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Abstract 

As more genome sequences become available with every passing day, it is apparent 

that not all of it codes for useful proteins. Much of eukaryotic genomes are composed of 

transposons, parasitic elements that propagate in a cell. Their success impacts host 

genome integrity and shapes gene expression. However, genetic analysis reveals that 

most transposons are quiescent and non-duplicating. This is achieved by silencing 

pathways that manage to keep transposons in an inactive state under normal 

conditions. Chief among them is RNA interference, a small RNA guided mechanism that 

suppresses the expression of complementary transcripts. RNAi acts as a nucleic acid 

based immune system against viruses and repetitive sequences that might otherwise 

cause genome instability. The diversity of RNAi directed silencing pathways is matched 

only by the diversity of transposons. In many organisms, RNAi cooperates with 

heterochromatin factors to target repeats clustered in specific genomic regions like 

centromeres for small RNA generation leading to RNAi-mediated transcriptional 

silencing. In this work, we report two mechanisms of post-transcriptional silencing of 

transposable elements that are independent of the heterochromatin machinery as well 

as the preliminary characterization of two new RNAi-related components using the 

model fungus, Cryptococcus neoformans.  

 

Chapter 2 of this thesis focuses on the ‘multi-point lock’ involving mRNA degradation 

and translation silencing effected by RNAi on an active DNA element in C. neoformans. 

This sheds light on a transposon suppression pathway that is capable of severely 

limiting transposon mobilization in a manner independent of genomic location.  



 v 

 

Chapter 3 discusses an attempt to discover additional components of the RNAi-

mediated transposon silencing pathway through the application of a trans-kingdom 

insertional mutagenesis screen in a transposon activity reporter. We outline the 

identification of Sqs1, a spliceosomal discard related factor as a strong positive hit in the 

screen such that small RNA accumulation is completely abolished in the mutant. Further 

genetic and proteomic studies hint at the involvement of the spliceosome release 

machinery in the coupling of the two important biological processes during small RNA 

biogenesis.  

 

In Chapter 4, we characterize an Argonaute-associated factor that might play a role in 

the bi-fold silencing pathway described in Chapter 2. Argonaute proteins are essential 

components of the RNA induced silencing complex (RISC). We isolated Ago1 binding 

proteins in C. neoformans and identified a protein called Gwo1 that contains numerous 

GW/WG dipeptide repeats common to Ago-associated proteins in higher organisms. It 

bears other hallmarks of GW-proteins playing a role in the miRNA pathway such as P-

body localization but is absolutely required for transposon silencing. Thus, Gwo1 might 

act as the missing link connecting Ago1 to mRNA degradation/ translational silencing of 

transposable elements.  

 

These studies uncover novel pathways and proteins that are critical for RNAi-mediated 

silencing of transposable elements. This might offer insight into similar strategies that 

are operating in other eukaryotes.  
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Chapter 1: General Introduction 

Prashanthi Natarajan 

 

Jumping genes or transposons parasitize most eukaryotic genomes. Discovered more 

than 70 years ago by geneticist, Barbara McClintock, they are found in large numbers in 

nearly all organisms of this kingdom of life [1]. Nearly 45% of the human genome and 

90% of the maize genome is comprised of repetitive elements [2]. Transposable 

elements or TEs are classified into two major type based on their mode of propagation: 

Class I or retrotransposons and Class II or DNA transposons. Class I TEs like long 

terminal repeat elements (LTR), retroviruses and non-LTR retrotransposons mobilize by 

a ‘copy and paste’ mechanism involving an RNA intermediate and a reverse 

transcriptase enzyme. Class II DNA transposons are activated by excision from a donor 

site before insertion into a new genomic location, referred to as ‘cut and paste’. We are 

just starting to uncover the extent to which both classes of TEs contribute to genetic 

diversity and disease.  

 

Transposons have shaped eukaryotic evolution to a great extent by being a source of 

heritable genetic variation [3, 4]. It has been estimated that human populations harbor 

an average estimated 2000 common transposon insertion polymorphisms [5]. This is 

likely an underestimate due to ongoing transposition events. In fact, 4% of human 

protein coding open-reading frames and 25% of promoter regions contain transposon-

related sequences [6, 7]. So much so that approximately 150 human genes have been 

derived from the domestication of transposons including the RAG1/2 endonuclease 
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proteins that are important components of the adaptive immune system [8]. However, 

their drawbacks far outweigh their benefits. Mobilization of transposons is highly 

mutagenic and poses a major threat to genome integrity. About 65 disease-causing TE 

insertions have been documented in human cells [9]. Transposon disruptions of 

important oncogenes have been identified in a number of metastatic diseases [10]. 

Nearly two hundred somatic transposon insertions have been reported from 45 different 

whole genome cancer sequences. The analysis of this dataset showed that somatic L1 

retrotransposon insertions tend to interrupt tumor suppressor genes [11].  

 

In defense, host systems have armed themselves with a number of genome protection 

strategies. Transposons are constantly evolving to evade detection. To ensure 

successful transposon suppression, host resistance mechanisms have to be as 

adaptable and diverse as the transposons themselves. RNA interference has been 

employed in many eukaryotes from protists to humans to recognize and silence 

transposons [12]. In RNAi silencing pathways, small RNAs about 20-30 nt originating 

from transposons or related sequences are loaded onto RNA-induced silencing 

complexes (RISC) containing PIWI-domain proteins like Argonaute or PIWI. They bind 

complementary target RNA to trigger silencing. Thus, they primarily involve two stages: 

small RNA generation and silencing.  

 

The specificity of small RNA pathways lies in the recognition of appropriate loci for small 

RNA generation. One major substrate for this process is double-stranded RNA (dsRNA) 

that is fed into endonucleolytic enzyme called Dicer to form small-interfering RNAs or 
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siRNAs. Often, transposon sequences are rich sources of dsRNA by way their unusual 

structure, terminal inverted repeats or antisense transcription [13-15]. In some cases, 

RNA-dependent RNA polymerase (Rdp) is required for robust siRNA generation [16, 

17], particularly when there is no obvious source of dsRNA. Another class of transposon 

targeting small RNA are called piRNAs due to their association with PIWI-clade of 

proteins. These are generated from specific clusters containing foreign elements in a 

Dicer-independent manner from single-stranded transcripts by a host of proteins 

participating in a novel ping-pong mechanism [18, 19]. The signals that identify Rdp1 

substrates and piRNA precursors remain to be elucidated.  

 

Using the human fungal pathogen, Cryptococcus neoformans, as a model system we 

have made some key observations that spliceosomes stalled on sub-optimal signals on 

transposon-like transcripts signal dsRNA synthesis and siRNA generation. Splicing is an 

important RNA regulatory process that expands the mRNA repertoire of cells. It is 

governed by the recognition of sequence specific signals by the ribonucleolytic enzyme 

complex, the spliceosome, in a series of reversible steps [20, 21]. The model of ‘kinetic 

proofreading’ suggests that each checkpoint in the spliceosomal cycle is in competition 

with an opening to the discard pathway guarded by the ATPase, Prp43 [22, 23]. In C. 

neoformans, RNAi targets tend to have suboptimal splicing features, such as longer 

introns and weaker 5’ splice sites. Strikingly, a weak siRNA target can be converted to a 

strong target by mutating the final 3’ splice site, suggesting that stalling of the 

spliceosome prior to the second catalytic step is a trigger for siRNA production. This is 

further supported by loss of small RNA production upon a compensating mutation in the 
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5’SS, which prevents spliceosome assembly. Finally, deletion of the debranching 

enzyme, Dbr1, results in loss of small RNAs, suggesting that linearization is a 

necessary step for production of dsRNA from target transcripts [24]. Taken together, 

these findings strongly suggest that the lariat intermediate serves as a substrate for 

siRNA production. Furthermore, the spliceosomal discard machinery may play an 

important role in signaling Rdp1 to synthesize dsRNA. Further studies are needed to 

support this hypothesis.  

 

Depending on the pathway and context, the silencing step of RNAi proceeds by a 

variety of transcriptional and post-transriptional mechanisms. In the fungus, Neurospora 

crassa, a process called repeat-inducted point mutation (RIP) inactivates repetitive 

sequences such as TEs by introducing C-to-T transitions [25]. In worms, 22G endo-

siRNAs associate with WAGO proteins to direct transposon silencing through H3K9 

methylation and mRNA degradation [26, 27]. In flies, intrinsic siRNAs are derived from 

well-known TEs in somatic cells [28] and silence them through the recruitment of 

heterochromatin factors [29]. Furthermore, piRNAs acting in the germ line of most 

animals function to protect against genome invaders by PIWI-directed transcriptional 

silencing [30, 31]. There are even suggestions of translational silencing of transposons 

in the likes of that seen with miRNAs. However, direct evidence of this process is 

lacking.  

 

Through this thesis, we hope to tackle some of these intriguing questions pertaining to 

transposon recognition and silencing using the genetically tractable fungal model 
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system, C. neoformans. Three common serotypes of C. neoformans are found to exist 

in nature, Serotype A, D and B. More than a decade ago, Liu et al. showed that 

expression of dsRNA against two genes, CAP59 and ADE2, in Serotype D C. 

neoformans cells resulted in a reduction in gene expression, hinting at the existence of 

an active RNAi pathway in this organism. Several years later, the phenomenon of Sex-

induced silencing (SIS) was described as a type of RNAi-mediated cosuppression that 

recognizes repetitive arrays and transposon-like sequences and targets them for 

silencing during the Cryptococcus sexual cycle [32, 33]. Homologs of established RNAi 

factors, RNA-dependent RNA polymerase, Dicer and Argonaute were also identified 

and found to be required for robust endogenous siRNA accumulation in mating cells 

[33]. Mutations in RNAi factors did not affect general cell viability in normal growth 

conditions as well as in a number of stresses [34]. However, the mobilization of several 

transposons was activated in the absence of RNAi during mating in Serotype A and 

during vegetative growth in Serotype D [33, 34]. Furthermore, basidiospore formation 

was disturbed in these cells as well compared to wild-type. Therefore, RNAi is active in 

C. neoformans and is directed against TEs and repetitive regions. We chose to use this 

system to dissect the molecular mechanisms behind RNAi-mediated transposon 

silencing. 

In Chapter 2, we provide an annotation of all full-length transposons in C. neoformans 

var. grubii H99 (Serotype A). This is useful for determining for the first time the 

proportion of siRNAs directly targeting potentially active elements. We developed a 

reporter system using the only active DNA transposon we isolated and used it to assay 

for the effect of RNAi mutants on transposon silencing. Over 3000-fold increase in 
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transposon activity is seen for RNAi factor deletions in this reporter background. We 

sought to determine the silencing effector mechanisms in these cells. Unlike certain 

organisms described previously, RNAi and heterochromatin formation function 

independently to suppression transposon gene expression. Using developed ribosome 

profiling for Cryptococcus assessing the impact of RNAi on transposon protein 

expression. Using footprinting in conjunction with RNAseq, we uncovered mature 

mRNA degradation and translational silencing of transposon transcripts by Ago1.  

 

Chapter 3 discusses the application of a genetic screen using the transposon activity 

reporter to isolate novel factors involved in RNAi-mediated transposon suppression. We 

employed Agrobacterium tumefaciens facilitated trans-kingdom transfer of T-DNA to 

generate insertional mutants in the reporter strain and screened them for transposon 

activation. Through this method, we identified a G-patch protein that bears homology to 

Prp43 associated factor, Sqs1. Null mutations in Sqs1 were found to completely abolish 

siRNA accumulation and lead to a 3300-fold increase in transposon activity. It further 

associated with RNAi factors and Prp43 I immunoprecipitation. Prp43 is the chief 

ATPase that funnels stalled lariat intermediates. The discovery of a G-patch protein 

required for transposon suppression provides clues for the potential coupling of the 

splicing dicard pathway to siRNA biogenesis. 

 

At last, the contents of Chapter 4 describe the identification of a novel Ago-associated 

protein, Gwo1, which plays a specialized role in siRNA accumulation and transposon 

suppression. There are numerous examples of proteins containing clusters of glycine-
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tryptophan (GW/WG) dipeptides that serve as binding platforms for Argonaute. Despite 

their diverse structure, these proteins uniformly interact with Ago through their GW-

domains and are essential for small-RNA mediated silencing. We show that the GW-

protein, Gwo1, is associated with Ago1 in immunoprecipitation and two-hybrid 

experiments. It is required for transposon silencing and impacts siRNA accumulation 

from a specific set of repetitive loci. Similar to Ago1 is impact translational silencing. 

Interestingly, it localizes to cytoplasmic foci that overlaps with RNA processing factors 

such as the decapping enzyme, Dcp1. This leads us to speculate that Ago1 and Gwo1 

might function in mRNA decay and translational silencing in a manner similar to 

miRNAs. 

