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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.  
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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   Shoot Apical Meristem 

SAMe   S-Adenosyl Methionine 

SE   Serrate 

SET   Suppressor of variegation / Enhancer of Zeste / Trithorax 

siRNA   small-interfering RNA 

sRNA   small RNA 

ssRNA   single-stranded RNA 

tasiRNA  trans-acting small-interfering RNA 

TGS   Transcriptional Gene Silencing 

TrAP   Transcription Activation Protein 

TrIP   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 (mRNAs) (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‐González, 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: 

4134351448309. 
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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 

(sRNAs) 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 

II (RNA Pol II) 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 dsRNA stem and an ssRNA loop, is 

recognized and processed in the nucleus by an RNase III protein in a microprocessor 

complex. In plants, the core microprocessor excises the miRNA from the pri-miRNA in 

two consecutive steps, entailing the RNase III 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 

(Iwata 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 II 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 
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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).  

 

 

 

Figure 1. The miRNA biogenesis pathway.  

RNA Pol II 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 
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miRNA, while the complementary strand is named “passenger” or miRNA* (Chen, 2005; 

Fang and Qi, 2016; Ji et al.; Meister, 2013; Voinnet, 2009; Wu, 2013). miRNAs can direct 

both mRNA 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 dsRNAs into 21-24nt siRNAs, 

which are subsequently methylated by HEN1 and loaded into an AGO-containing 

silencing complex. However, unlike miRNAs, 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 siRNAs (tasiRNAs), 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 polIV synthesizes short transcripts to serve as 

substrates for RDR2 and produce short dsRNAs 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. natsiRNAs 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 polIV, RDR6, 

SGS3, and several other DCL proteins. 
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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 (RdDM) (Matzke and Mosher, 2014; 

Pikaard and Scheid, 2014). Briefly, the plant-specific RNA polymerase IV (RNA polIV) 

synthesizes short transcripts that subsequently serve as substrates for RDR2 to produce 

short dsRNAs, 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; Martínez de 

Alba et al., 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/DCL4 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).  

 



 

9 

 

 

Figure 3. The secondary siRNAs biogenesis pathway. 

RDR6 and SGS3 synthesize the dsRNA that serves as substrate for DCL2 and DCL4, which 

produce 22 or 21nt secondary siRNAs, respectively. Both DCL2 and DCL4 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. 
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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 dsRNA 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 

DCL4 play a major role in antiviral defense and produce virus-derived siRNAs (vsiRNAs) 



 

11 

 

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 sRNA-

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 I 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 I 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 I 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 I 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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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 Benková, 2012; Azizi et al., 2015). While CK enhances the expression 

of WOX and KNOX I 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 

(Su et al., 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 

(Liu et al., 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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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 COTYLEDON1 and 2 (CUC1 and CUC2) in the boundary 

regions is accomplished through miR164 (Figure 5, Figure 6). miR164, which directly 

targets CUC1 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; 
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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).  

 

 

 

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 I 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 III HOMEODOMAIN LEUCINE 

ZIPPER (HD-ZIP) transcription factors (specifically PHABULOSA (PHB), 

PHAVOLUTA (PHV), REVOLUTA (REV), CORONA (CNA), and ARABIDOPSIS 

HOMEOBOX GENE 8 (ATHB8)) 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 III 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 g) 

(Miyashima et al., 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 III 

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 III genes and SAM maintenance (Itoh 

et al., 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/DCL4, 

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 ago10 single mutant. This observation further suggests that 

AGO10 and tasiR-ARFs act in parallel to regulate miR165/6 and HD-ZIP III genes (Liu 

et al., 2009). Since AGO7, SHO2 and RGD2 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 III regulation by auxin (Itoh 

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 lbl1 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 III 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 (Marín-González and Suárez-

López, 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 

ago10 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 mir164 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 II 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 

II 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 

PIN1, PIN5, and PIN6, 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/CHR2. This observation suggests direct 

involvement of TCP proteins in chromatin regulation (Efroni et al., 2013; Schommer et 

al., 2014).   

 

 

 

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).  

