
10-fold with Nuclei lysis buffer without SDS for each assay. The immunoprecipitation
was accomplished by the addition of 40 i Protein A Dynabeads (Invitrogen) and 3 ul of
the pertinent antibody, followed by 6 hr incubation at 4<C on mild rotation. The beads-
conjugated complexes were washed with 1 ml of Low salt buffer (20 mM Tris-HCI pH
8.0, 2 mM EDTA pH 8.0, 150 mM NacCl, 0.5% Triton X-100, 0.2% SDS), followed by 1
ml of high salt buffer (20 mM Tris-HCI pH 8.0, 2 mM EDTA pH 8.0, 500 mM NacCl, 0.5%
Triton X-100, 0.2% SDS), then with 1 ml of LiCl buffer (10 mM Tris-HCI pH 8.0, 1 mM
EDTA pH 8.0, 250 mM LiCl, 1% sodium deoxycholate, 1% NP-40), and finally twice
with 1 ml of TE (10 mM Tris-HCI, 1 mM EDTA, pH 8.0) by incubating 5 min at 4<C in
between washed. The samples were eluted twice at room temperature with 250 ul of
elution buffer (100 mM NaHCOs, 0.5% SDS), for 15 and 30 min, respectively. The
samples were decrosslinked with 100 mM NaCl at 65<C overnight, followed by
Proteinase K treatment for 90 minat 45<C. The DNA was purified by
Phenol:Chloroform:lsoamyl Alcohol 25:24:1, and precipitated in 100% Ethanol at —80<C.
The antibodies used are monoclonal anti-H3K9me2 (Abcam, #Ab1220); monoclonal anti-
H3K4me3 (Millipore, cat #04-745); monoclonal anti-H3K27me3 (Millipore, cat #07-
449).

The immunoprecipitation of Flag-4Myc-KYP-Chromatin complexes was done as
in (Wierzbicki et al., 2008), using Anti-FLAG M2 magnetic beads (Sigma, Cat# M8823).
Two grams of rosette leaves 1-12 of mock or CaLCuV inoculated plants at 18 dpi were

crosslinked with 1% formaldehyde for 25 min by vacuum infiltration at 4 <C; the reaction
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was stopped with 2 M Glycine to a final concentration of 100 mM. Plants were rinsed five
times with ice cold with water, flash-frozen in liquid nitrogen, and ground with mortar and
pestle. The powder was suspended in 5 volumes (10 ml) of Honda Buffer (20 mM HEPES-
KOH pH 7.4, 0.44 M sucrose, 1.25% ficoll, 2.5% Dextran T40, 10 mM MgClz, 0.5%
Triton X-100, 5 mM DTT, 2 mM PMSF, 1 pellet/25 ml Complete EDTA-free Protease
inhibitor [Roche]), filtered through two layers of Miracloth and centrifuged at 2000 > rcf
for 15 min in 4<C. After discarding the supernatant, the nuclear precipitates were washed
three times with 1 ml of Honda buffer; subsequently, the pellet was suspended in 300 pl
of Nuclei lysis buffer (50 mM Tris-HCI pH 8.0, 10 mM EDTA pH 8.0, 1% SDS, 2 mM
PMSF, 1 pellet/25 ml Complete EDTA-free Protease inhibitor [Roche]) and sonicated in
ten cycles 30 s ON and 90 s OFF, using the Bioruptor (Diagenode) at the highest power
in 4<Cs. The sonicated samples were centrifuged for 10 min at 21000 =rcf in 4<C. 100 pl
of the clarified chromatin was diluted 10-fold with ChIP dilution buffer (16.7 mM Tris-
HCI pH 8.0, 1.2 mM EDTA pH 8.0, 167 mM NaCl, 1.1% Triton X-100, 1 pellet/25 ml
Complete EDTA-free Protease inhibitor [Roche]) per ChIP. The immunoprecipitation was
accomplished by the addition of 40 I of Anti-FLAG M2 magnetic beads (Sigma, Cat#
M8823), followed by 2 hr incubation at 4 <C on mild rotation. The beads were washed five
times with 1 ml of Washing buffer (20 mM Tris-HCI pH 8.0, 2 mM EDTA pH 8.0, 150
mM NaCl, 1% Triton X-100, 1% SDS, 2 mM PMSF, 1 pellet/25 ml Complete EDTA-free
Protease inhibitor [Roche]) incubating 5 min at 4<C in between; then, two more washes
with 1 ml TE buffer incubating 5 min at 4<C. Finally, the samples were eluted twice at

room temperature with 125 ul of Elution buffer (100 mM NaHCOs, 0.5% SDS), for 15
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and 30 min, respectively. The samples were decrosslinked and the DNA extracted as
above.
2.5.13 Microarray analysis

Microarray analyses using the Affymetrix ATH1 platform were performed with
three biological replicates using wild-type plants, 35S-TrAP transgenic plants,
and Ihpl mutants. Seedlings were grown on MS medium with 1% sucrose for 7 days.
One mg of total RNA was used for reverse transcription using MessageAmp Il aRNA Kits
(Ambion) and 15 mg of labeled cRNA for hybridization. GeneChip hybridization and
scanning were performed at the Genomics Resource Center, Rockefeller University, New
York.

Statistical analysis of microarray data was performed using R software. Initially
the microarray plates were tested for quality by an M plot and the data normalized by the
RMA method from the Affy package. Subsequently, the distribution of the samples was
assessed with scatter plots and the normalized data sets were evaluated with the Moderate
t-test from R package limma for p-value computation. Then, the eBayes method was used
to compute moderated t-statistics and log-odds of differential expression by empirical
Bayes shrinkage of the standard errors towards a common value. The moderated t-statistic
(t) is the logFC to its standard error. In our DEG results our thresholds are p-value < 0.05
and logFC >1 (upregulated) or logFC < —1 (downregulated). The False Discovery Rate
was approximated from the eBayes adjusted p-value.

The significance of the overlapping data sets was calculated through Pearson's Chi-

squared test with 1 <of freedom.
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2.5.14 Quantitative PCR and RT-PCR

Expression levels of the tested genes were examined by quantitative RT-PCR.
Total RNAs were prepared from 9 days-old seedlings and treated with DNase before being
subjected to cDNA synthesis using Superscript Il reverse transcriptase (Invitrogen)
primed by random primers. The EFla gene (Williams et al., 2005) was included as an
internal control for normalization. The enrichment levels of specific genes after ChiP
assay were also tested by quantitative PCR. Primers are listed in Supplementary file 8.
The quantitative PCRs were performed in 384-well plates with an ABI7900HT real-time
PCR system using the SYBR Green | master mix (Applied Biosystems) in a volume of
10 ul. PCR conditions were as follows: 50<C for 2 min, 95<C for 10 min, 45 cycles of
96 <C for 10 s followed by 60<C for 1 min. Three biological repeats were performed, and
the reactions were performed in triplicate for each run. The comparative CT method was
used to evaluate the relative quantities of each amplified product in the samples. The
threshold cycle (CT) was automatically determined for each reaction by the system
according to the default parameters. The specificity of the PCR was determined by
dissociation curve analysis of the amplified products using the standard method installed
in the system.
2.5.15 Whole genome bisulfite sequencing

Approximately 500 ng of genomic DNA were used to generate libraries as
described (Feng et al., 2011) using premethylated adapters (NEXTFlex Bisulfite-Seq
Adapters, Bioo Scientific #511911). The adaptor-ligated fragments were purified by

QIAQuick column (Qiagen) and bisulfite converted using the EpiTect Kit (Qiagen)
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following the manufacturer's instructions. The converted DNA was later enriched by 15
cycles of PCR using the Pfu Turbo Cx Polymerase (Agilent), using the specific primers
provided by Bios Scientific for enrichment. The library was finally purified with
Agencourt AMPure XP beads (Beckman Coulter) according to manufacturer's instruction.
The libraries were single-end sequenced using HiSeq High Output with read length of 50
bp. Base calling and sequence cleaning was performed with the standard Illumina
software, then the clean reads were mapped to the Arabidopsis genome (Version:
TAIR10) using Bismark v0.14.3 (Krueger and Andrews, 2011) with default parameters;
the PCR duplicates were removed, and the methylation information was obtained with
Bismark with cutoff 3. The DMRs were obtained using swDMR (Wang et al., 2015b) with
window 200, step size 100, (left 1000, right 1000), the samples were compared using the
Kruskal-Wallis analysis of variance with p-value < 0.01. The DMRs were then annotated
using BEDtools (Quinlan and Hall, 2010).
2.5.16 CaLCuV pathogenesis assays

3-week-old (~eight true leaves stage) Col-0 wild-type, kyp mutant and Flag-4Myc-
KYP complementation lines were infected by agroinfiltration of the CaLCuV (Arguello-
Astorga et al., 2007) or CaLCuV Atrap; disease progression was evaluated daily in terms
of symptom development and severity. The assays were replicated 3 times on 36 plants
per genotype per assay, grown in short day conditions (8 hr light/16 hr dark). Systemic
infection was assessed by Southern blot on samples harvested 18 days after inoculation,

when nine to eleven new rosette leaves had emerged (Figure 33B).
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3. GENOME-WIDE IDENTIFICATION OF TrAP-TARGETED HOST FACTORS
THROUGH PROTEOMICS ANALYSIS

3.1 Overview

The begomovirus encodes a transcriptional activation protein, TrAP, which is
essential to systemic infection. Multiple studies have shown that TrAP is a silencing
suppressor and can induce genome wide transcriptional reprogramming in the host.
Several pieces of evidence also show that TrAP is multi-functional protein but only a
limited number of TrAP-interacting proteins (TrlIPs) in the host cell have been reported,
with most of the data resulting from TrAP expression in heterologous systems. Here we
present a comprehensive proteomics study to identify TrIPs in planta.
Immunoprecipitation of TrAP-protein complexes from Arabidopsis thaliana and
Nicotiana benthamiana hosts, followed by mass-spectrometry, resulted in numerous
TrIPs. Gene ontology analyses of the identified TrIPs implicate their functions in a broad
array of biological processes such as nucleotide binding and hydrolase activities, amino
acid metabolism, transport, and GTP catabolism. The TrIPs were further validated by in
vivo and in vitro protein-interaction assays, whereas the functional relevance of the
identified TrIPs in viral pathogenesis has been validated by infectivity assays. In addition
to the proteomic approaches, a number of TrIPs were also recovered through genetic
mining of Arabidopsis mutants from the ABRC collection that phenocopy TrAP
transgenic plants. The TrIPs revealed through genetic approaches appear to be involved

in mMRNA and chromatin metabolism.

125



3.2 Introduction

The geminivirus are circular single-stranded DNA (ssDNA) plant pathogens of
great economic importance because of their wide host range and symptom severity.
Geminiviruses, unlike most plant viruses, do not encode a dedicated polymerase and rely
entirely on the host for their replication (Hanley-Bowdoin et al., 2013). Their genomes
encode 6-8 proteins, which are sufficient to overcome the host defenses and take control
of the machineries that determine chromatin activity and replication. Hence, these viruses
have been greatly studied not only to design strategies to prevent the dramatic financial
losses, but also to understand fundamental biological processes such as DNA replication,
transcriptional regulation, host defense, and gene silencing (Rojas et al., 2005). Within the
family Geminiviridae, the genus Begomovirus is the most diverse and widely studied.
Begomovirus genomes can comprise one (monopartite) or two (bipartite) ssDNA
molecules, named DNA A and DNA B, each of those ranging 2.5 — 3.0 kb. In bipartite
begomoviruses, the DNA A molecule codes for replication and regulatory proteins, while
DNA B encodes the movement proteins (Fondong, 2013). Monopartite begomoviruses,
on the other hand, code for both replication and movement proteins in their sSDNA
molecule, but are often associated with smaller satellite DNAs encoding pathogenicity
determinants that enhance symptom development and infection (Zhou, 2013).

Given their limited coding capacity, it is not surprising that geminivirus proteins
fulfill multiple functions to enable virus infection (Hanley-Bowdoin et al., 2013). One of
the most notable is the transcriptional activator TrAP, encoded by the ORF AL2/AC2 or

L2/C2 in bipartite and monopartite begomovirus, respectively. The expression of a

126



functional TrAP is required for the accumulation of the infective form of the virus, and
for systemic infection, although it is dispensable for replication. Once the viral sSDNA
enters the nucleus, a dsSDNA intermediate is synthesized to serve as a replication and
transcription template (Pilartz and Jeske, 1992). The viral dsDNA is organized on
nucleosomes to form viral minichromosomes in the host nucleus; those, are not mobile
and are regulated by the host in a similar fashion as the endogenous chromatin (Paprotka
et al., 2015). Viral minichromosomes can be subjected to DNA methylation, histone
modification and nucleosome rearrangements (Hanley-Bowdoin et al., 2013; Paprotka et
al., 2011; Raja et al., 2008). The transition from the dsDNA replicative form to the sSSDNA
infective form of the virus depends on the expression of TrAP protein (Hayes and Buck,
1989), as it activates the transcription of the viral late genes (i.e. coat and movement
proteins) (Sunter and Bisaro, 1991, 1992). The viral coat and movement proteins bind to
ssSDNA and compete with the host machinery for the newly synthesized viral DNA; hence,
enabling encapsidation into new virions that are shuttled to the cytosol, and transported to
neighboring cells, ultimately producing systemic infection. Lack of TrAP function results
in accumulation of viral dsDNA at the infection site without spreading of the disease, nor
accumulation of virions. This phenotype is reminiscent of viruses lacking the coat protein
(Sunter and Bisaro, 1991, 1997).

TrAP protein hijacks host proteins to exert its function during pathogenesis, but
host proteins also target TrAP to fight the viral infection. Previous studies, mostly
performed using yeast one and two hybrid systems, have identified multiple TrAP-

interacting partners, and have contributed to the elucidation of TrAP mechanism.
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Specially significant are its interaction with PEAPOD to mediate the transcriptional
activation of CP and NSP (Lacatus and Sunter, 2009); inhibition of ADK2, hampering the
methyl cycle and preventing trans-methylation of DNA and other substrates (Baliji et al.,
2010; Brough et al., 1992; Buchmann et al., 2009; Mohannath et al., 2014; Raja et al.,
2008; Wang et al., 2003, 2005); and, its interaction with SnRK1, which phosphorylates
TrAP at S109, impairing its function and delaying the onset of viral infection (Hao et al.,
2003; Mohannath et al., 2014; Shen and Hanley-Bowdoin, 2006; Shen et al., 2014a).
Studies in planta have shown that TrAP directly inhibits KYP/SUVH4 to prevent the
epigenetic silencing of the viral minichromosome (Castillo-Gonz&ez et al., 2015; Sun et
al., 2015). Notably, with the exception of the kyp mutant, which barely compensates for
the loss of TrAP function (Castillo-Gonzdez et al., 2015), none of the mutants of the
identified TrAP partners have been able to mimic overexpression of TrAP, or sustain
systemic infection in the absence of TrAP. In all, the mechanisms and functions of TrAP
during pathogenesis are largely unknown (Jackel et al., 2014).

The study of TrAP function is essential for the understanding of the systemic
infection process and such study also offers the opportunity of looking into the underlying
regulation of gene expression in plants. Here we present a comprehensive analysis of the
TrAP-protein complexes in planta. Our approach involved candidate searching for
mutants that resemble TrAP overexpression line, whereas the other applied an unbiased
strategy based on immunoprecipitation (IP) followed by mass spectrometry (MS) of Flag-
Myc4 (FM)-TrAP from tomato golden mosaic virus (Begomovirus) in both Nicotiana

benthamiana (N. benthamiana) and Arabidopsis thaliana ecotype Columbia (Col-0),
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further combined with pathogenicity assays to show the relevance of the identified TrIPs
during infection. Genetic mining through phenotypic comparison of TrAP transgenic lines
with the ABRC mutant collection recovered three candidate TrIPs: SERRATE (SE) and
ENHANCED SILENCING PHENOTYPE 3 (ESP3), which are involved in RNA
metabolism; and RELATIVE OF EARLY FLOWERING 6 (REF6) which is engaged in
chromatin regulation. In comparison, IP-MS recovered 51 and 30 potential TrIPs from A.
thaliana and N. benthamiana, respectively. Gene ontology analyses showed high
enrichment of TrIPs with nucleotide binding and hydrolase activities, mainly involved in
amino acid metabolism, transport, and GTP catabolism. Consistent with previous reports,
we found that TrAP interacts with proteins involved in the methyl metabolism;
specifically, our data suggest that S-adenosyl homocysteine hydrolase (SAHH1) is a direct
TrIP that can mediate not only the interference of the methyl cycle but also multiple trans-
methylation reactions in the cell. Further analyses of some specific candidates let us to
conclude that TrAP likely moves across the nuclear pore complex (NPC) as a large protein
complex that requires active nuclear transport and specific nucleoporins. Together, our
findings provide new insight into the molecular functions of TrAP, and offer a
comprehensive resource for the community of plant virologists to further geminivirus

pathogenesis.
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3.3 Results
3.3.1 Identification of TrAP targeted host factors in planta

To mimic the temporal regulation of TrAP expression during infection, we isolated
TrAP complexes from leaves of the tomato golden mosaic virus host plant, N.
benthamiana, which was inoculated with Agrobacterium tumefasciens to induce transient
expression of FM-TrAP. Given that geminivirus infection requires that the host cells are
in a DNA replication competent state, we also generated Arabidopsis thaliana (Col-0)
stable transgenic lines, expressing the FM-TrAP protein from the B-estradiol inducible
promoter XVE (Zuo et al., 2000). In both cases, we opted for a small N-terminal fusion
tag to liberate the transcriptional activation domain located at the C-terminus, potentially
enabling the identification of proteins involved in this function.

We isolated the TrAP protein complexes following a stringent two-step IP
protocol, optimized by monitoring the enrichment of FM-TrAP through western blot
(Figure 36A). Briefly, proteins of 10g of ground tissue (N. benthamiana leaves or 9-day-
old A. thaliana seedlings) were extracted, immunoprecipitated with anti-FLAG antibody,
and washed to minimize non-specific binding. The FLAG-purified TrAP complexes were
eluted by competition with FLAG peptide and successively isolated using anti-c-Myc
antibody, thoroughly washed, and fully eluted using ammonium hydroxide. The final
elutes were run in a 4-20% SDS-PAGE, and visualized by Coomassie staining. We excised
the TrAP-specific and the control bands for LC/MS/MS analysis to the Taplin Lab in
Harvard Medical School. We did this in parallel with mock-infected N. benthamiana
plants (Figure 36B), and with FM-BC1 (data not shown) as controls. Due to the fact that
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TrAP expression in N. benthamiana was low, and the fact that there is plant-to-plant
variation, TrAP-complexes from ten independent experiments (~100g of tissue) were
pooled together prior to the MS analysis. An identical procedure on N. benthamiana leaves
agroinoculated with the empty vector was used as a negative control. Conversely, FM-
TrAP expression from induced A. thaliana seedlings was highly efficient and accounted

for higher TrAP-complex yields.
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Figure 36. Isolation of TrAP-protein complexes from Nicotiana benthamiana.

(A) Enrichment of the TrAP signal through successive purification steps was monitored by western
blot. Briefly, proteins from ground tissue are extracted in IP buffer (input) and incubated with anti-
FLAG magnetic beads, the beads are washed and the TrAP-complexes are eluted by competition
with 3X FLAG peptide (3X FLAG elution). The eluted TrAP complexes are subsequently
incubated with anti-Myc agarose resin, while we strip the anti-FLAG magnetic beads to ensure
that we recovered most of the TrAP complexes (acid wash). Finally the TrAP-conjugated anti-
Myc resin is washed and eluted with ammonium hydroxide (Final Elution). 10ul samples of each
described step were run in a 12% SDS-PAGE and enrichment of TrAP was assessed by western
blot. A single experiment from 10g of ground N. benthamiana leaves is shown. (B) Successful
isolation of TrAP protein complexes in planta. Final elutes of ten experiments from Control and
TrAP-transient expression plants were pooled together and lyophilized prior to running a 4-20%
SDS-PAGE. The proteins were visualized with Coomassie staining and the unique bands were

excised.
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In order to minimize the noise from the IP-MS analysis, we included in our study
only proteins that were recovered by at least two unique peptides but not in the control
samples. As such, we identified two sets of 51 (APPENDIX B, Table 2) and 30
(APPENDIX B, Table 3) potential TrIPs from N. benthamiana and Arabidopsis seedlings,
respectively. Notably, the data set recovered from the N. benthamiana tissue provided
more unique peptides that allowed higher coverage and confidence for the identification
of TrAP-co-immunoprecipitated proteins than the dataset obtained from Arabidopsis
seedlings, this is likely because of the larger sample size employed for the N. benthamiana
(~10X) MS experiment.

To validate the results from the proteomics analyses, we randomly selected twelve
candidates from both data sets, cloned the genes from A. thaliana Col-0 cDNA and
transiently expressed them in N. benthamiana leaves as fluorescently tagged proteins.
Specifically, we co-expressed TrAP-CFP and the YFP-target for assessment of co-
localization by confocal imaging. Notably, eight of the twelve protein pairs were positive
for the co-localization assays, two were negative, and in two cases we could not detect the

expression of the YFP-target protein (Table 1).
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Table 1. Summary of proteins tested for co-localization with TrAP-CFP fusion protein as
validation of MS data

IP-MS Source N. bentha A. thaliana Gene Name Colocalization
gene ID
A. thaliana Not detected AT5G13960 KYP Positive with nuclear speckles
N. benthamiana |AGO4-2 AT2G27040 AGO4 Positive, general nuclear and cytoplasmie colocalization
A. thaliana S-adenosyl-L- , . Positive, apparent quenching of CFP fluorophore upon
N. benthamiana |homocysteine hydrolase AT4G13940 Hogl expression of YFP, indicative of FRET
N benthamiana Lcucilne—rich repeat AT3G12610 DRT.100 Positive, relgcalizaﬁon of YFP-DRT100 sgnal when co-
protein expressed with TrAP-CFP
N. benthamiana |O-methyltransferase  |AT5G54160  |OMT1 Positive, general nuclear and eytoplasmic co-localization
' (filaments)
. S - Positive, apparent quenching of CFP flucrophore upon
2 2G32 g
N. benthamiana |AGO1-2 AT2G32940 AGO6 expression of YFP, indicative of FRET
N. benthamiana S—ad-:.nolsyl—L— AT4G01850 SAM2 Positive, nuclear and cytoplasmic co-localization
methionine synthase -

A. thaliana | GTP binding nuclear  |\15690010  |[RAN1 Undetectable expression of YFP-RAN1
N. benthamiana |protein Ran-B1

Positive nuclear and eytoplasmic co-loealization. TrAP-
N. benthamiana |MAP kinase kinase AT4G29810 MKK2 CFP signal is excluded from nucleclus when co-expressed

with YFP-MEKK2
N. benthamiana |FtsZ-like protein 2 AT3G52750 FTSZ2-2 Negative
N. benthamiana |Argonaute 1 AT2G27880 AGOS5 Undetectable expression of YFP-AGOS5

, Cell division control ) .

N. benthamiana protein AT3G09840 CDC48 Negative

3.3.2 Functional categorization of the potential TrAP-interacting proteins

As an initial step to characterize the TrAP protein complexes we performed Gene
Ontology (GO) analyses of the A. thaliana and N. benthamiana data sets using the GO
descriptions available from TAIR10 and from N. benthamiana genome V1.0.1 (Sol
Genomics), respectively. Possibly due to the more complete annotation of the Arabidopsis
genome, many more GO-enriched categories were identified in the Arabidopsis-derived
data set (Figure 37A) than from the N. benthamiana (Figure 37B). To overcome the
incipient annotation of the N. benthamiana genome and to fully explore the information
from this data set, we searched for homologs in the A. thaliana genome and looked for
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enrichment of GO terms (Figure 37C). We identified homologs for 49 out of the 51
recovered proteins. Notably, most of the enriched GO terms were commonly identified in
both datasets (Figure 37A and C), further validating the results obtained by this unbiased

method, and pointing to a universal mechanism for TrAP protein in different hosts.
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Figure 37. Gene ontology analysis of the tomato golden mosaic virus TrAP co-
immunoprecipitated proteins from two host plants.