 

Together these studies shed light on the various mechanisms of transposon recognition 

and silencing. They may be helpful to understand similar processes in higher 

organisms.  
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Chapter 2: Bifold RNAi silencing exerts tight miRNA-like control over transposon 

expression 

 

Prashanthi Natarajan, Jade Sales-Lee, Christina Homer, Joshua G. Dunn, Xiaoyu Zhuo, 

Cedric Feschotte, Jonathan Weissman, Hiten D. Madhani 

 
Contributions 

P.N. and H.D.M designed the study. J.S.L performed the experiments in Fig. S6. C.H. 

and J.G.D assisted in data analysis for RNAseq and Ribosome profiling respectively. 

X.Z. and C.F. identified and annotated the transposons presented in Table I. P.N. 

performed all other experiments and analyzed the data. 

 

Introduction 

Transposons are mobile genetics elements that populate the genomes of most 

eukaryotes. Their expansion poses a severe threat to normal gene expression and 

genomic integrity. Cells have evolved robust defense systems for limiting their activity. 

One of the major ones among them is RNA interference (RNAi), which essentially 

involves the generation of small interfering RNA that base pairs with complementary 

transposon transcripts to effect silencing. These silencing pathways are as diverse as 

the transposons themselves implicating both transcriptional and post-transcriptional 

mechanisms. In the fungus, Neurospora crassa, a process called repeat-inducted point 

mutation (RIP) inactivates repetitive sequences such as TEs by introducing C-to-T 

transitions [1]. In worms, 22G endo-siRNAs associate with WAGO proteins to direct 

transposon silencing through H3K9 methylation and mRNA degradation [2, 3]. In flies, 
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intrinsic siRNAs are derived from well-known TEs in somatic cells [4] and silence them 

through the recruitment of heterochromatin factors [5]. Further, piRNAs acting in the 

germ line of most animals function to protect against genome invaders [6, 7]. Thus, 

RNAi is a powerful defense system against transposons with myriad approaches that 

depends on the context and cell type. In addition, there are examples of more of than 

one process layered one on top of the other for firm restriction of transposon activity [8].  

 

In the pathogenic fungus, Cryptococcus neoformans, Wang et al. have described an 

RNAi-induced transposon silencing mechanism that functions during the reproductive 

cycle called sex-induced silencing [9].They failed to detect appreciable transposon 

mobilization as well as mRNA accumulation in RNAi mutants in the vegetative state. 

However, we have previously shown that abundant endogenous siRNAs are derived 

from transposon-like sequences in these cells. Through this work, we define the 

silencing effector mechanisms operating in C. neoformans. Using a transposon 

mobilization assay we developed, we have identified an active DNA transposon in this 

organism and demonstrated its activity in vegetative cells in the absence of RNA 

interference. Notably, we report the stacking of mature mRNA degradation and 

translational silencing of transposon transcripts over each other to present a ‘multi-lock’ 

mechanism of tight transposon silencing reminiscent of miRNAs.  

 

Materials and Methods 

Yeast Strains and Media 
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Yeast strains used in this study are listed in Table S1. All strains were derived from 

Cryptococcus neoformans var. grubii Serotype A H99. Strains were grown in YPAD (1% 

yeast extract, 2% Bacto-peptone, 2% glucose, 0.015% L-tryptophan, 0.004% Adenine) 

or SC (1.5g/l yeast nitrogen base, 5g/l ammonium sulfate, 2% glucose).  

 

FK506 assay 

Strains to be tested were grown to saturation and serial dilutions were plated on YPAD 

and YPAD+FK506 (Sigma) (0.1ug/ml) plates and incubated at 37°C for 2 days. 

 

Transposition assay 

Strains containing the full length Harbinger transposon reporter in the URA5 locus were 

grown overnight to saturation. Serial dilutions in PBS were then plated onto SC and 

YNB-uracil media. Plates were incubated at 30°C for 3 days. Frequency was calculated 

as the ratio of the number of colonies growing on –URA plates over total number of cells 

plated. Numbers are the average of three biological replicates. 

 

RNA Isolation and RNAseq 

Total RNA was isolated from log phase cells using Trizol reagent. PolyA selected 

mRNA was purified from total RNA using two rounds of the Oligotex mRNA mini kit 

(Qiagen) and used to construct libraries using the NEBNext Ultra Directional RNA 

Library Prep kit (New England Biolabs). Libraries were sequenced on the HiSeq 2500 

(Illumina). Two biological replicates were performed for each experiment. 
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Reverse transcription and PCR 

10ug of total RNA was treated with TURBO DNase (Ambion). 1ug of the resulting DNA 

free RNA was reverse transcribed using the Superscript III First Strand synthesis 

system with oligo-dT20N. (Invitrogen). 1:5 dilution of the cDNA was assayed by SYBR 

green qPCR using primers listed in Table S2. Conventional PCR was performed in 

cases where the product was too long for qPCR, run on a 6 or 8% TBE gel and stained 

with SYBR gold (1ug/ml). Bands were quantified using ImageJ software. For figures 4D 

and 4E, comparison of wild-type and ago1Δ was performed in the linear range of PCR 

product accumulation. This was verified by running two-fold dilutions of the product and 

quantifying the bands as shown in supplementary figure S.  

 

Small RNA sequencing 

10ug of total RNA resolved on a 15% TBU gel (Life Technologies) was stained with 

SYBR gold and small RNAs running between 20-30 ntds were excised. Small RNAs 

were precipitated and cloned as described for ribosome profiling except for rRNA 

subtraction, which was omitted.   

 

Ribosome profiling 

Cells were grown to log phase in 750 ml of YPAD with shaking at 30°C. 100 ug/ml 

cyclohexamide (Sigma) (dissolved in 100% ethanol) was added to the culture and 

incubated for 2 minutes. 50 ml of the culture was withdrawn for performing RNAseq in 

parallel. Cells were then pelleted, resuspended in 5ml of lysis buffer (50mM Tris-HCl 

pH. 7.5, 150mM NaCl, 10mM MgCl2, 5mM DTT, 0.5% Triton and 100ug/ml 
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cyclohexamide) and snap frozen. Lysis, clarification, RNaseI digestion, sucrose gradient 

separation and monosome isolation was performed as in Ingolia et al.  

 

Ribosome protected fragments were isolated from the monosome fraction using hot 

phenol. 150ug of the total RNA extracted from the 50 ml of culture in parallel was polyA 

selected using the Dynabeads mRNA purification kit (Thermo Fisher Scientific) and 

digested using freshly made fragmentation buffer (100mM NaCO3 pH. 9.2 and 2mM 

EDTA) for exactly 20 mins.  

 

RNA was resolved on a 15% TBU gel. A gel slab corresponding to 28-34 nt was excised 

for footprint samples and around 50 nt for mRNA samples, eluted and precipitated. 

Sequencing libraries were generated from the RNA fragments as described in Dunn et 

al. with the following modifications [10]. cDNA was synthesized using primer oCJ11 (ref. 

Table S2). Two rounds of subtractive hybridization for rRNA removal was done using 

oligos ras1-8 listed in Table S2. After circularization, libraries were amplified for 9 cycles 

using oligos oNTI231 and oNP6, 7, 8 or 9. Footprint libraries were sequenced 

individually and RNAseq libraries were multiplexed with two per lane.  

 

Gradient RT-PCR 

Cells were grown, harvested and lysed as for ribosome profiling. 20 A260 units of the 

clarified extract was run on a 4-20% sucrose gradient. After centrifugation, the gradient 

was collected into 15 equal fractions. The top, middle and bottom portions were obtain 
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by combining equal parts of 1-5, 6-10 and 11-15 fractions respectively. 1ul of this was 

used for cDNA synthesis as using the Cell-to-CT kit. Primers are listed in Table S2. 

 

Transposon Analysis 

C. neoformans genome was downloaded from the Broad institute and mined against all 

known transposon proteins using BLASTX. Significant hits were extended 3-5kb on both 

sides until terminal inverted repeats (TIR), long interspersed repeats (LTR) or target site 

duplications (TSD) to find full length autonomous elements. Based on homologies they 

were classified into corresponding super families. 

 

RNAseq data analysis 

RNAseq data was aligned to the C. neoformans genome with the available Broad 

Institute annotation for transcripts using Tophat [11] and its default options. All reads 

aligned to both mRNA and full-length transposons, as annotated in this work, were 

counted and compared between datasets after normalizing using the TMM algorithm 

[12].  

 

Small RNA sequencing data analysis 

Sequencing data was first aligned to a database of C. neoformans rRNA to remove 

matching reads. Of the remaining reads, those smaller than 18 nt were discarded. The 

rest were aligned to the genome using Bowtie1 allowing for 2 mismatches and random 

assignment of multiple aligning reads. Aligned reads were then counted and compared 

between datasets after normalizing for library size and transcript size. 
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Ribosome profiling data analysis 

Ribosome footprints and its corresponding RNAseq data were analyzed in parallel as 

follows. Sequencing data was sequentially aligned to a) rRNA and tRNA database, b) C. 

neoformans genome and c) annotated splice junctions allowing for 2 mismatches and 

random assignment of multiple aligning reads. Aligned reads were pruned of those 

smaller than 25 nt, counted and compared between datasets after being expressed as 

reads per kilobase per million (RPKM). Translation efficiency is calculated as the ratio of 

footprint RPKM in the coding sequence (CDS) to the mRNA fragment abundance 

across the entire locus. When comparing translational efficiency, we restricted our 

analyses to genes that had at least 128 read counts.   

 

Results and Discussion 

In order to investigate the detailed molecular mechanism of transposon suppression, it 

is necessary to obtain the complete list of full-length autonomous transposons in C. 

neoformans var. grubii H99 and their chromosomal locations. Utilizing a set of available 

transposon proteins, we mined the C. neoformans H99 genome for homologs. Positive 

matches were further extended to find other transposon features such as tandem 

inverted repeats (TIRs). Through this method we were able to identify 7 families of DNA 

transposons with hallmarks of autonomous elements, 3 families with fragmented 

elements containing significant protein domains and 9 different full-length 

retrotransposons including both LTR and non-LTR families. These are listed in Table 1. 

As reported previously for JEC21, majority of the retrotransposons we identified are 

clustered within the centromeric boundaries of all 14 chromosomes [13, 14]. This is in 
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contrast to the DNA transposons, which are distributed across the genome (Fig.1A). A 

comparison of the transposons discovered in the C. neoformans JEC21 strain reveals 

the evolutionary divergence of these two strains. For example, of the 6 Gypsy class of 

retroelements (Tcn1-5, Tcn10), only 4 were found in this serotype (Full-length Tcn5 and 

Tcn10 were missing). We were able to identify 5 additional Copia elements as well. 

Strikingly, we were unable to reconstruct Cnl1, the most abundant complete long 

interspersed nuclear element-like retrotransposons found in JEC21 (LINE-like) in the 

genome of the H99 strain [15, 16]. Among the DNA transposons, the Harbinger element 

is represented by a sequence belonging to the PIF/ Harbinger superfamily and appears 

to be divergent from the Harbinger_Cn1 previously annotated in the JEC21 genome. A 

Cryptococcus specific element, Crypton was also found to be intact in sequence. 

Several transposons of the Mariner superfamily were found to be present as well. 

 

Previous studies have shown that Cryptococcus has abundant endogenous siRNAs 

derived from transposon related sequences in the centromeres, genic and intergenic 

regions during both vegetative growth and mating [9, 17]. In order to identify the 

endogenous siRNAs targeting the full-length transposons, we sequenced small RNAs 

between 20-30 nt from vegetative cells and mapped them to the transposon consensus 

we identified. Majority of the small RNAs were derived from the following TEs: DNA 

transposons, CACTA and Harbinger as well as retrotransposons, Tcn1 and Tcn4. In 

contrast, certain others had no siRNAs derived from them: Crypton, Tc1, CN23-1, 

CN72-1 and CN73-1 (Fig. 1B). siRNA targeting did not appear to be influenced by the 

chromosomal positions of the transposons. As expected, siRNAs were completely lost 
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upon the deletion of Ago1, the only argonaute in this strain (Supplementary Fig. 1A). 

This suggests that RNAi targets transposons robustly during vegetative growth.  

