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University of Washington 

Abstract 

 

Mechanisms of buffering of phenotypic variation in A. thaliana: Features of HSP90 and 
characterization of AGO1 as a new regulator of robustness  

 
 

Tzitziki Janik Lemus Vergara 

Chair of the Supervisory Committee: 

Associate Professor, Christine Queitsch 

Department of Genome Sciences 

 

Biological systems have molecular mechanisms that allow them to maintain a constant 

phenotype despite environmental and genetic perturbations. These mechanisms can take the 

form of master regulator of robustness, gene products that are epistatic to environmental and 

genetic perturbations. When these regulators are perturbed, the phenotypic variation of the 

biological systems increases. The best example of a master regulator of robustness is HSP90. 

HSP90 interacts with proteins involved in different biological pathways, and thus is a central 

node of many genetic networks. HSP90 provides robustness to environmental and genetic 

perturbations, and it has been hypothesized that influences the evolution of its clients. Here, I 

provide evidence that HSP90 impacts the evolutionary trajectories of clients belonging to 

pairs of duplicate genes or gene families. MicroRNAs (miRNAs) have been shown to 

provide robustness to environmental and genetic perturbations of specific phenotypic traits. 

The central node of the miRNA pathway in A. thaliana is AGO1.  In my thesis, I show that 

AGO1 is another master regulator of robustness, since AGO1 can buffer both environmental 

and genetic perturbations for a variety of traits. I also show that AGO1-dependent variation is 

background specific. Two of the AGO1-revealed phenotypes, lesions in cotyledons and lack 

of correlation between days to flowering and leaf number were analyzed to further detail.  
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Chapter 1  

INTRODUCTION 

 

The ability of biological systems to maintain a phenotype by concealing 

environmental and genetic variations is called phenotypic robustness, and the phenotype that 

is kept constant is deemed robust (Whitacre 2012; Queitsch et al. 2012; Lempe et al. 2013).  

Phenotypic robustness arises from a combination of features of the underlying biological 

networks, such as connectivity, feedback loops, redundancy, and from other non-genic 

mechanisms, such as epigenetic modifications (Waddington 1953; Lempe et al. 2013). When 

the mechanisms that confer robustness are challenged by environmental or genetic 

perturbations, the overall robustness of the system decreases, and the organisms display 

larger phenotypic variation than in control conditions (Queitsch et al. 2002; Lempe et al. 

2013).  

 

Robustness, as many other traits, can be measured quantitatively, although it is not 

trivial. Traditional measurements of robustness consisted in assessing the symmetry of 

organisms, with the most symmetrical individuals being the most robust (Clarke 1998). 

Another measurement system involves testing the accuracy by which a phenotype is formed 

among isogenic individuals. Examples of measurement systems for phenotypic robustness 

include number of bristles (Posadas and Carthew 2014) and wing shape in fruit flies 

(Waddington 1953), hypocotyl length in plants (Queitsch et al. 2002), and metabolite 

production in yeast (Breunig et al. 2014). One observation from these studies is that the 

robustness of one phenotype does not predict the robustness of another (Clarke 1998; Masel 

and Siegal 2009); which gives support to the idea that robustness tends to be modular 

(Lempe et al. 2013).  

 

Loci that affect robustness can be mapped after perturbing the biological system 

(Jarosz and Lindquist 2010; Takahashi 2013). Likewise, it is possible to identify the 

underlying cryptic genetic variation that affects phenotypes when robustness is lost (Sangster 

et al. 2008a). Plants are an excellent system to study phenotypic robustness given their 
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continuous development, and their sessile life-style that forces them to adapt to 

environmental changes. Besides specific loci that can influence robustness, there are other 

robustness mechanisms including the fine-tuning of expression during development by 

regulatory RNA, features of genetic networks architecture, and robustness by duplicated 

genes. 

 

 

1.1  MASTERS REGULATORS OF ROBUSTNESS 

Gene products that affect multiple traits when perturbed are called ‘masters regulators 

of robustness’ (Rutherford and Lindquist 1998; Lempe et al. 2013). They are also referred to 

in the literature as capacitors, and network hubs (Rutherford and Lindquist 1998; Queitsch et 

al. 2002; Levy and Siegal 2008). One of the best-characterized master regulators of 

phenotypic robustness is the protein chaperone Heat Shock Protein 90 (Hsp90), which 

buffers phenotype against both environmental and genetic perturbations (Rutherford and 

Lindquist 1998; Queitsch et al. 2002; Yeyati et al. 2007; Sangster et al. 2008a; Specchia et al. 

2010; Jarosz and Lindquist 2010; Casanueva et al. 2012). 

 

Hsp90 is a highly conserved protein chaperone that helps its interacting proteins 

(clients) acquire an active conformation (Taipale et al. 2010). Hsp90 clients have a wide 

range of biological functions, including kinases, hormone receptors, transcription factors, 

ligases, mitochondrial proteins, and resistance proteins, among others (Taipale et al. 2010; 

Hartson and Matts 2012). A common feature of Hsp90 clients is their tendency to be long 

and disordered (Taipale et al. 2012; Karagoz and Rudiger 2015). Hsp90 also interacts with 

another set of proteins called HSP90 co-chaperones via specific protein domains. Hsp90 co-

chaperones affect Hsp90 activity and client specificity (Mayer 2010). The numerous 

interactions of Hsp90 make it a ‘hub’ for many genetic networks, , which supports the 

observation that Hsp90 buffers many developmental phenotypes (Lempe et al. 2013).  

 

Inhibition of Hsp90 reveals phenotypic variation in flies, plants, fish, worms and 

yeast (Rutherford and Lindquist 1998; Queitsch et al. 2002; Yeyati et al. 2007; Sangster et al. 
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2008a; Specchia et al. 2010; Jarosz and Lindquist 2010; Casanueva et al. 2012). This 

phenotypic variation can consist of new phenotypes, increased frequencies of spontaneous 

developmental abnormalities, and shifts in mean and variance of a particular quantitative 

trait. Within genetically divergent individuals of the same species, Hsp90-revealed 

phenotypes depend on the genetic background of the organism (Queitsch et al. 2002; 

Sangster et al. 2008b; Sangster et al. 2008a).  In isogenic siblings, inhibition of Hsp90 

increases developmental noise, and can modify the penetrance of partial loss of function 

mutations (Queitsch et al. 2002; Sollars et al. 2003; Casanueva et al. 2012).  

 

The ability of Hsp90 to buffer genetic variation has led to the capacitor hypothesis, 

which is summarized below. The hypothesis states that interactions with the chaperone 

Hsp90 confer robustness to mutations, allowing clients to explore a greater sequence space 

without compromise their functions (Rutherford and Lindquist 1998). Then, upon Hsp90 

reduction, cryptic genetic variations would be revealed and subject to selection. Then, 

favorable Hsp90 client changes can then be selected for. In this sense, Hsp90 could influence 

protein evolutionary processes. 

 

Under the capacitor hypothesis, other proteins can become Hsp90 clients and then, 

after gaining new mutations, can become stable and loose Hsp90 client status. In this 

scenario, new Hsp90 clients would be highly dependent on Hsp90 function and availability. 

In support of the capacitor hypothesis, Citri et al. (Citri et al. 2006) showed that Hsp90 client 

status is dynamic, and that a protein can become an Hsp90 client by gaining one mutation. In 

addition, Taipale and collaborators (Taipale et al. 2012) showed that in the mammalian 

kinases superfamily, strong Hsp90 clients have more nonsynonymous mutations than non-

clients. In prokaryotes, clients of GroEL/ES, the Hsp90 prokaryote counterpart, show 

different degrees of dependency on the chaperone for stability and folding (Tokuriki and 

Tawfik 2009). In this work I present further evidence in support of the capacitor hypothesis 

and the role of Hsp90 in protein evolution. 

 

Besides Hsp90, other master regulators of robustness include ELF4, a plant circadian 

regulator that can also buffer phenotypic variation (Doyle et al. 2002). In yeast, more than 
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300 genes, when deleted, increase morphological variation (Levy and Siegal 2008). Despite 

advances in the discovery of phenotypic capacitors in single-celled organisms, there are still 

very few known in multicellular organisms. In addition, it is uncertain if these mechanisms 

share molecular features, and how their perturbation would impact phenotypic traits and 

disease susceptibility. Broadening the knowledge on master regulators, would allow 

addressing among other questions, whether phenotypic capacitors share molecular features, 

and to establish a set of molecular markers of robustness, that can be used in the analysis of 

complex traits and diseases. 