 

 

 

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 dcl1 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 

ago1 mutant was recovered. The repression function of AGO1 in seed maturation program 

is through miR165/6 as AGO1 binds to miR165/166 to silence PHB and PHV 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 
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tassel (fzt), was also identified. Loss-of-function fzt mutant contains a missense mutation 

in the RNase IIIa 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 a 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). 

amp1 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 sRNAs 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 I 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 

mRNAs; 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 I, 

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 

hen1, ago1, ago2, dcl4, drb4, ago1 ago2, and dcl2 mutants. However, this phenomenon 

is not seen in dcl1 or dcl3 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 Voinnet, 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 (Laliberté and Sanfaçon, 2010).  

1.3.2 Viral suppressors of RNA silencing 

RNAi 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-RNAi-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 III 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 AGO1 transcripts, producing downregulation 

of AGO1 to escape RISC attack (Várallyay et al., 2010). Aside P19, other VSRs can 

directly target AGO proteins. Polerovirus-encoded P0 is an F-box protein able to form a 

complex with SKP1/CULLIN1 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 AGO1 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 sRNAs.  

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. ago1, hen1, 

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-III 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 hen1-1) 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 III 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 miRNA–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 

et al., 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 RdDM. 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, mRNA 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. 

 

 

 

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 Avra10 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 Avra10 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 AGO1 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 AGO1 is impaired, AGO2 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; Fátyol 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 AGO1 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.  

 

 

 

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; Kaló 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 a 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). 

 

 

 

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 Zn2+ 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 ; 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 Zn2+ 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.  

 

 

 

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, 

ar1, bl1 and br1 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 ssDNA (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. ar1 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. ar1 mutant DNA A shows recovered cell-to-cell movement when BR1 and 

BL1 are provided in trans. No ssDNA accumulated (Jeffrey et al., 1996). 

8. ar1 mutant DNA A systemic movement is not restored by BR1 and BL1 

expression in trans. No ssDNA accumulated (Jeffrey et al., 1996). 

9. ar1 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 ar1 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. PAR1 truncations, but not WT PAR1, are active in the phloem tissue, so TrAP 

possibly acts as a de-repressor of PAR1 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. PBR1 de-repression in the phloem tissue is also dependent on TrAP. 

3. PAR1 and PBR1 of geminivirus that are not restricted to the phloem tissue 

have a conserved late element (CLE) (Argüello-Astorga et al., 1994). 

4. PAR1 is activated by TrAP in mesophyll tissue (Sunter and Bisaro, 1997). 

5. PAR1 and PBR1 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). 

 

 



 

53 

 

 

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, Zn2+-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 PBR1 promoters and can direct TrAP-dependent 

activation. PEAPOD2 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. SAMeDC1 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 dsRNA 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, trapAD (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 



 

56 

 

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 trapAD (Trinks et al., 2005).  

 

 

 

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 et al., 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 



 

59 

 

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, I 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. I hypothesized that TrAP functions through the interaction with host factors 

and I 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-González, 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. 
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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 (SUVH5,6) 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 

et al., 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 lhp1 (like-heterochromatin1) 

and clf. Microarray analyses of TrAP transgenic plants and lhp1 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 H3K9me2 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 

miRNA 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 AGO1 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). sRNA blots were probed using 5’ end 32P-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 

ago1-36; PAGO1-Flag-AGO1 background and ago1-36; PAGO1-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 ago1 (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 

miRNAs 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. 

 

 

 

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 ATH1 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 lhp1 mutants. Photographs were taken of 15-day 

seedlings. (B and C) Microarray results were validated by qRT-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 lhp1. 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 lhp1 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 lhp1 mutants. Cyt450 is a control. (I) 

qRT-PCR analysis of TEs in heterochromatic regions in the lhp1 mutant and TrAP transgenic 

lines. 
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Then, we compared the DEG profiles of the TrAP overexpression lines and loss-

of-function lhp1 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 lhp1 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 as TFL1, AGL5, 

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 lhp1 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 lhp1 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 lhp1 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 of35S-TrAP and lhp1 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 19I), 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-IP condition. We observed that expression of CLuc-HA3-KYP 

in N. benthamiana yielded 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 

Förster 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. 