 

The retrotransposons in the centromere give rise to a large number of siRNAs. This 

feature has been seen in other fungi such as Schizosaccharomyces pombe, where their 

accumulation is controlled by both RNAi and heterochromatin factors such as the 

histone methyltransferase, Clr4 [18-20]. In this system, siRNAs are completely 

abolished in the absence of Clr4. In addition, many other organisms have RNAi-

dependent heterochromatin formation that takes over transposon suppression such that 

loss of the histone methyl transferase or Ago1 or the related PIWI domain effector 

protein results in significant accumulation of transposon transcripts [21, 22] . However, 

in Cryptococcus, it has been previously reported that H3K9 methylation over the Tcn1 

retrotransposon was unaffected in RNAi mutant strains [9]. Therefore, we sought to test 

the effect of Clr4 knock out on siRNA accumulation and transposon mRNA levels by 

sequencing. Remarkably, siRNAs against TEs are not lost in a clr4Δ. In fact, there 

appears to be an increase in the siRNAs against some TEs (Fig. 1C). RNAseq 

experiments reveal that only centromeric retrotransposon mRNA levels increase 

significantly in the mutant strains despite the presence of abundant small RNAs (Fig. 1D 

and S2). This suggests that RNAi and heterochromatin formation are independent from 

each other in this organism.  Clr4 appears to control the levels of only centromere 

clustered retrotransposons without the help of siRNAs.  
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Investigations of the role of siRNAs in transposon suppression in Cryptococcus using 

microarrays has led to the conclusion that they suppress the levels of some TE-like 

mRNAs during sexual reproduction. The function of endogenous small RNAs during 

vegetative growth remains unresolved. As stated in the introduction, Ago1 or related 

PIWI effector proteins control TE mRNA levels through transcriptional repression or 

post-transcriptional slicing in a number of different systems such that TE mRNA levels 

go up dramatically in mutant strains. In order to study this, we performed RNAseq in 

ago1Δ cells and mapped the resulting reads to the transposon database we generated. 

As shown in Fig. 1E, there were no significant transcript changes for either genes or 

TEs between the wild-type and ago1Δ strain. Therefore, we conclude that transposon 

suppression in Cryptococcus does not involve RNAi-mediated transcriptional silencing. 

 

What is the function of RNAi in transposon suppression in Cryptococcus? To answer 

this question, we need to be able to assay for transposon activity in wild-type and RNAi 

mutant strains. Studies of transposon mobilization have used the FKBP12 encoding 

gene, FRR1 as a transposon trap [23]. Intact FKBP12 protein binds the 

immunosuppressant drug, FK506, and causes toxicity to Cryptococcus via calcineurin 

inhibition [24]. Greater numbers of spores from the mating of RNAi mutant strains were 

found to resistant to FK506 compared to wild-type [9, 25]. Insertions of the Harbinger 

DNA transposon were found in the FRR1 locus of resistant colonies. During mitosis, the 

fold change in the number of RNAi mutant colonies on FK506 plates was 3.5-fold in H99 

and 10-fold in JEC21. In order to capture active transposons, we plated dilutions of a 

number of saturated cultures of the wild-type and ago1Δ strain on FK506 at 37°C. As 
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shown in Table S3, ago1Δ cells showed a 3-fold increase in resistant colonies on 

FK506 plates. Using primers listed in Table S2, the FRR1 gene was amplified from 

these colonies and bands larger than the actual gene size were sequenced. This 

process revealed the activity of the previously discovered PIF/Harbinger DNA 

transposon that had inserted in the Frr1 gene (Fig. 2A).  

 

The PIF/ Harbinger family of class II TE is wide spread among plants, insects and 

protists [26-28]. Autonomous elements contain two genes, ORF1 coding for a 

transposase (TPase) and ORF2 coding for a protein of unknown function containing a 

DNA binding domain, essential for transposon activity [29]. These genes are flanked by 

a 14-25 bp terminal inverted repeat (TIR) along with 3 bp target side duplication. The C. 

neoformans var. grubii element we cloned has all these features (Fig. 2B).  

 

The transposon trap method aids in the easy identification of active transposons but 

does not reflect accurate transposon excision rates. In order to determine this for the 

Harbinger transposon, we developed a reporter by cloning the ~3 kb full-length element 

into the second intron of the URA5 gene (Fig. 2C). This insertion elongates the intron 

and disrupts splicing since intron length in Cryptococcus is strongly modal (). 

Transposon excision restores the URA5 intron and uracil expression, which can be 

assayed by plating on synthetic media lacking uracil. We obtained knock-outs of RNAi 

factors and Clr4 in this reporter strain. In wild-type cells, we were able to detect minimal 

transposon mobilization as seen by very few colonies growing on media lacking uracil. 

In contrast, there were ~3000-fold more colonies when saturated cultures of ago1Δ 

20



were applied on –ura plates (Fig. 2D). Similar increase was also seen with other RNAi 

factors but not clr4Δ (Fig. 2E). In wild-type cells, the Harbinger element is targeted by 

numerous siRNAs antisense to ORF1 (Fig. 2F). From this, we can infer that the 

Harbinger transposon is active during vegetative growth and RNAi serves to curb its 

excision effectively. However, a closer look at the RNA-seq data reveals that the 

Harbinger element mRNA levels do no change in the ago1Δ compared to wild-type (Fig. 

2F). It is clear that Ago1 functions to silence Harbinger in a novel post-transcriptional 

manner.  

 

Argonaute proteins associated with miRNA have been known to silence gene 

expression through mRNA degradation as well as translation repression [30]. A chief 

feature of this mechanism is that the mRNA levels change much less in an RNAi mutant 

compared to the change in protein level. Tethering experiments have shown that 

translation repression is a common feature of several members of the Argonaute family 

[31]. Since translation was found to be the major predictor of protein abundance, direct 

measurements of protein synthesis should give a precise picture of the effect of RNAi 

on transposon protein expression. This prompted us to look at global translation levels 

in the ago1Δ to access the effect on protein production. For this purpose, we 

implemented the ribosome profiling method in C. neoformans [32]. This technique, 

performed before in a few other organisms, uses ribosome footprint density within a 

coding sequence as a measure of protein synthesis [10, 33]. It involves immobilization 

of ribosomes on the mRNA through the use of a translation elongation inhibitor, 
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digesting of mRNA in cell extracts to obtain single ribosome protected fragments and 

purifying them for sequencing.  

 

This is the first report of ribosome profiling in Cryptococcus. We characterized 

translation in vegetative cells during log phase growth. Refer to the materials and 

methods section for a detailed description of the experimental procedure. We found that 

unlike Saccaromyces cerevisieae, Cryptococcus cannot be harvested by filtration due to 

its capsule. So in order to preserve ribosome positional information, cyclohexamide was 

chosen to produce translation arrest and the cells were quickly spun down, flash frozen 

and subjected to cryogenic lysis. RNAseI was used to obtain ribosome footprints. Fig. 

3A shows the typical output from a cell extract applied on a sucrose gradient with 

distinct polysomal peaks. These peaks collapse into a single large monosomal peak 

when treated with RNase I as expected. RPFs were purified through gel separation and 

extraction. We performed subtractive hybridization with Cryptococcus specific oligos 

against abundant ribosomal rRNA contaminants to obtain meaningful coverage of the 

rest of the genome and detect low abundance species like transposon proteins. Custom 

analysis of sequencing data revealed that Cryptococcus ribosome protected fragments 

(RPFs) were between 28-30 nt in length as seen for other organisms (Fig. 3B) [10, 33]. 

RPFs also had a strong 3 nt periodicity reflecting the position of the ribosome on the 

message (Fig. S3).  

 

Comparison of RPFs between wild-type and ago1Δ reveals identical ribosome 

distribution over most genic and transposon mRNA (Fig. 3C). Remarkably, the two 
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identical copies of the Harbinger element appeared off the diagonal and are increased 

in the ago1Δ. In wild-type cells, scant ribosome reads were found only over the first 

exon, which could be attributed to the cyclohexamide arrest, while there were numerous 

reads all across the gene in ago1Δ  (Fig. 3D). Further analysis of the data shows that 

the abundance of RPFs is 25-fold greater in the ago1Δ but the RNA levels are only 

about 2-fold higher in the same strain (Fig. S4). We calculate translation efficiency as 

the ratio of ribosome footprint reads over coding sequences and RNA reads across the 

entire transcript. Harbinger element was the only transposon with translation efficiency 

higher (~15-fold) in the ago1Δ compared to wild-type (Fig. 3E). In order to investigate 

this further, we performed traditional RT-qPCR on RNA across the different fractions of 

a polysome gradient using primers against Harbinger ORF1, the small RNA target. 

ORF1 mRNA was found to accumulate in polysomal fractions in the ago1Δ and this 

enrichment was absent in normal cells (Fig. 3F). In addition, we applied similar 

ribosome profiling and analysis methods to the C. neoformans var. neoformans 

(Serotype D) strain that has a greater number of active transposons reported and found 

that there were other TEs such as the MUDR DNA transposon exhibiting RNAi-

mediated translational control (Fig. S5). These results argue for the translational 

silencing of DNA elements such as Harbinger by endogenous siRNAs.  

 

During our analysis of sequencing data, we noticed that Harbinger ORF1 gene had 

RNAseq reads mapping to two of its three introns (intron 1 and 3), while ribosome 

footprint reads were restricted to exonic sequences hinting at the existence of 

alternatively spliced isoforms (Fig. 4A and 3D). Further RT-qPCR experiments with 
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exon-junction spanning primers across intron 2 and intron 3 revealed striking 

discrepancy. mRNA containing spliced intron2 accumulates only ~2-fold in ago1Δ cells 

but those containing spliced intron3 was nearly 12-fold higher (Fig. 4B). This intriguing 

observation led us to hypothesize that ORF1 had multiple isoforms that might be 

differentially regulated by RNAi. In order to visualize the various isoforms, we performed 

RT-PCR on the full length mRNA and ran a SYBR gold stained gel. Three major bands 

corresponding to mRNA isoform I, II and III (same size) as well as the mature mRNA, IV 

were apparent (Fig. 4C). The pre-mRNA was not detectable indicating that intron2 was 

rapidly and completely spliced out. Comparison of wild-type and ago1Δ samples 

revealed that the mature mRNA, which corresponds to 50% of the total transcript in the 

ago1Δ was much lower in wild-type. We quantified the levels of total mRNA as well as 

the mature mRNA using exon-junction spanning primers across intron2 as well as exon-

junction spanning primers across intron1 and intron3, respectively. The product was 

visualized at several different PCR cycles in order to ensure product accumulation was 

in the linear range during quantification as described in the materials and methods (Fig. 

S6). In concordance with the RNA-seq as well as qPCR data, total mRNA levels were 

found to be 2.5-fold higher in the ago1Δ (Fig. 4D). However, there was 15-fold greater 

accumulation of mature mRNA in the same sample (Fig. 4E). Taken together, these 

results argue for alternative splicing of ORF1 transcript such that the mature mRNA with 

all introns spliced out comprises only about 50% of the total and siRNAs specifically 

degrade that species only. This conclusion through careful experimentation is in stark 

contrast to the simple interpretation of RNAseq data, where it is not possible to 

accurately quantify all the different species. Given the prevalence of alternative splicing 
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in higher organisms, differential regulation such as this example might be hidden waiting 

to be discovered. 

 

Visualization of the ribosome profiling reads show that they map only to the exonic 

regions of the Harbinger ORF1 gene, suggesting that only the mature mRNA was 

translated. This raises the question of whether the observed translational silencing 

phenotype was due to the large change in mature mRNA levels or if there is additional 

repression. To answer this, we separated cell extract on a sucrose gradient, collected 

equal volume of fractions across the gradient, combined them evenly to obtain top, 

middle and bottom fractions, extracted RNA and performed RT-PCR on them with the 

same mature mRNA primers used in Fig. 4E.  As shown in Fig. 4F, mature mRNA in the 

ago1Δ sample was progressively enriched in the bottom polysomal fraction indicative of 

its high translatability. The opposite trend was true for wild-type samples where the 

mature mRNA was concentrated in the top and middle fraction, being mostly absent in 

the bottom translating polysomal fraction. A well-translated transcript corresponding to 

the Dynein protein, was used as a control and showed equivalent enrichment in the 

polysomal fraction for both wild-type and ago1Δ. Based on these results, we propose 

that the Harbinger ORF1 mature mRNA is translationally repressed by siRNAs and 

occluded from ribosomes, in additional to being degraded.  

 

We describe here the characterization of RNAi-mediated silencing mechanisms in 

Cryptococcus neoformans. We have cataloged the sequences and locations of all full-

length transposons in the H99 strain. It is a valuable resource to the community for 
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genomic analysis. Further dissection through the application of ribosome profiling 

complemented with detailed RT-PCR analysis shows that the siRNA targeted gene, 

ORF1, within the active DNA element, Harbinger, is subjected to specific degradation of 

its spliced transcript as well as translational repression. This unique ‘multi-point lock’ 

mechanism is effective at curbing transposon mobilization in these strains such that in 

its absence there is about a 3000-fold increase in activity. Tight silencing of transposons 

through not one but two pathways such as slicing and heterochromatin formation has 

recently been reported [8]. In this paper, we demonstrate such a robust transposon 

suppression mechanism that operates at the level of specific mRNA species and its 

resulting translation. Given recent advances in the understanding of siRNA-mediated 

genome defense by transcriptional silencing, it is striking that the two processes appear 

to be divergent in this system. Heterochromatin factors do not appear to impact siRNA 

biogenesis and RNAi does not alter the levels of TEs controlled by those factors. The 

presence of functionally important genes right next to the active DNA transposon copies 

silenced by RNAi (Fig. S7) and the wide distribution of other DNA elements over the 

rest of the genomes provides us with some clues. Further, research on piRNA mediated 

transposon silencing in higher organisms shows that TEs inserted within the introns of 

protein coding genes escape transcriptional silencing and has led to the proposal that 

mRNA degradation marks spliced transcripts vs. precursors (Klattenhoff, 2009). In such 

situations as well as others like in C. neoformans with a high gene density genome and 

transposons speckling it, targeted heterochromatin establishment might not be feasible. 