 

1.2  NETWORK ARCHITECTURE OF ROBUSTNESS 

In the quest to find more loci that affected robustness of traits in plants, research 

groups have use QTL mapping. Hall et al. used two population of A. thaliana Recombinant 

Inbred Lines (RILs) and measured five traits. They found 22 QTLs; most of the QTLs that 

affected the variance of a particular trait (measured as the average of each individuals 

Levene’s statistic) also affected the mean of that trait. In 2008, Sangster and colleagues used 

three RILs population to find QTLs that affected hypocotyl (embryonic stem) and root 

length, in control HSP90-reduced conditions. In control conditions, several QTLs for 

variance did not coincide with mean QTLs. As mentioned earlier, hypocotyl length is highly 

susceptible to microenvironmental changes, which includes developmental noise in the 

genetic network during development. Among recombinant inbred lines, network interactions 

that were present in the parental lines might be lost, therefore accounting for a decrease in the 

correlation of variance and mean QTL. However, in HSP90 reduced conditions, mean and 

variance QTL co-occur most of the time. A similar phenomenon has been observed in yeast, 

where temperature stress and Hsp90 reduction increased the relationship between genotype 

and phenotype (Jarosz and Lindquist 2010). The results from these studies provide evidence 

that (i) newly released variants are poorly buffered, and (ii) that perturbation of trait 

robustness usually is coupled with a decrease in function. In addition, these studies suggest 

that most A. thaliana QTLs discovered were trait-specific, and that the gene network 

underlying phenotypic traits tends to be modular. 
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A study by Fu et al. (Fu et al. 2009) took another approach and mapped loci that 

affected many traits. They used 162 A. thaliana RILs derived from very divergent parents 

(strains Cvi and Ler), and measured 139 phenotypic and 40, 580 molecular traits. They 

assayed approximately 50,000 SNPs, and found six ‘QTLs hotspots’, loci located in 5cM 

windows, that could influence up to 7,158 metabolite traits.  These QTLs hotspots are located 

on chromosomes 1, 2, 3, and 5, and none of them map to HSP90. The fact that one of the six 

QTL hotspots influence 77% of 116 phenotypic traits with QTLs, suggests genetic networks 

are robust to a large number of small perturbations, unless the mutations are localized in one 

of the network hubs.  

 

Gene duplicates also influence the robustness of genetic networks (Whitacre 2012); 

this is particularly true in plants, where most of the genes involved in certain biological 

pathways such as brassinosteroids and microRNAs, are all in gene families (Kim and Wang 

2010; Bologna and Voinnet 2014). Individual gene mutants in these pathways, such as beh2 

and certain dcl mutant genes do not appear to have a phenotype, but a phenotype can be 

observed when mutant alleles are combined (Bologna and Voinnet 2014).    

 

1.3  THE ROLE OF SMALL RNAS IN ROBUSTNESS 

Phenotypic variation among isogenic siblings can be due to changes in their 

microenvironment, stochastic fluctuations and gene expression noise during development. 

One of the mechanisms that biological systems use to buffer gene expression noise are 

microRNAs (miRNAs) (Rubio-Somoza and Weigel 2012; Posadas and Carthew 2014). 

MiRNAs regulate the gene expression of their targets by adjusting the mean expression and 

reducing the variance of their target mRNA levels (Hornstein and Shomron 2006; Wu et al. 

2009a; Ebert and Sharp 2012). MiRNAs were hypothesized to play a role in robustness by 

existing in network motifs that facilitate the production of a constant output despite variation 

in their input levels (Hornstein and Shomron 2006).  One such motif is the incoherent feed-

forward loop, in which an initial transcription factor promotes the expression of both a gene 

product and a miRNA that targets the gene product (Ebert and Sharp 2012; Posadas and 

Carthew 2014).  
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Several studies have showed that miRNAs can buffer phenotypic variation in plants 

and flies (Sieber et al. 2007; Li et al. 2009b; Hilgers et al. 2010; Cassidy et al. 2013). In 

plants, Sieber and collaborators showed that miR164 buffers phenotypic variation by 

decreasing and restricting the gene expression of its target genes CUP-SHAPED 

COTYLEON1 (CUC1), and CUC2 (Sieber et al. 2007).  In the absence of miR164, CUC 

expression randomly expands from its normal tissues to inflorescence meristems and flower 

primordia, tissues where miR164 is normally expressed. Thus miR164 helps maintain organ 

boundaries. In Drosophila, miR-263a/b protects sense organ cells from apoptosis, and 

absence of miR-263a/b causes loss of sensory bristles at random (Hilgers et al. 2010). 

Recently, Schmiedel et al. (Schmiedel et al. 2015) showed that miRNAs reduce protein 

expression noise for lowly expressed genes, and that genes targeted by multiple miRNAs 

have the least protein noise. 

 

Other plant-specific small RNAs buffer phenotypic variation, such as trans-acting 

siRNAs (tasiRNAs). TasiRNAs are involved in leaf morphogenesis, and in the juvenile-to-

adult developmental transition (Rubio-Somoza and Weigel 2012) TasiRNA biogenesis 

involves the production of transcripts from the TAS3 locus, that are then targeted by miR390 

and ARGONAUTE7 (AGO7). This triggers the production of tasiRNAs that then repress the 

expression of AUXIN RESPONSE FACTOR 3 (ARF3) and ARF4 (Pulido and Laufs 2010). 

TAS3 transcripts originate in the lower side of the leaf and travel to the upper (adaxial) part 

of the leaf, establishing a gradient of TAS3 transcripts. Since AGO7 is only expressed in the 

adaxial part of the leaf, tasiRNAs restrict ARF3 and ARF4 expression only on this side of the 

leaf, establishing tissue boundaries (Chitwood et al. 2009). Mutations in the genes involved 

in the biogenesis of tasiRNAs lead to defects in leaf polarity (Pulido and Laufs 2010), and an 

earlier transition to the adult phase. 
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1.4  MIRNAS IN PLANTS: FUNCTIONS AND BIOGENESIS 

Plant miRNAs participate in a wide variety of biological pathways, they regulate 

developmental transitions, leaf morphology, floral development, root and meristem 

architecture, and participate in stress and hormone responses (Poethig 2013; Leung and 

Sharp 2010; Sunkar et al. 2012; Spanudakis and Jackson 2014; Peláez and Sanchez 2013). To 

add to the complexity, miRNA range in size from 21-24 nucleotides (nt), and their biogenesis 

and silencing machinery involves the function of a multitude of paralogous genes (Chen 

2009; Bologna and Voinnet 2014).  

 

In A. thaliana, the biogenesis of 21-nt miRNAs starts with the transcription of 

MIRNA genes by RNA Polymerase II (Pol II). Then, the transcripts are capped and 

polyadenylated, generating pri-miRNAs with self-complementarity, resulting in imperfect 

hairpin structures commonly composed of an upper terminal loop, an upper stem, the miRNA 

miRNA/miRNA* duplex, a lower stem, and flanking single-stranded basal segments known 

as a hairpin precursor or pre-miRNA (Figure 1.1) (Zhu et al. 2013). This structure is 

recognized by DICER LIKE1 (DCL1) protein, which process the pre-miRNA and generates 

a mature miRNA (Bologna et al. 2013). In plants, MIRNA transcripts range in size from 49 

to 900 nt, and are processed by two major mechanisms: base-to-loop, and loop-to-base 

(Bologna et al. 2013; Bologna and Voinnet 2014).  
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Figure 1.1 Representative structure of a pri-miRNA. Red marks the position of the 

miRNA* sequence, green marks the position of the miRNA. 

 

In the base-to-loop mechanisms, pre-miRNA processing starts from the lower stem 

and proceeds to the upper terminal loop. DCL1 and auxiliary proteins recognize an internal 

loop, followed by a stem of approximately 15-nt. Then, DCL1 makes the first cleavage at the 

end of the 15-nt stem, and a second cleavage at a distance of approximately 21-nt (Cuperus et 

al. 2010; Todesco et al. 2012; Cuperus et al. 2011).  In the loop-to-base mechanism, an upper 

stem segment guides the processing of pre-MIRNAs, and two consecutive cuts release the 

miRNA/miRNA*. MIR156 and MIR160 miRNA families are processed by this mechanism 

(Bologna et al. 2013). In chapter five I discuss the implications of polymorphisms in the 

processing of miR156f. 

 

Methylated miRNA/miRNA* duplexes are then transported to the cytoplasm and 

commonly loaded into ARGONAUTE1 (AGO1), one of 10 AGO proteins in A. thaliana to 

form the RNA induced Silencing complex (RISC) (Axtell 2013). Most AGO1-associated 
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miRNAs have a uracil at their 5’end (Mi et al. 2008). The RISC complex then represses the 

expression mRNAs in a sequence specific manner (Axtell 2013), primarily by cleaving the  

target mRNA or inhibiting its translation (Brodersen et al. 2008). The mechanism that 

determines which mode of repression the RISC complex used was unknown, until recently. 