(A) Enrichment of GO terms among TrAP co-immunoprecipitated proteins in the A. thaliana data
set. (B) Enrichment of GO terms among TrAP co-immunoprecipitated proteins in the N.
benthamiana data set. (C) Enrichment of GO terms among A. thaliana homologs of TrAP co-
immunoprecipitated proteins in the N. benthamiana data set.
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Specifically, according to the enrichment of GO terms, the proteins that are co-
immunoprecipitated with TrAP are related to several biological processes such as
assembly of protein complexes, amino acid metabolism, GTP catabolism and response to
stress. Regarding the molecular function, the most enriched GO terms among the
recovered proteins were nucleotide binding, followed by metal ion binding, hydrolase and
nucleoside-triphosphatase activities. Interestingly, the enriched molecular function GO
terms were identical between the two datasets, suggesting that TrAP might specifically
interfere with these functions in the cells. The differentially enriched GO terms were
uniquely identified in the N. benthamiana data set and include response to abiotic stimulus
(p-value = 6.69 x 10719), glycolysis (p-value = 6.70 x 10%), and, to a lesser extent, defense
response to bacterium (p-value = 8.09 x 10™). These divergences might be the result of a
larger sample employed for the MS analyses, or a consequence of the infiltration of A.
tumefasciens on the N. benthamiana leaves to transiently express FM-TrAP. Furthermore,
unlike the stable transgenic plants, in which all cells are capable of expressing FM-TrAP
upon induction with B-estradiol, not all the cells in the transient expression system express
the protein; this was evidenced in the lower accumulation of FM-TrAP per mg of tissue
in N. benthamiana as compared to the transgenic A. thaliana seedlings. Hence, we expect
some dilution of the TrAP-specific signal.

3.3.3 TrAP interferes with the methyl cycle through interaction with SAHH1

One of the first reported TrAP-interacting proteins was ADK2. The protein was

identified from yeast-two-hybrid experiments, and shown to be inhibited upon interaction

with TrAP (Wang et al., 2003, 2005), causing a defect in the methyl cycle in the cells and
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ultimately impairing DNA methylation and gene silencing (Baliji et al., 2010; Buchmann
et al., 2009; Raja et al., 2008). ADK2 appeared to be absent in our IP-MS results both
from A. thaliana and N. benthamiana, likely due to the incomplete recovery of TrIPs from
the SDS-PAGE of the immunoprecipitated proteins from N. benthamiana and /or due to
the relative low sequencing depth for the TrAP-cofactors in Arabidopsis. Notably, two
other enzymes active in the same pathway were co-immunoprecipitated with TrAP, the S-
adenosyl homocysteine (SAH) hydrolase (SAHH1, Figure 38A-B) and S-adenosyl
methionine (SAMe) synthase (SAMZ2, Figure 39A).

SAHH1, also known as HOMOLOGY-DEPENDENT GENE SILENCING 1
(HOG1), was initially discovered in a genetic screening for revertants of silencing at the
chalcone synthase locus, TT4, in the C-line (Furner et al., 1998; Loach et al., 2005).

Particularly, SAM2 was also recovered from the MS results and further confirmed
by IP (Figure 39A) and LIC (data not shown), however it was not recovered from the in
vitro pull-down, suggesting the interaction with TrAP is mediated by other cellular factors.
Alternatively, this interaction might entail specific conditions that we have not yet

optimized in vitro.
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Figure 38. TrAP interacts with SAHH1

(A-B) IP-MS of TrAP complexes from N. benthamiana and A. thaliana recovered 2 and 6 SAHH1-
specific peptides (green), respectively. (C) Localization of YFP-SAHH1 signal is cytoplasmic, and
overlaps with the cytoplasmic signal from TrAP-CFP. (D) Co-immunoprecipitation of SAHH1
and TrAP, left panel shows input proteins while right panel shows IP. (E) Luciferase
Complementation Imaging Assay. (F) In vitro pull-down assay; left panel shows the input proteins,
while right panel shows the proteins pulled down using amylose resin. (G) Time course of
CaLCuV symptom development in different genetic backgrounds; overexpression of SAHH1
(P35S-HA3-SAHH1) results in a moderate decrease of symptomatic plants, without obvious
difference in the severity of CaLCuV infection as compared to the wild type.
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Figure 39. TrAP interacts with SAM2

(A) IP-MS of TrAP complexes from N. benthamiana recovered 5 SAM2-specific peptides (green).
(B) Localization of YFP-SAMZ2 signal is nuclear and cytoplasmic, and overlaps with the signal
from TrAP-CFP. (C) Co-immunoprecipitation of SAM2 and TrAP, left panel shows input proteins
while right panel shows IP. (D) Luciferase Complementation Imaging Assay. (E) In vitro pull-
down assay; left panel shows the input proteins, while right panel shows the proteins pulled down
using amylose resin. MBP-SAM2 cannot pull-down GST-TrAP under the tested conditions (F)
Time course of CaLCuV symptom development in different genetic backgrounds; sam2 mutant
plants are hypersusceptible to CaLCuV infection as compared to the wild type.
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3.3.4 TrAP contributes to Geminivirus pathogenesis through its interaction with the
nuclear transport factor RAN1

The Ras-Related Nuclear Protein (RAN) proteins are required for nuclear transport
and they have been proposed as regulators of cell cycle progression in mammals and yeast
(Haizel et al., 1997). Two peptides HLTGEFEK and SNYNFEKPFLYLAR were mapped
exactly to the N. benthamiana RAN1 homolog, and to the RAN1, 2 and 3 proteins in
Arabidopsis (Figure 40A). As RAN1 protein is the model protein from RAN family in
Arabidopsis, we chose it for our experiments.

In order to confirm the interaction in vivo, we performed LCI and ColP with
nLUC-TrAP-Myc and cLUC-HA3-RANL1 fusion proteins. Co-expression of the constructs
successfully complemented luciferase activity (Figure 40B) and nLUC-TrAP-Myc was
able to pull down cLUC-HA3-RANL1 under our experimental conditions (Figure 40C).
Next we used the YFP-RANL1 fusion protein to analyze the cellular distribution of RAN1
(Figure 40D), as expected for a nuclear transporter, we found RAN1 both in nucleus and
cytoplasm. Particularly, we evidenced the high mobility of the YFP-RANL across the
cells, to and from the nucleus as little packages or spots. We then asked whether YFP-
RANL1 co-localized with TrAP-CFP by co-expressing the proteins in our N. benthamiana
system. However, the cell size and shape were dramatically distorted and we could only
evidence the ubiquitous distribution of both signals (CFP and YFP) in the cells (data not
shown). Together, these results indicate that RAN1 and TrAP interact in vivo.

To further investigate whether TrAP and RANL1 interacted with each other directly,

we purified recombinant MBP-RANL1 protein, and performed an in vitro pull-down assay.
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We tested the interaction of RAN1 with TrAP proteins from TGMV and CaLCuV, given
that TGMV was used to identify RAN1, and that A. thaliana is a host of CaLCuV but not
of TGMV. KYP was used as a positive control, while SAM2 served as negative control.
We found that RANL1 interacts directly with both TrAP proteins, although the affinity
might be lower than that of TrAP-KYP interaction (Figure 40E).

Next we asked whether TrAP-RANL1 interaction was relevant to the virus infection.
To this end, we obtained ranl homozygous mutant (SALK 138680C). The mutant plants
did not show any obvious phenotype either during development or flower maturation,
likely due to functional redundancy from three additional RAN genes in Arabidopsis. We
proceeded with the infection by CaLCuV and the assessment of the disease progression in
terms of time and severity. In four independent experiments, each with >30 plants, we
have evidenced a much slower disease development in the ranl mutants (Figure 41A),
which has not been accompanied by changes in the severity of the symptoms exhibited in
the infected plants (Figure 41B-D). Interestingly, the strong infection phenotype observed
in the ranl mutants is not consistent with complete functional redundancy of the

Arabidopsis RAN proteins.
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Figure 40. RAN1 and TrAP interact in vivo and in vitro.

(A) BLAST Alignment of N. benthamiana and A. thaliana RANL1 proteins, the peptides obtained
by LC/MS/MS are underlined in red in both proteins. (B) Luciferase Complementation Imaging
Assay. (C) Co-immunoprecipitation of RAN1 and TrAP, left panel shows input proteins while
right panel shows IP. (D) Localization of YFP-RANL is both nuclear and cytoplasmic; note the
discrete spots of YFP-RANL1 in the cytosol. (E) In vitro pull-down assay; left panel shows the input
proteins, while right panel shows the proteins pulled down using amylose resin. MBP-RANL1 can
pull down both CaLCuV and TGMV TrAP proteins.
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Figure 41. RANL1 is involved in the CaL.CuV pathogenesis.

(A) Time of CaLCuV symptom development in different genetic backgrounds. (B) There was no
obvious difference in the severity of CaLCuV infection in ranl mutants. (C) Scale of CaLCuV
symptoms in ranl mutant plants. (D) Western blot using anti-Myc antibody to detect expression

of FM-RANL1 in the complementation lines.

We have produced several independent RAN1 complementation lines (Figure

41D), which express the tagged FM-RAN1 gene from its native Prani promoter.
Importantly, the plants show no developmental abnormalities, but only show partial
complementation of the virus infection phenotype (Figure 41A). The lack of
complementation might be a consequence of the FM-tag, or alternatively to the insertion

site of the construct. Furthermore, it would be really interesting to see the effect of the

overexpression of RAN1 in the development of infection.

142



3.3.5 TrAP interacts with the RNA processing protein ESP3

Enhanced Silencing Phenotype 3 (ESP3) is a DEAH RNA helicase domain
containing protein of 118.8KDa, known as the only homologue of the yeast PRP2 in
Arabidopsis. There are four related DEAH RNA helicases in yeast known to be essential
for splicing, PRP16, 22, 43, and 2. However, the function of ESP3 has not been
characterized in Arabidopsis. ESP3 was originally identified as part of the putative
minimal set of plant specific genes required for normal embryo development (Tzafrir et
al., 2004). Later, ESP3 was found to be involved in RNA metabolism, through a mutant
screening for an enhanced silencing phenotype. In the study, seven ESP genes were
identified and all of them were related to RNA processing. Interestingly, the other six
turned out to be part of transcription termination and 3’-end formation, exhibiting
accumulation of read-through RNAs; esp3 mutants, on the other hand, did not show such
accumulation. As a homolog of yeast PRP2, ESP3 was proposed to prevent the splicing
RNAs to enter the RNAI pathway, and therefore protect them from silencing (Herr et al.,
2006). The T-DNA insertion line (a null mutant) shows early flowering, reduced stature
and altered leaf morphology at the seedling stage, similar to the TrAP transgenic lines.

We started with experimental validation of the ESP3-TrAP interaction. During the
preliminary screening for TrAP interacting factors, we evidenced Luciferase
complementation in N. benthamiana (Figure 42A). However, we were unable to further
confirm this interaction using ColP possibly due to the extremely low expression of the
ESP3 fusion proteins in the plants. Then we asked whether TrAP and ESP3 located to the

same cellular compartments. To this end, we co-expressed TrAP-CFP and YFP-ESP3 in
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N. benthamiana and evaluated the cellular localization of the fusion proteins by confocal
microscopy. When expressed alone YFP-ESP3 localized to specific nuclear
compartments, forming speckles that vary in number, size and distribution among nuclei
(Figure 42B). On the other hand, TrAP-CFP was more uniformly distributed in the nucleus
with higher concentration in the nucleolus, and the phenotype was almost invariable
among nuclei and among TrAP from different viruses (i.e. TGMV or CaLCuV) (Figure
42C). When co-expressed, the accumulation of the CFP-TrAP signal to the precise
location of the YFP-ESP3 was conspicuous (Figure 42D). Importantly, this was a
phenotype unique to two proteins in our screening of more than forty proteins. Together,
these results suggested a possible involvement of ESP3 with TrAP during the virus
infection.

esp3 mutants showed enhanced silencing of Potato Virus X (PVX) derived
transcripts, so we asked whether esp3 plants would also show enhanced silencing of
begomovirus derived RNAs, possibly rendering them more resistant to infection. We
obtained seeds for the homozygous knockout stock SALK_021156C from the ABRC, and
tested them for progression and severity of the CaLCuV infection. Interestingly, we
observed hypersensitivity to the virus infection regarding both time of symptom
development (Figure 43A) and severity of the disease (Figure 43B-C). Then, we made the
pBA-ESP3-HA3 and pBA002a-Pesps:FM-ESP3 constructs and used them to complement
the mutant background. We were unable to detect 35S-ESP3-HA3 expression in the
transformants; however, we obtained several lines expressing FM-ESP3 from the native

promoter Pespz (Figure 43D). We chose two of them to test the susceptibility to the

144



CaLCuV infection. We observed a delay in the symptom development when compared to

the mutant background (Figure 43E).

CalLCuV TrAP-CFP

D TGMV TrAP.CFP YFP-ESP3 Merged 60X

Figure 42. YFP-ESP3 and TrAP-CFP co-localize in nuclear speckles.

(A) Luciferase complementation imaging assay. (B) Nuclear localization of YFP-ESP3 in defined
speckles varying in number and size. (C) TrAP-CFP localization is mostly nuclear, and uniformly
distributed with higher abundance in the nucleolus. (D) Co-expression of YFP-ESP3 and TrAP-
CFP changes TrAP-CFP nuclear localization pattern to accumulate in the YFP-ESP foci.
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Figure 43. esp3 mutant Arabidopsis plants are hypersusceptible to virus infection.

(A) CaLCuV symptoms develop faster in esp3 mutants than in WT plants. (B) CaLCuV infection
IS more severe in esp3 mutants than in WT plants. (C) Scale of CaLCuV symptom severity. (D)
Western Blot using anti-Myc antibody to detect the expression of FM-ESP3 protein in the
complementation lines. (E) The CaLCuV infection is slower in the Pesp3:FM-ESP3
complementation line than in the esp3 mutant.

3.3.6 TrAP interacts with the histone demethylase REF6

Previous studies have reported a striking resemblance of the TrAP transgenic
plants to several mutants in the TGS pathway, including but not limited to Ihpl and clf
mutants (Castillo-Gonzdez et al., 2015). TrAP transgenic plants exhibit early flowering
phenotype and upward curling of leaves, accompanied with loss of H3K27 methylation.
CLF catalyzes the deposition of H3K27me3 heterochromatic mark. LHP1, also termed
TERMINAL FLOWER 2 (TFL2) (Gaudin et al., 2001; Kotake et al., 2003; Nakahigashi
et al., 2005; Sung et al., 2006; Zhang et al., 2007b) associates to heterochromatin and can
direct the spreading of the silent status to adjacent euchromatin (Turck et al., 2007; Zhang
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etal., 2007b). The coordinated activities of CLF and LHP1 result in chromatin methylation
and transcriptional repression (Saleh et al., 2007).

In the same genetic pathway of CLF and LHP1 genes is a gene called Relative of
Early Flowering phenotype 6 (REF6), REF6 encoded a Jumonji domain involved in
H3K27 demethylation. Strikingly, we observed phenotypic similarity between REF6 and
TrAP overexpression plants in A. thaliana, suggesting that they might have genetic or
even biochemical interaction. In line with this hypothesis, the two proteins co-localized in
nuclear speckles (Figure 44). Further biochemical assays to validate the interaction

between REF6 and TrAP are in progress.

Figure 44. TrAP-CFP and YFP-REF®6 co-localize in nuclear speckles.

(A) Nuclear localization of YFP-REF6 in defined speckles varying in number and size. (B) Co-
expression of YFP-REF6 and TrAP-CFP changes TrAP-CFP nuclear localization pattern to
accumulate in the YFP-REF6 foci.
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3.4 Discussion
3.4.1 TrAP is engaged in multiple protein complexes and interferes with a plethora of
cellular processes

Arguably, early expression of TrAP would result in suboptimal infection due to
very low accumulation of virus templates for transcription and replication. Thus, TrAP
function must be regulated. Two main ways of regulation have been proposed and studied:
transcriptional regulation of TrAP expression, and functional regulation after translation.
TrAP gene is expressed from the second ORF in the counter virion sense strand on the
virus genome. This ORF overlaps at its 5’end with the 3’end of the Replicase gene, and at
its 5’end with the 3’end of the replication enhancer. Both Rep and REn are essential for
virus infection, and unlike TrAP, they are early-expressed genes. The Rep protein inhibits
its own expression by binding to its own promoter and shifting to the expression of the
TrAP ORF once a threshold amount of Rep, and therefore dsDNA template has been
accumulated. Hence the timing of TrAP expression is regulated by the expression of the
viral proteins.
3.4.2 RAN1 modulates geminivirus pathogenesis

The RAN protein is a highly conserved eukaryotic GTPase factor of the Ras-family
of proteins, which is essential for the transport of proteins and RNA through the nuclear
pores. The mammalian and yeast homologues of RAN have been involved with the cell
cycle regulation (Bischoff and Ponstingl, 1991; Coutavas et al., 1993). The Arabidopsis
genome codes for four RAN genes, numbered 1-4, which are located on the chromosome

5, and produce four RAN proteins with 70-98% identities. Specifically, RAN1, 2, and 3
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share 93-98% sequence identities, and RAN4 is the most divergent, sharing only 70% of
its protein sequence.

The canonical mechanism of nucleo-cytoplasmic movement of cargos is RAN
dependent and is regulated by two factors: the gradient of RAN-GTP/RAN-GDP around
the nuclear pore, and the specific binding of the cargo to the receptor (importin/exportin)
through the signal peptide (NLS/NES). The cargo does not typically bind to RAN, but to
the importin/exportin protein, while RAN serves as the energy provider for the
translocation. The importin/exportin binds to proteins in the nuclear pore called
nucleoporins that provide a transient docking site for the moving receptor-cargo complex
through the pore. The receptors then bind to the RAN protein to release the cargo at its
destination. The interaction of TrAP with RAN is not really expected if TrAP is a
canonical cargo.

The nuclear pore structure can be imagined as a sieve made of nucleoporins
interacting among them through a Phe-Gly rich motif; the normal (closed) pore allows the
diffusion of small molecules (<30KDa), but the “aperture” size can be regulated by the
interaction of the Phe-Gly nucleoporins with the receptors in the receptor-cargo complex,
allowing the translocation of large cargos (Doucet and Hetzer, 2019).

TrAP is a very small protein of only 15kDa. That TrAP contains a NLS is
unexpected because it could diffuse freely through the pore, even as a TrAP dimer. The
requirement of NLS for the nuclear localization of TrAP suggests that TrAP is by default
in a protein complex larger than the TrAP dimer and that the cellular localization is

regulated. This is consistent with the proposed phosphorylation-dependent localization of
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TrAP. Previous studies have provided genetic evidence of the TrAP/C2 interaction with
the importin Karyopherin o during infection, however that interaction seemed to interfere
rather than promote virus infection in several geminivirus species (Hanley-Bowdoin et al.,
2013).

The virus translocation depends on the expression of the TrAP-dependent BR1
gene, which codes for the nuclear shuttle protein (NSP). NSP interacts with a host GTPase,
NIG (for NSP-interacting GTPase), which provides the energy for the NSP-virus nuclear
translocation. In fact, overexpression of NIG enhances susceptibility to geminivirus
infection in Arabidopsis and N. benthamiana systems. It has been proposed that NSP-virus
nuclear translocation can function independently from RAN-GTPase (Carvalho and
Lazarowitz, 2004; Carvalho et al., 2008a, 2008b).

On the other hand, the Arabidopsis genome contains four RAN genes that code for
almost identical proteins, which are believed to be functionally redundant. In fact the ranl
mutant has not shown any phenotype in the plant regarding development, growth or
viability, suggesting that the remaining pool of RAN protein is sufficient to sustain the
plant survival. However, ranl plants show enhanced resistance to the virus infection
indicating that each of these RAN proteins might also have functional specificity. The
hypersusceptibility of ranl to geminivirus infection raised several immediate questions to
be addressed in the future: Is this phenotype related to RAN1-TrAP interaction? Can TrAP
act as a nuclear importin/exportin? Is TrAP localization regulated by RAN1?

Interestingly, the expression of plant RAN proteins (i.e. tomato, wheat and rice) is

able to complement the cell cycle phenotype of the yeast RAN homologue mutant, pim46,
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further implicating the plant RAN proteins in cell cycle regulation (Ach and Gruissem,
1994). Previous reports in A. thaliana have shown that the expression of RAN proteins is
highest in the meristematic tissue, and it is coordinated with the expression of Ran Binding
Proteins (RanBP), that are also conserved throughout eukaryotes (Haizel et al., 1997).
Indeed, other studies overexpressing the heterologous wheat and rice RAN1 in A. thaliana
have evidenced a prolonged life cycle in the transgenic lines, concomitant with increased
primordial tissue, fewer lateral roots, and hypersensitivity to auxin (Liu et al., 2014b;
Wang et al., 2006) Taken together, it seems RAN1 protein is a nuclear transport protein
involved in the regulation of cell cycle progression in meristematic tissues, where auxin
signaling is critical.

Considering the total dependence of geminivirus on the plant machinery for
replication, it is not surprising that the infection process is more efficient in replicating
cells. Noteworthy, the most severe effects of the disease are seen in the meristems
(Carvalho et al., 2008a, 2008b, Gutierrez, 2000a, 2000b). To achieve infection, the
geminivirus genome must be transported to the nucleus, just as the virus encoded proteins
AC1, AC2, AC3 and BV1, presumably requiring the interaction with a host nuclear
transporter to cross the nuclear pore (Jeffrey et al., 1996). Our preliminary data is
consistent with a deficient RAN activity in the cell; we envision a situation in which TrAP-
RAN interaction is enough to affect auxin response and cell cycle progression in the
infected cells. We hypothesize that RAN1 might regulate TrAP shuttling in and out of the

nucleus, and therefore is a likely regulator of the TrAP activity during infection.

151



Alternatively, RANL1 can serve as an effector of TrAP to regulate cell cycle progression
and to promote a cellular environment permissive to the virus replication and assembly.
3.4.3 ESP3 modulates virus infection

Transcription from the complementary sense strand of begomovirus genomes is
very complex; it consists of multiple overlapping RNAs with different 5’-ends and a co-
terminal 3’-end (Bisaro et al., 1990b; Hanley-Bowdoin et al., 1988; Revington et al., 1989;
Sunter and Bisaro, 1989; Sunter et al., 1989). All begomoviruses produce polycistronic
transcripts, but to date no splicing or processing site in the transcripts has been reported,
and the precise regulation of virus gene expression is not yet understood. Studies in
TGMV have revealed three transcription start sites on the complementary strand: AC2515,
AC1935, and AC1629. AC2515 is a strong promoter with a canonical TATA box that
drives the expression of AC1, AC3 and AC4, although the regulation of AC4 is not known.
AC1935 does not have a canonical TATA box and only allows the expression of AC3.
Finally, AC1629 exhibits a strong promoter activity, it contains a canonical TATA box,
and leads the differential expression of both AC2 and AC3 genes, but it produces AC3 up
to four-fold more than it does AC2 (Shung et al., 2006). Although the prevailing dogma
is that viral transcripts do not undergo splicing processing, the AC4 gene is entirely
contained in the ACL1 transcript, and AC2/AC3 are expressed alternatively from a single
transcript, which suggests the possible requirement of RNA processing.

In yeasts, PRP2 is required for the destabilization of the spliceosome-RNA
complex, allowing it to fulfill its catalytic activity (Wlodaver and Staley, 2014). If the

splicing activity of ESP3 were required for the proper expression of viral genes, we would
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have seen a more resistant phenotype in the esp3 mutants regarding the virus infection,
contrary to the hypersensitive phenotype observed. However, many pleiotropic effects of
the esp3 knockout can still play a role in the pathogenesis. Therefore, the possibility of
ESP3 involvement in the processing of CaLCuV transcripts cannot be discarded; specially
taking into account that TrAP is a virus transcription factor essential for the expression of
several viral genes. Thus, we propose that TrAP might modulate ESP3-mediated
processing of viral transcripts. Moreover, TrAP-ESP3 co-localization together with the
hyper-susceptibility of the esp3 mutant to the virus infection is that ESP3 can be involved
in the defense mechanism of the plant against the viral threats. Previous reports in plants
and animals have found splicing factors to be involved in the RNA-directed DNA
Methylation pathway (RdDM) of TGS. Although the precise function of the splicing
factors in the TGS is not yet known, it has been proposed that defective RNA processing
provides substrates for RNA-dependent RNA Polymerases (RARP), which synthesize
dsRNA that can be a source of sSiRNAs to direct gene silencing. Also, stalled spliceosomes
have been related to enhanced silencing phenotypes. Therefore, we propose a potential
role of ESP3 in the TGS pathway and as a target or TrAP to prevent TGS of the viral
genome. The proposed ESP3 function could be general and function in the maintenance
of genomic integrity, or it could be specific and function as a defense mechanism against
geminivirus. In order to discern between these possibilities, further studies on the
transcription of otherwise silent transposons should be performed, as well as to determine
whether or not ESP3 associates with the viral minichromosome. Importantly, several

geminivirus specific siRNAs have been detected during infection, and many are
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specifically are generated from the TrAP-dependent AR1 gene transcripts (coat protein)
and other regions in the viral genome. Future studies should include the assessment of the
production of CaLCuV-derived siRNAs in the esp3, Col-0, and ESP3 complemented lines,
to determine its effect on the pathogenesis of the begomovirus.
3.5 Materials and Methods
3.5.1 DNA constructions

We used the Gateway system (Invitrogen) (Zhang et al., 2005) for the plant
constructs. The destination vectors (containing the destination cassette—DC-) pBA-DC-
CFP, pBA-Flag-4Myc-DC, pER10-YFP-DC (Zhang et al., 2006a), pCambia Myc-DC-
nLUC (Zhang et al., 2011c), and pER10cLUC-3HA-DC (Castillo-Gonz&ez et al., 2015)
were used for transient expression in N. benthamiana and for stable Arabidopsis
transformation. The cDNA or DNA fragments were cloned into pENTR/D vectors,
sequencing confirmed; and then transferred to the appropriate destination vectors by
recombination using the LR Clonase (Invitrogen).