This is important since recent reports emphasize the toxicity of unrestricted 

heterochromatin spread as well as the effect of transcriptional repressed domains on 
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nearby genes [6]. Further, post-transcriptional pathways are independent of transposon 

location such as within introns of genes or copy number and will likely be highly 

effective at keeping a rapidly expanding transposable element in check.   

 

mRNA degradation via small RNAs are known to occur in two ways – slicing and 

deadenylation. Cryptococcus Ago1 is likely slicing competent due to the conservation of 

its catalytic residues (Fig. S8). However, even slicing competent Argonaute proteins 

have been known to impact mRNA levels by interacting with deadenylation factors [34]. 

Deadenylation as well as translational repression have been associated with specialized 

cytoplasmic foci called p-bodies or processing bodies, where the relevant protein factors 

cluster away from ribosomes [35]. Given the localization of Ago1 in P-bodies [9, 17], we 

would like to propose the model that mature transposon transcripts coated with base 

paired siRNAs are occluded from ribosomes, moved to p-bodies, where they are 

translationally repressed and degraded. This process is reminiscent of miRNA 

regulation thus far described only in multicellular organisms. Wider prevalence of this 

‘multi-lock’ mechanism of genome defense in other systems merits further research.   
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Figure Legends 
 
 
Main Figures 
 
Figure 1: RNAi-directed transposon silencing is independent of heterochromatin factor, 
Clr4.  
(A) Chromosomal locations of newly annotated autonomous transposable elements. 
Retrotransposons are located exclusively at centromeres 
(B) Plot showing siRNA sequencing reads mapping to full-length TEs  
(C) Plot showing siRNA sequencing reads mapping to full-length TEs in clr4Δ. siRNAs 
are not lost but are in fact increased for some TEs.  
(D) Scatter plot of RNAseq reads in WT and clr4Δ. Each dot represents a gene or a 
transposon. Expression of centromeric retrotransposons are elevated in clr4Δ but DNA 
transposons are unaffected 
(E) Scatter plot of RNAseq reads in WT and ago1Δ. Each dot represents a gene or a 
transposon. Transposon transcript levels are unaffected 
 
Figure 2: RNAi silences active DNA element, Harbinger, in vegetative cells.  
(A) FRR1 gene depicting one of the sites of Harbinger DNA transposon insertion 
isolated in FK506 transposon trap assay 
(B) Representation of Harbinger gene locus architecture  
(C) Schematic of transposon mobilization assay  
(D) Media lacking uracil plated with a dilution of WT or ago1Δ saturated cultures. WT 
plates have no growth and ago1Δ plates have a number of ura+ colonies  
(E) Frequency of ura+ colonies calculated as a ratio of number of colonies on –ura 
plates to the total number of cells plated  
(F) siRNA and mRNA sequencing reads mapping to the Harbinger locus in WT and 
ago1Δ strains. siRNAs are antisense to the ORF1 transposase gene. Total RNA levels 
remain largely underaffected 
 
Figure 3: Ribosome profiling reveals translation silencing of Harbinger transposase by 
RNAi.  
(A) Fractionation of C. neoformans cell extract on a sucrose gradient with and without 
RNAseI digestion. Polysomes collapse to a single large monosomal peak in the 
digested sample as expected  
(B) 28 nt reads form the majority of the sequencing reads in the digested footprint 
sample as seen in other systems validating the assay  
(C) Scatter plot of footprint reads from WT and ago1Δ. Ago1 does not affect ribosome 
footprint occupancy on any gene but suppresses translation of the Harbinger DNA 
transposon marked by arrows off the diagonal in the plot. Each point represents a gene 
or a full-length TE  
(D) Footprint reads mapping to the ORF1 gene of Harbinger transposon are increased 
in the ago1Δ and are almost absent in WT  
(E) Plot of the ratio of ago1Δ translation efficiency over WT for full-length transposons 
with at least 128 CDS RNASeq reads in the ago1Δ showing increased translation of 
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Harbinger transposon protein in the ago1Δ over WT. All other transposons are 
unaffected.  
 
Figure 4: Bifold silencing of Harbinger DNA transposon by RNAi. 
(A) Harbinger ORF1 gene has at least 4 detectable transcript isoforms 
(B) RT-qPCR with primers spanning intron 2 and intron 3 reveals differential regulation 
of the two intron containing isoform by Ago1 
(C) RT-PCR on total RNA from WT and ago1Δ to measure all possible isoforms shows 
that the mature transcript is degraded in an Ago1-dependent manner. Primer locations 
are depicted 
(D) RT-PCR to measure total transcript and (E) mature transcript levels individually 
using primers as shown. PCR product accumulation was checked at the given cycle 
numbers to ensure quantification is performed in the linear range  
(F) RT-PCR to measure mature transcript enrichment in the top, middle and bottom 
fractions of the sucrose gradient. Well-translated dynein transcript was used as a 
control 
(G) Each product from the experiment above was expressed as a fraction of the total 
 
 
Supplementary Figures 
 
S1. Retrotransposons transcript levels are increased in the clr4Δ but DNA transposons 
are not affected. Ratio of RNAseq reads mapping to full-length TEs in clr4Δ to WT.  
 
S2. Transposon transcript levels remain unchanged in the ago1Δ. Ratio of RNAseq 
reads mapping to full-length TEs in ago1Δ to WT 
 
S3. Footprints display 3 nt periodicity.  
 
S4. Ratio of ago1Δ over WT footprint reads is greater than the corresponding RNAseq 
reads. Ratio is calculated for each individual copy of the Harbinger transposon 
 
S5. Ribosome profiling in C. neoformans Serotype D strain reveals translation silencing 
of TEs by RNAi. Scatter plot of footprint reads from WT and ago1Δ. Each point 
represents a gene or a full-length TE.  
 
S6. Two-fold dilutions of PCR template to show corresponding changes in product 
quantitation.  
 
S7. Schematic of Harbinger_Cn1 locus showing adjacent genes 
 
S8. Sequence comparison of Argonaute proteins from different organisms with the 
conserved catalytic resides highlighted.  
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Table 1: Transposon Annotation 
 

Name	   Class	   Superfamily	  
Complete	  copy	  
number	  in	  
genome	  

Target	  Site	  
Duplication	  

TIR/LTR	  
length	  

crypton_Cn1.1	   DNA	   crypton	   1	   no	   -‐	  
CACTA_Cn1	   DNA	   CACTA	   2	   3(TTA/TAT)	   24	  

Harbinger_Cn2	   DNA	   harbinger	   3	   no	   16	  
harbinger_fragment.2	   DNA	   harbinger	   2	   -‐	   -‐	  
harbinger_fragment.3	   DNA	   harbinger	   2	   -‐	   -‐	  

Fot1_Cn1	   DNA	   TcMar-‐Fot1	   5	   2(TA)	   71	  
Sagan_Cn1	   DNA	   TcMar-‐Sagan	   1	   2(TA)	   31	  
Tc1_Cn1	   DNA	   TcMar-‐Tc1	   6	   2(TA)	   48	  

Tigger_Cn1	   DNA	   TcMar-‐Tigger	   1	   2(TA)	   37	  
Tigger_fragment.1	   DNA	   TcMar-‐Tigger	   1	   -‐	   -‐	  
Gypsy_TCN4.1	   LTR	   gypsy	   3	   no	   332	  
Gypsy_TCN3.1	   LTR	   gypsy	   4	   no	   490	  
Gypsy_TCN2.1	   LTR	   gypsy	   8	   5/no	   907	  
Gypsy_TCN1.1	   LTR	   gypsy	   6	   5	   558	  
Gypsy_TCN6.1	   LTR	   copia	   2	   5	   290	  
Copia_CN23	   LTR	   copia	   1	   5	   137	  
Copia_CN60	   LTR	   copia	   1	   no	   281	  
Copia_CN72	   LTR	   copia	   1	   5	   139	  
Copia_CN73	   LTR	   copia	   1	   5	   152	  
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Table S1. Strains used in this study, related to materials and methods 
 
Strain 
name 

Genotype Parent Source 

CM018 H99 (Serotype A wild-type) - Gift of Jenny 
Lodge 

CM331 ago1Δ:: NatR CM018 Dumesic, 
Natarajan et al. 
Cell. 2014 

CM1410 clr4 Δ::NatR CM018 Dumesic, Homer 
et al. Cell. 2015 

CM1343 URA5 (int2-Harbinger)-NeoR CM018 This study 
CM1514 URA5 (int2-Harbinger)-NeoR  ago1Δ:: NatR CM1343 This study 
CM1515 URA5 (int2-Harbinger)-NeoR ago1Δ:: NatR CM1343 This study 
CM1492 JEC21 (Serotype D wild-type) - Janbon et al. Plos 

gen. 2011 
CM1493 rdp1Δ:: NatR-STM#58 CM1492 Janbon et al. Plos 

gen. 2011 
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Table S2. Primers used in this study, related to materials and methods 
 
Primer Sequence Comment 

NP653 
gcgaattgggtaccgggccccccctcgaggtcgacggtatcgataagcttg
tttaaacGGCTCGCTGTTGTTGTTAGA 

URA5 (int2-
Harbinger)-
NeoR plasmid 

NP654 
GTCTTAAACGCTGTTTTGAATTCCCTCATCGCTGTC
GCACTGGTCAGGAC 

URA5 (int2-
Harbinger)-
NeoR plasmid 

NP655 
GTCCTGACCAGTGCGACAGCGATGAGGGAATTCAA
AACAGCGTTTAAGAC 

URA5 (int2-
Harbinger)-
NeoR plasmid 

NP656 
ACCATGCTGCTGGCTATGAGCTAATTTAGGGAATTC
AAAACAGGAGCGTC 

URA5 (int2-
Harbinger)-
NeoR plasmid 

NP657 
GACGCTCCTGTTTTGAATTCCCTAAATTAGCTCATA
GCCAGCAGCATGGT 

URA5 (int2-
Harbinger)-
NeoR plasmid 

NP658 
catcctcgcagctcacggcgcgCTTAAAACGCTATTCCTTTTG
ATACAGG 

URA5 (int2-
Harbinger)-
NeoR plasmid 

NP659 
CCTGTATCAAAAGGAATAGCGTTTTAAGcgcgccgtgag
ctgcgaggatg 

URA5 (int2-
Harbinger)-
NeoR plasmid 

NP660 
CGCTTCAACATGCTTGCCTTGTAtgacagaagagatgtaga
aactagctt 

URA5 (int2-
Harbinger)-
NeoR plasmid 

NP661 
aagctagtttctacatctcttctgtcaTACAAGGCAAGCATGTTGA
AGCG 

URA5 (int2-
Harbinger)-
NeoR plasmid 

NP662 
tggagctccaccgcggtggcggccgctctagaactagtggatcccccggg
gtttaaacCGAGAATGTATGATTGAGCG 

URA5 (int2-
Harbinger)-
NeoR plasmid 

NP849 GGGCCTAATGGCAATGACGCC Harbinger ORF1 
spliced intron 2 
qPCR NP850 CATCTTCGTCCAGAGTCGAGTG 

NP913 CCATCACGAAACTGCAGCCATC Harbinger ORF1 
mature mRNA 
qPCR NP914 TTTGAGACAGATTAAAAGAATGTGG 

NP646 ACCTCCATCACGAAACTGCAG Harbinger ORF1 
spliced intron 3 
qPCR NP649 CGATAACCTCGGGACGATCGG 

C6415 GCCACTAATCGCGACGTGC Harbinger ORF1 
total mRNA 
qPCR C6416 

GCCTGATGATGTGACATCTGCG 
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asDNA1 GTTTTTTTACTTATTCAATGAAGCGGAGCT rRNA 
subtraction 
oligos used in 
ribosome 
profiling 

asDNA2 GCGCCGGTGAAATACCACTACCTCCA 
asDNA3 TGTCGCATACACTGGTTGGGACTGAGGAATG 
asDNA4 ATCCGCAAGGAGCACCTTCGACCGATCCGG 
asDNA5 CCGAAGGGCATGCCTGTTTGAGAGTCATGA 
asDNA6 ATTACCCAATCCCGACACGGGGAGGTAGTGA 
asDNA7 TATGGTGAATCATAATAACTTCTCGAATCGCAT 
asDNA8 AGATTAAGCCATGCATGTCTAAGTATAAACGA 
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Table S3. FRR1 transposon trap assay 
 

Strain Frequency of FK506 
resistant colonies 

WT 1.79 x 1010 

~ 1 

ago1Δ 10.38 x 1010 

~ 5.8 

rdp1Δ 5.65 x 1010 

~ 3.2 
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Chapter 3: Genetic Screen for Novel RNAi components in C. neoformans genome 

defense identifies a spliceosomal discard-related factor 

 

Prashanthi Natarajan, Jordan Burke, John Liu, Jade Sales-Lee, Christina Homer, Adam 

Longhurst and Hiten D. Madhani 
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P.N., J.B. and C.H. performed the data analysis for the screen. A.L. performed the 

immunoprecipitation experiment. J.B. performed the allele screen. P.N. constructed the 

reporter strain and performed the rest of the experiments and data analysis.  