Reis and collaborators showed that the interaction of DCL1 with the DOBLE-STRANDED 

RNA BINDING1 (DRB1) is necessary for the regulation by slicing, whereas DCL1 

interaction with DRB2 is required for regulation by translational inhibition (Reis et al. 2015). 

 
 

1.5  AGO1 AND OTHER ARABIDOPSIS ARGONAUTE PROTEINS 

Eukaryotic Argonaute proteins have four domains: a variable N-terminal domain, and 

highly conserved PAZ, MID, and PIWI domains.  The MID domain recognizes the small 

RNAs 5’ end, while the PAZ domain binds to the 3’ end. The PIWI domain exhibits an 

endonuclease activity (Hock and Meister 2008; Czech and Hannon 2011) (Figure 1.2).  

 

 
Figure 1.2 Representative structure of A. thaliana AGO1. The different protein 

domains are represented in colored boxes.  

 

There are 10 AGO genes in Arabidopsis, and they can be divided in three different 

clades (Vaucheret 2008; Hock and Meister 2008). Argonautes in the AGO1, AGO10 and 

AGO5 clade associate with 21-nt miRNAs. AGO1 is the major protein in the miRNA 

pathway, and associates with 80% of the 21-nt miRNAs (Mi et al. 2008; Czech and Hannon 

2011; Wang et al. 2011). Besides miRNAs, AGO1 participates in the silencing of viral genes 

by loading 21 to 22 nt viral RNA (viRNA) (Bologna and Voinnet 2014).  A second clade 

includes AGO2, AGO3 and AGO7.  AGO2 also binds to 21-nt miRNA, but is mostly 

associated with siRNAs. AGO2 function is also needed for the resistance to several viruses. 

AGO7 is involved in the tasiRNA pathway and interacts almost exclusively with miR390. 
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The function of AGO3 is currently unknown. AGO4, AGO6, AGO8 and AGO9 comprise 

another clade. AGO4, -6, and -9 interact with 24-nt siRNAs that have an adenosine in their 5’ 

end (Mi et al. 2008; Wang et al. 2011; Zheng et al. 2007). AGO4 is required for the RNA-

dependent DNA methylation (Wu et al. 2010). 

 

In yeast, flies, humans, and Tetrahymena, Argonaute function requires the activity of 

HSP90 (Johnston et al. 2010; Iwasaki et al. 2010; Gangaraju et al. 2011; Miyoshi et al. 2010; 

Wang et al. 2013; Woehrer et al. 2015). In plants, Iki et al. used tobacco cell extracts to show 

that HSP90 interacted physically with AGO1, and that this interaction was required for the 

loading of both siRNA and miRNA (Iki et al. 2010). Further studies are needed in order to 

test the requirements of HSP90 for the activity of other plant Argonaute proteins. 

 

Since AGO1 is an essential protein, the study of AGO1 genetic interactions usually 

involves the usage of partial mutant ago1 alleles with various degrees of phenotype severity. 

Common hypomorphic ago1 alleles ordered by the strength of their phenotype are: ago1-46, 

ago1-27, and ago1-25. The three mutants have a point mutation in AGO1 PIWI domain. 

Mutants ago1-46 and ago1-27 have a mutation that affect the same 993 residue, but while 

both ago1-46 and ago1-27 maintain a portion of their slicing activity, ago1-27 allele is 

impaired for siRNA regulation (Morel et al. 2002). The three mutants are smaller, have 

greater serration on their leaves, and flower later than wild type (Morel et al. 2002; Smith et 

al. 2009). 

 

1.6  MIRNAS AND STRESS RESPONSE IN PLANTS 

In chapter four I describe the effects of AGO1 perturbation in response to abiotic 

stresses such as high light and hormone treatment. Thus, I provide a brief background of 

Arabidopsis stress responses. 

 

Given their sessile life style, plants have to contend with an ever-changing 

environment. Several studies have reported changes in miRNA levels in heat, cold, drought, 

osmotic, high salt, hypoxia and oxidative stresses, abscisic acid treatment, and ultra-violet 
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light exposure (Sunkar 2010). Some miRNAs link the stress response to changes in 

development, for example, under cold stress miR156 levels increase, and this has been 

associated with a delay in flowering time, and an increase in rosette leaf number (Kim et al. 

2012). Plant miRNA are also involved in the response to biotic stresses, such as pathogens 

and viruses. Most notably miR393, which is upregulated in response to bacterial flg22 

(Zhang et al. 2011). Other miRNAs associated with pathogen response include miR160 and 

miR167 (Peláez and Sanchez 2013). 

  

 Upon pathogen contact, plants usually elicit a hypersensitive response, which consists 

of widespread cell death beginning at the point of infection, which can be visualized as 

necrotic spots in the leaf (Heath 2000). The hypersensitive response is an attempt to restrict 

the growth of the pathogen, and is genetically controlled by the resistance genes (R genes). 

When Arabidopsis senses pathogens, it triggers the expression of some R genes, which lead 

to an increase of reactive oxygen species (ROS) and eventually to cell death (Heath 2000). 

The plant hormones Jasmonates, ethylene, and salicylic acid are important for the accuracy 

of the hypersensitive response (Kazan 2015).   

 

 Jasmonates (JA) are small molecules involved in a variety of abiotic and biotic stress 

responses such as drought, salt, cold, and pathogens (Kazan 2015; Sunkar et al. 2012). JA 

modulate ROS production, and interact positively with ethylene to mediate the response to 

fungal pathogens, but JA and ethylene also interact negatively to mediate the response to 

numerous abiotic stresses (reviewed in Kazan, 2015). Ethylene (ET) can act positively and 

negatively in response to pathogens, and can globally repress salicylic acid-responsive genes. 

Salicylic acid (SA) biogenesis is a precursor of ROS, and SA detection can trigger 

hypersensitive response. Although JA, ET and SA have been traditionally linked to plant 

defense, recent studies have also shown their role in plant development (Kazan 2015).   
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1.7  FLOWERING TIME REGULATION IN A. THALIANA  

In chapter five I describe the uncoupling of two flowering time traits, and test which 

of several pathways influencing flowering time are involved in the observed phenotype. I 

provide a brief description of how flowering time is regulated in Arabidopsis.  

 

Reproduction is one of the main objectives of biological systems, and in the case of 

the plant Arabidopsis thaliana, reproduction can be achieved only once in its lifetime. 

Therefore, the transition from vegetative to reproductive development is highly regulated by 

several pathways that sense when internal and environmental conditions are optimal. These 

pathways converge in floral integrator genes such as SUPPRESOR OF OVEREXPRESSION 

OF CO 1 (SOC1), and FLOWERING LOCUS T (FT) (Posé et al. 2012; Pajoro et al. 2014), 

activating the meristem identity genes APETALA 1 (AP1), FRUITFUL (FUL), and LEAFY 

(LFY). The meristem identity genes transform the shoot apical meristem, from producing 

leaves, to an inflorescence meristem, which develops into reproductive organs (Andres and 

Coupland 2012). 

 

In Arabidopsis, flowering is promoted by the exposure to light during long days. This 

exposure translates, by a series of exquisitely regulated pathways, into the activation of FT 

(Song et al. 2013; Song et al. 2014). In the photoperiod pathway, CONSTANS (CO) 

promotes the transcription of FT. CO transcription and protein levels are also tightly 

regulated to assure that CO can only activate FT under long days (Song et al. 2013; Song et 

al. 2014). Once FT is produced in the leaves, it travels through the phloem to the shoot apical 

meristem.  In the meristem, FT activates the expression of SOC1, AP1, and SQUAMOSA 

PROMOTER BINDING LIKE 3 (SPL3) (Andres and Coupland 2012; Pajoro et al. 2014). 

SPL3 then activates the expression of the meristem identity genes (Yamaguchi et al. 2009) 

(Figure 1.3). 
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Figure 1.3 Simplified version of flowering time regulation of A. thaliana. Genes in 

purple indicate genes involved in the ageing pathway. 

  

 

FLOWERING LOCUS C (FLC) also regulates the levels of FT mRNA.  FLC is a 

major repressor of flowering, and is responsible from many of the difference in flowering 

time among A. thaliana strain (Michaels et al. 2003; Werner et al. 2005; Gan et al. 2011). 

When plants are exposed to long periods of cold temperature (vernalization) FLC expression 

is epigenetically repressed, and FT levels increase (Michaels et al. 2003; Helliwell et al. 