For expression of recombinant proteins, the cDNA or DNA fragments were cloned
into pMAL-DC or pMCSG10 vectors to produce MBP- or His-GST-tagged proteins
respectively. The plasmids were further confirmed by sequencing and transformed into E.

coli BL21 Rossetta DE3 for expression.
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3.5.2 Transgenic plants

A. thaliana (Col-0) mutant plants hogl (CS1892, and SALK_023915C), sam2
(SALK_597697C), ranl (SALK_138680C), esp3 (SALK_021856C), and ref6
(SALK_001018C) mutants were obtained from the Arabidopsis Biological Resource
Center and confirmed by genotyping. The overexpression (wild type Col-0 background
and driven by a 35S promoter) and complementation (mutant background and driven by
the native promoter) constructs were transformed with binary vectors by the floral-dip
method (Clough and Bent, 1998; Zhang et al., 2006b). The transgenic seeds were selected
on standard MS medium (Murashige and Skoog, 1962) containing the appropriate
selective agents: 10 mg/l glufosinate ammonium (Sigma) or 10 mg/l kanamycin (Sigma),
together with 100 mg/l carbenicillin (Sigma), for pBA and pER10 constructs,
respectively.
3.5.3 Two-step immunoprecipitation for mass spectrometry analysis

FM-TrAP was transiently expressed in true leaves of 3-week-old N. benthamiana
plants by infiltration with A. tumefasciens carrying the vector XVE-FM-TrAP. Briefly, the
agrobacteria was grown in LB media supplemented with 100 uM Acetosyringone (Sigma)
until it reached ODeoo = 1.0. The bacteria were harvested by centrifugation at 4000 x<rcf
in 4<C, and resuspended in 10 mM MgClI> supplemented with 150 uM Acetosyringone
and 25 pM (3estradiol (Sigma). The leaves were harvested 48 hours after inoculation,
ground in liquid nitrogen and stored at —80<C until use. Similarly, FM-TrAP expression

was induced for 16 hours in 9-day-old wild-type control and Arabidopsis transgenic plants
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expressing XVE-FM-TrAP with 25 M (3estradiol in liquid MS media, ground in liquid
nitrogen and stored at —80 <C until use.

For the assay, total proteins were extracted from 10 g of ground powder in 40 ml
(4 volumes) of IP buffer (20 mM Tris-HCI pH 7.5, 150 mM NaCl, 4 mM MgClz, 50 uM
ZnClz, 0.1% Triton X-100, 1 mM PMSF, 1% glycerol, 3xRoche Complete EDTA-free
protease inhibitor, 15 uM MG132); then, the soluble proteins were cleared twice by
ultracentrifugation at 20,000 >rcf for 15 min at 4<C. The protein complexes were first
immunoprecipitated using 500 ul of Anti-FLAG M2 magnetic beads (Sigma, Cat#
M8823) and incubated in slow rotation for 2 hr at 4<C, the nonspecific-bound proteins
were removed by three consecutive washes with 15 ml of IP buffer for 10 min incubation
each at 4<C. The protein complexes were then eluted by competition with 100 mg/ml
FLAG peptide and subsequently immunoprecipitated with 100 i Anti-c-Myc-agarose
affinity gel (Sigma—Aldrich #A7470) at 4<C for 1.5 hr, the nonspecific-bound proteins
were removed by five consecutive washes with the IP buffer with 5 min incubation each
at 4<C. The protein complexes were eluted in 200 pl of elution buffer (5 mM EDTA, 200
mM NHsOH) for 20 min. The supernatant was collected, frozen in liquid nitrogen and
dried using the Savant SpeedVac concentrator; finally, the sample was solubilized in 30 pl
of 2xSDS-loading buffer and run in 10% SDS-PAGE. The samples were run to one-third
of the gel, stained with Coomassie blue and collected by excising the whole lane for mass
spectrometry analysis in the Taplin Mass Spectrometry Facility at Harvard Medical

School.
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3.5.4 Expression and purification of recombinant proteins

For in vitro pull down assay, the prey (His-GST-CaLCuV-TrAP, His-GST-
TGMV-TrAP, and His-GST) proteins were purified by IMAC using the lysis buffer (50
mM Tris-HCI pH 8, 300 mM NacCl, 20 mM imidazole, 2 mM PMSF), incubated with the
Ni-NTA resin (at 4<C for 1 hr, eluted with 300 mM imidazole and immediately dialyzed
in storage buffer (20 mM Tris-HCI pH 8, 150 mM NaCl, 2 mM 2-mercaptoethanol, 50%
Glycerol) at 4<C overnight. On the other hand, the bait (MBP-Bait or MBP) proteins were
purified by affinity chromatography using the lysis buffer (20 mM Tris-HCI pH 8, 300
mM NaCl, 1 mM EDTA, 2 mM PMSF, 10 mM 2-mercaptoethanol), incubated with the
amylose resin (at 4<C for 2 hr, eluted with 10 mM maltose and immediately dialyzed in
storage buffer (20 mM Tris-HCI pH 8, 150 mM NaCl, 2 mM 2-mercaptoethanol, 50%
Glycerol) at 4<C overnight.
3.5.5 In vitro pull down and Co-IP assays

In vitro pull-down assays and in vivo Co-IP were done exactly as described
(Castillo-Gonzdez et al., 2015).
3.5.6 Luciferase complementation imaging (LCI) assay

The LCI was performed on 4-week-old N. benthamiana leaves infiltrated with
various combinations of A. tumefaciens GV3101 harboring pCambia Myc-TrAP-nLUC or
pCambia Myc-nLUC and A. tumefaciens ABI carrying pER10cLUC-3HA or
pER10cLUC-3HA-candidate proteins. The agrobacteria containing the pER10 plasmids
were incubated with 25pM beta-estradiol for 3 hr prior infiltration, and all the cultures

were adjusted to ODseoo = 0.8. The transfected leaves were assayed 2 days after
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agroinfiltration by adding the substrate (10 mM luciferin). The sprayed leaves were
incubated in total darkness for 5 min and photographed using an electron multiplying
charge-coupled device (EMCCD) camera, Cascade Il 512, from Photomerics (Roper
Scientific). The images were processed with WinView32 Ver 2.5.19.7 (Roper Scientific).
3.5.7 Confocal microscopy

Leaves of 4-week-old N. benthamiana plants were agroinfiltrated with syringe
without needle as previously described (Zhang et al., 2005) with A. tumefasciens ABI
carrying pBA-TrAP-CFP and pER10-YFP-Test protein. The agrobacteria containing the
PER10 plasmids were incubated with 25 M beta-estradiol for 3 hr prior infiltration, and
all the cultures were adjusted to ODsoo = 0.8. The plants were maintained for 2 days at
24<C (16 hr light/8 hr dark). The co-localization was evaluated using a Nikon inverted
microscope Eclipse Ti-E. CFP signal was measured by excitation with Shutter 10-3 filter
3 (CFPHQ [EX]), and emission was detected at 485 nm; YFP used Shutter 10-3 filter 4
(YFPHQ [EX]) and emission was detected at 540 nm. The images were processed using
NIS-Elements-AR 4.30.01 (Nikon) and Adobe Photoshop software.
3.5.8 CaLCuV pathogenesis assays

The virus infection assays were performed as in (Castillo-Gonzdez et al., 2015).
Briefly, 3-week-old plants grown in short day conditions (8 hr light/16 hr dark) were
infected by agroinfiltration of the CaLCuV infective clones of DNAA and DNAB genomic
particles, pPNSB1090 and pNSB1091 respectively (Arguello-Astorga et al., 2007). For this,
the agrobacteria strains were grown separately to O.D.600 = 1.0 in LB media

supplemented with 100 uM Acetosyringone. The bacteria were harvested by
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centrifugation at 4000 rcf in 4°C, and resuspended in 10 mM MgCl. supplemented with
150 uM Acetosyringone. The resuspended bacteria were incubated for three hours in room
temperature and, prior to inoculation, were mixed in a 3:1 (DNA A to DNA B) ratio to a
final O.D.600 = 1.0. The mixture was combined with super fine silicon carbide powder
(600 grit, Alfa Aesar) to a final concentration of 1% (v/v), and sprayed on the seedlings
using an airbrush at an output pressure of 80-90 psi. Col-0 wild type, mutants, and Flag-
4Myc- complementation lines were all inoculated at the same time and maintained under
the same conditions. The progression of the disease was evaluated by daily observation to
determine the offset of viral infection. Two indicators were taken into consideration, the
time of symptom development and the severity of the observed symptoms. The assays
were replicated at least 3 times on 32-36 plants of each genotype per assay. The data was
analyzed using Microsoft Excel. The significance of the observed phenotypic differences

among genotypes was determined using Student’s T-test.
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4. CONCLUSIONS AND FUTURE WORK

Geminivirus are important plant pathogens that wreak havoc in agriculture every
year. Their small genomes (2-3kb) allow for very limited coding capacity, producing
multifunctional proteins able to simultaneously interfere with many host cellular processes
and take over the host. We studied the molecular function of the geminivirus silencing
suppressor TrAP. TrAP is involved in the transcriptional activation of viral genes and it
was one of the first viral proteins shown to interfere with the TGS pathway. Since TrAP
does not bind to DNA in a sequence-specific manner, we hypothesized that its functions
are mediated by the interaction with host proteins. In order to identify such TrAP-
interacting proteins (TrIPs), we expressed TrAP in the host plants Nicotiana benthamiana
and Arabidopsis thaliana to isolate TrAP-complexes and analyze their composition by
mass spectrometry. Subsequently, we confirmed the interactions in vivo and in vitro. In
order to assess the significance of these interactions for viral pathogenesis, we obtained A.
thaliana TrIP-mutants and produced TrIP-complemented and TrIP-overexpression lines
to be used in geminivirus pathogenesis assays. In parallel, we produced a series of A.
thaliana TrAP-transgenic lines that enabled us to study TrAP function in isolation from
other viral components. Notably, our collection of TrAP-transgenic lines comprises a
range of expression profiles as a result of using different promoters, such as 35S
(constitutive, strong) and XVE (inducible, tunable), which are also useful resources for
the scientific community.

The TrAP-mediated TGS suppression has been attributed to pleiotropic effects of

TrAP interaction with proteins in the methyl cycle, specifically ADK2 and SAMDC1
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(Moffatt et al. 2002; Zhang et al. 2011). Our proteomics data expanded on this model, as
we recovered several proteins involved in the methyl cycle (Figure 16). We confirmed the
in vivo interaction of TrAP with the S-adenosyl methionine synthetase SAM2 and provide
evidence of the relevance of SAM2 function in plant defense, as sam2 null mutants are
hypersensitive to virus infection (Figure 39). Moreover, we recovered the S-adenosyl
homocysteine hydrolase, SAHH1, from the proteomics data of TrAP complexes obtained
from two different host plants. We further confirmed the in vivo and in vitro interaction of
TrAP with SAHH1/HOG1 and showed the physiological relevance of SAHH1/HOG1
function during pathogenesis (Figure 38). sahh1/hogl null mutants were hypersensitive to
virus infection and plants overexpressing SAHH1/HOG1 were more resistant to virus
infection than the wild type (Figure 38). Our findings not only provide strong evidence for
the effect of TrAP in the regulation of the methyl cycle, but also serve as the first evidence
of a viral suppressor directly interfering with the methyl cycle in the host plant (Figure
16). Furthermore, SAMe is also the cellular precursor of ethylene and polyamines. Both
of which are essential metabolites in the plant stress response (Liu et al. 2015). As such,
the interference of geminivirus with the SAMe cycle might have other implications not
yet pursued. Our transcriptome data from TrAP transgenic plant (Supplementary File 1)
shows only one differentially expressed gene related to the ethylene pathway, the
ethylene-responsive element binding factor 15 (ERF15). Not only is this transcript
downregulated in TrAP transgenic plants, but it has also been directly implicated in the
regulation of the immune response against bacterial and fungal pathogens (Zhang et al.

2015). It is worth mentioning that a major disadvantage of using our transcriptome data
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set as the only reference for deregulation of the ethylene pathway is that we used 7-days
old seedlings, which are at a developmental stage where ethylene biosynthesis is marginal.
Furthermore, our materials are constitutively expressing TrAP from the strong promoter
35S, and may not represent the natural conditions in which TrAP would be expressed
during virus infection. Future work should consider the effects of TrAP interactions with
SAM2 and SAHH1 on their cellular function, taking into consideration the plant organ
and the developmental stage.

Notably, although the evidence for TrAP interference with the methyl cycle is
substantial, none of the null mutants in the identified TrIPs show a phenotype resembling
that of the TrAP transgenic plants. Moreover, TrAP cellular localization is mostly nuclear,
while the methyl cycle occurs in the cytosol. These observations suggest the involvement
of TrAP in other cellular processes. Indeed, our proteomics approach provided us with
multiple hints for the discovery of such processes. We recovered and confirmed the in vivo
and in vitro interaction of TrAP with the nuclear transport factor RAN 1 (Figure 40) and
provide evidence of the requirement of RAN1 function for pathogenesis, as null mutants
are more resistant to virus infection than the wild type plants (Figure 41). This finding is
striking because it points to specialization within the RAN gene family and it implies that
TrAP moves through the nuclear pore as a large molecular complex. An initial hypothesis
for the relevance of this interaction is that TrAP localization regulated by RANL1, since
active transport across the nuclear pore derives energy from the hydrolysis of GTP by
RAN. However, the RAN (GTPase) interacts with a transportin bound to a cargo rather

than to the cargo itself. Could TrAP act as a nuclear importin/exportin? If so, what does it
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transport? An alternative hypothesis is that the requirement of RAN for pathogenesis is
due to an indirect effect. In this regard, RAN has been implicated in the regulation of the
cell cycle in yeast and plants (Ach and Gruissem, 1994; Liu et al., 2014b; Wang et al.,
2006). RAN expression is highest at the meristems, where it regulates life cycle length
and sensitivity to auxin. Geminivirus infection depends entirely on the cellular replication
machinery; as such, viral infection is highest in meristematic tissues. Gene ontology
analysis of the differentially expressed genes in the TrAP-transgenic plants showed
significant deregulation of auxin-responsive genes (Supplementary file 1, Figure 19D),
suggesting a possible insensitivity to the plant hormone. This observation is consistent
with loss of RAN function, but not necessarily with the resistant phenotype of the ranl
mutant plants when challenged with the geminivirus pathogen. Whether RAN1 modulates
TrAP localization and activity during infection, or TrAP promotes a permissive cellular
environment through its interaction with RANL1 are critical questions that remain open for
future research. To our knowledge, no nuclear transporter has been directly related to the
TGS regulation. Since TrAP is a TGS suppressor (Figure 19), this is a possibility that
should be explored. Moreover, can TrAP directly inhibit TGS in the nucleus?

The highest peptide recovery for a potential TrIP in our proteomics analysis was
from the histone methyltransferase KYP (Figure 21, Table 3). KYP is an essential TGS
effector that catalyzes the deposition of the repressive H3K9me2 mark. H3K9me2 marks
are recognized by the DNA methyltransferases CMT2 and CMT3 to direct DNA
methylation in non-CG sequence contexts. KYP further reinforces gene silencing by

recognizing non-CG DNA methylation and catalyzing the H3K9 dimethylation on the
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associated nucleosomes. We confirmed the direct interaction between TrAP and KYP in
vivo and in vitro, and we mapped the interacting region to the catalytic SET domain in
KYP (Figure 20, Figure 23). Moreover, we demonstrated that TrAP inhibits the histone
methyltransferase activity of KYP in vitro (Figure 25), while TrAP expression is
consistent with the reduction of H3K9me2 marks (Figure 28) and transcriptional
activation of KYP-repressed loci (Figure 19) in vivo. Since KYP activity promotes DNA
methylation in non-CG contexts, we studied the genome methylation status of the TrAP-
transgenic plants by whole genome bisulfite sequencing, and we found that TrAP
expression is consistent with a reduction in CHH methylation at KYP-regulated gene-rich
regions (Figure 29). We further studied the role of KYP during geminivirus pathogenesis
and observed that kyp null mutants are hypersusceptible to viral infection, whereas
overexpression of KYP rendered the plants more resistant than the wild type to the viral
threat (Figure 31). Moreover, the geminivirus minichromosome is directly bound and
methylated by KYP (Figure 31). We explored the possibility of KYP being the ultimate
target of TrAP in the host cell, so we produced a mutant geminivirus lacking a functional
TrAP protein and challenged wild type and kyp null mutant plants with it, We found that
systemic infection was only permissible in kyp mutants, although virus accumulation was
very low (Figure 33). Our findings demonstrate the role of KYP in viral defense as an
effector of epigenetic silencing on the viral chromatin. This implies that TrAP inhibition
of KYP is a new viral counter-defense mechanism to enable infection. Thus, direct

inhibition of KYP represents a novel counter-defense mechanism for virus survival in the

164



hosts (Figure 35). To the extent of our knowledge, this is the first account for direct
suppression of a histone methyltransferase in the epigenetic pathway by a viral protein.

Direct interference with the TGS pathway by TrAP in order to allow viral gene
expression could explain the transcriptional activity of TrAP and its essential role in the
expression of viral genes (i.e. coat and nuclear shuttle proteins (Hanley-Bowdoin et al.,
2013)). In other words, could TrAP inhibition of KYP be the mechanism of TrAP-
dependent transcriptional activation of viral genes? Previous studies have mapped the
transcriptional activation domain of TrAP to the acidic region at its C-terminus;
preliminary data have shown that neither the C-terminus nor the transactivation domains
of TrAP are involved in the interaction with KYP (data not shown), instead the basic
region at the N-terminus seems to be essential for interaction. This suggests a possible
biochemical separation of the two functions in TrAP. However, detailed assessment of
viral gene expression in the trap-kyp pathosystem is necessary.

We showed that TrAP directly interact with the SET domain of KYP; however,
this domain is highly conserved throughout eukaryotes. In fact, Arabidopsis codes for
more than 31 SET proteins (Pontivianne et al. 2010) with histone methyltransferase
activity. Hence, it is relevant to address the potential promiscuity of TrAP as an inhibitor
of multiple SET domain HMTases. Indeed, we have shown direct in vitro interaction
between TrAP and three other SET proteins (Figure 24), but no enzymatic assays have
been conducted, making it very difficult to determine whether KYP is the main or only

SET target of TrAP in the cells (Castillo-Gonzd&ez et al. 2015).
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On the other hand, since our findings can be easily translated to other organisms,
it is of great interest to understand the inhibitory mechanism of TrAP. This can provide
the scientific community with useful tools for regulating gene expression, for example by
using TrAP as an inhibitor of H3K9 methylation, or targeting it to specific heterochromatic
regions. One particular use could be targeting of TrAP to surreptitious pathogens, such as
latent HIV, to induce their expression and enable treatment. To this end, we must
determine the TrAP structural requirements for interaction with KYP. Since TrAP is
largely unstructured, we hypothesize that it can serve as a scaffold for the formation of
protein complexes in diverse cellular environments, with a highly dynamic tertiary
structure.

Notably, the phenotype of TrAP transgenic plants does not resemble that of kyp
mutant or kyp suvh5 suvh6 triple mutant plants, suggesting that KYP inhibition is not the
entire function of TrAP. Particularly challenging is the explanation of the loss of H3K27
tri-methylation and early flowering in the TrAP transgenic lines, both of which have been
related to functions of complexes other than those formed by KYP and its paralogs in
Arabidopsis (i.e. PRC2 and LHP1 complexes). These phenotypic differences hint to a
broader function of TrAP, which might include interference with multiple TGS pathways;
this potential promiscuity awaits further investigation. In this regard, we noticed
that TrAP-overexpression plants are morphologically similar to Ihp1 null mutants, which
is a protein characteristically associated with the H3K27me3 pathway. In fact, our
transcriptome data evidenced the highly significant overlap between differentially

expressed genes in TrAP-transgenic plants and lhp1 null mutants (Figure 19). This finding
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genetically involved TrAP in the LHP1 pathway; alas, the mechanism is still elusive. We
did not recover LHP1 from the proteomics data, but other experimental approaches (i.e.
coimmunoprecipitation, luciferase complementation imaging, and co-localization by
confocal microscopy) provided some evidence for TrAP-LHP1 interaction in vivo (Figure
20). However, we failed to demonstrate TrAP-LHP1 interaction in vitro (Figure 22),
suggesting that the two proteins may not directly interact in vivo. We did not investigate a
direct function of TrAP as a regulator of H3K27me3 HMTases, but it would not be
surprising that TrAP inhibits both pathways. Notably, when we performed chromatin
immunoprecipitation (CHIP) assays on the TrAP-transgenic lines, besides the loss of
H3K9me2 marks, we observed a severe decrease in H3K27me3 similarly to the molecular
phenotype of the Ihpl mutant (Figure 28). While KYP and H3K9me2 marks are mainly
localized in transcriptionally silent heterochromatic regions, LHP1 and H3K27me3 marks
are mostly found in euchromatic regions (Black et al., 2012; Du et al., 2014; Liu et al.,
2010, 2014d; Turck et al., 2007; Zhang et al., 2007a, 2007b). Interestingly, our CHIP data
did not support any effect of TrAP expression on marks associated to transcriptionally
active euchromatin (i.e. H3K4me3 and H3K36me3, (Figure 23), implying a specific
mechanism for TrAP-mediated HMTase inhibition.

In the same genetic pathway of CLF and LHP1 genes is a gene called Relative of
Early Flowering phenotype 6 (REF6), REF6 encoded a Jumonji domain involved in
H3K27 demethylation. Strikingly, we observed phenotypic similarity between REF6 and
TrAP overexpression plants in A. thaliana, suggesting that they might have genetic or

even biochemical interaction. In line with this hypothesis, the two proteins co-localized in
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nuclear speckles (Figure 44). Further biochemical assays to validate the interaction
between REF6 and TrAP are in progress.

TrAP has been shown to shuttle in and out of the nucleus, to interfere directly and
indirectly with the TGS pathway and to regulate gene expression and defense response in
the host, a critical question to address is what is the size of TrAP pool in the cells during
infection? How much TrAP is required to really deplete H3K9me2 from the cells, or to
inhibit ADKZ2, or to activate transcription of the viral genes AR1 and BR1? How much
TrAP is necessary to shift the balance towards infection? The use of constitutive promoters
and truncated TrAP proteins introduces inherent caveats in the experimental design. To
better assess the physiological relevance of our findings, we developed a model of
transgenic Arabidopsis plants that can express FM-TrAP from a gradual inducible
promoter, which can serve in the determination of how much TrAP is necessary to attain
the different phenotypes reported; equally important is the evaluation of TrAP stability
through the measurement of protein decay after translation inhibition with cyclohexamide.
Other related questions pertain local concentration of TrAP, and how is the expression of
viral TrAP regulated?

In conclusion, our research provides ample evidence for the interference with the
TGS pathway by the geminiviral TrAP protein. On one side, TrAP interfering with the
methyl cycle through its interactions with SAHH1 and SAM2, indirectly preventing gene
silencing. We then demonstrated that TrAP interacts with the nuclear transporter RAN1
and that its function positively regulates virus infection, suggesting that TrAP cellular

localization is essential for its function. And finally, we identified the nuclear TGS effector
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KYP as adirect target of TrAP in the nucleus, by which TrAP directly abrogates epigenetic
silencing. As such, we demonstrate that KYP plays a critical role in the immune response
to invading nucleic acids in plants. Interestingly, the human homolog of KYP,
SUVH39H1 has been reported to be required for the maintenance of latency in HIV and
Epsteinn-Barr virus infections (du Chééet al., 2007; Imai et al., 2014). This suggests that
SUVH39H1 fulfills a similar function in human pathogenesis as the one we identified for
KYP in plants. In sum, KYP inhibition is an effective tactic to abrogate TGS. We predict
that TGS suppression is a widespread counter-defense strategy, and that inhibition of KYP
is only the tip of the iceberg. Furthemore, TrAP inhibition of histone lysine
methyltransferases and its direct effect on DNA methylation gene expression may serve
as a stepping stone for the development of epigenetic therapeutics addressing both human

health and agricultural productivity.
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APPENDIX A. SUPPLEMENTARY FILES

Large data sets were produced during the development of the research consigned

in this manuscript. All the raw and processed data can be found in the supplementary files

as follows:

¢

Supplementary file 1. Microarray analysis of 35S-TrAP transgenic plants.
Supplementary file 2. Transcriptome comparison of the genes deregulated
by TrAP overexpression and lhpl loss-of-function mutant.