 

Introduction 

RNA interference or RNAi is an important gene regulatory process found in a number of 

organisms in the eurkaryotic kingdom. One of the deeply conserved and critical 

functions of RNAi is defending the genome against invasive elements such as 

transposons and viruses [1]. It was first described in plants acting against double 

stranded viruses and subsequently in other organisms like yeast and worms, where 

transposons generate dsRNA substrates for this pathway [2, 3]. These are processed 

into small interfering RNA (siRNA) by an endoribonuclease enzyme, Dicer, which are 

further loaded onto a PIWI domain containing protein called, Argonaute in order to 

target complementary RNA sequences for silencing [4]. In organisms like Neurospora 

crassa, yet another important enzyme, the RNA-dependent RNA polymerase, 
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recognizes the repetitive nature of transposons and targets them for ‘quelling’ [5]. In 

addition to these three basic proteins, numerous other factors involved in small RNA 

biogenesis and the execution of its disparate silencing mechanisms ranging from DNA 

methylation and heterochromatin formation to mRNA degradation, are being discovered 

everyday.   

 

In the human fungal pathogen, Cryptococcus neoformans, endogenous siRNAs are 

derived from full-length transposons (Chapter 2) and related repetitive sequences [6, 7] 

through the unprecedented interaction of known RNAi factors with the cell’s splicing 

machinery [8]. Pre-mRNA splicing directs the processing of nascent mRNA to mature 

mRNA via highly specific recognition of RNA elements (5’ splice site, 3’ splice site and 

branch point). Pre-mRNA splicing is a multistep process performed by a complex 

assembly of 5 small nuclear RNAs (snRNAs) and at least 70 proteins, many of which 

are ATP-dependent helicases that control the timing of each of the steps [9]. The 

current model of splicing regulation invokes a kinetic proof reading model where a RNA 

substrate having suboptimal features is discarded due to slow ATP hydrolysis at any 

given step [10]. Release of aberrant splicing intermediates from each of the two catalytic 

steps is executed by the NTR complex comprising of Prp43, G-patch proteins NTR1 

and NTR2 (in some cases) [11]. For C. neoformans transposon-like transcripts this 

regulatory process appears to be coupled to RNAi. Transcripts from repetitive regions of 

the genome have suboptimal splicing features, which results in spliceosome stalling at 

the second catalytic step. Our recent work suggests that these latriat intermediates are 

released from the spliceosomes, debranched by Dbr1 protein and function to template 
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the dsRNA substrates of siRNA biogenesis. Thus, the discard machinery might play an 

important role in signaling Rdp1 to generate dsRNA. The major components that 

interact with both Prp43 and the RNAi machinery remain unidentified.  

 

Insertional mutagenesis screens provide an unbiased approach for gene identification. 

Agrobacterium tumefaciens-mediated transfer (AMT) of transposon DNA (T-DNA) is 

one method for generating insertion mutants that has been employed in a wide variety 

of fungi [12-15]. In this unique trans-kingdom conjugation event, a portion of the T-DNA 

between the two repeats is replaced with a fungal selectable marker used to select 

positive transformants. Known sequences within the T-DNA can later be used to identify 

the mutants in a PCR based method. AMT screens have been successfully employed in 

the human fungal pathogen, C. neoformans to identify many virulence factors and 

illuminate their molecular mechanisms [16, 17].  

 

Here we report the generation of a C. neoformans AMT based insertional mutagenesis 

library in the transposon mobilization strain described in chapter 2. The mutants were 

screened for transposon activity and the positive clones were rapidly identified using an 

adaptation of the PhIT-seq methodology [18] Besides previously known RNAi factors, 

several novel genes were identified. Among them is a G-patch protein with homology to 

the SQS1 gene in S. cerevisieae. Subsequent null mutations of this gene resulted in a 

3300-fold increase in transposon activity observed using the reporter strain and loss of 

small RNAs indicating that RNAi is impaired in these cells. Historically, G-patch proteins 

have been associated with the discard factor, Prp43 and tagged versions of this protein 
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interacts with Prp43 as well as established RNAi factors, potentially implicating it in 

signaling the stalling of spliceosomes on suboptimal transposon-like substrates to the 

RNAi machinery. We propose a model in which, SQS1 selectively protects lariat introns 

from transposon-like transcripts and shuttles it to the RNAi factors. These studies 

illuminate a novel function for this highly conserved gene.  

 

Materials and Methods 

Gene Nomenclature 

Genes were annotated from the H99 sequences hosted by the Broad Institute 

(http://www.broadinstitute.org/annotation/genome/cryptococcus_neoformans/MultiHome

.html) and were designated by the nomenclature “CNAG_0#” 

 

Strains and Media 

Yeast strains used in this study are listed in Table 1. All strains were derived from 

Cryptococcus neoformans var. grubii Serotype A H99. Strains were grown in YPAD (1% 

yeast extract, 2% Bacto-peptone, 2% glucose, 0.015% L-tryptophan, 0.004% Adenine) 

or SC (1.5g/l yeast nitrogen base, 5g/l ammonium sulfate, 2% glucose).  

 

Transposon Activity assay 

Strains containing the full length Harbinger transposon reporter in the URA5 locus were 

grown overnight to saturation. Serial dilutions in PBS were then plated onto SC and 

YNB-uracil media. Plates were incubated at 30°C for 3 days. Frequency was calculated 
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as the ratio of the number of colonies growing on –URA plates over total number of cells 

plated. Numbers are the average of three biological replicates. 

 

Agrobacterium-mediated Transposon Transformation 

Insertional mutagenesis was performed as previously described with the following 

modifications [19]. Agrobacterium tumefaciens strain containing the plasmid pYCC710 

(C601) was maintained on LB agar containing 100ug/ml Kanamycin. Cells were grown 

for 24hrs at 28°C with shaking in minimal medium [15]. Cryptococcus cells were grown 

to log phase in YPAD. Agrobacterium and Cryptococcus cells were mixed at a ratio of 

1:50 and plated onto 0.45um cellulose membranes placed on cocultivation agar medium 

(Bundock et al., 1995). After 24hrs, the membranes were transferred to YPAD plates 

containing 100ug/ml nourseothricin, 200uM cefotaxime and 100ug/ml carbenicillin. 

Positive transformants were seen growing on the plates at 30°C after 48hrs. These 

were then replica-plated onto synthetic media lacking uracil as well as synthetic 

complete media (SC) in that order. Colonies growing on –ura plates after 48hrs were 

picked, combined and labelled early hits. Those growing from 2-5 days were labeled 

late hits. 

 

Long-Amplification Mediated-PCR and Sequencing 

Cloning and sequencing of the individual insertion mutants was adapted from the PhIT-

seq protocol as follows [20]. DNA was extracted from the pool of selected positive 

colonies exactly as described in Chun and Madhani [17]. 20ug of total DNA was 

digested with BccI or BstNI overnight. Digested DNA was purified by extracting with 
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phenol/ chloroform/ isoamyl alcohol and resuspended in water. 2ug of digested DNA 

was used to template a linear amplification PCR reaction (99 cycles) using the 

5’biotinylated primer, JEBPN_biotin2 and Accuprime Taq polymerase (Life 

Technologies). A 5’ phosphorylated and 3’modified ssDNA linker, JEBPN_DNAlink, was 

ligated to the 5’ end of the biotinylated product, purified using streptavidin M280 

magnetic beads, in a ssDNA ligase reaction (Circligase II, Epicenter Technologies).  

The ligated product was purified and used to template a PCR reaction to add the 

Illumina sequencing adapter sequences using primers JEBPN_SolexaI and 

JEBPN_SolexaII. The product was resolved on a 8% non-denaturing TBE gel 

(Invitrogen) and all of the smeary product over 130bp (size corresponding to empty 

TDNA sequence) was excised, gel extracted and purified using Spin X columns 

(Sigma). Libraries were checked for quality on a Bioanalyzer DNA chip. Since libraries 

prepared using this method have the exact same TDNA sequence for the first 12-30bp 

of the sequencing read, they were mixed 1:1 with Phi X 174 bacteriophage genomic 

DNA to improve sequencing complexity and were sequenced on one lane of a Illumina 

HiSeq using a custom sequencing primer. All primers are listed in Table 2.  

 

Data analysis and identification of positives 

Custom python scripts were written to remove the sequencing linker and to restrict the 

read length to 30nt. The processed reads were filtered for those beginning with the T-

DNA fragment sequence. After stripping the reads of that sequence, the resulting reads 

were aligned with two mismatches using Bowtie I software to the transposon plasmid 

sequence and the Cryptococcus genome sequentially to first remove contaminating 

70



sequences and then get meaningful alignment respectively. Reads aligning to genic and 

adjacent intergenic regions were counted. Intergenic reads were assigned to both 

neighboring genes.  A positive hit was identified as having a z-score of at least 2 in the 

comparison of read enrichment between selected and unselected with a minimum of 

100 selected reads.  

 

RNA isolation and RNAseq 

Total RNA was isolated from log phase cells using Trizol reagent. PolyA selected 

mRNA was purified from total RNA using two rounds of the Oligotex mRNA mini kit 

(Qiagen) and used to construct libraries using the NEBNext Ultra Directional RNA 

Library Prep kit (New England Biolabs). Libraries were sequenced on the HiSeq 2500 

(Illumina). Two biological replicates were performed for each experiment. 

 

RNAseq data analysis 

RNAseq data was aligned to the C. neoformans genome with the available Broad 

Institute annotation for transcripts using Tophat [21] and its default options. All reads 

aligned to both mRNA and full-length transposons, as annotated in this work, were 

counted and compared between datasets after normalizing using the TMM algorithm 

[22].  

 

Small RNA northern blot 

Small RNA enrichment was performed from 100ug of total RNA using a modified 

mirVana (Ambion) small RNA isolation procedure [23]. 20ug of small RNA was resolved 
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on 16% denaturing polyacrylamide gel, transferred to a Hybond-NX membrane 

(Amersham) and crosslinked as described by Pall and Hamilton [24].  The membrane 

was blocked, hybridized with a riboprobe and imaged as in Dumesic et al. [8].  

 

 

Results and Discussion 

There are multiple methods for identifying the genes responsible for a particular cellular 

process. The three main components of the Cryptococcus RNAi machinery, Ago1, Rdp1 

and Dcr1 have been identified due to their high homology to known factors [6]. 

Proteomic approaches have been immensely useful in identifying closely associated 

proteins (Qip1, Gwc1, Srr1 and Gwo1) and have provided clues to the novel small RNA 

licensing mechanism in this organism via stalled splicing intermediates [8]. There may 

be additional factors mediating small RNA biogenesis, regulating RNAi as well as the 

translational silencing process described in chapter 2. In order to expand our knowledge 

in this regard, we took advantage of the fact that small RNAs target an active full-length 

DNA transposon in this species to develop a transposon mobilization reporter and 

performed a genetic screen with a library of insertional mutants.  

 

The isolation of the full-length DNA element belonging to the PIF/ Harbinger superfamily 

has been described previously [Chapter 2, [6]. The screen employs a modified 

prototrophic marker for uracil (orotidine monophosphate pyrophosphorylase), URA5, 

with the full-length transposon inserted into its second intron such that the splicing is 

disrupted (Fig. 1). These cells are unable to grow on media lacking uracil. Since, this 
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DNA transposon mobilizes by a simple cut and paste mechanism, transposon activity 

results in complete excision and simultaneously restoration of URA5 intron splicing, 

leading to growth on –ura media. Loss of RNAi-mediated transposon silencing through 

mutations in RNAi factors results in an increase in the number of colonies that survive 

on –ura (Fig.2). In this strain, an insertional mutagenesis library of 24,927 transformants 

was generated using Agrobacterium-mediated transfer (AMT) of transposon DNA [19]. 