2015).  The ageing flowering pathway also alters the levels of FT, albeit indirectly. The 

ageing pathway involves the action of conserved miR156 and miR172. In young seedlings, 

levels of miR156 are high whereas levels of miR172 are low (Aukerman and Sakai 2003; Wu 

and Poethig 2006; Wu et al. 2009b). As the plant gets older, miR156 levels decrease and the 

expression of its target genes, including SPL3, and SPL9, increase. SPL9 activates the 

expression of MIR172B (Wu et al. 2009b).  MiR172b then represses the expression of 

APETALA2 (AP2)-like genes, which in turn repress the expression of FT (Aukerman and 

Sakai 2003; Chen 2004; Mathieu et al. 2009).  

 

In addition to SPL3 and 9, miR156 also represses the expression of SPL2, SPL4, 

SPL5, SPL6, SPL10, SPL11, SPL13, and SPL15 (Wu et al. 2009b; Poethig 2013). SPL genes 

involved in the ageing pathway are SPL4, SPL3, SPL5, SPL9 and SPL15 (Wang 2014; 

Spanudakis and Jackson 2014). In the leaves, SPL9 and SPL15 function is important to 
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confer the leaves adult characteristics (Wang et al. 2008; Spanudakis and Jackson 2014). In 

the meristem, SPL9 promotes the expression of SOC1 and MIR172b, and also of FUL, LFY 

and AP1. SPL3, SPL4, and SPL5 promote the expression of FT, LFY and AP1 (Yamaguchi et 

al. 2009; Poethig 2013). In addition to participate in the ageing pathway, miR156 and 

miR172 have shown to be involved in the response to flowering time during stress 

temperature conditions (Lee et al. 2010; Stief et al. 2014). 

  

1.8  RESEARCH GOALS 

The present dissertation examines the extent of the buffering abilities of two essential, 

highly connected genes: the protein chaperone HSP90 and AGO1. In chapters two and three I 

aim to provide evidence that dispute or support the HSP90 capacitor hypothesis, which states 

that HSP90 can influence the evolution of its interacting proteins (clients).  In chapters four 

and five I focus on AGO1, and test if AGO1, like HSP90, is a phenotypic capacitor by (i) 

testing if AGO1 buffers phenotypic variation in isogenic seedlings in A. thaliana, (ii) 

whether AGO1 can buffer genetic variation present in divergent Arabidopsis strains, and (iii) 

if AGO1-dependent loci overlap with HSP90-dependent loci. In the process of testing AGO1 

buffering, I observed strain-specific phenotypic variation under AGO1 perturbation. I then 

examine molecular mechanisms responsible for these phenotypes, revealing several genetic 

components responsible for this phenotypic variation. 

 

1.9  ORGANIZATION OF THE CHAPTERS AND NAME CONVENTIONS 

In the present dissertation, all the chapters except chapter one and six have an 

introduction followed by a materials and methods section, results, discussion, and 

supplementary data. Figures and tables that are not listed as supplementary information (S) 

are embedded in the results.  

 

Regarding gene nomenclature, in Arabidopsis thaliana, gene names are written in 

capital letters and italics (i.e. AGO1), whereas protein names are written in capital letters (i.e. 

AGO1). Mutant alleles, as in other organisms, are written in lower case and italics (Meinke 

and Koornneef 1997).   
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Chapter 2  

THE PROTEIN CHAPERONE HSP90 CAN FACILITATE THE 

DIVERGENCE OF GENE DUPLICATES1 

 
 
This chapter is included in the present thesis because I collaborated in the analysis that led to 

its publication. My contribution to this chapter was the acquisition and analysis of yeast 

HSP90 clients. The results of the analysis allowed us to generalize the statement that HSP90 

can facilitate the divergence of gene duplicates in other organisms, and not just in 

Arabidopsis thaliana.  I also contributed figures 2.2b, S2.4a and b, and data for Table S2.2. 

The first person “we”, and the “our” pronoun indicates the work of J. Lachowiec. My work is 

stated with the “I” person, and the “my” pronoun. 

 
 
 
Abstract 

 

The heat shock protein 90 (HSP90) acts as a chaperone by ensuring proper maturation and 

folding of its client proteins. The HSP90 capacitor hypothesis holds that interactions with 

HSP90 allow proteins to accumulate mutations while maintaining function. Following this 

logic, HSP90 clients would be predicted to show relaxed selection compared with non-

clients. In this study, we identify a new HSP90 client in the plant steroid hormone pathway: 

the transcription factor BES1. Its closest paralog, BZR1, is not an HSP90 client. This 

difference in HSP90 client status in two highly similar proteins enabled a direct test of the 

capacitor hypothesis. We find that BES1 shows relaxed selection compared to BZR1, 

hallmarks of neo- and subfunctionalization, and dynamic HSP90 client status across 

independent evolutionary paths. These results suggested that HSP90’s influence on gene 

evolution might be detectable if we compare gene duplicates, because duplicates share most 

                                                
1 This chapter was published in the journal Genetics as “The protein chaperone HSP90 can facilitate 

the divergence of gene duplicates”, by J. Lachowiec, T Lemus, JH Tomas, PJM Murphy J 

Nemhauser and C Queitsch.  
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other properties influencing evolutionary rate that might otherwise conceal the chaperone’s 

effect. I tested this hypothesis using systematically identified HSP90 clients in yeast, and 

observed a significant trend of HSP90 clients evolving faster than their non-client paralogs. 

This trend was not detected when yeast clients and non-clients were compared without 

considering paralog status. Our/my data provide evidence that HSP90 influences selection on 

genes encoding its clients and facilitates divergence between gene duplicates. 
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2.1  INTRODUCTION 

The phenotypic capacitor HSP90 is thought to influence evolutionary processes 

through its ability to both conceal and release genetic variation (Rutherford and Lindquist 

1998; Queitsch et al. 2002; Yeyati et al. 2007; Jarosz and Lindquist 2010). Perturbation of 

this conserved and essential chaperone reveals cryptic genetic and epigenetic variation in 

flies, plants, fish, and yeast (Rutherford and Lindquist 1998; Queitsch et al. 2002; Yeyati et 

al. 2007; Jarosz and Lindquist 2010; Sollars et al. 2003). In worms, HSP90 affects the 

penetrance of partial loss of function mutations (Burga et al. 2011). As expected under the 

capacitor hypothesis, worms with naturally lower HSP90 levels show significantly higher 

mutation penetrance (Casanueva et al. 2012). HSP90-dependent variation can be revealed by 

moderate environmental stress alone, providing a plausible release mechanism for this 

concealed variation in nature (Jarosz and Lindquist 2010; Rutherford and Lindquist 1998; 

Queitsch et al. 2002). Previous work from the lab showed that HSP90-dependent variation is 

common in natural plant populations, implicating the chaperone as an important player in 

shaping phenotype and evolutionary trajectories (Sangster et al. 2008a). Together, these 

findings have prompted a longstanding debate about the importance of HSP90 in 

evolutionary processes and the magnitude of its effect (Bergman and Siegal 2003; 

Meiklejohn and Hartl 2002; Rando and Verstrepen 2007).  

 

It is well-established that HSP90 recognizes metastable proteins and facilitates their 

folding and stability (Taipale et al. 2010). Recent studies demonstrate that protein stability is 

a major constraint on protein evolution (Bloom et al. 2006; Pena et al. 2010). Stable proteins 

tend to evolve faster as they can explore greater sequence space without losing function 

(Bloom et al. 2006). In prokaryotes, overexpression of the chaperonin GroEL/ES allows the 

evolution of a far greater number of highly active enzyme variants by compensating for their 

reduced stability (Peña et al. 2010). We hypothesized that in eukaryotes HSP90 may 

facilitate gene divergence by similarly relaxing constraints on protein stability. If so, HSP90 

clients should show greater tolerance to mutations and evolve faster than non-clients facing 

similar evolutionary pressures. To address HSP90’s role in gene evolution in this context, we 

focused on recent gene duplicates, which initially face similar selection pressures and encode 

proteins of similar stability. We used the brassinosteroid (BR) pathway in Arabidopsis 
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thaliana as an experimental model because every step in BR signaling is encoded by gene 

families (Kim and Wang 2010) and previous studies suggested that the BR pathway may 

require HSP90, although no HSP90 client had been identified (Sangster and Queitsch 2005; 

Sangster et al. 2007b).  

 

We demonstrate here that only one of two paralogous transcription factors in the BR 

pathway is an HSP90 client and that its encoding gene shows relaxed purifying selection 

compared to its non-client paralog. Gene duplicates diverge through sub- and 

neofunctionalization. Consistent with subfunctionalization, only the HSP90 client is 

temperature sensitive; consistent with neofunctionalization, the gene encoding the HSP90 

client contains a novel exon and non-synonymous polymorphisms in divergent A. thaliana 

strains. HSP90-facilitated divergence of gene duplicates is widespread, because in the yeast 

Saccharomyces cerevisiae, genes encoding HSP90 clients tended to evolve faster than those 

encoding their non-client paralogs. Together, our/my data provide strong evidence for 

HSP90-faciliated evolution in extant genomes and hence strong support for the capacitor 

hypothesis. 