Supplementary file 3. Expression levels of genes encoding for TGS
components in TrAP transgenic plants.

Supplementary file 4. List of proteins tested for interaction with TrAP.
Supplementary file 5. CG methylation analysis of Col-0 wild type, kyp mutant,
and TrAP transgenic plants.

Supplementary file 6.CHG methylation analysis of Col-0 wild
type, kyp mutant, and TrAP transgenic plants.

Supplementary file 7.CHH methylation analysis of Col-0 wild
type, kyp mutant, and TrAP transgenic plants.

Supplementary file 8. List of primers used in this article.
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APPENDIX B. PROTEOMICS ANALYSES OF TRAP COMPLEXES IN PLANTA

To further characterize TrAP function in the plant cell, we purified tomato golden
mosaic virus TrAP protein complexes using a two-step immunoprecipitation assay,
followed by mass spectrometry. For this, the FM-TrAP tagged protein was expressed from
the beta-estradiol inducible promoter, XVE. Two different expression methods were
assessed: transient expression in leaves of the host plant N. benthamiana, and induction of
expression in seedling of Arabidopsis thaliana (ecotype Col-0) stable transgenic plants.
The negative controls were N. benthamiana leaves inoculated with agrobacteria carrying
an empty vector, and beta-estradiol treated A. thaliana Col-0 seedlings. The potential
TrAP-interacting proteins were identified by comparison with the negative controls. For
our analyses we only included proteins identified by more than one peptide that were not
recovered in the negative control. Below are the detailed tables of the TrAP co-

immunoprecipitated proteins.
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Table 2. Identification of TrAP interacting proteins by IP-MS in Nicotiana benthamiana seedlings.

Unique
peptides

Gene
Identifier

Description
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MAQILAPSAQWOMRMTKSSTDANPL SK}MS S‘J‘."LKQNKRL:A AKFRVFALQSDSCTVNRVEQLLNLDVIPYIDKITAEYIWIG!
DMRSKSRTISKPVKHASELPKWNYDGSS EVI {D! G ] PTNKRHEKAAQTFSDSKL
'JPVIF"IE\.(ELTLLC "VkleL(' PG

VGPSVGIER!

SHGVANRF CIRJCRDTEI\QaI&G:'LE“RRrACN}CP{J T

2112493810

Oxygen-dependent
coproporphyrinogen-IIT
oxidase, chloroplastic

Nibenl01S¢f03281201014.1

11.10%

MLTPILSSAS! CSWTP‘ISQ"P E

GVMPPERYRAARPT
QKARA FD'-{FD;‘L"‘ P!

15.60%
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Table 2 Continued.

Unique
peptides

Gene
Identifier

Description

N.bentha sequence

PROTEIN SEQUENCE, UNIQUE REFERENCE

21296512847

SERINE
HYDROXYMETHYLTRAN
SFERASE 1

Niben101S¢f01048200005.1

MAMATALRRLSSSVD
MOAVGSVMINKY.
YQTDTKKISRVSIF!

YIDYDQLEKSATLI

MSSLENERVYEKEKNGV
IDMAETLCQKRALEAFRLDPAKWGVNVQPLSGSPANFEVYTALLKPHERTMALDLPEGGHLSHG

Protein
Coverage

VIWPKQLNAP VDPEIADIIELEKARQWKG. IPS

FTSVSV

PKLIVAGASAYARLYDYARIRKVCDKOKATMLADMAHISGLVAAGVIPS

PFDYADVVITTTER LRC-PR AMI FFREKGVKEVNKQGKEVLYDYEDKINQAVFPGL
SKFAQALAGMGYELVSGGTENHLVLVNLKNKGIDGSRVEKVLEA!

LQGGPHNHTITGLAVALKQAMTPEYRAYQEQCLSNC
PG PGGIRMGTPALTSRGFT] FVKVAEFFD
TIGFEKETMKYRN

[ AAVKTAVK IKTEAQGTKLKDEVITLQSSASIQSEIAKLREGVEEYAKQF!

2il4827251

aldolase NPALDP1

MASASLLKTSPRIGKTDFIKGQALRQPSVSVRCHPAPPSGLTVRASSYADEL VASPGRGILAMDE!

Niben101S¢f02864204008.1 e

£il315258233

mitogen-activated protein
kinase kinase2

Niben101S¢f01283202011.1

9.70%

SNATCGKRLASIGLENTERN
LAGSNDESWCQGLDGLASRSARYYQQGARFAK
KVWREVEFYLAEN GILLKPSMVTPGAE
FSYARALONTCLKTWGGRPENVQARQEALLIRA

YLGREF'
QLLPPPPHF

211354549249

S-adenosyl-L-methionine
synthase

Niben101S¢f00285200001.1

CETCTXITNMVMVFGEITTKANVDYEEIVRDTCRGIGETS
ETPELMPLTHVLATQLGAKLTEVRKNKTCPWLRPDGK;
LDEXTIFHLNPSGRFVIGGPHGDAGLTGRKIIIDTYGGHG
PLSVEVDTYKTGTIPDKDILALIKENFDFRPGMI

£il7682432

MAP kinase kinase

Niben101S¢f0279003012.1

MKKGSLAPNLKLSLPPPDEVNLSKFLTESGTFKDGDLLVNRDGVRIVSQ

| TGQFFALKA: TQMNIEE SMRKHIAQEBLRINQSSQVPYVVIS

10.10%

SSSPLPTPLNFSELERINRIGS
GEIQULLEFMDKGSLEGTHIPKRSALSDLTR
IAYMSPERINTDINHGOYDGYAGDIWSLGVSILEF
VQLLRHPFITQNSPATTTTIGN LENQVHQPAH

12.50%

DVCLODNCVEVNIEQUS PO IAQCVECHLTRRPEE TCRCD0T
YKNENGAMUP LISTQHEDETVINEQIAKDLE
AHGGGAFSGKDPTKVDRS \

YQSFFDNGAISI I ..E"MD"C S. LAD .J\’K'}kI PEQ YLARTCKQV JLKGLWYL

Er IARDLKPSNLLINHIGDVKITDFGVSA G
EGWUNVYELMETIVDQPAPSAPPDQFSPQFCSE

LANTFVGTYNYMSPERILGGAYGYRS DIWS LGLVLLECAT! JFP{SPPQAD

11.50%

21257670406

Unnamed protein product

Niben101S5¢f25430200015.1

MIQARFRTDEIRRTPPTPODEMRAGMSYFHE TIWKGVPKFLRRVDTALKNIG YNAPLIQFSSWMGGD)

ARMMARNL QIEDLMFALSMWRCNDDCRVRSDEVLHSS

EEATYTNIEQFLEPLELCYRSLCACGDRS 'A.D’WL.‘DFLPMTFGISLVR..D

ELSGKRPLFGEDLPKTEEIADVLDTFEVIAELPADCEGAY.
VEWYRNRINGKQEVMIGYSDSGKDAGRLSAAWQLYKA!

KSLLLQIAGEKDLLEGDPYLRORLRLRDS
APGLEDTLILTMKGIARCMONTG

2il584794

Proton pump 1

Niben101S¢f00593201002.1

MGEEKPEVLDAVLKEAVDLENIPIEEVFENLRCTKEGLTA

SRRDAKEY lh‘WKQeL-‘E!sbP!RJ;L':U.':{U&;YQTPERARQLLAHGY

RHTDVLDAITQHLEIGSYREWSEERK
APSDVLAVELLQRECRVKQPLRVVPLFERLADLDAAPA
VKLTMFHGRGGTVGRGGGPTELAILSQPPDTIEGNLRVIVQG
VVATEKYRSIVFKEPRFVEYFRLATPELEYGRMNIGSRPSKRKP

SLRAIPWIFAWTQTRFELPVWLGFGAAFKYAINKDIKNLRMLOEMYNAWPF FRVTI DLVEMVEFAKGNPSIAALYDKLLVSEDLWSF

Y ITTLNVCQAYTLKRIRDPNYSVIPRPEISKEYMESKPARELVKLNPTSEY

6.90%

TAAQERLATFGYNK KDSKLLKFLGFMWNPLSWVMEARRIMATALANG

GGKPPDWODFVGIITLLIINSTISFIEENNAGNARRATLMARLAPKAKVLRDGRWKEE:! lA.-a"'"D"_lI KLGDITPADARLLEGDPLKID

| QSALTGESLPVTKGPGDGVYSGSTCKQGEIERIVIATGVH'

AYRPGIDNLLVLLIGGIPIAMPTVLSVIMAIGSERLAQOGATTRRMTATEEMAGMDVLC.
LMARRASRTENQDATDAATVGMLADPKEARAGIRE I HF LPFNPTDKRTALTYLDGEGKMER

AERGLRSLGVAY:
KDESISALPIDE

TFFGKARHLVDSTNQV

RRVHAVIDKE
GDQLAIGKETGRRLGMGTNMYPSSALLGQT
AVDDATDAARSASDIVLTEPGLSVIISAV

LTSRATFQRMKNYTIYAVSITI.

ISKDRVKPSPLPDSWKLAEIFTTGIVLGGYLAMMY

TVIFFWARYKTNFFPHVFGVSTLEKTATDDFRKLASATYIL SQALIFVIRSRSWSFVERPGFLLVIAFVIAQLVATLIN

S’J"J?(‘L!\GLD IET.

ANWSFA
AFTRKKDFGKEQRELQWAHAQRTLHGLQVPDTKLFSEATNFNE
IQQRYTV

530%

21176556492

putative chloroplast cysteine
synthase 1 precursor

Niben1015¢f05270201002.1

GFSMISDAERKCLI SPGKTVLVEPTSGNTGIGLAFIAAS
DAYILQQFDNPANPKIEYETTGPEMWE DTKGKIDILVAGT
PGNLDQDVMDEVIEISSDERVETAKQLALQEGLL!

GTGCTISGAGRFLKEQNE NVLSGGKPGPHKIQGIGAGFI
GAARLAATQVGKRPENAGKLIAVVFPSFGERYLSTILFQSIREECEKMQPES

£il7672161

FtsZ1-1

Niben101S¢f03107g01011.1

mmcm VDTL! PNDR_.LDIAJE
GVs

QKTLLSDERGAKLADKGPVIQESMASPVILRSSTSPSTTS

211298548969

Unnamed protein product

Niben101S¢f1013201021.1

MLTTRLRLRCSAMASVASFISSSSASTS TKNLPFST

TPLODAFLLAD
KNRAEEAREQATLAPLIGSSIQSATGVVYNITGGKDITLOBVNRVSQVVTSLADPSANIIFG?

15.40%

QGVDFYAINTD
YLTVGVVTYPFS
{AVMKDSGTAMLGV
IIATGFIQSF

TPTRRLEF

12.60%

SNRQLFKNRVYLLHERI F!;AE IRS E‘AST‘!-.. SKIRVENPIVEMDGDEMTRVI
SMARSPNATIRNIILNGTIVFREPIL L

9.50%
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Table 2 Continued.

Umc_]ue Gﬂ.'e Description N.bentha sequence PROTEIN SEQUENCE, UNIQUE REFERENCE Protein
peptides | Identifier Coverage
. Mitochosidrial glyoine TGGIPSPDKSEPLGTISAAPWGSALT
4 |gil304273262 |decarboxylase complex P-  [Niben1015¢f03839504019.1 L L LIS ATWGSALT 11.40%
protein-like protein AAFDASWLRVAKEWDS TCRVDNVYGDRN
TUDVLURNENEVEIE
: - s : LIDINYLIDSDGRKLVSGLIPDAGTIHAEGSE P\IP'W""'“DIXOITYHDIQPGSIIPYR.K' VEVFGRLTLPLEKTGEIPIPYK
3 £il153793260 (chilling responsive protein | Niben1015ef14210800020.1 | o 1y ey 1 PSFRRTVAVLKT KLENKNNFDLALNS LY DLALS DVNVGGAELERS AKLEKN prerTFRRKDFGSALNDMIRGR | 13-10%
G TG Y TMKGNINVDT PFGAMKLPISKGGE TTRLKKNKEDGGDDDEDED
VADAGFRAIAPDFRGYGLSELPAEPEKATFROLVDDLLDMLDS LGIRQVE LVGKDE CARVAYAFALVESD TGVPELLTGPETED
3 211189306755 |epoxide hydrolase Niben101Scf00640204023.1 mdwxur.maﬂc&q. DTKTVVKNIY IMFSGSELPVAKDDEEIMDLVDPSAPLEDWFTE LYERSSFRTALQVP [ 11.30%
| YRAWLEEYGVKDIZ VKEYVPNLETIFLPEGSHFVQEQFPEQUNQLI ITFLKKLI
e ARNDFCDGRSEE
. G-strand specific single- KGSAESKDFRTRKIFVGGIPTSMNEDEFKGEF: :
3 211307940738 stmn{hdtelomete—bmdmg Niben101S¢f02797200005.1 RPSN'PASSQ!GYGSBSRCRCYS PR FGDASYR 16.50%
protein 1 Y GSYAGGFGGGAGEYGGSGLMAYGRGAS YGEYGEAGSGAGYDSGRG
VST DY 7 KV LCVDKNATDDDLRKA VR L KA R D DRN DN A S AL AR E (g T SEAYDVESD:!
’ : FFSTGEGPQSFRFNTRSADDIFAEFFGFSSPFGGAGGRGERFGGMFGDDMFASFGEGGE
3 2il6179940  (Dnal-like protein Niben101Sef11137g01016.1 | 1107 cpEvyana S GKRMOVEETLTINIKRGWKKGTKI TEQEKGNEQPGVIPADLY 2%
QL-T— D:QNLTIP VNSVIQPNYEHV V!GEG‘EL&KU! TKKGNLRIKFDI. A
3 gil7417008  (cell death associated protein (Nibenl01Scf05283g00016.1 9.60%
- - EPNKPLVIEDVQVADDQAGEVRVKVLY
. -nitrosoglutathione w_x:mcc-cmmvcmnn:smcxmxpnr-mu TFSQYT
3 H320148816 rednctasegl Nibenl018¢f03263g08013.1 |- o rie 3ms CRKGAGASR T 16T DIDSKKFORAKNFCVTEFINPKE HEE 100V TV DL TDGGVDYSFEC TGN Snmas eccrrar | 9 90%
GTSVIVGVARSGQEISTRPFQLVTGRVWKGT
VADARRDS IRDRDVCIVGUARTPMGGELGS :Asm}mw
: A TAVNKVCASGLKATMLAAQS IQLGINDVVVAGGMESMSNY
3 8il53854350 |50 ce Niben101S¢f04727203006.1 |ERQDDYAVQSFRRCIARQEACAFAWEIVPVEVEGERGKPST 8.70%
KATKLGLNVIAKI SCYADAAQAPELFTTARALAT PKATKSAS LEASQIDY YE INERFA
SGARTLVTLLGVLRQKNG]
- - R TRREGCU TRV IYASQLTAKPRITES:
3 £il10798636  (Elongation factor 2 Niben1015cf0184804005.1 |, 1o con F poCvEDEWDM4SSDPLDAGTOAHQLVLOTRKRKG: _.mA ITELSEFEDKL 3130%
VETRSLEXLASIDAQLRALVDCKVSEDDKLVEYDALLLD! LXETV ELGNVLISLDPGDS
AKAFSEMLNLANLAEEVQI AYRRROKLKR racmm.mvc"..ucs\mrrmor. VLTAHPTQSVRRSLL
£ GRIRDCLAQLYAKDITPDDKQELDEALQREIQAAFRTDEIRRTAPTPQDEMRAGMSYFHET IWK! * TALKNIGINERLPY
NAPD SW. DRDGNPRVTLEVIRDVCLLARMMAANLYYSQIEELMFELSMWRCNDDLRIRAASLYRSSRR!
7 " YRVILGDVRDKLYQTRERTRQMLAHGISDIPEDATYNNVEQFLEPLELCYRSLCECGDRPIADGSLLDFLRQUS
3 2ill15610 clh“PMhseEPy'm Niben101S¢f04036g04008.1 (ETDOVLDAI TQHLEIGS YRERSEERRQEWLLSELSGKRPLFGPDLPRTEE IADVLDTLEVIAELDSDCEG 3.90%
arboxy mk:pm“’ JPLEEKLDDLESASARVARLES SDSGKDAGRFSAAWQLYKAQEELIKVARERGVKLT
JGRGGGPTHLAILSQPPDTIQGSL QRFTAATLERGMHPEVSE!
WIQTRFELPVWLGFGAAFKYAIDKDIKNLRMFHEMYNEWDFERVE
1D LVEMVFARCN PG ALY DKLLVSEDLLPFGELLRSNYEETRS LLLOT AGHKDLLEGDPY LKQRLRLRDS YT TTLNLLQAYTLKRIRDEN
YV TLRPAISKDYMESKSAAELVOLNPT SEYAPGLEDTLILTMKGIARGLONTG
LA TLNEQT P LTS K BAE S TG TPSRe SCLRKISSELRE LSV B PERKILRE SARUUG EE VG DECHGE VI LRDRGENEDRNGGER YT
YMSYAMSVLLGRALPDVRDGLKPVHRRTLYAMEELGLS SKKPYKKCARVVGE DLURMAQDFSLRS
10ADPRARRYTECRLEALTESHLLADLEQNTVDEVENE LN
TENPEATLQELLEYMPGPDFPTGGI I}
1LEGUSDIRDESORS ATV IEL KRGS DPATVLNNL YRLT AL QS SF SNV ST NG OPRLIG
3 £il75252690 (DNA gyrase subunit A Niben101Scf1744200002.1 |QAQERNEIVEGI TVGLONLDEV INTIRKASSNALARASLRKEFELSEKQAEATLDI SLRRLTALE v 4.10%
QILQLIEEEATETKNKEFNPRRSMLEDTDS ONEEMLI KRMKPDTENLONRGTIG DAMSDFLVCRA
GTVYSSPAYKIPECSRTAAGTPLVOILSLSDGERITSI I LVMLTVNGY IKKVSLNYFASIRCTGITATQLV
CCSNNDFVAMASONGMVILTECANT RALGRNTRGSVAMRLKEGDKVASHMDT 1 PDALOKELDKTLEVOQROYRSMKCERLLEV
{KFSSEDCLAAVEVVGFSLGEDGESDEQY SGTVNRIKVRDISIQSRYARGVILMRLEHAG
KIQSASLISAADADPEDEDATAVAA
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Table 2 Continued.

Unique Gene o Protein
% 5 Description N.bentha sequence PROTEIN SEQUENCE, UNIQUE REFERENCE
peptides | Identifier Coverage
MURKKRTDVPGGAESFESEETGGGRGGAQRPSQQQQHQHQHEQQGGGRGWA POHGGHGGRGGGGAPRGGHGPQQS YGGPPEY YQQGRGTRQY
QRGGGOPQRRGGMGGRGAPSGPPRSP YGRPSETYSEAGSSSQPPEPTTQQVTQQFQQLVVLPEARATQRIQPASS
KSMRFPLRPGKGSTGIRCIVKANEFFAELPDKDLEQYDVSI TPVVSSRGVNRAVMEQLVKLYRESELGKRLEAY DGRKSLYTAGPLPFVOK
DFKITLIDDDDGPGGASCRREREF] HL.GMFLQGRQADAPQEALQVLDIVLRELP TSRY CPVGRSFYSPHLGRRQPLGEG
LESWRGFYQSIRPTQMGLSLNIDMSSTAFIEPLPT IDFVSQLLNRDISSRPLSDADRVE JTERGNMRRKYRISGLTSQAT
: LTFPVDERGTMKAVVEYFRETYGFVIRHTQLPCLQVGNTQRENYLEMEVCK IVEGQRY. LKVICQRPQEREHDILOTV
2
3 £il298676333 (ARGONAUTE 1 Niben1015ef0514606007.1 [ va npyakerGIKT SE VLPAPWLKYHDTGREKDCLPQVGOHN roprvarcrcsena |  280%
QMCMISGMNFNPNPVLPPVSARPDQVERVLKTRFEDAMINLQPHGRELDLLIVILI SQCCLTKHVFKMSK
.ngsN";LKIN"I\ VGGRNTVLVDRLSRRIEL DRP"‘-IF""‘ VIEPEEG AQRHRQELIQDLYK
-Asu:p;'xop. QKREHTRLFANNHRD
ONTLEGTVVDSKICEPTEFDEYLCS TSREANYHVLWDENNETADALQSLTNNLCY TYARCTRSVSIVERAYYAHLARR
GARVRPLPALKENVKRVMFYC
’ T A.QYU""I‘:PE'VS:RS"NRML’GE:I- GX
3 £il84688908 (AGO1-2 Niben1015¢f08137¢02022.1 HENERTAEEKQANZUYESYUVERTVREESPYPREVPNRREEVERDEE]  3-40%
ARGRNTRAPSAGARAVRPLPALKDNVKRVMEYC
[SARYYOOGARFAKWRTVUS 1 PNGPS ALAVKEARWGLARY RATSQDSGLVP TVEPEI LLDGERGI DR
2 gil111162651 |chloroplast aldolase Nibenl01Scf04664201003.1 | ILLEESMVIEG! GIMFLSGGQSEVEATLNLNAMNQAPNP 11.830%
NVKARQDALLTRAKANSLAQL
TS . MALPNQQTVDYPSEKLVIV TIGKT VKRHLTGEFEKKYEEPTI VHAPLDFFTNC IRFYCWDTAGQEKFGGLRDGYYIHGQCAIT
2 £il1172836 Gm;’l‘”dmg nuclear protein Niben1015¢cf08341201001.1 |MFDVTARLTYKNVE TWERDLCRVCEN TP TV L GNKY DVKNRQUKAK QU T FERKKNLQY YET SAKSNYNFEKDFLYLARKLACDANLAFVES 10%
Ran-] PALAPPEVQIDLARQQLEEQELLQAARKALPDDDDEAFE
> PHVIGDAPAY PGVERVGGDMEAS VPKADATPMKWI CEDWS DEECLKE LKNCYEALPANGKVI IAECILFEAPDT SLATKNI VEVDIVMLAR
290%
2 £il170277 O-methyltransferase Niben1015¢f00225g00008.1 ||~~~ "~ R TEKEFEATAKCACETGFARLVALTTLESHNSTNN 12
3 > g PRFAMINDAERKGLISPGETTLIEDTSGNMG I SHARMAAMKCY KMVLTMPSY TSLERR/CYRAFGADLVI TDDTKGH
2 2 Hrastmsiaiofs St R R T
2 il40549128  |beta-cyanoalanine synthase  (Niben101Sef05118g08013.1 | TENAFMLQQESNEANTOV 21.30%
TS - NTRSQVSGFAGDEQLRQALEGADVVI I PAGVPRKEGHTRODLPNINAGIVK!
2 |piu8375044 [PutReive mitochondrial malate|\ 101 5£13540804030.1 ERRLEGUTTLDVVRAKTFYAGKAKVNVADVIVEVY I 1130%
dehydrogenase GKGSATLSMAYAGAIFADACLKGLNGVQML
VRTHLGLS SNIGIDILSS SONSLEF YRS TRE TOCF SORSLCKRORERES
AQALLQOSTVENPIQIGELLTRGLG NPLLGEQAAFESKEKIANALKGSD!
2 2il6685068  (FtsZ-like protein 2 Niben101Sef07163g00020.1 (FEGRKRSLQALEATEKLQKNVDTLIVIPNDRLLDIADEQTPLONAFLLADDVLL ADVKADMKDSCTAMLGY | 5.10%
GVSSSRNRAEERAEQATLAPLIGSSIQSATGDVYNITGGKDITLOBVNKVSQUVTS VTLIATGFAQSF
QNSLLTDPRGAKLVDKSKGTTERTVSPDTLRSSESPSTKPRPATRRLEF
MAVGKNKRISKGKE T
2 21176262913  [cye07 Niben101Scf01249206003.1 Q"-IOT'LTNE‘h 8.40%
2 2178059504 |RPNS8 NibenlOlScR)4077502006.l KEX. 10%
2 2il12643806 |Glutamate dehydrogenase B  |Niben101Scf09000200009.1 SLLK] 540%
'SYFEWVONIQGFMADEERVNT
CKGLDVIQQAQSGTGKT
. JFDMLRRQSLRPDH
2 |gissosny |EOievendenENA Rl Niben1015ef02031500026.1 |- AVDKEEWKLETLCOL|  5.60%
3 E VINFDLPTQPENYL
HRIGRSGREGRKGVAINE -l\Li_,u«.‘{LSD.\‘R: YNVVIEELPANVADLL
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Table 2 Continued.