Experiments performed previously suggest that AMT in C. neoformans results in a 

single, randomly generated genomic insertion per strain [17, 25]. The strains were 

screened for colonies competent for growth on media lacking uracil indicating active 

transposon movement. This in turn serves as a proxy for mutations in genome defense 

processes such as RNAi. The positive colonies were selected, patched and pooled 

together before being subjected to genomic extraction. We used an adaptation of the 

PhIT-Seq protocol, employed for identifying transposon mutants in human cells, in order 

to identify the genomic regions flanking the T-DNA insertion [20] (Fig. 3).  

 

A total of about 116 individual insertional mutants were isolated, pooled and sequenced. 

The total library was also subjected to the same procedure to obtain an unselected 

control set. Fig. 4 shows a snap shot of positive insertions identified in chromosome 1 in 

comparison to the unselected library. Positives were defined as described in the 

methods. Complete list of genes identified in this screen is given in Table 3. Majority of 

the known RNAi factors were identified as strong positive hits by this method including 

Ago1, Rdp1, Qip1 and Gwo1 (Fig.5).  
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We have previously published on the coupling of RNAi and splicing in this organism to 

target transposon-like transcripts with suboptimal splicing features for siRNA production. 

siRNA accumulation is dependent on the debranching of splicing intermediates stalled 

during the second catalytic step of splicing. Spliceosomal dissociation, accomplished by 

Prp43 and its associated G-patch proteins, precedes debranching and as such is 

presumed to be a necessary step in small RNA biogenesis. However, the experimental 

evidence to support this is lacking. One of the initial hits identified in the AMT screen for 

factors required for transposon silencing is a protein with a large glycine rich G-patch 

domain. A single insertion was found in the gene, CNAG_01848, whose protein product 

bears strong homology to the G-patch protein Sqs1 or Pfa1 from S. cereviseae (Fig. 6). 

Sqs1 is a non-essential protein that physically interacts with Prp43 through its N-

terminal as well as G-patch domain [26]. In S. cerevisieae, where it has been studied 

before, Sqs1 plays a redundant role during ribosome biogenesis by stimulating Prp43 

helicase activity in 18S rRNA maturation [27, 28]. Intriguingly, it also exhibits genetic 

interactions with spliceosome discard factors Prp43/Ntr1 [29] and is capable of partially 

rescuing lethality arising from the loss of NTR1 [30]. Overexpression of Sqs1 is 

synthetic lethal with mutations in the spliceosome assembly factor Prp38 [29], 

suggesting that it inhibits Prp43 dependent disassembly of the spliceosomes arrested 

before the first catalytic step. This theory is supported by rescue experiments involving 

the simultaneous overexpression of Prp43. Together, these findings suggest that Sqs1 

is actually an important cofactor of Prp43 activity. We propose that spliceosomal discard 

carried out by Prp43 is a crucial step in siRNA biogenesis and Sqs1 plays a key role in 

this process.  
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To investigate this hypothesis, we generated null mutations in SQS1 in wild type cells 

and the transposon reporter strain. Sqs1 knock out results in 3300-fold increase in 

transposon mobilization as evidenced by the increased colony growth on –ura media, 

recapitulating the AMT screen phenotype (Fig. 7). siRNAs against two major RNAi 

targets including the Harbinger DNA transposon are completely lost in these strains 

(Fig. 8). RNAseq experiments reveal that similar to the ago1Δ, majority of the genes 

remain unaffected by the deletion of Sqs1, while small changes are noted in the 

transcript levels of RNAi targets (Fig.9). These results indicate that Sqs1 plays a vital 

role in RNAi-mediated genome defense but not in general splicing.  

 

Spliceosome stalling by the 3’ splice site mutation of a unique RNAi target gene triggers 

abundant siRNA production [8]. Elimination of the debranching enzyme, Dbr1, as well 

as Sqs1 in these strains results in the absence of siRNAs (data not shown). The large 

increase of stalled latriat intermediate is thought to be substrate for RNAi in this 

situation. We examined the presence of the lariat intermediate in wild-type and sqs1Δ in 

this background. Loss of Sqs1 does not impact latriat intermediate accumulation (Fig. 

10). This suggests that aberrant transposon-like mRNA are stalled at the second 

catalytic step in both these strains. However, in the absence of Sqs1 the lariat 

intermediate fails to be processed to siRNAs.  

 

The Sqs1 protein was tagged with CBP-2XFLAG epitope in order to pull down and 

identify its associated factors. Two-step immunoprecipitation experiments were 

performed and subjected to LC-MS. Sqs1 interacts with Prp43 as expected. Notably, 
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peptides of Ago1 were recovered in the pull down of Sqs1 directly implicating it in the 

RNAi pathway. Further experiments on other candidate proteins are underway to 

determine their specific roles in this process.  

 

Prp43 is essential for cell survival and cannot be eliminated to determine its function in 

RNAi. Therefore, a PCR mutagenesis based genetic screen was carried out in the 

transposon activity reporter strain to isolate temperature sensitive alleles of Prp43 that 

are defective in Harbinger element silencing. Two alleles, TS5 and TS12 were identified 

(Fig. 11). Both alleles exhibited temperature sensitivity and were lethal at 34°C. At 25°C, 

T25 and TS12 cells showed increased growth on –ura media, confirming active 

transposon hopping. Small RNA northern blots reveal complete absence of siRNAs in 

these strains, directly implicating Prp43 in the intertwining of RNAi and splicing.  

 

Here we have performed a genetic screen using Agrobacterium tumefaciens mediated 

insertional mutagenesis for protein components involved in RNAi-directed genome 

defense in the pathogenic fungus, Cryptococcus neoformans. This has led to the 

identification of a G-patch protein, Sqs1, which interacts with spliceosomal 

disassociation factors, Prp43 and Ntr1. Further experiment evidence points to the 

critical presence of these proteins in siRNA generation. Prp43 in cooperation with Sqs1 

potentially plays a role in the discard of stalled splicing intermediates and their transfer 

to Dbr1 as well as RNAi.  Given the conserved nature of this protein in higher 

eukaryotes, additional experiments dissecting its exact molecular mechanism warrant 

attention.  
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FIGURE LEGENDS 
 
Figure1: Schematic of transposon activity reporter used in insertional mutagenesis 
screen. It was designed by inserting full-length Harbinger DNA transposon into URA5 
intron 2. Parent strain does not grow on –ura. Mutation in transposon suppression 
pathways, enhance transposon excision and growth on –ura media.  
 
Figure 2: Schematic of Agrobacterium insertional mutagenesis screen.  
 
Figure 3: Schematic of PhIT-seq adaptation 
 
Figure 4: Mapping of sequencing reads from cells selected on –ura for mutations in 
putative RNAi factors and SC grown unselected sample. Peaks represent T-DNA 
insertions.  
 
Figure 5: Plot of sequencing reads from ura+ selected and unselected samples. 
Positive hits are as defined in the methods. Insertions in well-established RNAi factors 
are shaded red.  
 
Figure 6:  T-DNA insertion in G-patch protein Sqs1 found in screen to affect transposon 
mobilization.  
(A) T-DNA insertion location shown in SQS1 gene 
(B) C. neoformans  Sqs1 protein domain structure 
 
Figure 7: Sqs1 affects transposon mobilization. Frequency of ura+ colonies calculated 
for WT and sqs1Δ. Average of 3 separate cultures presented.  
 
Figure 8: Sqs1 affects siRNA levels. Northern blot probing for siRNAs against a 
repetitive genic target and Harbinger DNA transposon. Riboprobes against U6 snRNA is 
used as the loading control 
 
Figure 9: Sqs1 does not affect general gene expression. Scatter plot of RNAseq reads 
from WT and sqs1Δ. Each point represents a gene or a full-length transposable 
element.  
 
Figure 10: Sqs1 does not affect lariat accumulation. Primer extension with oligos 
against the last exon of gal-expressed unique siRNA target CNAG_07888.  
 
Figure 11: siRNA abundance is abolished in Prp43 ura+ alleles. Northern blot probing 
for siRNAs against the Harbinger DNA transposon. 
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Table 1. Strains used in this study, related to materials and methods 
 

Strain 
name Genotype Parent Source 

CM018 H99 (Serotype A wild-type) - Gift of Jenny 
Lodge 

CM1343 URA5 (int2-Harbinger)-NeoR CM018 This study 
CM1514 URA5 (int2-Harbinger)-NeoR  ago1Δ:: NatR CM1343 This study 
PC192 URA5 (int2-Harbinger)-NeoR sqs1Δ:: NatR CM1343 This study 
CM331 ago1Δ:: NatR CM018 This study 
PC239 sqs1Δ:: NeoR CM018 This study 
PC245 Sqs1-CBP-2xFLAG-NatR CM018 This study 
CM450 pGal7-CNAG_7888(CC3'ss2)-NatR CM018 This study 

CM688 pGal7-CNAG_7888(CC3'ss2)-NatR dbr1Δ:: 
NeoR CM450 This study 

CM1498 pGal7-CNAG_7888(CC3'ss2)-NatR sqs1Δ:: 
NeoR CM450 This study 

CM1628 Prp43 TS5 CM1343 This study 
CM1629 Prp43 TS12 CM1343 This study 
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Table 2. Oligos used for PhIT-seq, related to materials and methods 
 
Name Purpose Notes 
C5289 5’-Biosg/GAAGGGCAATCAGCTGTTGC LAM PCR  
C4913 5’-Phos/TCGTATGCCGTCTTCTGCTTG 

ACTCAGTAGTTGTGCGATGGATTGATG/ddC-
3’ 

5’ linker 

C4900 CAAGCAGAAGACGGCATACGA PCR primer 1 
C5291 AATGATACGGCGACCACCGAGATCT 

GATCGGAAGAGCACACGTCTGAACTCCAGTC
AC CCGGTG ACGCTCGTCCGATCT 
CGTCCGCAATGTGTTATTAAG 

PCR primer 2 with 
Illumina Index30 

C5290 AATGATACGGCGACCACCGAGATCT 
GATCGGAAGAGCACACGTCTGAACTCCAGTC
AC TCAAGT ACGCTCGTCCGATCT 
CGTCCGCAATGTGTTATTAAG 

PCR primer 2 with 
Illumina Index8 

C5292 ACGCTCGTCCGATCT 
CGTCCGCAATGTGTTATTAAG 

Sequencing primer 
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Table 3. ATMT Screen filtered positive hits 
 

Gene Annotation	  of	  RNAi	  factors log2	  ratio	  of	  selected/	  
control	  reads 

CNAG_06333  8.558795023 
CNAG_06643  8.024489184 
CNAG_00681  7.68539511 
CNAG_04792  7.403498443 
CNAG_03748  7.141417209 
CNAG_01156  7.083896982 
CNAG_01423 Qip1 7.009052484 
CNAG_05524  6.899805478 
CNAG_04805  6.618872429 
CNAG_03466 Rdp1 5.711484799 
CNAG_00520 Gwo1 5.526035641 
CNAG_05266  5.417550449 
CNAG_04954  4.782311721 
CNAG_04955  4.782311721 
CNAG_03467  4.74215485 
CNAG_04070  4.696528206 
CNAG_01157  4.63522829 
CNAG_00932  4.434598967 
CNAG_05723  4.38587252 
CNAG_03627  4.196902303 
CNAG_05520  4.023510796 
CNAG_03090  4.016303577 
CNAG_04069  3.849544378 
CNAG_02121  3.729975136 
CNAG_04324  3.491224334 
CNAG_04609 Ago1 3.400454899 
CNAG_02528  3.359445483 
CNAG_03449  2.658089391 
CNAG_05307  2.531557352 
CNAG_02430  2.337517289 
CNAG_04791  2.33719431 
CNAG_03299  1.760091904 
CNAG_03995  1.727396885 
CNAG_05974  1.663503432 
CNAG_05995  1.629205339 
CNAG_02009  1.474100681 
CNAG_07695  1.258244804 
CNAG_04651  1.225883431 
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CNAG_04652  1.225883431 
CNAG_04500  1.148280007 
CNAG_04501  1.148235743	  
CNAG_07658  1.113255978	  
CNAG_03996  1.084064265	  
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Chapter 4: Characterization of an Ago1-associated RNAi factor in transposon 

silencing 

Prashanthi Natarajan, Phillip A. Dumesic, Christina Homer 

 

P.N. and H.D.M designed the study. P.A.D performed experiments for Fig.1. C.H. wrote 

scripts for mRNA and siRNA data analysis. P.N. performed all other experiments and 

analyzed the data.  

 

Introduction 

Members of the Argonaute or Ago protein family are key players in small RNA silencing 

pathways. First identified in plants [1], these proteins are deeply conserved between 

species. They are characterized by the presence of PAZ and PIWI domains [2]. Small 

RNAs of various lengths are anchored into specific binding pockets in the PAZ domain 

and guide Ago to its complementary target molecules for repression by the PIWI domain 

[2]. Argonautes have been implicated in transcriptional and post-transcriptional silencing 

pathways [3]. Argonaute accomplishes these functions in association with numerous 

other factors, which together form the RNA-induced silencing complex or RISC.  