 

 

 

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.  

 

 

 

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. 2.5μg of prey 

proteins were pulled down with the indicated bait proteins (2.5μg 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). 

 

 

  



 

79 

 

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, 2.5μg of prey proteins were pulled down with the indicated bait proteins (2.5μg 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. 

 

 

 

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 μg of prey proteins were pulled down with the indicated bait 

proteins (2.5 μg 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 SUVHs 

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-14C-SAM as the methyl donor (Figure 25A). Under our experimental conditions, 

1 µM GST-KYP methylated 3 µM 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 [IC50]) (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. 
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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 (ChIP) 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 lhp1 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 lhp1 mutant. This result indicated inhibitory effect of TrAP on KYP activity 

on the TEs 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-qPCR.  

(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. ChIP 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 

ChIP. 

 

 

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 lhp1 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, SUVH5, 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-qPCR 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 normalized to that of TUB8; 

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. 
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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 PKYP-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. (I) 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 



 

97 

 

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 PKYP-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 31I). 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. 

 

 

 

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 

(Millipore Cat# 07-449) and H3K4me3 (Millipore Cat# 04-745). The PCRs were done with 22 

cycles for the input samples and with 28 cycles after ChIP. 
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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 Δtrap) by changing a single nucleotide (T to A) that produces an amber 

mutation and introduces an XbaI restriction site after the sixth codon in the TrAP gene 

(Figure 33A). Then, we assessed systemic infection of CaLCuV and CaLCuV Δtrap 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 Δtrap, 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 trap and CaLCuV sequences. The translated amino acids 

are shown for each sequence, and the XbaI 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 XbaI 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 trap.  
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Particularly, PCR amplification followed by XbaI digestion of the 

viral TrAP region in wild-type plants infected with CaLCuV Δtrap showed loss of the 

XbaI 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 XbaI digestion, confirmed that the detected viral DNAs in kyp mutants indeed came 

from CaLCuV Δtrap and not from a reversion of the mutation in the virus genome. These 

results show that kyp plants sustained systemic infection of CaLCuVΔtrap. Noticeably, 

the titers of accumulated CaLCuV Δtrap 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. 

 

 

 

Figure 34. CaLCuV 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 trap. 5L of the PCR products were run and 3L were used for digestion 

with EcoRI or XbaI 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 Chéné et 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 H3K9me2. 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 



 

106 

 

methylation in the presence of H3K9me1 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; Rodríguez-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 lhp1, which is characteristic of the H3K27me3 pathway. Moreover, the substantial 

overlapping of TrAP-responsive genes with lhp1-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 LHP1 in 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 Chéné et 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 (Højfeldt 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 

et al., 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 (Zhang 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 pER10cLUC-3HA-DC. For this, the pER10 vector was linearized with 

XhoI, filled in with Klenow fragment; and further digested with PacI. In parallel, the cLuc-

3HA-DC insert was obtained by linearizing the pCambia1300-cLuc-3HA-DC (Zhang et 

al., 2011c) plasmid treated with SacI/Klenow treatment and further digested with PacI. 

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 PKYPBamHI 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 PKYP seq For. 

For expression of recombinant proteins, the cDNA 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 SspI, 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 DH5α. The plasmids were further 

confirmed by sequencing and transformed into E. coli BL21 Rossetta DE3 for expression. 

To engineer the CaLCuV Δtrap DNA A infective clone the pNSB1090 plasmid 

was subjected to site directed mutagenesis by amplification with the primers 

CaLCuV_AL2_null_XbaI_for and CaLCuV_AL2_null_XbaI_rev (Supplementary file 8), 

digested overnight with DpnI, cleaned with the QIAquick PCR Purification Kit (Qiagen), 

and amplified in E. coli DH5α. 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/l 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-HCl 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-HCl pH 9, 100 

mM NaCl); the fractions containing the target protein were pulled together, concentrated 

to 100 µM, aliquoted and stored at −80°C until usage. His-GST-KYP was prepared in PBS 

buffer (140 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2HPO4, pH 7.3, 10 

mM 2-mercaptoethanol) incubated with the sepharose glutathione 1 hr at 4°C, eluted with 

elution buffer (50 mM Tris-HCl 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-HCl pH 9, 100 mM NaCl); the 

fractions containing the target protein were pulled together, concentrated to 25 μM 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-HCl 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-HCl 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 μg of 6His-GST-tagged prey proteins were pre-absorbed to 50 µl of 

the amylose resin (NEB) for 1 hr at 4°C in 1 ml of binding buffer (50 mM Tris-HCl pH 