Unique Gene =8 Protein
iy 5 Description N.bentha sequence PROTEIN SEQUENCE, UNIQUE REFERENCE
peptides | Identifier Coverage
MEVAPNNIEMEEGNLEVGMEYRTVSGVAGPLVI LDKVKGPKYQRIVNIRL GDGT TRRGQVLEVDGES FEGTSGIDNKYTTVQFTGE
VLKIPVSLOMLGRI SNGSGKPI DGR LEEAYROI SESSINPSERTYPEENIQTCIS
2 [wwnssy |VewhcHrATPaeB Niben1015¢f01486¢03005.1 |° 370%
uIYI—'PIIW’LPSLSRL‘{KSA..:Ea)ﬂ'RRD!:SH‘Jb QLY
DLAWTLLRIFPRLHERT PAKTLDQYYSRDASN
MSLRDS ARTEVRRNRYKVAVDAEEGRRRREDN S
LEATTQFRKLLS IERSPPIREVIQSGVVPREVEF LMREDFPQLOFEARWALTNIASGTSINTRVYV! VP IFVKLLGSPSDDVRE!
£ ALGNVAGDSPRCRDLVLSNGALIPLLAQLNEHTKLSMLRNATWT LSNFCRGKFQPPFE D TDA
2
“ £il119866037 (Impa2 Niben101Sef13164g00010.1 | oy 1 0ayTEAGYCPRLVELLMSPS PSVLIPALRTVGNIVIGDDLQTQC T IEGAL TCLLS LLTENHKKS IRKEACHTI S} 4.70%
QAVIEAGLIAPLVNLLQTAEFDIKKEARWAT SNATSGG DPRIVTVCLEGLENILKVGEAEKANTGGI
NYYAQLTDDAEGLEKTENLQSHDNNE I YEKAT DIQLDSGEFKFG
: z NEKEVEAHPIRAMKFSVS PUVRVAVQCUKLAS DLERLVEGLKRLAKS DPMVLCST HITAGAGELHL L{IL.:D;FMJ;"AEII":“
2 £11841462  [Elongation factor 2 Niben1015ef0184804005.1 | oo s pme 177 £55CRTVMSK S PNKENE LYMBARPMERCLARA TDDGR T PR 0D DK VR SK I LSBEPCRDKD LAKK TWCE GEETTGENM, 19%
MNPEKFTHKTNEALAGALELALSAGHA 3
KVLRRAQSSQKSRGDSELAVDQLILGLLEDSQIGDLL LKEAG
IGRDEEIRRVVRILSRRTKNNPVLI GEPGVGKT AVVEGLAS
VILFIDEIHLVLGAGRTEGSMDAANLFKPMLARGQLR!
% Chaperone protein ClpB VKIQDRALVVARQLSSRYITGRELPDKAID]
2 211296529814 IPRO01270 Niben101Scf04410209016.1 KLAPLMRYKKEKERT DELRRLKQKRDELT 230%
< RLEQRVVGQDE; LRSRAGLGRPQQPTGSFLELGPTGVGKTELAKAL
VGHDEGGQLTEAVRRRPY SVVLFDEVEKZ /PNTLLQVLDDGRL
GLMGKCTME TAREMVMQEVRKQFKPELLNRLDEIVVFDPLSHKQLRY
RRWLERKVVTELSKMLVKEEIDENSTVYIDAGVSGKDLTY
MA-QILLE-:C LEVTIYEVI NLQKE'.-\:
Phosphatidylcholine-
2 2113914361  [hydrolyzing phospholipase  (Nibenl01Scf12266g06004.1 DGAITKGGPREPWEDIHSR VNFRELDDIIIPPSPVMHLD 3%
D1 ETPEDAAKAGLVSGKONIIDRSIQDAY IHATRRAKNFIYIENQYFLGSSYDWQS DDIKVEDIGALEVIP
AILDWQRRTMEMMYKHIVOALNAKGI EEDPRNYLTFFCIGNREVKKSGAYERSE
rpapzszuuomwhﬁcm ¥ INQRSMDGARDSEIAMGAYQPHELATREPARGQIHGFRMALWYEELGMLDET
FLEPES! PILTT
MALLVEKT TSGREVKVKDMSQADEGRLEIELAE VEMPGLMACRIEFGPSQPFKGAKI TGS LEMT IQTAVLIETLTALGAEVRWCSCNIFST
QDEARAATARDSAAVFAWKGETLQEYWWCTERALDWGPGGGEDLIY GVKAEEEFAKNGTIPDPNSTDNAEFQLVLTIIK
e S-adenosyl-L-homocysteine ESLKTDPLKY TKMKERLVGVSEETTTGVKRLYQMQANG RESLPDGLMRATDVMIAGKVALVAGYGDV
2 2 ATDVMIAGK
= £il122063400 hydrolase Niben1015¢f10608802009.1 | - .o 1 woncARVIVTET DPICALQATMEGLOVLTLEDVY NIGHEDNEIDMLGLETYR| 310
GVKRITIKPQTDRWVEPDINSGIIV .AE~RL‘£N.M\.A'CI-P“E"}’QCSF"NQ"ZAQLE[M‘IE«SSS{ {ERKVYVLPKE ARLHLGKL
GAKLTKLSKDQADYISVPVEGDYKPAHYR
MDLSKFRESSAYDSDFLT INAGGEVINNY LEDVALIEKLATE DRERIPERVEARGASAKGE FEV TDLSHLICRDELA
APGVQTEVICRESTVVEERGS
% E A . S i DDVCLPTDYRE! .z-_in:m.A""'I)‘I- .GKAHYVKFHWKPTC!
2 2il1705613  [Salicylic acid-binding protein |Nibenl01Scf14996200009.1 PLOVIKTWDEDI LPLMPVGRLVLNRNION EDKLLQTRIFAYADTQRERIC 490%
{RDGAMNFMERDEEVDYLPSRFDPCREAEQ EKENNFKQAGERYRSWEPDRQDRYVSKWVEHLS
DPRVIYEIRSIWISYLSQADKSCGQKVASRLTLKPTM
MCLERYRVET VY LNOERLLS VE M IALVACAACS AL VELR
p L VSDPYGLTGKVQDVN
3 ; FAAFVVAGTMWYGSATTPIELFGPTRY
2 BIRA73 {ESILATKD) protem Nibenl01S5cf0120801014:1 Qh'DQGX'\“‘-IYRA‘JSACLAEN.‘:L:EAH:KIPEKLAPYDYIGN.NPAK”‘CLE‘R_" MDNGDGIAVGWLGEPIFRDKEGRELFVRRMPTFEE |  +710%
TFPVVLVDGDGIVRADVPFRRAESKY SVEQUGVTVEFY GGELNGVS YSDPATVKKY ARRAQL.GRT FRLDRA TLKS DGVFRS SPRGWFTEGH
ASFALLFFFGHIWHGARTLFRDVFAGIDPDLDAQVEFGAFQKLGDETTKRQRA
% 7 MAKAIDKISSRRNGRIGSRKGARRIPKGVIEV NTIVIVIDVRGRVVSWSSAGTSGFKGTRRGT PEARQT ARANA IR TVVDQGHORA
2 211347453944 (Ribosomal protein S11 Niben101Scf00568204020.1 EVMIKGDGLGRDAALRATRRSCILISFVRDV T PMPENGCROPRKRRY. 15.90%
2 21138488580 |heat shock protein 70 Niben101Scf04364201014.1 [WFEXIASKLPRADKKXIEDATESATQWLDANQLAE SDEFEDKMKGLE S ICNDT I AKMYQGACCDMCGAMDDDAPAPSCGSGAGPK TEEVD 0%
== e
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Table 3. Identification of TrAP interacting proteins by IP-MS in Arabidopsis thaliana seedlings.

Peptides

Unique| Total

Gene Symbol

Descsing

311 156

AT5G13960

KRYPTONITE, KYP, SDG33, SET DOMAIN
PROTEIN 33, SU(VAR)3-9 HOMOLOG 4, SUVH4

PHLEVIKCLR QO QAKLSRPDLE GVTEMIKAKA ILYPRKIIGD LPGIDVGHRF FSRAEMCAVG FENEWLNGID
IVMSGQYEDD LDNADTVIYT GQGGHNLTGN KRQIKDQLLE RGNLALKHCC EYNVPVRVTR GENCKSSYTK RVYTYDGLYK

KRLEGQF! VAGR IPTSTSEIEG LVCEDISGGL EFKGIPATNR VDDSPVSPTS ESS
REGNEPYY DGRLIESRD VVFECGPHCG CGPRCVNRIS QRRLRINLEV FRSARKGWAV R!'n'! PAGS PVCE VR
QTMQGLEERQ RRLROVAVPM NNGVSQISED ENAPEFCIDA GSTGNFARFI NMSCEPNLEV QCVLSSHQDI RLARVVLEAA
MGPDERVEQL ACYCGALNCR FRLY

TGMV-AL2

Flag-Myc4-TrAP

[MDYRDDDDRM EQRLISEIDL EQELISEIDL EQRLIZSIIOL IQRLISIEDL GIRRAKLETS LYRFAGSAAA VLEENLYFQG
HRAAKRRAIR RRRIDLNCGS SIYIMIDCRN NGITHRGTYM CA ¥ LGONKSPLIQ DNQ M QEQDIPLTNQ
[MDDIDDREWE NLFK

1

—
~

AT5G11710

EPSIN1

Protein Sequence, unique reference, other references

Protein
Coverage

YMSMEYEXEY SWKL?LAVS
VERFWAQKGY SGFTIVYKYRL
TGCNCRGSCT DSKRCACARL
RTADVDTISD NEYIFEIDCQ

DNISPMQELT YDYGYALDSV

3702%

SETMAYRESZS I3TPPIINAQ
VQPQPZESIG 3PQGISQLPS

3692%

[MDFMRVEDQT VREIKREVNL KVLKVPEMEQ KVLDA'
VDEIIEETYQ ISSLTSFEYV EPNGROVGIN VREXAEN
EDKNDYESFQ KERRGVKTEE QSYTSKKSFS RYGSTOMDNL SIGKKSPDSA KMRIYVIAAF SNNODDFDDF DPRGISSNKP
DIGFTETSST NNNENFQEAD LFADAAIVIA SAQGAEIGIQ TQRQVDLFIA SEPSVIVESA PRPTVDLFASS ESVVSFLARI
DNFDGIDPIG AFTSHIASVS TGPQAPIVNG SATNITSPLS I Q IWADILIRGL IDLNITAPEK

NEP WGPMGTALAE IAQATKKFSE CQMVMSVLWT RLSETGRIWR

AT4G20360

ATRABSD, ATRABE1B, RAB GTPASE HOMOLOG
E1B,RABEIB

AT3G26650

RGTVATGRVE RGIVKVGETV KILDEALAGD NVGLLLRGIQ KADIQRGMVL AXPGSITRHT
FAGYRPQFYM RTTDVIGKVT KII IVVELIVPVA CEQGMRFAIR EGGRIVGAGY IGTILE

IVA LLNNKEKISE IRDKAVANRN RYVGLSSTGI TYKSGESASr GGerQ

SAASYYSGRS MGAGSGLOKT GLYSTQQQCQ QCQCCQARDI sDOrrssisn OR'{QSGG!‘KQ
MAISAPAACS SSSRILCSYS SPIPSLCPAI STSGRLKTLT LS3SFLPSYS LITTSASQST RREFTVRAAR GKFLRENPMV NIGTIGHVDY GXITLTAALT

YVYKALAVID YLISNGSERA
SG23N FDSYRDRDSR
STGSANQVDL FGGDLIGDEL
SIPESYATPN IVDRTAAVRM
ASLADVGVVG DLINEDGNKA

2661%

FQTKENILLA RQUGVRIMUV
QRQTELFFLL AVELVFSITG
KFERIIYVLE KEEGGRHSPF

20.17%

GAPA-T, - \TE
DEHYDROGENASE A SUBUNIT,
GLYCERALDEHYDE 3-PHOSPHATE
DEHYDROGENASE A SUBUNIT 1

MASVITSVPK GFTEFSGLRS SSASLPFGKRK L3SDEFVSIV SFQTSAMGSS GGYRKGVTEA KLEVAINGEG RIGRNFLRCW
QASHLLRYDS TLGIFDADVE PSGETAISVD GRIIQUVSNR NPSLLPWKEL GIDIVIEGTG VFVDREGAGK NIEAGARKVI
YSHDEPIISN ASCTTNCLAP FVXVIDQRIG IIKGIMITTH SYTGDQRLLD ASHMRDLRRAR ARAINIVPTS TGARNKAVALY
SUVDLVVQVS KXTFAEEVNA AFRDSAEZXEL KGILODVCDEP LVSUDFRCSD FSTTIDSSLT MUMGDIMUKY IAWYDNES

ATCGO00490

RBCL

ATAG13940

[MSPQTETRAS VGERAGVREY RLtT EYE TRDIDILEAF RUTDQPGVUPP EEAGAAVAAE SSTIGIWITVW TDGLISLDRY
VAYPLDLFEE GSVTNMFTSI VGNVFGERAL RALRIEDLRI PPAYTKTEQG PPHGIQUERD KLNKYGRPLL GCTIKPKLGL
KDDENVNSQP FMRWRDRFLF CAEAIYKSQA ETGEIKGHYL NATAGTCEEM IKRAVFAREL GVPIVMEDYL TGGFTANTSL
IDRQRNEGME FRVLARALRL SGGDHIHAGT VVGKLEGDRE STLGEVDLLR DOYVEKDRSR GIFFTQDWVS LPGVLEVASG
QrGGGTLGHP WONAPGAVAN RVALEACVQA RNEGROLAVE GNEIIREACK WSPELAAACE VWREITINEP TIDKLDGRE

HGRRDSPLDI IAINDTGGVE
ITAPGRGDIP TYVVGUNADA
LPNLKGRELNG IALRVPTPNV
SQRVVDLADI VANMNWK

2475%

KGRCYHIEPV PGEETQFIAY
SARNYGRAVY ECLRGGLDET
SHYCRDNGLL LEIHRAMHAV
GIHVWEMPAL TEIFGDDSVL

18.79%|

(ATSAHHI, EMBI395, EMBRYO DEFECTIVE
1395, HOG1, HOMOLOGY-DEPENDENT GENE
SILENCING 1, MATERNAL EFFECT EMBRYO
ARREST 58, MEESS, S-ADENOSYL-L-
HOMOCYSTEIN HYDROLASE 1, SAHI, SAHHI

MALLVEKTSS GREYKVKOMS QADFGRLELE LAZVEMPGLM ACRTEFGF3Q PFKGARITGS LMMTIQTAVL IETLTALGAE
RDSAAVFARK GETLQEYWWC TERALDWGPG GGPDLIVDODG GDATLLIHEG VKAEEIFEKT GQUPDPTSTD NPEFQIVLISI
GUVSEETTTGV EKRLYQMOONG TLLFPAINUVN DSVIKSKEDN LYGCRHSLPD GLMRATDVMI AGKVAVICGY GDVGKGCAAA
ALMEGLQVLT LEDVVSEADI EVITIGNKDI IMVDEMRRMK NNAIVCNIGH FDNEIDMLGL ETYPGVKRIT IKPQTDRWVE
ATGHPSEVMS CSEINQVIAQ LELWNERASG KYERRVY KELDERVALL ELGKLGARLT RLSRDQSDYV SIPIEGPYRP

VRWCSCNIFS TQDHAAAAIA
IKEGLQVDPK KYHRMKERLV
MKTAGARVIV TEIDPICALQ
PETRAGIIVL AEGRLMNLGC
PHYRY

990%

AT1G80410

[EMB2753, EMBRYO DEFECTIVE 2753, NAALS,
(OMA, OMISHA

[MGASLPPREA NLEKLIVRSY ETRQYRRGLE AADAILERI? DHGETLSMKG LTLNCMDRKT EAYELVRLGY RKNDIRSEVIW
RNALRIDZPON LEILRDLSLL QAQMROLIGE VETRQQLLTL KPNMRMNWIG FAVSQMLNAN ASRAVEILEA YEGTLEDDY?
ESGSFDFALE ELEKKEPKIV DRLSYKEQELV SLLSKVGRLE EANKLYRVLL SMNPDNYRYM EGLQRCLGLY SESGQYSSDQ
[VKRIPLDFLQ DENFKEAVAK YIKPLLTKGV PSLFSDLSSL YDHPRKPDIL EQLVVEMKES IGTTGSIPGS DVKEPPSTLL
CKIDEAIAHT PTVIDLYSVK SRIMKHAGDL TAAAALADEA RGMDLADRYI NSECVKRMLQ ADQUPLAERT AVLFTREGDQ
FRQGDLGRAL KKFLAVEREY ADISEDQFDF HSYCLRRMTL RSYVDMLRPQ DRLHESFPYFE KAAIRAIRCY LKLMDSPKST
KK A SGA VKPVDPDPEG QRLIQVEESPM AZASKYLRLL QRMSPNSLET NLLSITVIMR

(WPDSHRSLVE FTLMTESISA PITIACKLRW RVLEAZRPSI SQLONKSLME ANKEFLGRME DSLVHRAAYA EMLYILDPEX
ALGOAREWKL RDCIAVNTLL DIVILDSQAA SRWRSRCAEY FPCSTHFEGK MCSLMPDSVY NSSRRSNENG DTPNMPMGQT

AT4G35090

CAT2, CATALASE 2

(MDPYRYRPAS SYNSPIIITN
VRESTVIHER GSPETILROPR
¥ MLI

NIDNFFAENE

JGATVANNNS

SMIVGRRGPI LLEDYNLVER IANFDRERIP ERVVMARGAS ARGIILVIND
GNFDLVGHNT PUFFIRDGMK FPOMVHALKP NPESHIQENW RILDITSHNMP
GVKSLLEEDA IRVGGTNHSY A!‘QDL\'DSIA Amnmr IQIIDPADED
PGINYSDOKL LQTRUFSYAD TQRHRLC

EVLGLLYRSD REYREAIRCY
PENELIENMTE MILYRVSLLE
IEKLNALYQS LIZQYTR2ISA
WILFFLAQHY DRRGQYDVAL
LNNLHDMQCM WYDLASGDSY
AGEDEMSKLA PAQKKKIKKQ
RQRFLLAFQA VRQLLKLGAE
KIZAIKIIED SINRVVQINE
EL3DGQLEAF KSLSVAT

691%

ISNLTCADIL RAPGVQTPVI
ESLNMITFLE DDIGIPQDYR
KEDFDPLOVT XIWPEDILPL
NYFPSRYDQV

AVCEGKRERC PGERYRTFT? ERQERFIQRW IDALSD?

AT1G56070

LOS1, LOW EXPRESSION OF OSMOTICALLY
RESPONSIVE GENES 1

RIMDYKENIR
FSSEVTAALR
FSAGLEGWAT TLTNFARMYA
ELMGKPLVKR
IMNGPNYIPGE

GESTLTDSLY AAAGIIAQEV AGDVRMIDTR ADEAERGITI RSTGISLYYE
CIEGVCVQTE TVLRQALGER IRPVLTVNKM DRCFLELQVD GEEAYQTFSR
SKPGVVESKM MERLWGENIT DPATRKWSGR NTGSPTCKRG FVQICYERIK
ALLEMMIFHL PSPMTAQRYR VENLYEGPLD DQYANAIRNC DPNGPLMLYV
RTIVIWNGKRQ ETVEDVRCGN TVAMUGLDQF ITRNATLINE KEVDANPIRA
LAKSDPMUUC THEESGEHIV AGAGELHLEI CLKDLQDDFM GGAEIIKEDF VVEFRETUCD RSTRTVMSKS
DDPKIRSKIL AEEFGWDXDL AKKIWAFGPE TTGPNMUVIM CKGVQYLNEI KDSUVVAGFQW ASKEGPLAEE
RRVIYASQIT AKPRLLEPVY MVEIQAPEGA LGGIYSVINQ KRGHVFEEMQ RPGTPLYNIK AYLPUVESFG

NLIDSPGHVD
QUYPEKGTVA
LGVSKKNDER
GRVSTGHEVR
LPKLVEGLKR
[AIDDGRIGPR
RGGGQVIFTR

EPGTQASVLV ADIRKRKGLK EAMTPLSEFE DKL

ATCG00120

ATP SYNTHASE SUBUNIT ALPHA, ATPA

MVTIRADEIS
SEAYLGRVIN

NIIRERIEQY NREVTIWNTG TVLQVGDGIA RIYGLDEVMA GELVEFEEGT IGIALNLESN NVGVVIMGDG
ALANPIDGRG KISASESRLI ESPAFGIISR RSVYEPLQTG LIAIDSMIPI GRGQRELIIG DRQTGKTAVA
QEASSVAQUY TSLQERGAME YTIVVAETAD SPATLQYLAP YTGAALAEYF MYREQHTLII YDDLSKQAQA YRQMSLLIRR
RAAKLSSQLG EGSMTALPIV ETQSGOVSAY IPINVISITD GQIFLSADLF NAGIRPAINV GISVSRUGSA AQIKAMEQVA
SDLDKATONQ LARGQRLREL LRQ3QSAPLT VEEQIMTIYT GTNGYLDGLE IGQURKFLVQ LRTYLKTNK® QFQEIIASTK
FLLQERV

KLASRLNVR

1504%

KIDESLESFT GARDGNZYLI
VIENANVIMA TYEDPLLGDV
QIIATOMNDQ KDELWPMLAK
SKMIPASDKG RFFAFGRVFA
HEFSVSPUVR VAVCSKVASD
PNKENRLYME ARPMEEZGLAE
MMRGICFEVC DVVLHSDAIH
FSSQLRAARTS GQAFPQCVED

29%

LMIQEGSSVR ATGRIAQIPV
TOTILNQQGQ NVICVYVAIG
PPGREAYPGD VFYLMSRLLE
GKLKLELRQF AZLEAFSQFS
TLTAEAESFL KEGIQEQLER

8.09%
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Table 3 Continued.