 

 

2.2  MATERIALS AND METHODS  

Plant growth conditions and treatments. J. Lachowiec grew the plants. Columbia-0 (Col-

0) was used as wild type (WT). bes1-D, bzr1-D, DWF4-ox, bin2-1, BRI1-ox, and bes1-2 

(WiscDsLox246D02) were in the Columbia-0 (Col-0) background. The bes1-D mutant is a 

recapitulation line using a transgene to constitutively express the mutant form of bes1-D in a 

Col-0 background. Seedlings were grown for seven days on media with DMSO (mock) or 

geldanamycin, brassinolide, and brassinazole, dissolved in DMSO. Statistical significance of 

response of hypocotyl length of seedlings from 2-4 replicates of 10-60 seedlings was 

determined using standard least square linear regression. 

 

Biochemistry. J. Lachowiec performed the western blots. For western blot, seven-day-old 

seedlings, grown in red LED light, were ground in liquid nitrogen. Buffer (0.15M Tris pH 
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6.8) was added, and extracted protein was quantified using Bradford’s assay. Proteins were 

resolved using SDS-PAGE, transferred to nitrocellulose and probed with anti-BES1 

antibody. For co-immunoprecipitation, ground rosette tissue was used. Extracted protein was 

incubated with Protein L Agarose, which was pre-incubated with anti-HSP90 3G3 antibody. 

Beads were pelleted and washed in buffer. Anti-BES1 antibody was used to detect BES1 in 

the input and pellet. 

 

Phylogenetic tree and dN/dS analysis. J. Lachowiec did the phylogenetic analysis. 

Sequences for BZR/BEH family members in available sequenced plants were acquired from 

http://phytozome.net v5.0 from a BLAST search for gene families with similarity to BES1. 

MUSCLE 3.7 was used for amino acid alignment of the identified sequences, and Gblocks 

was used to remove regions with poor conservation. The remaining 86 sequences were re-

aligned and neighbor-joining was used to create a distance tree. For the BZR/BEH tree, the 

outgroup was identified as a BZR/BEH family member that was closely related, but an 

outgroup to all A. thaliana BZR/BEH family members. Sequences were aligned in MUSCLE 

3.7 and PhyML was used for maximum likelihood tree (Guindon and Gascuel 2003). For 

dN/dS analysis, codeml from PAMLv4.4b was run using models 0, 1, and 2 (Bielawski and 

Yang 2003).  

 

Yeast data analyses. I analyzed the yeast data. Published HSP90 interactors were used 

(Zhao et al. 2005). The branch length of HSP90 interactors in three-member and two-

member families was obtained from Ensembl Compara (release 61).  
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2.3  RESULTS 

2.3.1 BES1 is an HSP90 client 

Inhibition of HSP90 yields a wide variety of morphological phenotypes in A. thaliana 

plants (Queitsch et al. 2002; Whitesell et al. 1994; Sangster et al. 2007b; McLellan et al. 

2007). Among these phenotypes, we previously noted severely dwarfed plants, which closely 

resembled known BR mutants. To directly test whether the BR pathway requires HSP90 

function, we grew seedlings in the presence of exogenous BR (brassinolide, the most 

biologically active BR) with and without the highly specific HSP90 inhibitor geldanamycin 

(GdA) (Queitsch et al. 2002). Inhibition of HSP90 function significantly interfered with 

response to BRs (Figure S1A, R2=0.68, p<0.0001, linear regression model, standard least 

square fit). Consistent with this finding, GdA also reduced seedling response to brassinazole, 

an inhibitor of BR biosynthesis (Asami et al. 2000), (Figure S2.1B, red light, R2=0.76, 

p<0.0001; Figure S2.1C, dark R2=0.81, p<0.0001).  

 

We next addressed what step in the BR signaling pathway was most responsive to a 

loss of HSP90 function. The best-characterized HSP90 clients are the mammalian steroid 

hormone receptors and kinases (Whitesell et al. 1994; Picard et al. 1990; Taipale et al. 2010). 

The most common clients are transcription factors (Taipale et al. 2010). In A. thaliana, only a 

few clients are known, none of which function in the BR pathway (Hubert et al. 2003a; 

Hubert et al. 2003b; Ishiguro S 2002; Iki et al. 2010). As HSP90 clients do not share a 

common sequence or structural motif, client status is typically determined by a combination 

of genetic and biochemical analyses. Here, we took advantage of several well-characterized 

mutants in the BR pathway to test their response to HSP90 inhibition. We focused on the 

most likely clients: the steroid hormone receptor kinase BR INSENSITIVE1 (BRI1) and the 

transcription factors BES1 and BZR1 (Wang et al. 2001). To distinguish between HSP90 

effects on BR signaling versus BR synthesis, we included a mutant in DWARF4 (DWF4), an 

enzyme that catalyzes a rate-limiting step of BR biosynthesis. Well-characterized gain-of-

function mutants were used to bypass the extensive redundancy in the BR pathway. As had 

been shown previously, each mutant significantly increased hypocotyl length (He et al. 2005) 

(Figure 2.1A, B). Upon inhibition of HSP90 with 0.5 µM GdA, BRI1-ox, DWF4-ox, and 



	
   27	
  

bzr1-D seedlings responded like wild-type seedlings (BRI1-ox, p=0.22; DWF4-ox, p=0.99, 

bzr1-D, p=0.6273), whereas bes1-D seedlings showed significant hypersensitivity to HSP90 

inhibition (p<0.0001, Table S2.1, Figure 2.1A-C). bes1-D hypersensitivity to GdA suggests 

that BES1 may be an HSP90 client, while the wild-type response of bzr1-D mutants to GdA 

argues against an HSP90 client status for BZR1. Notably, the dominant bes1-D and bzr1-D 

mutants carry the identical amino acid change from proline to leucine (Tang et al. 2011; 

Wang et al. 2002; Yin et al. 2002; Albrecht et al. 2008; Guo et al. 2009; Li et al. 2009a). The 

bes1-D mutant used here is expressed from a constitutive 35S CaMV promoter, providing an 

alternative explanation for the increased GdA sensitivity of bes1-D. Further increases in GdA 

levels yielded a significant response in BRI1-ox, DWF4-ox (BRI1-ox, p<0.0001; DWF4-ox, 

p=0.0003), but not in bzr1-D seedlings (p=0.5918, Table S2.1), suggesting that there may be 

additional HSP90 targets upstream or alongside the transcription factors tested here (Figure 

2.1 A, B). Similar results were obtained in the dark (Figure S2A, B). Together these data 

suggest that BES1, but not BZR1, is an HSP90 client.  

 

Another criterion for HSP90 client status is proof of physical interaction (Taipale et 

al. 2010). Using a co-immunoprecipitation assay with an HSP90-specific antibody, we found 

that BES1 physically interacts with HSP90 in plants (Figure 2.1D). In the absence of BRs, 

BES1 is negatively regulated by BIN2 and several related kinases (Vert and Chory 2006). 

Cellular perception of BRs triggers inhibition of BIN2 and activates BES1. 

Hypophosphorylated, active BES1 can be detected as a fast mobility band on western blots 

(Yin et al. 2002) (Figure 2.1E). In this form, BES1 interacts with other transcription factors, 

binds DNA, and promotes plant growth (Cooper et al. 2005). In our studies, BES1 can 

interact with HSP90 independent of phosphorylation, as we were able to pull-down faster and 

slower mobility BES1 bands (Figure 2.1D).  
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Figure 2.1 BES1 is an HSP90 client.  

(A) Seedlings with increased BR signaling through overexpression of DWF4 (DWF4-ox) or 

overexpression of BRI1 (BRI1-ox) showed similar sensitivity to HSP90-inhibition by GdA 

compared to WT. In contrast, seedlings with constitutive activation of BES1 (bes1-D) were 

significantly more sensitive than WT in red light. Standard error is shown. (B) In contrast to 

the dramatic GdA hypersensitivity of bes1-D mutants, bzr1-D mutants respond like WT in 

red light. (C) Representative WT and bes1-D seedling phenotypes in red light. (D) BES1 

interacts physically with HSP90. BES1 was immunoprecipitated (IP) with an HSP90 

antibody in WT, but not in loss-of-function bes1-2 mutants, confirming that this antibody is 

specific to BES1. Input and IP are shown for both. (E) GdA treatment caused a shift of BES1 

mobility. Unlike a similar shift caused by brassinolide (BL) treatment, the GdA-induced 

mobility shift was associated with decreased hypocotyl length. Zdr-6 and Tottarp-2 show 
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reduced levels of BES1; detected protein is presumably due to the presence of other splice 

forms. Coomassie Brilliant Blue (CBB) is shown as a loading control. 