7.5, 150 mM NaCl, 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×g for 2 min, 

transferred to a second tube containing 2.5 µg of the MBP-tagged bait protein, and 

incubated at room temperature for 2 hr. The protein complexes were harvested by adding 

50 µl 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-HCl pH 7.5, 300 mM NaCl, 5 mM MgCl2, 2 mM EDTA, 4 mM DTT, 

0.5% Triton X-100, 1 mM PMSF, 5% glycerol, 2× Roche Complete EDTA-free protease 
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inhibitor); then, the soluble proteins were cleared twice by ultracentrifugation at 

20,000 × rcf for 15 min at 4°C. The protein complexes were immunoprecipitated with 

15 µl 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 μl 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 50 μl of 2× SDS-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 µM ß-estradiol 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-HCl pH 7.5, 

150 mM NaCl, 4 mM MgCl2, 50 μM ZnCl2, 0.1% Triton X-100, 1 mM PMSF, 1% 

glycerol, 3× Roche Complete EDTA-free protease inhibitor, 15 μM 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 μl 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 µl 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 μl 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 μl of 2× SDS-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 HCl pH 8.0, 20 mM 

EDTA pH 8.0, 1.4 M NaCl, 2% CTAB, 2% ß-mercaptoethanol); 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 32P-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 II 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 25µM beta-estradiol for 3 hr prior infiltration, and all the cultures 

were adjusted to OD600 = 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 II 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 µM beta-estradiol for 

3 hr prior infiltration, and all the cultures were adjusted to OD600 = 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 

using 𝐹𝑅𝐸𝑇𝐸𝑓𝑓 = 1 −
𝐷𝑝𝑟𝑒

𝐷𝑝𝑜𝑠𝑡
 , where D is the mean intensity of the donor CFP in the area 

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 µl of reaction mixture containing 3.3 µM Histone 3.2 (NEB), 1 µM 

His-GST-KYP, and 50 nCi of S-adenosyl-[methyl-14C]-L-methionine in HMTase buffer 

(50 mM Tris-HCl pH 9, 10 mM MgCl2, 1 mM ß-mercaptoethanol, 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 



 

119 

 

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 MgCl2, 60 mM KCl, 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 NaCl, 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 



 

120 

 

centrifuged for 10 min at 21,000 × rcf in 4°C. 100 μl 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 µl Protein A Dynabeads (Invitrogen) and 3 μl 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-HCl pH 

8.0, 2 mM EDTA pH 8.0, 150 mM NaCl, 0.5% Triton X-100, 0.2% SDS), followed by 1 

ml of high salt buffer (20 mM Tris-HCl pH 8.0, 2 mM EDTA pH 8.0, 500 mM NaCl, 0.5% 

Triton X-100, 0.2% SDS), then with 1 ml of LiCl buffer (10 mM Tris-HCl 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-HCl, 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 μl of 

elution buffer (100 mM NaHCO3, 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 min at 45°C. The DNA was purified by 

Phenol:Chloroform:Isoamyl 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 MgCl2, 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 μl 

of Nuclei lysis buffer (50 mM Tris-HCl 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 μl 

of the clarified chromatin was diluted 10-fold with ChIP dilution buffer (16.7 mM Tris-

HCl 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 µl 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-HCl 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 μl of Elution buffer (100 mM NaHCO3, 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 lhp1 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 II 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 III reverse transcriptase (Invitrogen) 

primed by random primers. The EF1a 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 I master mix (Applied Biosystems) in a volume of 

10 μl. 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 CaLCuVΔtrap; 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 (TrIPs) 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 mRNA and chromatin metabolism. 
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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 
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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 dsDNA 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 ssDNA 

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 

ssDNA 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-González 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-González 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 -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-C1 (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.  