Peptides

Gene Symbol

Unique | Total

Description

Protein Sequence, unique reference, other references

AT5G62690

TUB2, TUBULIN BETA CHAIN 2

Protein
Coverage

MREILMIQGG QCGNQIGAKE WEVVCAEMGI DPTGRYTGDS DLQLERINVY YNEASCGREV PRAVLMDLE? GTMDSLRSGP YGQTFRPONF VFGQSGAGNN
WARGHYTEGA ELIDSVLOVV RKEAENCDCL QGFQVCHSLG GGTG3GMGTL LISKIREEYP
VLONEALYDI CFRTLEKLITP SFGDLNMLIS ATMSGVTCCL RFPGQLNSDL RKLAVNLIPE
Y

r

DR} £ _PIPKVSDTVV EPYNATLSVH QLVENADECH
PRLEFFMVGE APLTSRGSQQ YRSLTVPELT QQMWOSKNM!
LKMASTFIGN STSIQEMFRR VSEQFTAMFR RKAFLEWYTG

CAADPRHGRY ITRGK MSTKEVDEQM LNVONKY EVE!
TE ADSNMNDLVS EYQQYQDATA DEEGDYEDEE EGEYQQEEEY

STVCDIPRIG

AT5G44340

[TUB4, TUBULIN BETA CHAIN 4

2111%

MREILEIQGE QCGNQIGARE WEVICDENGI DXTGQYVGDS PLQLERILDVY INZAIGGRYV
WAKGHYTEGA ELIDSVLOVV RKEAIZNSDCL QGFQVCMSLG GGTGSGMGTL LISKIRELYP DRMMMITSUT PIPKVEDIVV EPYNATLSVE QLVENADEICH
VLONEALYDI CFRTLELANP TIGDLNMLIS ATMSGUTCCL RFPGQLNSDL REKLA PRLMFIMVGE APLTSRGIQQ YSALSVPELT QQMWDAKNMM
CAADPRHGRY LTASAVFRGK LSTKEVDEQHM MNIQNKNSS) K

{ FVEWIPNNVE SSVCDIAPRG LKMA STSIQEMFRR VIEQFTAMPR RKAFLHWYTG
[EGMDEMEFTE AESNMNDLVA EYQQYQDATA GEEEYEEEEE EYET

PRAVLMDLE? GTMDELRIGP FGQIFRPONT VIGQIGAGNN

AT3G05530

ATS6A 2, REGULATORY PARTICLE TRIPLE-A
ATPASE 5A, RPT5A

1959%

MATPMVEDTS SFEEDQLASM STEDITRATR LLDNEIRILK EDAQRTNLEC DSYRERIKEN QERIKLNRQL PYLVGNIVEI LEMNPEDDAE EDGANIDLDS
QREGRCVVLK TSTRQTIFL? VVGLVDPDSL KPGDLVGVNK DSYLILDTLP SEYDSRVKAM EVDEKPTEDY NDIGGLEKQI QELVEAIVLP MTNRERFERL
GVRPPRGVLL YGPPGTGKTL MARACAAQTN ATFLKLAGPQ LVQMFIGDGA KLVRDATQLA KEKAPCIIFI DEIDAIGTKR FDSEVSGDRE VQRTMLELLN
QLDGTSSDER IKVIAATNRA DILDPALMRS GRLORKILI? TECARARI LQIMSRRMNV MPDUNFZELA RSTDODINGAQ LEAVCVEAGM LALRROATEIV
WHEDFNEGII QUQAKKKASL NYYA

AT1G20630

CAT1, CATALASE 1

708%

|MDOPYRVRPSS AMDSPEEIIN SGAPVANNNS SLIVGTRGPI LLEDYALLER LANTORERIP ERVVHARGAS AKGFTEVIND ITQLTSADFL RGPGVQTPVI
VRFSTVISER GSPETLRDPR GFAVKFYTRE GNEDLVGNNE PVETVRDGMK FPOMVMALKP NPKSHIQENW RILDFFSHHP ESLEMFSFLF DDLGIPQDYR
MMEGAGVNTY MLINKAGKAM YVKFHWKPTC GIKCLSDEEA IRVGGANKSM ATKDLYDSIA AGNYPQWNLE VQVMDPAMED KEDFDPLOVT KIWPEDILPL
QPVGRLVLNK NIDNFENENE QIAFCPALYY PGINYSDDKL LQTRIFSYAD SQRERIGPNY LQLPVNAPKC AMMNNMEDGT MNFMMRDEEV NYFPSRLDEY
REAERYPTTP IVCSGNREKC FIGKENNERQ PGERYRSWDS DRQEREVKRF VEALSEPRVT MEIRSIWISY WSQADKSLGQ KLATRLNVRP NEF

AT1G06950

AT5G14740

[BETACTAZ, BETA CARBONIC ANHYDRASE 2.
CA18. CA2. CARBONIC ANHYDRASE 18.
CARBONIC ANHYDRASE 2

[ARABIDOPSIS THALIANA TRANSLOCON AT
THE INNER ENVELOPE MEMBRANE OF
CHLOROPLASTS 110, ATTIC110, TIC110,
TRANSLOCON AT THE INNER ENVELOPE
MEMBRANE OF CHLOROPLASTS 110

5.69%

MNPSLVTAIN APISPSPRSP LLSMFLPTLP? MRFSKSECLS RRRYRVSFPR 3SAASSOQLS VITQAKNPGI MGNKKELTGL QPIVERMTPP VRIATIAVVL
AASLATGYGL GLRLAGSRNI AFGGAAVAGA AGGAVVYALN SAVPEVAAIS LHNYVAEFED PASVTKDDVE KIADRYGVNK GDEAFQAEIC DIYCRYVTSV
LPTEGQSLKG DEVAKIVKFK NALGIDEPDA AAMHMEIGRR IFRQRLETGE REGDAEQRRA FMRLVYVSAL VFGDASSFLL PWKRVLKVID AQVEIAIREN
AKQLYAERLK LVGRDINVEN LVDLRKSQLS FKLSDELAED LFREHTRKVV VENISSALSI LKSRTRAAKS LASVVEELER VLEFNNLLVS LKSHSEADQF
ARGVGPISLI GDESDFERRM DDLKLLYRAY VIDALSGGRL EENKLVAMSQ LRNILGLGRKR EAEAISVDVT SKSYRKRLAN AVSSGDLEAQ DSRAKYLQKL
CEELHFDAQK AGAIMEEIYR QKLQQCVIDG ELSDDNVAAL LRLAVMLCIP QUTVDTAMAE ICGTIFERVV RDAIZSGVIS YDAETRKSVR RAAMGLRLSR
ETAMSIASKA VRRVFINYIR RARAAENRTD SAKELKKMIA ENTLVVTEMV ADI APEEDPVQER SLESLRKTRP DHELAEZKMGK
PGQTEITLKD DLPDRDRIDL YKTYLLYCVT GEVIRIPFGA QITTKRDDSE YLLINQLGGI LGLSSKEIVN IMVGLAEZQAF RQQAEVILAD GQLTKARVEQ
LDELQKQVGL PQPQAEKVIK NITTTRMANA IETAVNQGRL NIKQIRELKE ANVSLDSMIA VSLREKLFKK TVSDIFSSGT GEFDETEVYQ TIPSDLSIDV
[ERAKRVVHDL AQSRLSNSLV QAVALLRQRN SKGVVLSLND LLACDRAVPA EPMSWEVSEE LSDLYAIYSK SDPKPAPEKV LRLQYLLGID DSTATALREM
[EDGALSSAAE EGNEVE

394%

MGNESYEDAI EALRRLLIER DDLEDVAAAX VKRITAELQA ASSSDSKSFD PVERIKEGEV TFRREKYETIN PALYGELARG QSPRYMVFAC SDSRVCPSEV
LOFEPGIAIV VRNIANMVPP? FOKVKYAGVG AAIEYAVLHL KVENIVVIGH SACGGIKGLM SFPLDGNNST DFIEDWVRIC LPAKSKVLAE SESSAreDQC
GRCEREAVNY SIANLLIYPF VREGVVKGTL ALKGGYYDEV NGSFELWELQ FGISPVMSI

AT1G20620

ATCAT3, CAT3, CATALASE 3, SEN2,
SENESCENCE 2

11.58%

MDPYRYRPSS AYNAPFYTTN GGAFPVSNNIS SLTIGERGFV LLEDYHLIEK VANFTRERIP ERVVHARGIS AKGEFFLVIND ISNLTCADFL RATGUQTEVI
[VRFSTVVHER ASPETMRDIR GFAVKEYTRE GNFDLVGNNT PVEFIRDGIQ FPDVVHALKP NPRTNIQEYW RILDYMSHLP ESLLTWCWME DDVGIPQDYR
[EMEGFGVHTY TLIAKSGKVL FVKFHWKPTC GIKNLTDEEA KVVGGANHSE ATKDLHDAIA SGNYPEWKLE IQTMDPADED KFDFDPLDVT KIWPEDILPL
QFVGRLVLNR TIDNEENETE QLAFNPGLVV PGIYYSDDKL LQCRIFAYGD TQRHR! < I NYYPSKEDPV
[RCAERVPTPT NSYTGIRTRC VIKKENNFRQ AGDRYRSWAP DRQOREVKRW VEILSZPRLT HEIRGIWISY WSQADRSLGQ KIASRLNVRE SI

AT5G28840

"GDP-D-MANNOSE 3' 5-EPIMERASE"

1098%

MCTINGTDYC AYTYRELERE QYWPSENLKI SITGAGGIIA SEIARRLKEE GHYVIASDWR KNEXMIEZDME CDEFXLVDLR VMENCLRVIE GVDEVENLAA
DMGGMGTIQE NMESVIMYNNT MISINMIEAA RINGIKREFY ASSACIYPEr KQLETINVSL KESDAWPAZP QDAYGLEKRLA TEELCKHMYNK DFGIECRIGR
FENIYGPIGT WKGGREKAPA AFCREKAQTST DRFEMWGDGL QTRSFTIIDE CVEGVLRLTK SDFREPVNIG SDEMVSMNEM AEMVLSFEER KLPIHMIPGP
[EGVRGRNSDN NLIKEKLGWA PNMRLKEGLR ITYFWIKEQI EREKARGSDV SLYGSSKVVG TQAPVQLGSL RAADGKE

AT2G28000

CH-CPNG0A, CHAPERONIN-60ALPHA,

CPNGOALPHAL, S

7.16%

|MASANALSSA SVLCSSRQSK LGGGNQQQGR RVSYNKRTIR RESVRANVKE IAFDQHSRAR LQAGIDKLAD CVGLILGERG RNVVLDEEGS
ARAIELPNAM ENAGAALIRE VASKINDSAG DGTTTASILA REIIKHGLLS VISGANPVSL KRGIDRTVQG LIEELQKKAR PVKGRDDIRA
[LIGSMIADAI DRVGPDGVLS IESSSSFETT VEVEEGMEID RGYISPQEVT NPERLLAEFE NARVLITDQR ITAIKDIIPI LEKTTQLRAP
EALATLVVNK LRGVLNVVAV KAPGFGERRR AMLQDIAILT GAEYLAMOMS LLVENATIDQ LGIARKVTIS KDSTTLIADA ASKDELQARI
DEVYDSEKLA ERIARLSGGV AVIKVGAATE TELEDRKLRI EDAKNATFAA IEEGIVPGGG AALVHMLSTVI PAIKETFEDA DERLGADIVQ
AQNAGVEGEY VVEKIMFSDW ENGYNAMIDT YENLFEAGVI DPAKVTRCAL QNAASVAGMY LTTQAIVVDK PRKPKAPARAA PEGLMV

PRVVNDGVTI
VASISAGNDD
LLIZAEDVTG
AQLRKELFET
KALLSPAALI

AT4G16143

IMPA-2

6.66%

[MSIRSNAKTE VARNRYKVAV DAELGRRRAE DNMVEIRKSK REESLQRKRR EGLUANQLEQ TAPSPUPASS TVEKKLESLE AMVGGVAEDD
FRKLLSIERS PPIEE AG VVPRFVEFLT REDYPQLQFE AAWALTNIAS GTSENTKVVI EHGAVPIFVQ LLASQSDDVR EQAVWALGNV
VLGQGALIPL LSQLNEHAKL SMLRNATWIL SNECRGKEQP PEDQVRPALP ALERLIHSTD EEVLTDACWA LSYLSDGTND KIQSVIEAGV
QSPSVLIPAL RSIGNIVIGD DLQTQCVISH GALLSLLSLL THNHRKSIKK EACWIISNIT AGNRDQIQAV CEAGLICPLV NLLQNAEFDI
ATSGGSPDQI KYMVEQGVVK PLCOLLVCPD PRIITVCLEG LENILKVGEA EKVIGNIGDV NEYAQLIDDA EGLEKIENLQ SHDNSEIYER
EEEDETLPPG DPSACGIQEG GGNDAAVPFG GENEQ

RSLQLEATTQ
AGDSPRCRDL
VPRLVELLQH
RREAAWAISN
AVRILETYWL

AT5G43960

Nuclear transport factor 2 (NTF2)

636%

IRIDGDSTET
EIKHEAQLNP
ILKVAKERAT
TIKPDGVELR
GNGYYRGGER

ANSLLHINNM UMSLNFTAIE VKTINSVESW EGGUVLVVVSG
PTREPDPQVS DYVLEEEASD YVNAVQIKDD LVDKYSLQED
VPVAATQPSY NKSSQDINEW DQPMRTPSPQ LAAPLAPIQQ
TREKDVMGVCY AFVEFEDMTS VENAIRASPI YLGGRQVYIE

SVKTKEFSNR
QHQPQHEDYE
SNSSTYVSDY
ERRPNPAGVR

MATPYPGATQ VGSYFVGQYY QVLQQQFDLI HQFYSEPSRA
RSFVQTFFLA PQEKGYFVLS DVFLFVDEGT VYYHQP3YLS
DEVAIEETPR EEVAVDVVHE HRRAFPVEEPY GEKSKMSYAS
GAEAEDGSGE RNLPSDISAS EIEEEFRNEG
GARRGGGRGR REGGRGSGRG NQDGGDYRPR

533%

ATSG22060

2AR.AB’IDOPSIS THALIANA DNAJ HOMOLOGUE

MEGRGPSRKS DNTREYEILG VPKTAAPEDL RKRAYKKAAIR
GSGGHPFGSN DVVEPLKVSL EDVYLGTTKK
TINDRDRCPQ KVLEWNVERG MQHNQKITES
[LIKSKPGEVV KPDSYKAISD EGMPIYQRPF MRGKLYIHET
DDDEEDHPGG AQRVQCAQQ

NEPDKGGDPE RFKELAQAYE VLSDPEKREI YD EDALK EGMGGGECEEX
LSLSRFALCS KONGHGEKSG ASMNCGGCQG SGMRISIRQY GRGMMQQVQM
GQADEAPDTV TGDIVEVIQQ KEHPKFERKG EDLIVEETIS LTEALCGFQr

VEFPESLSPD QTKAIEAVLP KPTKARISDM EIDDCEETTL HDVNIEDEMK

DPFDIFSSEF
ACNDCKGTGE
VLTHLDKRQL
REAQAQRERY

501%

209




Table 3 Continued.

Peptides

Gene Symbol

Total

Uni
.

Description

Protein Sequence, unique reference, other references

Protein
Coverage

[
)

AT2G38040

ACETYL CO-ENZYME A CARBOXYLASE
wXYLTRANSFBASE ALPHA SUBUNIT,

MASISMSSLA LGGASSASAS DYLRSS. NGVPLKTLGR AVFTTIRRKD LAVTSRLKKG KKIZMPWPAN PDPNVKGGVL SYLAEFKPLG DTQRPVTLDE
EXPLVELEKK IVDVRFKMANE TGLODFTEQII TLENKYRQAL KDLYTHLTPI QRVNIARMPN RPTFLDMIMN ITDKFMELHG DRAGYDDPAI VIGIGTIDGK
[RYMFIGHQKG RNTKENIMRN FGMPTPHGYR KALRMMYYAD MMGFPIVIFI DTPGAYADLK SEELGQGEAI ANNLRTMFGL KVPILSIVIG EGGSGGALAI
GCANKMIMLE NAVFYVASPE ACRAILWKTS KAAPEAALKL RITSKELVKL NVADGIIPEP LGGAMADPSW TSQQIKIAIN ENMNEFGKMS GEELLKMRMA
KYRKIGVFIE GEFIEPSRKI NMKKREAVES DSRKLQGEVD KLKEQILKAK ETSTEAEP2S EVLNEMIERL KSEIDDEYTE AAIAVGLEER LTAMREEFSK
ASSEZMLMHP VLIERIERLK EETNTRLTDA PNYESLKSKL NMLROFSRAK AASEATSLKK EINKRFQEAV DRPEIRERVE AIKAEZVASSG ASSFOELPDA
LKEKVLETKG KIMGLELDAV AEQ IYAANENLQE KLEKLNQEIT SKILEVVRT? EIKSMVELLK VETAKASKTIP GVIEAYQRIE
ALEQQIKQKI ALALNTSGLQ EKQDELEKEL AAARELAALE SDGSVKEDDD DDEDSSESGK SEMUVNPSIA

455%

AT3G23990

(CPN60 HEAT SHOCK PROTEIN 60, HEAT SHOCK
PROTEIN 60-3B, HSP&0

MYRFASNLAS KARIAQNARQ VSSRMSWSRN YAAKEIKFGV EARALMLKGV EDLADAVKVT MGPKGRNVVI EQSWGAPKVT KDGVTVAKSI EFKDKIKNVG
(ASLVKQUANA TNDVAGDGTT CATVLTRAIF AEGCKSVAAG MNAMDLRRGI SMAVDAVVTN LKSKARMIST SEEIAQUVGTI SANGEREIGE LIARAMEKVG
[KEGVITIQDG KTLFNELEVV EGMKLDRGYT SPYFITNQRT QRCELDOPLI LIMEKKISSI NSIVKVIELA LKRQRPLLIV SEDVESDALA TLILNKLRAG
IKVCAIRAPG FGENRKANLQ DLAALTGGEV ITDELGMNLE KVODLSMLGTC KKVIVSKODT VILDGAGDRK GIEERCEQIR SAIEZLSTSDY DREKLQERLA

GEGVAVLK IGGASEAEVG EKKDRVIDAL NATKAAVEEG ILPGGGVALL YAARELEKLP TANFDQKIGY QIIQNALKRT? VYTIASNAGY EGAVIVGKLL
EQONPOLGYD AAKGEYVOMY KAGIIDPLRV IRTALVDAAS VSSLLTTTEA VVVDLPKIES ESGAAGAGHG GMGGMDY

4.16%

[¥)
w

AT2G05920

SBT1.8.SUBTILASE 18

(MASS333338 ITIITTIILIL LLNTTARKTY IIRVNHSDKP? ESTLTHMOWY TSQLNSESSL LYTYTTSING FSAYLDSTEA DSLLSISNSI LDIFEDPLYT
LETTRTPEFL GLNSEFGVHD LG3SSNGVII GVLDTGVWPE SRIFDDTOMP EIPSKWKGEC ESGSDIDSKL CNKKLIGARS FSKGFQMASG GGISSKRESV
SPROVDGHGT HTSTTAAGSA VRNASFLGYA AGTARGMATR ARVATYKVCW STGCFGSDIL AAMDRAILDG VDVLSLSLGG GSAPYYRDTI AIGAFSAMER
GVEVSCSAGN SGPTRASVAN VAPWVMIVGA GTLDRDFPAF ANLGNGKRLT GVSLYSGVGM GTRPLELVYN KGNS3SSNLC LPGSLDSSIV RGRIVVCDRG
[VNARVERGAV VRDAGGLGMI MANTAASGEE LVADSHLLPA IAVGKKRTGDL LREYVKSDSK PTALLVFRGT VLDVKPSPVV AAFSSRGPNT VIPEILKPDV
IGPCVINILAG WSDAIGPTGL DRDSRRTQFN IMSGTIMSCP? HMISGLAGLLK AAMPEWSPSA IKSALMITAY VLONTNAPLE DAADNSLENP YANGIGHVDP
QRALSPGLYVY DISTEEYIRF LCSLDYTVOY IVAIVEKRPSV NCSKKFSDPG QLNYPIFIVL FGGRRVVRYT RIVINVGAAS SVYKVIVNGA PEVGISVKRS

345%

AT5G26742

ATRH3, EMB1138, EMBRYO DEFECTIVE 1138,
RH3

KLSFRSVGEK KRYIVIIVEK KGVSMINKAL FGSITWINPQ MEVRSPVArS WNRF
MASTVGVPSL YQVPHLEISK PNSKKRENCL SLSLOKPFFT PLSLVRRTRR IHSSSLLVPS AVATPNSVLS EEAFKSLGLS DHDEYDLDGD NNNVEADDGE

[ELAISKLSLP QRLEESLEKR GITHLFPIQR AVLVPALQGR DIIARAKTGT GKTLAFGIPI IKRLTEEAGD YTAFRRSGRL PKFLVLAPTR ELAKQVEREI
[KESAPYLSTV CVYGGVSYTI QQSALTRGVD VVVGTPGRII DLIEGRSLKL GEVEYLVLDE ADQMLAVGFE EAVESILENL PTKRQSMLES ATMPTWVRKL
[ARKYLONPLN IDLVGDQDER LAEGIKLYAI ATTSTSKRTI LSDLITVYAK GGRTIVETQT KRDADEVSLIA LSNSIATEAL HGDISQHQRE RTLNAFRQGK
FIVLVATDVA SRGLDIPNVD LVIXYELPND PETEVERSGR TGRAGREGSA ILMHTSSQXR TVRSLERDVG CHFEFISPPT VGDLLESSAD QVVATLNGVH
PDSIRFFSAT AQKLYEERGT DALAAALAML SCGFSQPPSSR SLLSMEKGWV TLQLIRDPTN ARGFLZARIYV TGFLEDLYRT AADEVGKIFL IADDRIQGAV
FDLPECIAKE LLEXKDVPEGN SLSMITKLP? LQDDGPESDN YGRISSRORM
GSSDOWLIGG RSSSSSRAPS RERSIGGSCE ICGKSGHRAT DCPORRGE

254%

AT1G69830

ALPHA-AMYLASE-LIKE 3, AMY3, ATAMY3

[MSTVPIESLL EHSYLRHNSK VNRGNRSFIP ISLNLRSHFT SNKLLHSIGK SVGVSSMNKS PVAIRATSSD TAVVETAQSD DVIFKEIFPV QRIEKAEGKI

[YVRLRKEVRKEK NWELSVGCSI PGRWILHWGY

SYVGDTGSEW DQPPEDMRPP

[WYQHERGRDFK VPLVDDVPDN GNLIGARKGE GALGQLSNIP

GDVIVEWGVC
SKPRRKTDKE

GGRLNWODRA
GEMDYNQDAH
GTPAVEFDHI

ATSG63840

PRIORITY IN SWEET LIFE 5, PSL5, RADIAL
SWELLING 3,RSW3

SL “
[RTETDSRPSG
[VLANGWDAES
EXTOGRRYFT
VGSTPSLYTW
PMILTLGLTG
[MEFPQDEATE
[VALNSSQEAE
RVLTIREPGV

AT2G21390

(Coatomer, alpha subunit

THEENPWIVE
[EGHDRGVNWA

[EINLLAAGHD
[VGRSDVVQDA
DMESVALLSK
FRLALLRRKY
NFERLSFLYL
PINCGGDWRL

KNGTRRWEIP SEPYPEETSL
VSASGETREI ITEIRNLAID

VVADDPEFQG RGNKSSGDNT
RQRIVDWINA TSGAAGAFDV
FSDYHSEIAA LLSLRNRQKL

[MRSLLEVLSL ICECSQTALS WKKEEFRSCD

VPDVVVSEFE ERKIWLQRVA
PQSISFOVSE YDSSFVYGIP
GISLPSSHSR IDTIWMSEAG
WDSVLFPEPE EMQRRLARKG

NDMNEPSVEN GPEVTMPROA L

ITFSGADIGG FEGNPEPELL
SNDEAFMVGS GLLVQGVYTK
GELYIDDGRS FEFRRGSYIH
RVDQDWIVRI L

ASDDQTIRIW NWQSRICISV
SFHPTLPLIV SGADDRQVEL
NGMIVFKLER ERPAFALSGD
KRGTGGSAVE IARNRFAVLE
HTIIIASRRL VLQCTLHETI
DHVMSMIRNS QLCGQAMIAY
ITGNLDKLSK LMKIAEVENN
L IFEG GL

FRNKALRTRL
ISSHENQRIN

GENWESNKSG RWYLELQEXA DELASLGITV LWLPPPTESV

HRAAPNIDESQ
TTKGILHTAL
HECRSEVNIDK
QTPECKRARS
TETISGDTSP
EHATSFALKP
IVDIFTEVGSR
REMVTIVDFE

LRQDRSSAET
QRRDDGNGSF
VREVQENILQ
SPEGYMPKOL
DFVRKDIKEW
QRCEYWRLSD
SERDVYAAII
RTPGACSLIV
SSVVIVSDEY
TRGPGVEESE
EPROVVEQYA

GSIAIRDYAIL
DSIEERRGLQ
GLESLDGRLE
EIERIAAZAY
YNINIRYCTI
LCWDEEVGY
PRGKPPGVVG
DEKVAMKIGP
GDVSITDGDL
EAVVRHDPEE
PEYRLENLOVE
SVIGTIAMPQ

ETPLRRLSEG

EYDEESPFGL
LFATGYMQCR

DSEFFEVAINL
RVADDNSVSV
NTWLNYRGED
SEEGVLEAZA
HEVGIRVLGD
FWGGYVRDYM
ENHDTGSTQG

NLESSVAALN
TARRCPETSK
FYVPFLTISSS
DKPDIRISSC
AVLNERCAXF
DASKPYFAVG
HWRFPEGKEM
YRVWETS

FVLRDEETGA
NIVSIETDLP
SPVETEAAQV
TESGIEILCQ
RNQNGVWNLE
EYWDSLSYTY
QGYAYILTHP

QGDEDQIKPL
RRVVSLNSHG
YEIIPIMVEE
WNYKDEEDVA

I LY

KEATQUGYYV
R

VRWYQUGAYY
GTTQASVYLP
RREVESKGVL

LTGHNHYVMC
WRMNETKAWRE
SLEYAKDRFL

RVKSGAWDDN
LQQKRGFPEVA
VMGQEHNALY

VSQIWSQKSS LAREQAAAGS
YRATTAGKLS EALRVFLSIL
MATAAHFARS LLDTNPTIES
LCSASQVR

FDTAMRLLER
QTIPLVVVES
QARTARQVMQ

YIH
PEFFRGHAHHD
GRESWYDLRN
TSTNLAPPEA

ASFHPKEDLY
VDTLRGHMNN
RYYEYSTQKD
LENEVVKKSS
GVEIYTTLNH
LEEVEDERIR
LGDVRERVKI
WGEGLDKEDV
QLGIKNFAPL

TKRREFWLEG
GKTYVGERTH
RL3SSQCLIDR

VSASLOQTVR
VSSVMFHARQ
SQVIPIRRPG
LPIPTDAIFY
IRYCLPNGDS
ENLALESGNI
LENAGMLPLA
DGMENTDIEA
KSMFLDLFSG
VIIVREYVLG
TLNYDFRNPF

K DG
EEGKDRPFVL
ERNTELMRDA

IP
IILLGHSSG?