 

Most Argonaute-binding proteins contain strings of glycine-tryptophan amino acid 

repeats or GW-repeats. Often, they are clustered together to form domains that serve 

as Argonaute interacting platforms [4]. GW proteins are essential for Ago-mediated 

gene silencing and are thought to be responsible for anchoring the Ago effector protein 

by acting as a scaffold, supporting proteins with other enzymatic functions. GW motifs 
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have been found in a number of Argonaute-interacting factors in a wide variety of 

organisms. The GW domains in Tas3 in S. pombe and PolVb in A. thaliana are 

important for RNAi-mediated heterochromatin formation [4-6]. In the ciliated protozoan, 

Tetrahymena thermophila, two GW repeat proteins, CnjBp and Wag1p, interact with the 

Ago, Twi1p and perform overlapping functions in genome rearrangements. The 

canonical fly protein, GW182 and its three human homologs, TNRC6A, 6B and 6C, are 

the defining members of this group. GW/WG motifs of GW182 are found in an 

unstructured N-terminal region called the ‘Ago-hook’ that was shown to be indispensible 

for miRNA-mediated silencing [7, 8]. Structural studies have reveals that several 

strategically located tryptophan (Trp) residues in this other intrinsically disordered region 

are critical for maintaining the interaction with Ago [9]. Besides the ‘Ago-hook’, GW182 

also contains a bipartite silencing module that is capable of independently repressing 

gene expression when tethered to mRNA [10, 11]. Conserved amino acids in this region 

have been demonstrated to compete with eIF4G for binding to the polyA binding protein 

(Pab2) for translational repression of targets and recruit deadenylases for mRNA decay 

[12, 13].  

 

An additional defining feature of these GW proteins is their localization in P-bodies or 

GW-bodies, cytoplasmic foci containing various mRNA processing factors such as 

decapping enzymes, deadenylases and exonucleases [14, 15]. P-body localization of 

both GW182 and its associated Ago protein is dependent on their interaction with 

miRNAs but is not essential for silencing [16]. The current model for miRNA directed 

silencing is eIF4F displacement leading to immediate translation repression [17], 
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followed by the recruitment of deadenylases by Ago as well as GW-proteins [18, 19] 

ultimately resulting in mRNA decay. These studies demonstrate that despite their 

diversity, the alliance formed between GW-proteins and their Argonautes is 

evolutionarily conserved and critical for effective gene silencing.  

 

Thus far, only one GW protein, Tas3 in S. pombe, has been identified in the fungal 

kingdom [20]. We report the identification of a second GW protein, Gwo1, in the human 

fungal pathogen, Cryptococcus neoformans. In this organism, there is a single 

Argonaute protein that causes RNA-dependent transposon silencing via mRNA 

degradation and transposon silencing (ref. Chaper 2). Gwo1 contains 45 GW/WG motifs 

scattered throughout the protein. It co-purifies with the only Argonaute in this organism 

and exhibits strong two-hybrid interaction with it. Attempts to narrow down its binding 

regions suggest that the GW/ WG motifs perhaps cooperate, resulting in strong/ specific 

Ago1 binding. Gwo1 and Ago1 localize in cytoplasmic granules marked by the 

decapping enzyme, Dcp1. Gwo1 is essential for siRNA accumulation from a subset of 

RNAi targets hinting at its specialized role in the cell. RNAseq in combination with 

ribosome profiling reveals that Gwo1 could participate in translational silencing in this 

organism resembling the GW-proteins in higher model systems.  

 

Materials and Methods 

Gene Nomenclature 
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Genes were annotated from the H99 sequences hosted by the Broad Institute 

(http://www.broadinstitute.org/annotation/genome/cryptococcus_neoformans/MultiHome

.html) and were designated by the nomenclature “CNAG_0#” 

 

Strains and Media 

Yeast strains used in this study are listed in Table 1. All strains were derived from 

Cryptococcus neoformans var. grubii Serotype A H99. Strains were grown in YPAD (1% 

yeast extract, 2% Bacto-peptone, 2% glucose, 0.015% L-tryptophan, 0.004% Adenine) 

or SC (1.5g/l yeast nitrogen base, 5g/l ammonium sulfate, 2% glucose).  

 

Affinity purification 

To purify proteins tagged with CBP-2xFLAG, C. neoformans cultures were grown to 

OD600 = 2.0 in YPAD media, at which point they were harvested, resuspended in TAP 

buffer (25 mM HEPES-KOH pH7.9, 0.1 mM EDTA, 0.5 mM EGTA, 2 mM MgCl2, 20% 

glycerol, 0.1% Tween-20, 300 mM KCl, 1x EDTA-free Complete protease inhibitor (CPI; 

Roche)), snap frozen, then lysed using a coffee grinder (3 min) and mortar and pestle 

(20 min). The frozen powder was resuspended in TAP buffer and cleared by 27,000 x g 

centri- fugation for 40 min at 4_C. Anti-FLAG M2 affinity resin (Sigma) was incubated in 

cleared lysate for 2hr at 4_C, at which point the resin was washed three times with TAP 

buffer. Tagged protein was eluted by three washes with FLAG elution buffer at 4_C (25 

mM HEPES-KOH pH7.9, 2 mM MgCl2, 20% glycerol, 300 mM KCl, 1x CPI, 0.4 mg/ml 

3xFLAG peptide (Sigma)) totaling 1 hr. For the second purification step, 5 volumes of 

calmodulin binding buffer (10 mM Tris-HCl pH7.9, 10 mM b-mercaptoethanol, 2 mM 
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CaCl2, 0.1% Triton X-100, 300 mM NaCl, 1x CPI) were added to the anti-FLAG resin 

eluate; the resulting solution was incubated with calmodulin beads (Stratagene) at 4_C 

overnight. The beads were then washed once with calmodulin binding buffer and three 

times with calmodulin wash buffer (same as calmodulin binding buffer, except 0.1 mM 

CaCl2) at 4_C. Protein was eluted by five washes with calmodulin elution buffer at 4_C 

(10 mM Tris-HCl, 10 mM b-mercaptoethanol, 3 mM EGTA, 0.1% Triton X-100, 300 mM 

NaCl) totaling 1 hr 45 min. Eluted protein was precipitated with 13% trichloroacetic acid, 

washed with acetone, and analyzed by mass spectrometry or immunoblot.  

 

Mass-spectrometry 

Unless otherwise noted all chemicals were purchased from Thermo Fisher Scientific. 

Deionized water (18.2 MW, Barnstead) was used for all preparations. Buffer A was 5% 

acetonitrile 0.1% formic acid, B was 80% acetonitrile 0.1% formic acid, and C was 500 

mM ammonium acetate. Proteins were reduced with 5 mM Tris(2-

carboxyethyl)phosphine hydrochloride (C4706, Sigma) and alkylated with 10 mM 

Iodoace- tamide (Sigma). Proteins were digested for 18 hr at 37_C in 2 M urea, 100 mM 

Tris pH 8.5, 1 mM CaCl2 with 1 mg trypsin (Promega). Digest was stopped with formic 

acid, 5% final concentration. Debris was removed by centrifugation, 30 min 18,000 x g. 

A MudPIT microcolumn (Washburn et al., 2001; Wolters et al., 2001) was prepared by 

first creating a Kasil frit at one end of an undeactivated 250 mm ID/360 mm OD capillary 

(Agilent Technologies, Inc.). The Kasil frit was prepared by briefly dipping a 20-30 cm 

capillary in well-mixed 300 ml Kasil 1624 (PQ Corporation) and 100 ml formamide, 
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curing at 100_C for 4 hr, and cutting the frit to 2 mm in length. Strong cation exchange 

particles (SCX Luna, 5 mm dia., 125 A ̊ pores, Phenomenex) were packed in-house 

from particle slurries in methanol to 2.5 cm. 2 cm reversed phase particles (C18 Aqua, 3 

mm dia., 125 A ̊ pores, Phenomenex) were then successively packed onto the capillary 

using the same method as SCX loading.  

 

MudPIT Analysis 

An analytical RPLC column was generated by pulling a 100 mm ID/360 mm OD 

capillary (Polymicro Technologies) to 5 mm ID tip. Reversed phase particles (Luna C18, 

3 mm dia., 125 A ̊ pores, Phenomenex) were packed directly into the pulled column at 

800 psi until 15 cm long. The column was further packed, washed, and equilibrated at 

100 bar with buffer B followed by buffer A. MudPIT and analytical columns were 

assembled using a zero-dead volume union (Upchurch Scientific). LC-MS/MS analysis 

was performed using an Agilent 1100 HPLC pump and Finnigan LTQ using an in-house 

built electrospray stage. Electrospray was performed directly from the analytical column 

by applying the ESI voltage at a tee (150 mm ID, Upchurch Scientific) directly 

downstream of a 1:1000 split flow used to reduce the flow rate to 300 nl/min through the 

columns. 5-step MudPIT experiments were performed where each step corresponds to 

0, 20, 50, 80, and 100% buffer C being run for 5 min at the beginning of a 110 min 

gradient. Precursor scanning was performed from 300 - 2000 m/z. Data-dependent 

acquisition of MS/MS spectra was performed with the following settings: MS/MS on the 

5 most intense ions per precursor scan. Dynamic exclusion settings used were as 
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follows: repeat count, 1; repeat duration, 30 s; exclusion list size, 300; and exclusion 

duration, 180 s.  

Protein and peptide identification and modified peptide analysis were done with 

Integrated Proteomics Pipeline - IP2 (Integrated Proteomics Applications, Inc.) using 

ProLuCID, DTASelect2. Spectrum raw files were extracted into ms2 files from raw files 

using RawExtract 1.9.9 (http://fields.scripps.edu/downloads.php) and the tandem mass 

spectra were searched against a Cryptococcus proteins database (Broad Institute, 

Cambridge, MA). In order to accurately estimate peptide prob- abilities and false 

discovery rates, we used a decoy database containing the reversed sequences of all 

the proteins appended to the target database. Tandem mass spectra were matched to 

sequences using the ProLuCID algorithm with 600 ppm peptide mass tolerance. 

ProLuCID searches were done on an Intel Xeon cluster running under the Linux 

operating system. The search space included all fully tryptic peptide candidates that fell 

within the mass tolerance window with no miscleavage constraint. 

Carbamidomethylation (+57.02146 Da) of cysteine was considered as a static 

modification. DTASelect parameters were -p 2 -y 0–trypstat–dm -in.  

 

Two-Hybrid Assay 

Plasmids were generated that encoded C. neoformans proteins (Rdp1, Ago1, Gwc1, 

Qip1, or Gwo1) fused to either a transcriptional activation domain (AD) or a LexA DNA-

binding domain. Plasmids encoding AD fusion proteins, which were expressed from the 

GAL1 promoter, were used to transform the S. cerevisiae strain W303A, whereas 

plasmids encoding LexA fusion proteins, which were expressed from the ADH promoter, 
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were used to transform EGY48. The EGY48 strain also carried the plasmid pSH18-34, 

which encodes 8 LexA operator sequences upstream of LacZ. To assess LacZ 

expression stimulated by fusion protein interaction, W303A- and EGY48-derived strains 

were mated and maintained as diploids. Saturated cultures in SC -his -trp -ura +2% 

raffinose media were diluted 1:20 in SC -his -trp -ura +1% raffinose +2% galactose 

media and incubated at 30_C with shaking until they reached log phase, at which point 

b-galactosidase activity was assessed in an Infinite M200 96-well plate reader (Tecan). 

The b-galactosidase activity stimulated by any given interaction between an AD fusion 

protein and a LexA fusion protein was normalized to a bait-only control in which the 

LexA fusion protein was expressed alongside an AD that was not fused to any 

additional sequence. Interactions that stimulated b-galactosidase activity at least 3-fold 

relative to the activity of a bait-only control were deemed positive.  

 

Microscopy 

Strains expressing mCherry and GFP fusion proteins were grown to saturation in YPAD 

(or YPAG) overnight, spotted on V8 mating medium (or V8 with 2% galactose) and 

incubated at 25_C for 48 hr. Cells were scraped off the plates, resuspended in water, 

and imaged immediately at 63x magnification in an Axiovert 200 M (Zeiss) microscope 

running Axiovision software. The images were pseudocolored and cropped using 

Photoshop software (Adobe). Subcellular localization was quantified by assessing 

cytoplasmic and nuclear signal in 100 cells per genotype. For nuclear staining, cells 

were fixed using 2% paraformaldehyde for 10 min at room temperature. After washing 

with 1x PBS, nuclei were stained using Hoechst 33342 (Invitrogen) at a concentration of 
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10 mg/ml. Cells were washed and imaged as described above. In order to visualize P-

bodies, log phase cells grown in YNB with 2% galactose were spun down, washed, and 

incubated in YNB without galactose for 10 min. Cells were washed again, resuspended 

in media with galactose and imaged immediately.  