 

 

 

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  

 

 

 

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.  

 

 

 

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 10-10), glycolysis (p-value = 6.70 x 10-13), and, to a lesser extent, defense 

response to bacterium (p-value = 8.09 x 10-4). 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 -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 (SAM2, 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-SAM2 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 CoIP with 

nLUC-TrAP-Myc and cLUC-HA3-RAN1 fusion proteins. Co-expression of the constructs 

successfully complemented luciferase activity (Figure 40B) and nLUC-TrAP-Myc was 

able to pull down cLUC-HA3-RAN1 under our experimental conditions (Figure 40C). 

Next we used the YFP-RAN1 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-RAN1 across the 

cells, to and from the nucleus as little packages or spots. We then asked whether YFP-

RAN1 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 RAN1 interacted with each other directly, 

we purified recombinant MBP-RAN1 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 RAN1 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-RAN1 interaction was relevant to the virus infection. 

To this end, we obtained ran1 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 ran1 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 ran1 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 RAN1 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-RAN1 is both nuclear and cytoplasmic; note the 

discrete spots of YFP-RAN1 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-RAN1 can 

pull down both CaLCuV and TGMV TrAP proteins. 
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Figure 41. RAN1 is involved in the CaLCuV pathogenesis.  

(A) Time of CaLCuV symptom development in different genetic backgrounds. (B) There was no 

obvious difference in the severity of CaLCuV infection in ran1 mutants. (C) Scale of CaLCuV 

symptoms in ran1 mutant plants. (D) Western blot using anti-Myc antibody to detect expression 

of FM-RAN1 in the complementation lines. 

 

 

We have produced several independent RAN1 complementation lines (Figure 

41D), which express the tagged FM-RAN1 gene from its native PRAN1 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. 
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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 CoIP 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 



 

144 

 

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-PESP3: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 PESP3 (Figure 43D). We chose two of them to test the susceptibility to the 
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CaLCuV infection. We observed a delay in the symptom development when compared to 

the mutant background (Figure 43E). 

 

 

 

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 lhp1 and clf 

mutants (Castillo-González 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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et al., 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-REF6 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  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 ran1 

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, ran1 plants show enhanced resistance to the virus infection 

indicating that each of these RAN proteins might also have functional specificity. The 

hypersusceptibility of ran1 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. 
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Alternatively, RAN1 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 AC1 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 



 

153 

 

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 (RdRP), which synthesize 

dsRNA that can be a source of siRNAs 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-González 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 hog1 (CS1892, and SALK_023915C), sam2 

(SALK_597697C), ran1 (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 M Acetosyringone (Sigma) 

until it reached OD600 = 1.0. The bacteria were harvested by centrifugation at 4000 × rcf 

in 4°C, and resuspended in 10 mM MgCl2 supplemented with 150 M Acetosyringone 

and 25 µM ß-estradiol (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 µM ß-estradiol 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-HCl pH 7.5, 150 mM NaCl, 4 mM MgCl2, 50 μM 

ZnCl2, 0.1% Triton X-100, 1 mM PMSF, 1% glycerol, 3× Roche Complete EDTA-free 

protease inhibitor, 15 μM 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 μl 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 µl 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 μl 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 μl 

of 2× SDS-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-HCl 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-HCl 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-HCl 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-HCl 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-González 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 25µM beta-estradiol for 3 hr prior infiltration, and all the cultures 

were adjusted to OD600 = 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 II 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 µM beta-estradiol for 3 hr prior infiltration, and 

all the cultures were adjusted to OD600 = 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-González 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, pNSB1090 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 M Acetosyringone. The bacteria were harvested by 
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centrifugation at 4000 rcf in 4oC, and resuspended in 10 mM MgCl2 supplemented with 

150 M 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/hog1 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 RAN1, 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 ran1 

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 RAN1 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 
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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-González 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 lhp1 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 lhp1 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 ADK2, 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 a direct 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 Chéné et 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 lhp1 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. 
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Table 3. Identification of TrAP interacting proteins by IP-MS in Arabidopsis thaliana seedlings. 
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