We! b
SRAIFPGTQR
IHTRYTLLPY
AFQKAGTIIP
KSALVEPLNQ

ILSLSVYRDG
LEDFEQLGRE
GRSGRTICET
QVISKEDEXD
DMLSPEIRKW
YGAIWTGDNT
EYTLFRERNV
RRDRFRR333
FAEIEMGPLR

IVRLRIDEDH
TEGDNWEERF
WLNAAEMQID
IPYDVLWLDI
WOGRFSYRNY
AEWEHLRVSI
TGVEVVRPLW
QMDNDPYTLV
MGGLVASSGT

217%

MLTKFETKSN RVKGLSIMPK RPWILASLES GVIQLWDYRM GTLIDRFDEX EGPVRGVEFM NSQPLIVSGG DDYKIKVANY XKTHRCLFTLL

XKK SASPADDLMR F

G

DIIVSNSEDK
TPSLNQSPRT
AGTGNLLCRS
GIIRTLDVPI
SVAVASATED
YITASVEGLT
ILDGAEAGEE
SHSYLRAFSS
LQLELKRREM
VICGSTYVPI

SIRVWDATKR
LSYSPTENAV
EDKVVIFDLQ
YITRKVSGNTI
NEKDEWYRLG
DIAERIAIEL
EDDEEGGWGL
SPVVPLAIER
KDDPVRQQEL
YRGQKDVAC?

TGIQTFRREE
LICSDLDGGS
QRLVLGELQT
FCLDRDGKNR
VEALRQGNSR
GONVEPSLPEG
DLDLPPELDT
GWSESSSPNV
AAYFTHCKLQ
YCTARFVPSQ

GELDYIRTVQ
GVDAIVKYVL
DREWILAVE?
YELYIIPKRDS
PEVRYVVWSK
AITINATEYI
IVEFAYQQTR
RTPSLLMPPS
PXASANARSS
RGPPALVEDE
TPELRLAYFS
EGNICSVCDL

197%

ATSGOS315

Encodes a defensin-like (DEFL) family protein

AT2G29550

TUB7, TUBULIN BETA-7 CHAIN

(WAKGHYTEGA
[VLONEALYDI
CAADPRHGRY

LLLILTTSLI DVEGYNVENG
QCENQIGSKE WEVVNLENGI
ELIDSVLOVV RKEAENCDCL
CFRTLKLSTP SFGDLNHLIS
{FRGR M3TREVDEQM

GSLCCNNEEK
DATGRYVGDS
QGrQVCHSLG
ATMSGUTCCL
LNUQNENSSY

TE

VS EYQQYQDATA

DEEGEYEEEE

FGRCNTENDD

GGTGIGUGTL
REPGQLNSDL
EVEWIPNNVK
AEYEQEETY

QRCNSWCLNG
CER’

CONGEGGYCK
PRAVLMDLE?

SMSHGGQTHC
GTMDEVRIGP

DRIQIIFSVE PIPKVSDIVV

PRLEFFMUG!

APL

STVCDVPPTG

sTrreN

T3TOEME

LKMASTFIGN STSI: QEMF RR ¥

IC

YGQIFRPINT
EPYNATLEVE
YRNLTVPELT

ISEQFTAMFR
SSEQEIMER

VEGQIGAGNN
QLVENADECH
QUMHDAKNINM
REAFLHWYTG

2205%

210
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AT5G23860

TUBS, TUBULIN BETA 8

Protein
Coverage

MREILMIQGG QCGNQIGAKE WEVVCAEMGI DSTGRYQGEN DLQLERVNVY
WAKGHYTEGA ELIDSVLDVV RKEAENCDCL QGFQVCHSLG GGTGSGMGTL
[VLDNEALYDI CFRTLKLTTP SFGDLNHLIS ATMSGVTCCL REPGQLNSDL RK
CAADPREGRY SAMERGK MSTREVDEQM INVQNRY EVE K
EGMDEMEFTE AESNMNDLVS EYQQYQDATA DEEEGYEYEE DEVEVQEEQ

SGP YGQIFRPINF VIGQIGAGNN
L‘SK!mY’ DRILT T PSPKVSDIVV EPYNATLSVM QLVENADECH
PELHFFMVGE APLTSRGSQQ YRALTVPELT QQMWDAXNIM
FER VSEQFTAMFR RKAFLEWYTG

AT1G20010

TUBS, TUBULIN BETA-5 CHAIN

2183%

|MREILRIGGG GCGNQIGSKE WEVICOENGI DSIGRYSGOT ADLOLEALNY
NWAKGHYTEG ACLIDAVLIV VRXEAENCDC LQGFQVCMSL GGGTGIGNGT
MVLONEALYD ICFRTLKLST PSFGOLNMLI SATMSGVTCS LRFPGQLNSD
MCAADPREGR YLTASAIFRG QMSTREVDEQ ILNIQNKNZ3 YIVES
GEGMDEMEFT EAESNMNDLY AEYQQYQDAT ADEEGEYDVE EEEEGDYET

[YNEASCGRY VPRAVIMDLE PGINDIIRSG PrGQIFRPDN FVFGQSGAGN
LLISKIREZY PORMMLIISY FEIskvSDIV VEPYNATLSY MQLVENADEC
LRKLAL If IPRLHFIMVG FAPLTSRGESQ QYISLIVPEL TQOMWDSKNM
SSVCDIPPK GLRMAATFVG NSTSIQEMFR RUSEQUTAME RRFAFLHWYT

AT5G12250

BETA-6 TUBULIN, TUB6

1893%

MREILEIQGG QCGNQIGSKF WEVWCDEMGI DPTGRYVGNS DLQLERVNVY
WARGHYTEGA ELIDAVLDVV RREAENCDCL QGFQVCHSLE GGTGIGMETL

YNEASCGRYV PRAILMDLEP GIMDSVRIGP YGQIFRPONE VEGQSGAGNN
LISKIREEYP DRMMLIFSYE PIPKVEDTVV EPYNATLSVE QLVENADECH
VLDNEALYDI CFRTLKLTTP SFGDLNHLIS ATMSGVICCL nr:cqu:sax. RKLAVNLIZE PRLMETMVGE APLTSRGSQQ YRALTVPELT QQMWDSKNIOM
CAADPRHGRY_LTASAMFRGK MSTKEVDEQM INV 3 STIIQEMFRR VEZQFTAMIR RKAFLEWYTG

1849%

1

AT1G12900

(GAPA-2, GLYCERALDEHYDE 3-PHOSPHATE
[DEHYDROGENASE A SUBUNIT 2

I!GKD&MEI"L‘B AESNMNDLVS EYQQYQDATA DDEGEYEEDE :J::zx:.mm
MASATFSVAK PSLQGFSEFS GLRNSSALPF AKRSSSDEFV SFVSFQTSAM RSNGGYRKGV TEAKIKVAIN GFGRIGRNFL RCWHGRKDEZP LODVVVINDTG

GVEQASHLLE YDSTLGIFDA DVKPSGDSAL SVDGKIIKIV SDRNPSNLPW GELGIDLVIE GTGVWDRDG AGKHLQAGAK KVLITAPGKG DI"WVGV'N
AELYSHEDTI ISNASCTTNC LAPFVKVLDQ KFGIIKGIMT TTHSYTGDQR LLDASHRDLR RARAAALY
[PNVSVVDLYY QVSKKTFAEE VNAAFRDAAE RELKGILDVC DEPLVSVDER CSDVSSTIDS SLTHVMGD:M VRYIARLDNE §

AT2G27730

[copper ion binding

ATMG00280

1805%

|MATRNALRIV SRRESSGKVL SEEELRAAENY FIRIMEQEKL QRLARGGPGE GAAGSASEAR VAGATASASA LIGPRVSEDR HmAWMV VAIVGIIGWY

LEAGGKRQPE VQE

ORFITUA. Kibulose bisphosphate carboxylase large
chain, catalytic domain

1327%

MNNAAKRADC WPGAKNYGRA VYECLRGGLY FTRDDENUNS QPFMRWRORF LFCAEAVYRKA QAETGGIXGH YLNATAGTCE EMIKRAVFAR ELGVPIVMHD
YLNRGIHREY

1091%

AT1G56410

[EARLY-RESPONSIVE TO DEHYDRATION 2,
ERD2, HEAT SHOCK PROTEIN 70T-1, HSP70T-1

[MAGKGEGPAI GIDLGTTYSC VGVWQHDRVE IIANDQGNRI TESY S _ERLIGDAARN QUAMNPVNIV FDAKRLIGRR FSDASVQSDM KEWPFRVIPG
QADKPMIEVN YRGEERQFAA EEISSMVLIK MREIAEAYLG SSIKNAVVIV PAYFNDSQRQ ATKDAGVIAG LNVLRIINEP TAAAIAYGLD RRATSVGIRN
[VLIFDLGGGT FOVSLLTIEE GIFEVRKAIAG DIMICCEDED NRMVNEIVOE FRRKNKKDIS GDARALRRLR TACERAKRTL SSTAQTIVEV DSLFEGIDEY
SPITRAKFEE MNMDLFRKCM EPVMRCLRDS RMDRIMVHEDV VLVGGSTRIP KVQQLIQOIT NGRELCKSIN PODEAVAYGAA VQAAILSGEG NERVQDLLLL
DVTPLELGIE TIGGUMTITLI QRNTTIPAKK EQIFITTVON QPDVLIQVYE GERARTIDNN ILGQFVLEGI PPAPRGIPQr TVCIFDIDING ILNVSAZDKA
TGKKNKITIT NOKGRLSKDD I Y EN YAYNVGNTLR DMGEKLPAAD KKKFEDSIEE VIQWLDDNQL AEADEFEHKM
KELESVWSTI ITKMYQG

AT1G26880

[RPL34A Ribosomal protein L34e superfamily protein

875%

IHVQRLVYR!R HSYATKSNQH RIVRKTPGGRL VYQTITKRRAS GPRCPVIGRR IQGIPHLRPS EYRRSRLSRN RRIVNRAYGG VLSGSAVRER IIRAFLVEEQ
RIVKKVLRIQ RAREKVAPKA

6.67%

AT5G13780

MXEI0.5 Encodes the catalytic subumit of a N-
terminal Atransferase.

AT1G58380

XW6

MVCIRRATVD DLLAMQACNL MCLPENYQMR YYLYMILSWP QLLYVAEDYN GRIVGYVLAR MEEESNECHG MITSLAVIRT HRRLGLATKL MTAAQAAMEQ
VYEAEYVSLY VRRSNRAAIN LYTETLGYKI NOVEAKYYAD GEDAYDMREN LKGKQNMMMA HGMMMMMGGG CCSGDAXVVE TAQAVDGHAV SK

5.73%

MAERGGEGGA ERGGDRGDIG RGIGGGRGGG RGRORGPRGR GRRGGRASEE TKWVPVIKLG RLVADNKITK LEQIYLMSL? VKEYQIIDML VGPTLKDEVM
KIMPVQKQTR AGQRTRFKAF VVVGDGNGEV GLGVKCSKEV ATAIRGAIIL AKLSVVPVRR GYWGNKIGKP HTVPCKVIGK CGSVIVRMVP APRGSGIVAA
GIDDVET3SR GSTKTLGNEV KATFDCLQKT YGFLTPEFWK ETRFSRSPYQ EETDFLSTRA VSATKVITEG EDQA

AT4G02520

ATGSTF2, ATPM24, ATPM24.1, GLUTATHIONE S-
TRANSFERASE PHI 2, GST2, GSTF2

528%

HLGIKVNBP ASIATRRVLI ALHERNLDFE LVHVELKDGE HRKEPFLSRN PFGQVPAFED GDLKLFESRA ITQYIAHRYE NQGTNLLQTD SRNISQYAIM
AIGMQVEDHQ FDPVASKLAF EQIFRSIYGL TTDEAVVAEE EAKLARKVLOV YEARLKEFKY LAGETFTLTD LHHIPAIQYL LGTPTRKLFT ERPRVNEWVA
EITKRPASER VQ

ATCG00280

PHOTOSYSTEM II REACTION CENTER
PROTEIN C, PSBC

377%

MXTLYSLRRE YEVETLENGT LALAGRDQET TGFAWWAGNA RLINLSGKLL GAMVANAGLI VEWAGAMNLE EVANFVPEKP MYEQGLILLP MLATLGWGVG
PGGEVIDTIE? YFVSGVLHLI SSAVLGIGGI YMALLGPETL EESFPITGYV WKDRNKMITI LGIHLILLGV GAFLLVFKAL YIGGVYDTWA PGGGOVRRIT
NLTLSPSVIF GYLLKSPFGG EGWIVSVDDL EDIIGGHVWL GSICIFGGIW HILTKPFAWA RRALUWSGEA YLSYSLAALS VCGFIACCEV WENNTAYPSE
FYGPTGPEAS QAQAFTFLVR DQRLGANVGS AQGPTGLGKY LMRSPTGEVI FGGETMREWD LRAPWLEPLR GPNGLDLSRL KKDIQFWQER RSAEYMTHAP
LGSLNSVGGV ATEINAVNYV SPRSWLSTSH FVLGFFLEVG HLWHAGRARA AAAGFERGID RDFEPVLSMT PLN

AT3G58140

phenylalanyl-tRNA synthetase class Ic family protein |

338%

thV!'SVQSTZ FSRASVALLS SNGERRFSEV S33FSS3AAYS PPRMRRRRYP IVSAVDIGGY AIARNDVVRE DDPINNVPD3 IFSKLGMQLHE RRDREPIGIL
KNAIYDYFDS NYSNKFEKFE DLSPIVITRQ NFDOVLVPAD HVSRSLNDTY YVDSQIVLRC HTSAHQAZILL RRGHSRELVT GOVYRRDSID STHYPVIHQM
EGECVISPED WNGSGRDSTL YAAEDLKKCL EGLARMLIGS VEMRWVOTYF PrTNPSFELE IYFKEDWLEV LGCGVTEQVI LKQIGLENNV AWAFGLGLER
LAMVLFDIPD IRFIWSSDER FTSQFGKGEL GVKFKPYSKY PPCYKDISEW ISDLFTENNF CEVVRGIAGD LVEEVKLIDQ FINXKKGLTS HCYRIVERSM
ERSLTDEEVN DLQ3KVRDEV QRKLNVELR

AT3G25520

ATLS, OLI5, OLIGOCELLULA 5, PGY3,
PIGGYBACK3, RIBOSOMAL PROTEIN L5,
RIBOSOMAL PROTEIN L5 A, RPL5A

3.03%

MUVFVKSTRSN AYFKRYQVKF RRRRDGKTDY RARIRLINQD KNKYNTPKYR EVVRFINKDI VAQIVSASIA GDIVKASAYA HELPQYGLTV GLINYAAAYC
TGLLLARRVL FMLEMDDEYE GNVEATGEDE SVEPTDSRRP® FRALLDVGLI RTTTGNRVEG ALKGALDGGL DIPHSDRRFA GFHRENKQLD AEIERNYIYG
GHVSNYMKLL GEDEPEKLQT HFSAYIRKGV EAESIEELYK KVHAAIRADP NPRRTVRKPAP KQEKRYNLRK LTYEERKNKL IERVRKALNGA GGDDDDEDDE
=

299%

1

AT1G74910

KIC1,KONJAC1

MGSSMEEXVV AVIMVGGPTK GTRFRPLSLN IPXPLFPIAG QPMVEMPISA CKRIPNLAQI YLVGFYEERE FALYVSAISN ELKVPVRYLR EDKPEGSAGG
LYHFRNLIME DSPSHIFLLN COVCCSFPLP KMLEAHRGYG GIGTLLVIKV SPESASQFGE LVADFUINEL LMYTEKPETIF VSDRINCGVY VEFTPEIFNAI
|GDVSTQRKDR ATLKRVSSFE ALQPATRIPT DFVRLDQDIL SPLAGKKRLY TYETMDEWEQ IKSPGMSLRC SGLYLSQFRL TSPQLLASGD GTRSAIVIGD
|[VYIHPSARVE PTAKIGPNVS ISANARVGPG VRLMSCIILD DVEIMENAVV TNAIVGWKSS IGRWSRVQAE GVYNSKLGUT ILGDSVAVED EVVVISSIVL
PNKTLNVSVQ DEIIL

AT3G06720

AIMP ALPHA, AT-IMP, ATKAP ALPHA, IMPA-1,
IMPA1, IMPORTIN ALPHA, IMPORTIN ALPHA
ISOFORM 1

|MSIRPRARTE VRRNRYKVAV DAEEGRRRRE DNMVEIRKSK RELSLMRKRR EGMQALQGE? SASAASVDRK LDSLKDMVAG VWSDDPALQL ESTIQERKLL
SIERSPPIEE VISAGVVPRF VEFLKKEDYP AIQFEAAWAL TNIASGTSOX TKVVIDMNAV PIFVQLLASP SDOVREQAVW ALGNVAGDSP RCRDLVLGCG
ALLPLLNQLN EHAXLSMLRN ATWILSNFCR GXPQPMFDQV KPALPALERL IMSDDEEVLT DACWALSYLS DGINDKIQTV IQAGVVPKLY ELLLMNSPSV
LIPALRTUGN IVIGDDIQTQ CVINSGALPC LANLLTQNHK KSIKKEACWT ISNITAGNKD QIQTVVEANL ISPLUSLLON AEFDIKKEAA WAISNATSGG
SHDQIKYLVE QGCIKPLCDL LVCPDPRIIT VCLEGLENIL KUGEAPKNLG HTGDMNYYAQ LIDDAEGLER IENLQSEDNN EIVERAVKIL ETYWLEEEDD
ETCQPPGVDG SQAGEQEGGN QAPVRSGGEN FS

211
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AT1G43190

%}’WRMDINE TRACT-BINDING PROTEIN 3

|mssxwxv RNVGHEISEN DLLQLFQPFG VITKLVMLRA KNQALLQMQD VSSAVSALQF FTINVQPTIRG RNVYVQFSSM QELTTIEQNI HGREDEPNRI

LLUTIMHMLY PITVIVLHQV FSPYGEVEKL VIFQKSAGEQ ALIQYQVQQC AASARTALQG RNIYDGCCQL DIQFSNLEEL QUNYMNDRSR DYTNPNLPAE

"|QRGRSSEECY GOTGVAYPQM ANTSAIAAAF GGGLPPGITG TNDRCTVLVS NLNADSIDED KLENLFSLYG NIVRIKLLRN KPDMALVQMG DGFQAELAVH

FLRGAMLEGK RLEVNFSKEP NITPGTDSHD YVNSNLNREN RNAAKNYRYC CSPTKMINLS TLPQDVTEEE VMNMVQEHGA VUNTRVFEMN GKKQALVQFE
NEEEAAEALY CKHATSLGGS IIRISFSQLQ TI

278%

AT5G35790

APG1 G6PD1, GLUCOSE-6-PHOSPHATE
DEHYDROGENASE 1

|MATHSNII?S P3SSS3SSLAT AASPEREILP LISROLIEPR KSLTSQVALR FTALRHSQLD TSNGCATNIA SLQDSGDQLT ELNVIKGEST LSIIVVGASG
DLAKKKIFPA LFALFYEGCL PQOFSVEGYA RTKLTMEELR DMISSTLICR IDQREKCGDK MEQFLERCTY MSGQYNSEED FAELNKKLKE KEAGKISNRL
YYLSIPPNIF VOVVRCASLR ASSENGWTRV IVEKPFGRDS ESSGELTRCL KQYLTEEQIF RIDMYLGKEL VENLSVLIRFS NLVFEPLWSR NYIRNVQLIF
SEDFGTEGRG GYFDQYGIIR DIMQNHMLLQI LALFAMETPV SLDAEDIRSE KVKVLRSMEP LRLEDVVVGQ YRGHNKGGKT YPGYTDDPTV PNESLTPTFA
ARAMEINNAR WDGVPFLMKA GRALMTRGAE IRVQFREVPG NLYKKSFATN LONATNELVI RVQPDEGIYL RINNKVPGLG MRLDRSDLNL LYRSRYPREI
[POAYERLLLD AIEGERRLFI RSDELDAAWD LFTPALKELE EKKIIPELYP YGSRGPVGAM YLASKYNVRW GDLGEA

2.60%

AT2G04030

(CR88 ATHSP90.5, ATHSP90C, CR88, EMB1956,
EMBRYO DEFECTIVE 1956, HEAT SHOCK
PROTEIN 88.1, HEAT SHOCK PROTEIN 905,
HSP88.1, HSP90.5

|MAFALSRSLY TSFLISVPIT FVSSRLSNLR SSTLPHGGAL RIGVSCSWNL ERKRCNRFAVE COAAVAERET IEEGSGEKIE YQALVSRLLD LIVMSLISHK
EVFLRELVEN ASDALDKLRI LSVIEPSLLG DGGDLEIRIK PDPDNGTITI TOTGIGMTKE ELIDCLGTIA Q3GTSKILKA LKENKDLGAD NGLIGQIGVG
FYSATLVALK VVVSTKSPKS DKQYVWESVA DSSSYLIREE TDPONILRRG TQITLYLRED DKYEFALSTR IKNLVENYSQ FVGIPIYTWQ EKSRTIEVEE
DEPVKEGEEG EPKKKKITKT ERKYWDWELAN ETKPLWMRNS KEVEKGEYNE FYKKAFNEFL DPLAHTHFIT EGEVEFRSIL YIPGMGPLNN EDVINPKTKN
IRLYVKRVEI SDDFDGELFP RYLSFVKGVV DSDDLPLNVS REILQESRIV RIMRRKRLIRK TFDMIQEISE SENKEDYKKF WENFGRFLKL GCIEDTGNHK
RITPLLREFS SKNEEELTSL DDYIENMGEN QRAIYYLATD SLKSAKSAPF LEKLIQRDIE VLYLVEPIDE VAIQNLQTYK ERRKEFVDISKE DLELGDEDEV
KOREAKQEEN LLCOWIKQQL GOKVAKVQVS NRLSSSPCVL VSGKEGWSAN MERLMKAQAL GDTSSLEFMR GRRILEINPD MPIIKDLNAA CKNAPESTEA
TRVVDLLYDT AIISSGETIPD SPAELGNKIY EMMAMAVGGR WGRVEEEEES STUNEGDDKS GETEVVEPSE VRAESDPWQD

244%

AT1G78900

VHA-A VACUOLAR ATP SYNTHASE SUBUNIT
A, VHA-A

IKPM'YGGRL? TFEDDIKESE YGYVRKVIGP VVVADGMAGA AMYELVRVGH DNLIGEIIRL EGDSATIQVY EETAGLTVND PVLRTHNKPLS VELGRGILGN

IFDGIQRPLK TIARISGDVY IPRGVSVPAL DKDCLWEFQP NKFVEGDTIT GGDLYATVFE NTLMNHLVAL PPDAMGKITY IAPAGQYSLE DIVIELEFQG
IKKSYTMIQS WPVRTPRPVA SKLAADTPLL TGQRVLDALF PSVLGGTICAI PGAFGCGKTV ISQALSKYSN SDAVVYVGCG ERGNEMAEVL MDFPQLTMTL
[PDGREESVMK RTTLVANTSN MPVAAREASI YTGITIAEYF RDMGYNVSMM ADSTSRWAEA LREISGRLAE MPADSGYPAY LAARLASFYE RAGKVRCLGG
PERNGSVTIV GAVSPPGGDI SDPVTSATLS IVQVEWGLDK KLAQRREFPS VNWLISYSKY STALESFYER FDPOFINIRT KAREVLQRED DLNEIVQLVG
RDALAEGDRI TLETAKLLRE DYLAQNAFT? YDRICPIYKS VWMMRNIIME YNLANQAVER AAGMDGQRIT YTLIKERLGD LIFYRLVSQKF EDPAEGEDTL
[VEKFKKLYDD LNAGFRALED ETR