 

While BRs and GdA have opposite effects on plant growth, and likely on BES1 

function, inhibition of HSP90 produced a similar shift in BES1 mobility as BR treatment 

(Figure 2.1E). Like other well-established clients, such as the Drosophila Argonaute Piwi 

and the human transcription factor HSF, BES1 was not degraded upon HSP90 inhibition 

(Figure 2.1E) (Gangaraju et al. 2011; Zou et al. 1998). It appears that while the 

hypophosphorylated form of BES1 accumulated upon HSP90 inhibition, it is non-functional 

(Figure 2.1A-D). Our data suggest that BES1 may require HSP90 for its activation, perhaps 

by facilitating BES1 dimerization, promoting nuclear translocation, or interfering with 

phosphorylation by BIN2. If GdA indeed reduced the functional pool of BES1, we predicted 

that any increase in BIN2 function would sensitize plants to inhibition of HSP90. bin2-1 

mutants are semi-dominant hypermorphs with increased levels of phosphorylated BES1 

leading to strongly reduced BES1 activity and repressed BR signaling (Kim and Wang 2010). 

As predicted, loss of HSP90 activity sensitized seedlings to a gain of BIN2 activity, as 

evidenced by a dramatically increased proportion of severely dwarfed seedlings in a 

segregating population of bin2-1 mutant seedlings (Figure S2.2C). These results also suggest 

that BIN2 does not require HSP90 activity for its function; such a scenario would lead to 

suppression not enhancement of the bin2-1 phenotype. 

 

2.3.2 HSP90 facilitates the divergence of gene duplicates 

If HSP90 indeed allows its clients to explore a wider range of sequence space, the 

BES1 gene would be predicted to show evidence of relaxed selection compared to the 

BZR1gene. We created a phylogenetic tree of the A. thaliana BZR/BEH gene family using a 

gene from Aquilegia coerulea as outgroup (Figure 2A, S3). BES1 and BZR1 are the most 

recently diverged paralogs among the six A. thaliana BZR/BEH family members, with 88% 

amino acid identity (Wang et al. 2002). We determined the ratio of the rate of non-

synonymous substitutions to the rate of synonymous substitutions (dN/dS) for BES1 and 

BZR1, under a model allowing all branches of the A. thaliana BZR/BEH tree to evolve at 
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different rates. Consistent with our prediction, the gene encoding the HSP90 client BES1 

(dN/dS=0.09) shows relaxed purifying selection compared to the gene encoding the non-

client BZR1 (dN/dS=0.04) (Figure 2.2A). As BES1 and BZR1 diverged recently and only 

differ in a small number of amino acids, their difference in dN/dS was not significant. 

However, we took advantage of the entire BEH gene family to test whether BES1 shows a 

different evolutionary rate compared to other family members. Using a maximum likelihood 

approach (Bielawski and Yang 2003), we showed that BES1 indeed exhibits a significantly 

different evolutionary rate, if all other branches are assumed to evolve at the same rate 

(2δ=5.232, df=1, p=0.0222). In contrast, no significant difference was found for the 

evolutionary rate of BZR1 under the same assumptions (2δ=3.244, df=1, p=0.0717).   
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Figure 2.2 HSP90 clients show relaxed selection compared to their paralogs.  

(A) The branch leading to BES1 has a larger dN/dS ratio than the branch leading to BZR1. 

dN/dS ratios are in italics. Branch lengths represent the difference in the number of amino 

acid substitutions among family members from an unrooted tree. The fraction of 100 

bootstraps supporting each branch are shown in bold. (B) S. cerevisiae HSP90 clients tend to 

evolve faster than their paralogs in two-member and three-member families. Clients are dark-

grey circles; non-clients are light-grey squares. Star denotes significance. Significance was 

determined by using a one-sample Wilcoxon test, which tests the deviation from the expected 

ratio of client/non-client branch length of 1, n=13, 95% confidence interval 1.02-1.64, 

p=0.002. 

 

 

To address whether HSP90 clients generally evolve faster, I analyzed a data set of 

systematically identified Saccharomyces cerevisiae HSP90 clients (Zhao et al. 2005). 

Proteins that physically interact with HSP90 by tandem affinity purification-tagged (TAP) 

mass spectrometry (Zhao et al. 2005) were considered as likely HSP90 clients. Likely HSP90 

co-chaperones, identified by the TPR domain (Wegele et al. 2004), were removed from the 

analysis. Unlike clients, co-chaperones interact with HSP90 through the TPR domain and 

modulate HSP90 activity. As expected, the evolutionary rates of HSP90 clients did not differ 

significantly from all other yeast genes (Figure S2.4A). Factors such as differences in 

selection pressure, protein stability, or codon bias, among others, likely obscure any impact 

on evolutionary rate by HSP90. To compare genes well-matched for these factors, I 

identified gene duplicates in which one paralog encoded a likely HSP90 client. Consistent 

with our results for BES1, genes encoding yeast HSP90 clients showed significantly longer 

branch length than their respective closest paralog (Figure 2.2B, table S2, n=13, 95% 

confidence interval 1.02-1.64, p=0.002, one-sample Wilcoxon test, testing the deviation from 

the expected ratio of client/non-client branch length of 1). Likely non-clients, identified by 

synthetic genetic interaction with an hsp90 mutation (SGI), did not show this trend (Figure 

S2.4B, n=27, p=0.97). I then tested a more stringent situation. In cases in which yeast HSP90 

interaction status was the derived state (i.e., not present in a common ancestor), three out of 

four HSP90 clients showed longer branch length than their respective closest paralog (Figure 
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2.2B, three-member families). Next, we addressed whether these differences in evolutionary 

rate were due to expression differences between clients and their respective non-client 

paralogs. Genes that evolve faster tend to be expressed at a lower level (Drummond et al. 

2005). In contrast, many clients are significantly higher expressed than their non-client 

paralogs across nearly 200 environmental conditions (Swarbreck et al. 2008) (Table S2.2, 

Figure S2.5). We observed no correlation of expression levels and branch lengths between 

clients and their respective paralogs (Figure S2.4C, Figure S2.5, Table S2.2). Taken 

together, our/my data suggest that HSP90 can facilitate the divergence of gene duplicates in 

yeast and plants. 

 

2.3.3 HSP90 client BES1 shows hallmarks of sub-and neofunctionalization 

Evolutionary theory holds that after gene duplication, one copy dies off quickly or 

changes function (Conant and Wolfe 2008). A surviving gene copy can retain part of the 

ancestral gene function, such as expression in fewer tissues or under certain environmental 

conditions (subfunctionalization) and/or acquire a novel beneficial function 

(neofunctionalization) (Conant and Wolfe 2008). An obvious subfunctionalization path for 

an HSP90 client is loss of function under environmental conditions that challenge HSP90 

chaperone activity, such as increased temperature. HSP90 clients are typically less stable 

than other proteins and hence lose function at increased temperature despite induced HSP90 

expression (Taipale et al. 2010). We grew seedlings at 27ºC, a temperature known to 

challenge HSP90 function but not induce heat stress in A. thaliana (Queitsch et al. 2002). 

The temperature response of BRI1-ox, DWF4-ox, and bzr1-D mutants closely resembled the 

response of wild-type seedlings (Figure 2.3D). In contrast, not one of more than 100 bes1-D 

seeds in multiple independent experiments germinated at 27ºC (Figure 2.3D, E). This 

germination phenotype was completely suppressed at standard growth conditions (22ºC) 

(Figure 2.3D, E, Figure S2.2D). The loss of BES1 function at moderately elevated 

temperature, likely a direct result of challenged HSP90 function, is strong support for 

subfunctionalization.  
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If genes encoding HSP90 clients evolve faster than their non-client paralogs, 

neofunctionalization may be facilitated. Although there appears to be extensive redundancy 

between the HSP90 client BES1 and the non-client BZR1 (Cooper et al. 2005), we found 

evidence of BES1 neofunctionalization. First, the major BES1 splice variant At1g19350.3 

encodes a novel exon not found in BZR1 or any of the other BEH/BZR family genes (Figure 

2.3A). This exon shares significant homology with intergenic regions on chromosomes 3 and 

5 (Figure 2.3B). This exon together with adjacent intron sequence has additional matches to 

the 5’UTR BZR1 sequence and to another intergenic region (Figure 2.3C). Gene chimeras 

are a hallmark of neofunctionalization (Hahn 2009), and these findings suggest that distant 

genomic regions may have contributed to the novel BES1 exon.  
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Figure 2.3. BES1 shows evidence of neo- and subfunctionalization.  