 

Small RNA sequencing 

10ug of total RNA resolved on a 15% TBU gel (Life Technologies) was stained with 

SYBR gold and small RNAs running between 20-30 ntds were excised. Small RNAs 

were precipitated and cloned as described for ribosome profiling except for rRNA 

subtraction, which was omitted.  

 

RNA isolation and RNAseq 

Total RNA was isolated from log phase cells using Trizol reagent. PolyA selected 

mRNA was purified from total RNA using two rounds of the Oligotex mRNA mini kit 

(Qiagen) and used to construct libraries using the NEBNext Ultra Directional RNA 

Library Prep kit (New England Biolabs). Libraries were sequenced on the HiSeq 2500 

(Illumina). Two biological replicates were performed for each experiment. 

 

Data analysis 

RNAseq data was aligned to the C. neoformans genome with the available Broad 

Institute annotation for transcripts using Tophat [21] and its default options. All reads 

aligned to both mRNA and full-length transposons, as annotated in this work, were 
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counted and compared between datasets after normalizing using the TMM algorithm 

[22].  

For small RNA sequencing, data was first aligned to a database of C. neoformans rRNA 

to remove matching reads. Of the remaining reads, those smaller than 18 nt were 

discarded. The rest were aligned to the genome using Bowtie1 allowing for 2 

mismatches and random assignment of multiple aligning reads. Aligned reads were 

then counted and compared between datasets after normalizing for library size and 

transcript size. 

 

Transposon Activity assay 

Strains containing the full length Harbinger transposon reporter in the URA5 locus were 

grown overnight to saturation. Serial dilutions in PBS were then plated onto SC and 

YNB-uracil media. Plates were incubated at 30°C for 3 days. Frequency was calculated 

as the ratio of the number of colonies growing on –URA plates over total number of cells 

plated. Numbers are the average of three biological replicates. 

 

Results and Discussion 

C. neoformans Ago1 is required for siRNA accumulation from transposons and their 

suppression through mature mRNA degradation and translational silencing. In order to 

identify the other components of the silencing machinery, Ago1 was tagged N-terminally 

with CBP-2XFLAG epitope and subjected to tandem affinity purification. Mass 

spectrometry identification revealed the existence of multiple factors that might play a 

role in RNAi. Among them, were two proteins, which we named Gwc1 (GW-containing) 
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and Gwo1 (GW-ortholog) with multiple GW/WG amino acid repeats, commonly found in 

Ago-associated factors (Fig.1). Gwc1 contains five GW/WG dipeptides. It was also 

found to be copurify with another Ago-associated protein called Qip1 in reciprocal pull-

down experiments suggesting the existence of a putative protein complex comprised on 

Qip1, Gwc1 and Ago1 (Fig. 1). Yeast two-hybrid and localization experiments with 

fluorescently tagged proteins confirmed the same (Fig.1, 2). Tandem affinity purification 

and mass spectrometry of Gwo1 identified only itself and Ago1 suggesting that these 

two proteins form a distinct complex, which we named PRSC (P-body associated RNA 

Silencing Complex) due to its localization described later (Fig.2). Yeast two-hybrid 

analysis also detected an interaction between Gwo1 and Ago1, but not between Gwo1 

and Gwc1 or Qip1 (Fig. 2).  

 

The structure of Gwo1 appears to be largely disordered with 45 GW/WG dipeptides 

scattered throughout the protein along with three CCHC zinc-knuckle motifs clustered 

right next to each other (Fig.3). First discovered in retroviral gag-proteins, zinc knuckles 

are now recognized as RNA binding domains in a number of eukaryotic nucleic acid 

processing factors [23]. To test the contribution of different parts of the protein to its 

Ago1 binding property, we performed yeast two hybrid studies with various truncated 

versions (Fig. 4). While the full-length protein interacted strongly with Ago1, none of the 

truncated versions did, potentially due to spatial organization of multiple tryptophans 

being required for optimal Ago recruitment.  
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Gwo1 and TNRC6A are reciprocal best hits of each other from their respective 

predicted proteomes, suggesting possible orthology. Since, TNRC6 proteins localize in 

P-bodies and C. neoformans mcherry-Ago1 has been shown to appear in cytoplasmic 

foci, we sought to ascertain the cellular localization of Gwo1.  mcherry-Gwo1 resided in 

punctate structures restricted to the cytoplasm and overlapped with P-body marker 

protein, Dcp1 (Fig. 5). As expected, GFP-Gwo1 colocalized with mcherry-Ago1 foci as 

well (Fig. 5). We therefore conclude that the Ago1-Gwo1 complex is P-body associated 

and refer to it as PRSC.  

   

Transposon suppression is a conserved function of RNAi in a number of organisms 

including C. neoformans [24-26]. In chapter 2, we describe a transposon mobilization 

reporter constructed by inserting the full-length DNA element, Harbinger, into the 

second intron of the prototrophic gene, URA5. Transposon activity in this strain restores 

splicing of URA5 and hence, uracil biosynthesis leading to growth on media lacking the 

amino acid (Fig. 6). Mutations in RNAi factors in this background results in growth on –

ura plates indicative of rampant transposon movement (Fig.6). We generated a knock 

out of Gwo1 in this reporter to test if it is required for the transposon silencing. There 

was a 2500-fold increase in the frequency of ura-positive colonies in the gwo1Δ 

comparable to knockouts of other established RNAi factors such as Ago1 and Rdp1 

(Fig. 6). Furthermore, in a genetic screen for RNAi-determinants of transposon 

silencing, Gwo1 was among the top ten positive hits (ref. Chapter 3). These 

experiments demonstrate the need for Gwo1 in transposon suppression in this 

organism.  
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Ago1 is required for siRNA accumulation in C. neoformans as well as other organisms 

[5, 26]. This is thought to be due to its role in siRNA maturation through passenger 

strand cleavage and release as well as siRNA stabilization from RISC loading. Ago 

proteins and GW182 have been shown to stabilize levels of the miRNAs they bind by 

protecting them from exonuclease degradation [27-29]. We performed small RNA 

sequencing in a gwo1Δ to interrogate its role in siRNA generation and stability. 21-22 nt 

siRNAs are largely reduced in the gwo1Δ (Fig. 7). In C. neoformans, siRNAs are 

generated from transposons and other repetitive regions in the genome. In contrast to 

mutations in known RNAi factors, where all siRNAs are uniformly lost, gwo1Δ cells 

exhibit selective absence of siRNAs from only certain regions such as centromeres and 

full-length transposons such as Harbinger (Fig.7). siRNAs derived from genic regions 

were unaffected. Gwo1 appears to play a specialized role in siRNA biogenesis or 

stability.  

 

The association of RNAi factors with their target mRNA can be detected through RNA 

immunoprecipitation experiments [30]. This interaction is lost in the absence of siRNAs. 

We attempted to determine the link between Gwo1 and RNAi targets through the same 

assay. Gwo1-CBP-2XFLAG displayed enrichment for RNAi target transcripts but not 

control mRNA like actin. This interaction was abolished in the absence of RNA-

dependent RNA polymerase, Rdp1, which is essential for siRNA biogenesis (Fig. 8). 

Thus, Gwo1 associates with mRNA from repetitive regions in an siRNa-dependent 

manner.  
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We next sought to understand the impact of Gwo1 on transposon mRNA and protein 

levels. We performed RNAseq and ribosome profiling on wild-type and gwo1Δ for this 

purpose. Mutations in Gwo1 had minimal effect on transposon transcript levels similar to 

that seen with the ago1Δ (Fig. 9). Argonaute proteins associated with miRNA have been 

known to silence gene expression through mRNA degradation as well as translation 

repression [31]. In chapter 2, we reported the translational silencing of transposons by 

Ago1 in C. neoformans. Ribosome footprinting assay in gwo1Δ cells revealed that 

Harbinger transposon translation was enhanced when compared to wild-type (Fig. 10). 

The magnitude of this effect is comparable to that seen in Argonaute mutants.  

 

We report the identification of an Argonaute-associated GW-domain containing protein, 

Gwo1, in a fungal system that is essential for RNAi-mediated for transposon silencing. 

This example might serve as a model for understanding GW-protein function in higher 

organisms.  
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Figure Legends 

Figure 1: Ago1 associates with two GW-domain containing proteins, Gwo1 and Gwc1. 
Gwc1 forms a nucleo-cytoplasmic complex with Ago1 and Qip1. (A) Filtered mass-
spectrometry results of Ago1 pull down. The two GW-domain proteins are highlighted. 
(B) Filtered mass-spectrometry results of Gwc1 and Qip1 pull down showing mutual 
interactions (C) Localization of fluorescently tagged Ago1, Gwc1 and Qip1 
predominantly in the cytoplasm. Arrows point to Ago1-foci. The nucleus is stained with 
DAPI. Representative images are shown from 100 scored cells. 
 
Figure 2: Gwo1 interacts exclusively with Ago1. (A) Filtered mass-spectrometry result 
of Gwo1 pull down showing Ago1 interaction but not other RNAi factors. (B) Interactions 
observed by two-hybrid analysis.  
 
Figure 3: Comparative domain architecture of Gwo1 and other established GW-proteins 
that play a role in miRNA-mediated silencing 
 
Figure 4: Fragments tested in yeast two-hybrid assay with full-length Ago1 
 
Figure 5: Ago1 and Gwo1 localization overlaps with P-bodies. Co-localization of 
fluorescently tagged Gwo1, Ago1 and P-body marker, Dcp1 with each other. 
Representative images are shown from 100 scored cells. 
 
Figure 6: Gwo1 is required for transposon silencing.  
(A) URA5 transposon activity reporter for Harbinger DNA transposon. Presence of the 
transposon results in no growth on –ura media. Transposon excision restores growth. 
RNAi inhibits transposition.  
(B) Frequency of colonies on SC-ura plates. Two isolates per strain. Average of three 
cultures per isolate. Frequency is calculated as number of ura+ colonies over total 
number of cells plated 
 
Figure 7: Gwo1 impacts siRNA levels from centromeres and some transposons.  
(A) Plot of numbers of reads of each read length in sirnaseq data showing 21-22 nt 
siRNAs are reduced by more than half in a gwo1∆ compared to WT.  
(B) Centromeric reads are largely reduced in the gwo1∆.  
(C) Northern blot for siRNAs antisense to ORF1 of Harbinger DNA transposon. sirNAs 
are absent in both ago1∆ and gwo1∆ 
 
Figure 8: Gwo1 association with siRNA genic targets in a siRNA –depdendent manner. 
RNA-immunoprecipitation and RT-qPCR of top RNAi genic targets in WT and rdp1∆. 
One nuclear and cytoplasmic abundant RNA species were used as control.  
 
Figure 9: Gwo1 does not affect RNA levels. Plot of RNAseq reads between WT and 
gwo1∆. Annotated transposons loci are shaded and overlaid on top. 
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Figure 10: Gwo1 improves translational efficiency of Harbinger transposon. Plot of fold-
difference in translational efficiency calculated as described in the methods for gwo1∆/ 
WT 
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Figure 9
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Table 1. Strains used in this study, related to materials and methods 
 
Strain 
name 

Genotype Parent Source 

CM018 H99 (Serotype A wild-type) - Gift of Jenny 
Lodge 

CM305 NatR-CBP-2xFLAG-Ago1 CM018 This study 
CM388 Gwc1-CBP-2xFLAG-NatR CM018 This study 
CM390 Qip1-CBP-2xFLAG-NatR CM018 This study 
CM284 Gwo1-CBP-2xFLAG-NatR CM018 This study 
CM331 ago1Δ:: NatR CM018 This study 
CM1410 Gwo1Δ::NatR CM018 This study 
CM1111 NatR-mCherry-Ago1 CM018 This study 
CM1112 NeoR-pGal7-GFP-Gwc1 CM018 This study 
CM1115 NeoR-pGal7-GFP-dcp1 NatR-mCherry-gwo1 CM018 This study 
CM1116 NeoR-pGal7-GFP-gwo1 NatR-mCherry-ago1 CM1111 This study 
CM1113 NeoR-pGal7-GFP-Qip1 CM018 This study 
CM1343 URA5 (int2-Harbinger)-NeoR CM018 This study 
PC237 URA5 (int2-Harbinger)-NeoR  rdp1Δ:: NatR CM1343 This study 
PC238 URA5 (int2-Harbinger)-NeoR  rdp1Δ:: NatR CM1343 This study 
PC192 URA5 (int2-Harbinger)-NeoR gwo1Δ:: NatR CM1343 This study 
PC193 URA5 (int2-Harbinger)-NeoR gwo1Δ:: NatR CM1343 This study 
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