241%

AT4G28980

CAKI1AT, CDK-ACTIVATING KINASE 1AT,
CDKF;1, CYCLIN-DEPENDENT KINASE F:1

MDKQPATSWS IMTRPLIIAK YEIFLRVGSG AYADVYRARR LSDGLIVALK EIFDYQSAFR EIDALTILNG SPNVVVMHEY FWRELENAVL VLEFLRSDLA
[AVIRDGKREK KVEGGDGESV GEIRKRWMIQI LTGVDACHRN LIVHRDLKPG NMLISDDGVL KLADFGQARI LMEHDIVASD ENQQAYKLED KDGETSEPPE
[VIPDYENSPR QGSDGQEREA MSKDEYFRQV EELFKARQVVR DDTDRDSNVE DGDISCLATC TVSEMDDDLG RNSFSYDADE AVDDTQGLMT SCVGTRWERP
PELLYGSTMY GLEVDLWSLG CVFAELLSLE PLFPGISDID QISRVINVLG NLNEEVWPGC VDLPDYKSIS FAKVESPLGI EGCLPNH3GD VISLLRRLIC
YDPASRATIM EMLNDKYLSE EPLPVPVSEL YVPPTMSGPD EDSPREWNDY REMDSDSDED GFGPMNVRPT SSGETIEER

230%

AT5G11580

f 3
hnﬂypmm

(RCC])

I}IDMPTILZ SEDLSRKIIS LAAGEANTIA LIGDGCVYSW GRGMIGRLCT GKESDELVEV LVEFPNQAEG DRIRIVGVAA GAYXSLAVED DESVWCIWGYN
IYGQLGFDGE NSLAPCLIKN LFZRETSSSS LNDSGREVGS DLKVCIVKAG SMMSLAIDNY GGLWMWAGNVP PQDSEPDFRL SFTSIPIPFP ILDFNGRTIVL
KVACGDEEVV ALVGPGDIHK DNSYDVSULY SWGNNHHGQL GLGDGESRAR PQTVETINQK SGLIVYDIAC GAHHTALLTY RKETPKGPSI CWIFGIGENG
QLGHRSNKS3 SLPEPVSDLP EHAYLVSVDC GLFHTSVVSS EGYVWSWGME RGLGLCPDVN FTEVEAGDDS VPRKISGGSS RFRDPVQVSC GAAHTVLVVD
GGYRLWSWGR GRNGVLGTGN VSDCYVPTLV FWPNELKPEK EEVPDDGKSA STEEIKRLES KLMVMERYAS ILHEGSIFGKP FNEEEDIPYS LRVSGYFDMG
[REWGEMLESA DKSQLMRLQA FYEDMIGRVK DKVIQRRIQE IMRKDCLQSSA PKY

199%

AT3G06510

ATSFR2, SENSITIVE TO FREEZING 2, SFR2

|MELFALLIRY AGLLATVIVG ANVVSYSRER RQNLARERSP IDESREVLAD ENSICHEEGR FEFGLATAPA HAEDDLDDAW LQFAREIPCS AEEAEAADRK
[ARRKKVELAY GAITRGLAKN k= OR LKF VELAKDIGVT VERMGVDWSR IMPVEPTKGI KEAVNYZAVE
RYRWILKKVR TL FHMSLPPWAA VDYFMDITRI VVDSMYDLVD SWVIFNEPEI FTMLTYMCGS WPGNNFOFLE IATSTLPMGY
FERALHWMAV AMSKAYDYIH GKISLKKPLV GVAHHVSFMR PYGLFDIGAV TISNSLTIFP? YIDSICEKLD FIGINYYGQE AVCGAGLKLYV ETDEYSESGR
GVYPDGLYRV LLMFHERYKH LKVPFIVTEN GVSDETDVIR RPYLIEHLLA LYAAMLRGVP VLGYIFWIIS DNWEWADGYG PKFGLVAVDR SHDLARTLRQ
SYHLFSKIVK SGKVTRKDRS LAWNELQKAA KAGKLRPFYR GVDNHNLMYA DGLDEPQWRP FVDRDWREGH YQMDGLQDPL SRVARTLLIW PLIMKKRIRK
[VRIKXTDDAG LVLHPALASP FD

193%

AT1G32230

ARABIDOPSIS THALIANA P8 (INTERACTING
PROTEIN), ATP8, ATRCD1, CEO, CEOl,
RADICAL-INDUCED CELL DEATHI,RCDI1,
REDOX IMBALANCED 1, RIMB1

|MEARIVAVLD SSACEDGEGR RRRRAASYAA YVIGVSCARL
NDLPEMVICA IQNELEEKZA AIEFRLCGHS FILDFLEMQR
GGETPRLNLE ECSDESGDNM MDDVPLAQRS SNENYDEATE
SSEIAEARLA LFQRQVEITK AWL
LLRGDKAQFF SGGEEYDNGV DDIESPKNYI VWNINMNTHI FPEEVVRFKL SNLPNAEGNL IARRDNSGVT LEGPKDLPPQ LESNQGARGS GSANSVGSST
TRPKSPWMPE BTLFAAISHK VAENDMLLIN ADYQQLRDKK EFVRRL RVIVGDDLLR STITTLQONQP? KSREIPGSIR DHEEGAG

GENKLSAYEN RSGRALVRYY
FrPEIYESDE RINYCHERCV
VVSGAKLTGS EVLDKDAVEK
GVGIHLTAAD CPYFSARYCD

TYFRRTGIAR RVMMYENGEW
EDPRQNAPHD IKLRLEIDVN
MFAVGTASLG NVPVLDVGRE
VDENGVRYMV LCRVIMGNME

QNVPPENGQC
LD¥ETGART?
DSCESRKLEAA

GV

QIPDRRRRLE
LAWIDNAGKC
VSKWDETDAZ
GGAFIRKSIY

187%

AT5G65010

ASN2, ASPARAGINE SYNTHETASE 2

MTIRAE]
|MCGIZAVIGC IDNSQARRSR IIELSRRLRH RGPOWSGLEC YEDCYLAHER LAIIDPISGD QPLYNEDRIV AVIVNGEIIN !RILRZKLKS HQFRTGSICE
[VIAHLYEEEG EEFIDMLDGM FATVLILOTRD KSFIAARDAI GITPLYIGWG LDGSVWFASE MKALSDDCEQ FMSFPPGHIY SSKQGGLRRW YNPPWINEQV
PSTPYDPLVL RNAFEKAVIE RIMTOVPIGV LLSGGLDSSL VAAVALRHMLE KSEAARQWGS QLMTFCIGLQ GSPOLKAGRE VADYLGTREM EFQrIVQDGI
DAIEEVIYHI ETYDVTTIRA STPMFLMSRK IKSLGVEMVL SGEGSDEILG GYLYFHKAPN KKEFHEETCR KIKALHQFDC LRANKITIAW GVEARVPFLD
KEFLNVAMSI DPEWKLIKPD LGRIEKAWVLR NAFDDEERPY LPKHILYRQK EQFSDGVGYS WIDGLKDHAN KHVSDTMLSN ASFVEPDNTP LTRKEAYYYRT
IFEKFFPKSA ARATVPGGPS IACSTAKAVE WDATWSKNLD PSGRAALGVH VAAYEEDKAA AAARAGSDLV DPLPRNGT

173%

AT2G31810

ACT domain-containing small subunit of acetolactate
synthase protein

|MARISTVSSSP SIRCLRSACS DSSPALVSST RVSEPARISY LSGISSERGD EMGRRMEGEV RSVDGKISDA SESEASSATF RSRVRRHIIS
[NRIAGVFARR GYNIESLAVG LNRDRALFTI VVCGTERVIQ QVIEQLQRLV NVLKVEDISS EPQVERELML VRVNAXPESR AEIMWLVDIE
[ALTIEVTGDP? GRMIAVERNL RRFQIREZIVR TGRIALRREK MGATAPIWRE SAASYPDLKE QAPVSVLRSS KRGAIVIQKE TSAGGLVYFV EPFFDPRVHR
ILDAHWGLLT DEDTSGLRSE TLSLLVNDIP GVLNIVIGUE ARRGYNIQSL AVGHAETKGI SRITTVIPAT DESVSKLVQQ LYKLVDVHEV HDLTHLPFSE
RELMLIKIAV NAAARRDVLD IASIFRAKAV DVSDHTITLQ LTGDLDKMVA LQRLLEPYGI CEVARTGRVA LARESGVDSK YLRGYSFPLT &

VEVGDESGMI
RARVVDIAEH

167%

AT4G24280

(CHLOROPLAST HEAT SHOCK PROTEIN 70-1,
ICPHSC70-1

[MRSSEZCIEV LGGIGEASSS SSKRNLNGKG GIEMPRSATE GIRTGEESTP TSAFLRMGIR NGGGASRYAV GEVRVVNEKV VGIDLGITNS AVARMEGGKE
TIVINAEGQR TTPSVVAYTK SGDRLVGQIA KRQAVUNPEN TEESVERFIG RKMNEVDEES KQVSYRVVRD ENNNVKLECP AINKQFAAEE ISAQVLRKLV
[DDASRELNDK VIKAVITVPA YENDSQRTAT KDAGRIAGLE VLRIINEPTA ASLAYGFDRR ANETILVEDL GGGTFDVSVL EVGDGVEEVL STSGDTELGG
DDFDRRVVDW LAAESFRKDEG IDLIKDXQAL QRLTEAAEKA KIELSSLTQT NKMSLPFITAT ADGPKEIETT LTRAKFEELC SDLLDRVRTP VENSLRDARL
SFRDIDEVIL VGGSTRIPAV QILVREVIGK EPNVIVNPOE VVALGAAVQA GVLAGDVEDI VLLDVIPLSI GLETLGGVMT KIIPRNTITLP TSKSEVISTA
[ADGQTSVEIN VIQGEREFVR DNXSLGSFRL DGIPPAPRGV PQIEVKFDID ANGILSVSAV DKGTGKKQDI TITGASTLPK DEVDQMVQEA ERFAKDIKEK
RDAIDTRNQA DSVVYQTEKQ LKELGEKIPG EVKEKVEAKL QELKDKIGSG STQEIKDAMA ALNQEVMQIG QSLYNCPGAG GPGAGPSPGG EGASSGDSSS

167%

[SKGGDGDDVI DADFTDSQ
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1

AT3G48560

ACETOHYDROXY ACID SYNTHASE,
ACETOLACTATE SYNTHASE, AHAS, ALS,
(CHLORSULFURON/IMIDAZOLINONE
RESISTANT 1, CSR1. IMIDAZOLE RESISTANT 1,
%. TRIAZOLOPYRIMIDINE RESISTANT 5,

AT1G06220

CLO, CLOTHO. GAMETOPHYTE FACTOR 1,
(GFA1, MATERNAL EFFECT EMBRYO ARREST 5,
MEES

MLLYAAACGI PAARVTEEAD LREAIQTMLD TPGPYLLDVI CPMQEMVLPM IPSGGTINDV ITEGDGRIKY
MESSLYDEFG NYVGPEIESD RDSDDEVEDE DLQDKMLEEN GSDGEQGPGG SNGWITTIND VEMENQIVLP EDKKYYPTAE EVYGEDVETL VMDEDEQPLE

Protein Sequence, unique reference, other references

Protein
Coverage

AT 3 RIPLT - T VRS FRCIFISSE NG 5 5TR ETRD 3 3
DILVEALERQ GVETVFAYPG GASMEINQAL TRSSSIRNVL PRMEQGGVFA AEGYARSSGK PGICIATSGP GATNLVSGLA DALLDSVPLV AITGQVP!
IGTDAFQETP IVEVTRSITK HNYLVMOVED IPRIIEEAFF LATSGRPGPV LVDVPKDIQQ QLAIPNWEQA MRLPGYMSRM PKPPEDSMLE QIVRLISESK
KEVLYVGGGC LNSSDELGRE VELTGIPVAS TLMGLGSYPC DDELSLEMLG MMGIVYANYA VENSDLLLAF GVRFDDRVIG KLEAFASRAK IVHIDIDSAE
IGENRTPEVS VOGDVELALQ GMNKVLENRA EELKLDFGVW RNELNVQKQK FPLEFRIFGE AIPPQYAIRY LDELTDGHAI ISTGVGQMQOM WAAQEYNYEK
PROWLSSGGL GAMGIGLPAA IGASVANPDA IVVDIDGDGS FIMNVQELAT IRVENLPVEV LLLNNQMLGM VMQWEDRFYK ANRAMTFLGD PAQEDEIFEN

134%)

QPIIKPVRDI RFEVGVKDQA TYVSTQFLIG LMSNPALVRN VALVGHLQHMG KIVIMOIMLVE QTHEMSTENA KNEKHMRYTD TRVDEQERNI SIKAVPMSLY
LEDSRSKSYL CNIMDTPGHY NFSDEMTASL RLADGAVLIV DAAEGVMUNT ERAIRHMAIQD HLPIVVVINK VDRLITELKL PPRDAYYKLR HTIEVINNHI
SAASTTAGDL PLIDPAAGNY CFASGTAGWS FTLQSFAKMY AKLEGVAMDV DKFASRLWGD VYYMSDTRVE KRSPPVGGGE RAFVQFILEP LYRIYSQVIG
EXKRSVETTL AELGVTILINS AYKILNVRPLL RLACSSVEGS ASGFTIDMLVK MIPSPREAAA RKVDESYTGT RDIPIYESMY ECOPSGPLMV NVIKLYPRSD
TSVFOVEGRY YSGRLQTGQS VRVLGEGYSP EDEEDMTIKE VIKLWIYQAR YRIPVSSAPP GIWVLIIEGVD ASIMKTATLC NASYDEDVYI FRALQINTLP
VVKTATEPLN PSELPEMVEG LRKISKSYPL AITKVEESGE MTILGTGELY LDSIMKOLRE LYSEVEVEVA DPVVEICETV VESSSMKCIA ETPNKKNKIT
MIAEPLDRGL AEDIENGVVS IDWNRRQLGD FFRTKYDWDL LAARSIWAFG DDTLPTEVDR NL 1 VQGFQWGARE GPLCDEPIRN
VKFRIVDARI APEPLERGSG QMIPTARRVA YSAFLMATPR LMEPVYYVEI QTPIDCVTAI YTVLSRRRGH VISDVPQPGT PAYIVKAFLP VIESFGFETD
LRYMTQGQAF CLSVFDHWAI VPGDPLDRAI QLRPLEPAPI QHL HVK VSGNKFFDEA MMVELAQQTG DLHLQMI

ILL

132%)

AT3G20630

UBPI12 ATUBP14, DA3, PER], PHOSPHATE
DEFICIENCY ROOT HAIR DEFECTIVE1, TITANG |
%? UBIQUITIN-SPECIFIC PROTEASE 14,
4

MTMMIPPEVD QPEDEEMLVP NSDLVDGPAQ PMEVIQPETA ASTVENQPAE DPPTLKITWT IPNFSRONTR RHYSDVEVVG GYKWRILIFP KGNNVIXLSM
YLOVSDAASL PYGWSRYAQF SLAVVNQIXT RYTVRKETQM QFNARESDWG FTSFMPLIEL YDPSRGYLVN DIVLVEAEVA VRKVLDYWSY DSRKETGEVG
LENQGATCYM NSLLQTLYNI PYFRRAVYMM PTTENDAPTA SIPLALQSLF YKLQYNDTSV ATKELTKSFG WDTYDSIMQM DVQELNRVLC ERLEDKMKGT
(VVEGTIQQLI EGHMMNYIEC INVDFKSTRK ESFYDLQLDV KGCKOVYASF DKYVEVERLE GONKYMAEGH GLQDAKKGVL FIDFPFVIQL QLERFEYDEM
[ROTMVKINDR YEFPLELDLD REDGKYLSPD ADRSVRNLYT LMSVLVHSGG VHGGHYYAFI RPTLSDQWYR FDDERVTKED LKRALEEQYG GEEELPQTNP
GRNNNPPFKEF TKYSRAYMLV YIRESDKDKI ICNVDEKDIA EELRVRLKKE QEEREDKRRY KAQAHLYTII KVARDEDLKE QIGKDIYFDL VDHDKVRSFR
IQRQTPEQQF KEEVAREFGY PVQLQREWIW AKRQNHTYRP NRPLTPQEEL QPVGQIREAS NKANTAELRL FLEVEHLDLR PIPPPEKSKE DILLEFKLYD
PERAVLSYAG RLMVKSSSKP MDITGKLNEM VGFAPDEEIE LFESIKFEPC VMCEMLOKKT SFRLCQIEDG DIICFQRPLY NKEIECLYPA VPSFLEYVQN
[RQLVRFRALE KPKEDEEFVLE LSKQMTYDDV VEKVAEKLGL DDPSKLRLTS MNCYSQQPRP QPIKYRGVDM LSDMLVNYNQ TIDILYYEVL DIPLPELQGL
(KTLEVAFMHA TREEVVINNI RLPXQSTVGD VINELKTKVE LSMPDAELRL LEVFYMKIYK IFPSTERIEN INDQYWTLRA EEIPEEEKNI GPNDRLILVY
HFAKETGQNQ QVONFGEPFF LVIHEGETLE EIKNRIQKKL HVSDEDFAKW KFAFMSMGRP EYLQDTDVVY NRFQRRDVYG AFEQYLGLEX ADTTPKRAYA
IYN

099%

1

AT1G29900

CARB, CARBAMOYL PHOSPHATE
SYNTHETASE B, VEN3, VENOSA 3

MRNHCLEL3S NCSSIFASSK SNPRFSPSKL SYSTEFFSRSA IYYRSKPK( S$SSSSFSTFP PCLNRKSSLT HVLKPVSELA DITTKPFSPE IVGRRTDLKK
IMILGAGPIV IGQACEFDYS GTQACKALRE EGYEVILINS NPATIMTDPE TANRIYIAPM TPELVEQVIE KERPDALLPT MGGQTALNLA VALAESGALE
[KYGVELIGAK LGAIKRAEDR ELFKDAMKNI GLRTPPSGI¢C TTLDECFDIA ERIGEFPLII RPAFTLGGTC GGIAYNREEF ESICKSGLAA SATSQVLVEK
SLLGWREYEL EVMRDLADNY VIICSIENID PMGVHTGDSI TVAPAQTLTD REYQRLRDYS IAIIREIGVE C QFAV NP I

ALASKATGE? IAKMAAKLSY GYTLDQIPND ITRKTPASIE PSIDYVVTKI FRTAFEKIPG SQPLLTTQMK SVGESMALGR TIQESFQKAL RSLECGFSGW
GCAKIKELDW DWDQLKYSLR VPNPDRIHAI YAAMKKGMKI DEIYZLSMVD KWFLTQLKEL VDVEQYLMSG TLSEITKEDL YEVKERGISD KQIAFATKTT
[EEEVRTERIS LGVVPSYKRV DTCAAEFEAH TPYMYSSYDV ECESAPNNRKK KVLILGGGPN RIGQGIEFDY CCCHTSFALQ DAGYETIMLN SNPETVSTDY
DTSDRLYFEP LTIEDVLNVI DLEKPDGIIV QFGGQTPLKL ALPIKHYLDK HMPMSLSGAG PVRIWGTSPD SIDAAEDRER FNAILDELKI EQPRGGIAKS
EADALAIAKE VGYPVVVRPS YVLGGRAMEI VYDDSRLITY LENAVQVDPE RPVLVDRYLS DAIEIDVDTL TDSYGNVVIG GIMEHIEQAG VESGDSACML
PTQTIPASCL QTIRTWITHL ARKLNVCGLM NCQYAITTSG DVFLLEANPR ASRIVPEVSK AIGHPLAKYA ALVMEGKSLE DLNFEKEVIP REVSVKEAVE
PFEKFQGCOV ILGPEMRSTG EVMSISSEFS SAFAMAQIAA GQKLPLSGTV FLSLNODMTKP MLEKIAVSEL ELGFKIVATS GTAMFLELKG IPVERVLKLN
[EGRPHAADMYV ANGQIMIMLI TSSGDALDCOK DGRQLRQMAL AYKVPVITIV AGALATAZGI KSLKSSAIKM TALQDITEVK NVSSLLV

0.34%

AT1G20960

MANLGGGAEA HARFKQYEYR ANSSLVLTTID NRPROTHEPT GEPETLWGKI DPRSFGDRVA KGRPQELEDK LKKSKKKERD VVDIMVNIRQ SKRRRLREES
[VLTDTDDAVY QPKTKETRAA YEAMLGLIQK QLGGQPPSIV SGAADEILAV LENDAFRNPE KKMEIERLLN KRIENHEFDQL VSIGRLITDE QEGGDSGGGR

BRR2, EMB1507, EMBRYO DEFECTIVE 1507

DDD LG MVEEDDDEED DEPTRTGGMQ VDAGINDEDA GDANEGINLN VQDIDAYWLQ RKISQAYEQQ IDEQQCQVLA
[EELLRILAEG DDRVVEDRLL MHLQYERFSL VKFLLRNRLK VVWCTRLARA EDQEERNRIE EEMRGLGPEL TAIVEQLEAT RATAKEREEN LQRSINEEAR
RLKDETGGDG GRGRROVADR DSESGWVKGQ RQMLDLESLA FDQGGLLMAN KRCDLPPGSY RSNGKGYDEV MVFWVSKKVD RNEKLVKITE MPOWAQPAFK
GMQQLNRVQS KVYDTALIEA ENILLCAPTG AGKINVAMLT ILQQLEMNRN TDGTYNMGDY KIVYVAPMEA LVAEVVGNLS NRLEDYGVIV RELSGDQSLT
GREIEETQII VITPEKWDII TRKSGDRTYT QLVRLLIIDE IHLLEDNRGP VLESIVARTL RQIETTKENI RLVGLSATL? NYEDVALFLR VDLKKGLFRF
DRSYRPVPLH QQYIGISVKK PLQRFQLMND LCYQKVLAGA GRHQVLIFVH SRKETSKTAR AIRDTAMAND TLSRFLKEDS VTRDVLHSHE DIVRNSDLKD
ILPYGFAIHH AGLSRGDREI VETLFSQGHV QVLVSTATLA WGVNLPAHTV IIKGTQVYNP EKGAWMELSP LDVMQMLGRA GRPQYDQHGE GIIITGYSEL
QYYLSLMNEQ LPIESQFISK LADQLNAEIV LGTVQNAREA CHWLGYTYLY IRMVRNPTLY GLAPDALARD VVLEERRADL IHSAATILDR NNLVKYDRKS
GYPQVIDLGR IASYYYITHG TIATYNEHLR PTMGDIDLYR LFSLSDEFKY VIVRQDERME LAKLLORVPI PIKETLEEPS AKINVILQAY ISQLKLEGLS
LTSOMVYITQ SAGRLVRALY EIVLKRGWAQ LAEKALNLEK MVGKRMWEVQ TPLRQTMGLS NDILMQLERK DLVWERYYDL SAQELGELIR SPRMGKPLER
FIEQrPRVIL SANVQPITRT VINVELTVI? DFLWDEKIMK YVEPFWIIVE DNDGEKILEE EYFLLKKQYI DEDHTLEFIV PIFEPLPPQY FVRVVSDRWL
(GSETVLPVSF RHLILPEKYP PPTELLDLQP LPVTALRNSPN YEILYQDFKH FNPVQIQUET VLYNTINDNVL VAAPTGSGKRT ICAEFAILRN HEEGPDATMR
[VUYIAPLEAT AKEQFRIWEG KEGKGLGLRV VELTGETALD LKLLERGQII ISTPEKWDAL SRRWKQRKYV QQVSLFIVDE LELIGGQHGP VLEVIVSRMR
[¥ISSQVINKI RIVALSTSLA NAKDLGEWIG ASSHGLENEP PGVRPVPLEI HIQGVDISSE EARMQAMIKP® TYTAIVQHAK NKKPAIVEVP TRKEVRLTAV
DLMAYSHMDN PQSPDFLLGK LEELDPEVEQ IREETLRETL CHGIGYLHEG LSSLDQEIVT QLFZAGRIQV CVMSSSLCWG TPLTAHLVVV MGIQYYDGRE
WSHSDYPVPD LLOMMGRASR PLLDNAGRCY IFCHAPRKEY YRRFLYEAFP VESQLQHFLH DNFNAEVVAG VIENKQDAVD YLTWIPMYRR LPQNPNYYNL

8D EL TL SDLEASKCIE VEDEMELSPL NLGMIASYYY ISYTTIERFS SLLSSKTRMK GLLEILTSAS EYDMIPIRPG EEDTVRRLIN

[HQRFSFENPK CTDPEVEANA LLQAMFSRON IGGNLAMDQR DVLLSATRLL QAMVDVISSN GWLNLALLAM EVSQMVIQGH WERDSMLLQL PHFTKDLAKR
CQENPGENIE TVEFDLVEMED EERQELLRMS DAQLLDIARF CNREPNIDLT YETY PGREVILQVM L LRYP v
[VGDTKTNQLL AIKRVSLQRK VKVKLDFTAP SEPGEKSYTL YFMCDSYLGC DQEYSFSVDV KGSGAGDRME E

0.46%|
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