(A) The major BES1 splice variant, BES1.3, encodes a novel exon. Grey boxes are exons, 

black lines are introns, and white boxes are UTRs. (B) A BLASTn search for regions with 

homology to the novel BES1.3 exon identifies intergenic loci. (C) A BLASTn search for 

regions with homology to the novel exon and first intron of BES1.3 identifies BZR1 5’ UTR 

sequence in addition to intergenic loci. (D) At 27°C, the bes1-D mutant failed to germinate, 

while all other mutants showed a wild-type response. (E) Representative bes1-D seedlings 

and seeds at 22°C and 27°C, respectively. Enlarged image of bes1-D (inset) shows a seed 

that failed to germinate at 27°C. 
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Second, we found that BES1 polymorphisms across divergent A. thaliana accessions 

were significantly associated with the phenotypic variation these strains showed in response 

to HSP90 inhibition. Wild A. thaliana accessions harbor considerable genetic variation, yet 

due to A. thaliana’s inbreeding life-style, individual accessions are nearly isogenic. 

Sensitivity to HSP90 inhibition varied dramatically among accessions (Figure 2.4A). Some 

accessions grouped with the hypersensitive bes1-D mutant (Figure 2.4A, red bar), whereas 

others responded very little. Accessions that grouped with the hypersensitive bes1-D mutant 

contained three intronic polymorphisms; but this association was not significant (Figure 

2.4A, B, light-blue). In contrast, we found significant associations between decreased 

sensitivity to HSP90 inhibition and two other BES1 polymorphisms (Figure 2.4B, Figure 

S2.6A). The first polymorphism is a frameshift mutation in the strains Zdr-6 and Tottarp-2 

that results in an early stop codon (Figure 2.4A, black bars, Figure 2.1E). Consistent with a 

severely truncated BES1 protein, these strains responded little to HSP90 inhibition. The 

second polymorphism was found in four different strains (Figure 2.4A, green bars). This 

synonymous polymorphism in the 5’ end of BES1 alters the preferred codon for alanine to a 

rarely used codon (Wright et al. 2004). Changes in codon usage can alter translation 

efficiency and protein folding kinetics, potentially making stabilization by HSP90 

superfluous. A similar change in codon usage has been observed for evolutions of viral 

proteins under conditions of reduced HSP90 in mammalian cells (Vaughan et al. 2010). 

Thus, in strong support of the capacitor hypothesis, HSP90 inhibition revealed phenotypic 

differences among divergent A. thaliana strains that are associated with BES1 

polymorphisms. Moreover, HSP90 client status appears to be highly dynamic with BES1 

losing HSP90 dependence in some strains.  

 

Another non-synonymous polymorphism in BES1 did not correlate with response to 

HSP90 inhibition (Figure 2.4B). Consistent with HSP90 facilitating BES1 evolution, this 

polymorphism may represent a step towards a novel phenotype through acquisition of a 

second mutation, with which it interacts epistatically (Figure 2.4B) (Salverda et al. 2011). 

Neutral non-synonymous mutations, such as mutations that increase protein stability without 

affecting function, can facilitate ascent to new fitness optimum (Peña et al. 2010). In contrast, 
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all twenty BZR1 polymorphisms were synonymous (Figure 2.4B), consistent with BZR1’s 

lower evolutionary rate compared to BES1. None of these were associated with sensitivity to 

HSP90 inhibition, supporting BZR1’s non-client status (Figure 2.4B, Figure S2.6B). Eight 

BZR1 polymorphisms were unique to the strain Uod-7, which carries a large intronic 

insertion in addition to other intronic polymorphisms (Figure 2.4B). These polymorphisms 

may lead to mis-regulation of BZR1 (Le Hir et al. 2003), thereby increasing the need for 

BES1. This scenario is consistent with Uod-7’s hypersensitivity to GdA (Figure 2.4A). 

Taken together; our data suggest that HSP90 facilitates divergence of gene duplicates by 

promoting sub-functionalization through temperature sensitivity of its clients and 

neofunctionalization through their increased tolerance of mutations.  

 

 

	
  

	
  
Figure 2.4. BES1 HSP90 client status is dynamic. 

(A) Hypocotyl length GdA sensitivity of divergent A. thaliana strains and bes1-D (red). 

BES1 and BZR1 were sequenced in strains highlighted in grey. Strains with frameshift 

mutations are in black; strains with BES1-synonymous polymorphisms are green. Both 

polymorphisms are significantly associated with GdA sensitivity. Strains with BES1 intronic 

polymorphisms are light blue. (B) BES1.3 and BZR1.1 polymorphisms. Grey boxes are 
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exons, black lines are introns, and white boxes are UTRs. The octagon marks the frameshift 

mutation, the green triangle marks the synonymous SNP, the blue triangle marks the 

nonsynonymous polymorphism, white triangles mark non-coding or synonymous 

polymorphisms, light blue triangles mark intronic polymorphisms in BES1, and stars mark 

the bzr1-D and bes1-D dominant mutations. The domains are N-nuclear localization signal, 

D-DNA binding domain, P-phosphorylation domain, PEST-PP2A interaction domain. (C) A 

protein that exists in a free energy minimum (function a) acquires mutations that render it 

metastable and thus recognized by HSP90. As an HSP90 client, the protein can visit a greater 

sequence space, increasing the chance of reaching another free energy minimum associated 

with a novel function (function b) and loss of client status. 

 

	
  

2.4  DISCUSSION  

With BES1, we have identified a novel HSP90 client in a crucial plant growth 

pathway (Figure 2.1). By necessity, plant growth must be finely tuned to the environment. 

The temperature sensitivity of BES1 tightly links BR pathway function to the ambient 

environment. We and others showed previously that HSP90 plays an important role in 

defenses against herbivores and microbial pathogens, (Sangster et al. 2007b; Hubert et al. 

2003b; Hubert et al. 2003a; Sangster and Queitsch 2005), as well as the timing of flowering 

(Sangster et al. 2007b). Our findings add an important layer of complexity to known 

hormone-environment interactions (Nemhauser 2008; Robert-Seilaniantz et al. 2011a), 

especially in light of HSP90’s known role in resource allocation among defense and growth 

pathways. Our data also add to the emerging evidence of functional divergence between 

BES1 and BZR1—the critical downstream targets of BR signaling. For example, recent 

genome-wide chromatin immunoprecipitation experiments show only partial overlap of gene 

targets in BES1 and BZR1 (Yu et al. 2011; Sun et al. 2010). This partial overlap highlighted 

key unresolved questions about BR transcriptional responses. Specifically, what 

distinguishes BES1- or BZR1-specific targets from targets regulated by both proteins, and 

what determines whether BES1 and BZR1 act as repressors or activators? As BES1, but not 

BZR1, is an HSP90 client, we speculate that interaction with the chaperone may facilitate 
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association of BES1 with specific partner proteins, resulting in BES1-specific functions 

(Cooper et al. 2005). 

 

In addition to identifying a novel plant HSP90 client, the present study provides 

support for the capacitor hypothesis by garnering evidence of HSP90-facilitated evolution in 

extant genomes. When I compared paralogs, I found a significant trend that genes encoding 

diverse HSP90 clients evolved faster than non-clients (Figure 2.2). In contrast, when I 

compared diverse yeast HSP90 clients and non-clients as aggregate groups, I could not detect 

any significant difference in evolution rate (Figure S2.4B). This result is consistent with a 

similar analysis comparing prokaryotic genes encoding diverse clients of the bacterial 

chaperonin GroEL/ES and non-clients (Williams and Fares 2010). On the contrary, within 

the superfamily of mammalian kinases, strong HSP90 clients carry more non-synonymous 

mutations than non-clients (Taipale et al. 2012). These different results are not surprising 

because many other factors or gene properties influence evolutionary rate, most of which will 

differ for a diverse set of genes. Combined, these factors can outweigh and conceal effects of 

HSP90 and GroEL/ES client status on evolutionary rate. By focusing on gene duplicates of 

diverse HSP90 clients, which share many properties influencing evolutionary rate, I found 

support for HSP90’s previously hypothesized effect on gene evolution. As overexpression of 

GroEL/ES also increases the evolutionary rates of its clients (Peña et al. 2010), our study 

supports an ancient and conserved role for protein chaperones in gene evolution. 

 

Our/my findings also help resolve an apparent paradox about the fate of gene 

duplicates. Gene duplicates are functionally redundant immediately after duplication, 

rendering one copy superfluous or even harmful (Papp et al. 2003; Lynch and Conery 2000). 

Evolutionary theory predicts non-functionalization—one gene copy is silenced and 

subsequently lost—as the fate of most duplicated genes. Recent studies have challenged this 

view by revealing that gene duplicates with partially redundant function are maintained much 

longer than expected (Conant and Wolfe 2008; Lynch and Conery 2000; Maere et al. 2005; 

Dean et al. 2008; DeLuna et al. 2008). Moreover, in yeast, plants, insects, and humans, genes 

that can be maintained in duplicate show strong functional bias, with transcription factors and 

kinases significantly over-represented (Conant and Wolfe 2008; Wapinski et al. 2007; Guan 
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et al. 2007; Maere et al. 2005; Aury et al. 2006). Both observations raise questions about the 

molecular mechanism(s) that aid the initial preservation, continued maintenance, and 

eventual divergence of a specific subset of gene duplicates. Our/my data are consistent with a 

model in which acquisition of HSP90 client status is a molecular mechanism aiding each of 

these steps. Acquisition of HSP90 client status can occur through a single mutational step 

(Taipale et al. 2010; Citri et al. 2006). A new HSP90 client will be subject to immediate 

environmental subfunctionalization. As we observed for BES1, HSP90 clients are exquisitely 

sensitive to environmental conditions affecting protein folding (Nathan et al. 1997). 

Immediate and efficient subfunctionalization will counteract deleterious dosage effects and 

foster long-term maintenance of gene duplicates, and hence provide opportunity for their 

functional divergence. In fact, bes1-D mutants were more sensitive to a temperature increase 

than to the HSP90 inhibition, which is consistent with the fact that temperature change is a 

more complex perturbation compared to the specific inhibition of a single chaperone. In 

addition to providing evidence for HSP90-faciliated subfunctionalization, we show that 

HSP90 client status correlates with hallmarks of neofunctionalization and increased 

evolutionary rates of the genes encoding them. HSP90 recognizes metastable signal 

transduction proteins, most of which are transcription factors and kinases (Taipale et al. 

2010). We speculate that HSP90’s specificity for these substrates contributes to the observed 

functional bias among gene duplicates. Additional support for HSP90’s role in gene duplicate 

divergence comes from our observation that HSP90 client status is dynamic in the BZR/BEH 

family and in yeast gene families, with frequent gains and losses (Figure 2.4A, B). Dynamic 

client status is also observed in the mammalian kinome (Taipale et al. 2012). In fact, even 

across wild A. thaliana accessions BES1 HSP90 client status itself appears to be dynamic.  

 

The presence of HSP90 clients and non-clients in gene families with partially 

redundant function has important implications for another aspect of HSP90-mediated 

capacitance. Inhibition of HSP90 increases phenotypic variation even in the absence of 

genetic variation (Queitsch et al. 2002; Sangster et al. 2008a). This increase of phenotypic 

variation in isogenic lines has been attributed to an increased frequency of stochastic events 

in development or a greater sensitivity to microenvironments. As recently shown, significant 

phenotypic variation arises in isogenic worms due to the loss of functional redundancy 
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between paralogs (Burga et al. 2011; Casanueva et al. 2012). Under conditions that challenge 

HSP90 function, HSP90-dependent paralogs will become inactive, thereby reducing 

functional redundancy and increasing phenotypic variation. We suggest a general role for 

HSP90 in maintaining a reservoir of phenotypic variation through facilitating conditional 

functionality of gene duplicates. 

 

2.5  SUPPLEMENTARY MATERIALS AND METHODS 

Plant growth conditions and treatments 

J. Lachowiec grew the plants. Columbia-0 (Col-0) was used as wild type. bzr1-D, DWF4-ox, 

bin2-1, BRI1-ox, and bes1-2 (WiscDsLox246D02) were in the Columbia-0 background. The 

recessive, loss-of-function mutant bes1-2 was isolated in this study, using a T-DNA insertion 

line (WiscDsLox246D02). The bes1-D mutant is a recapitulation line using a transgene to 

constitutively express the mutant form of bes1-D in Col-0. Seeds were stratified for three 

nights at 4°C and grown vertically in the dark or red LED light for seven days on 0.5x LS 

0.08% bactoagar growth media at 22°C. Geldanamycin (Sigma #G3381), brassinolide 

(Chemiclones #101), and brassinazole (Chemiclones #117) were dissolved in DMSO. Drugs 

and mock (DMSO only) treatments were added to growth media. For growth at 27°C, 

seedlings were placed in 22°C for 24 hours and then transferred to 27°C. For response to 

GdA in accessions, 15 seeds from 96 accessions were grown in the dark for seven days on 

medium containing DMSO or 1µM GdA. Accessions in which less than seven seeds 

germinated were removed from further analysis. Difference between hypocotyl length in 

mock and treatment was taken and adjusted by the mock mean per genotype. 

 

Statistical analyses 

J. Lachowiec performed the statistical analyses. Analyses of data were performed with JMP7 

(SAS Institute). To measure the effect of drug treatments and interactions on hypocotyl 

length, standard least square linear regression was used. Each drug, drug by drug interaction 

(all fixed effects), and replicate (random effect) was modeled (2-4 replicates for each 

experiment, 10-60 seedlings each). When comparing the effect of genotype on response to 

drug treatment, standard least square linear regression was used. Genotype, drug, genotype 
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by drug interaction (all fixed effects), and replicate (random effect) was modeled (2-4 

replicates of each experiment, 10-60 seedlings each). To associate BES1 and BZR1 SNPs 

with response to GdA, the GdA response was normalized using the mock treatment mean for 

each strain. Each SNP in the 30 strains was tested for association with GdA response using 

ANOVA (One-way). 

 

Western blot 

J. Lachowiec did the western blots. Seedlings were grown for seven days in red LED light 

and then ground in liquid nitrogen. Buffer (0.15M Tris pH 6.8) was then added, and extracted 

protein was quantified using Bradford’s assay (Pierce #1856210). Approximately 15ug of 

protein was loaded per lane. Gel Code Blue Stain Reagent (Pierce #24590) was used to 

determine loading. Proteins were transferred to nitrocellulose and probed with anti-BES1 

antibody (gift of Yanhai Yin).  

 

Co-immunoprecipitation 

J. Lachowiec did the co-immunopresipitations. Col-0 (WT) and bes1-2 rosette leaves grown 

in long day conditions were harvested, frozen in liquid nitrogen, ground, and resuspended in 

HEM buffer (10mM HEPES, 1mM EDTA, 20mM sodium molybdate, 1mM PMSF (Fluka 

78830) and protease inhibitor  (Roche 11-836-153-001)). The solution was ultracentrifuged 

for 100,000 x g for 30 minutes at 4°C. The resulting supernatant was incubated for three 

hours with Protein L Agarose (Pierce 20510), which was pre-incubated with anti-HSP90 3G3 

antibody (Enzo Lifescences ALX-804-079-R400). Beads were pelleted and washed with 

HEM buffer. Anti-BES1 antibody (gift of Yanhai Yin) was used to detect BES1 in the pellet. 

The newly isolated bes-2 mutant (recessive, loss-of-function) was used to confirm that this 

antibody is specific to BES1. 

 

Phylogenetic tree and dN/dS analysis 

J. Lachowiec performed the phylogenetic analyses. Sequences from genomes that were not 

publically available were removed manually. MUSCLE 3.7 was used for amino acid 

alignment of the identified sequences, and Gblocks was used to remove regions with poor 

conservation. Sequences with low similarity in the high conservation region identified with 
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Gblocks were removed manually. The remaining 86 sequences were re-aligned and neighbor-

joining was used to create a distance tree. For the BZR/BEH tree, the outgroup was identified 

as a BZR/BEH family member that was closely related, but an outgroup to all A. thaliana 

BZR/BEH family members. MUSCLE 3.7 was used for amino acid alignment of outgroup 

and A. thaliana family members using default parameters and manually examined for errors. 

PhyML was used for maximum likelihood tree (Guindon and Gascuel 2003). For dN/dS 

analysis, PAL2NALv13 was used to convert amino acid alignment to codon alignment. The 

codeml program from PAMLv4.4b was run with gaps removed using models 0, 1, and 2 

(Bielawski and Yang 2003). The branch leading to BES1 or BZR1 was allowed to vary in 

model 2. The dN/dS values for the BZR/BEH family came from model 1. 

 

Yeast data analyses 

I performed the yeast data analyses. For this study, published HSP90 interactors were used 

(Zhao et al. 2005). TPR-domain containing proteins were curated from available literature 

and sequence information and excluded from further analysis. I used the Ensembl Compara 

(release 61) database to obtain the branch length of HSP90 interactors in three-member and 

two-member families. For the three-member families, I filtered out genes in which the inner 

or outer-paralog were also HSP90 interactors. For the two-member families I filtered out 

those in which both genes were HSP90 interactors. To determine whether there was a 

significant difference in branch length between clients, non-clients, and their paralogs, I 

calculated the proportion of total branch length for each client or non-client and their 

paralogs. A one-sided Wilcoxon test was used to determine significance of detected 

differences in proportional branch length between client and paralog or non-client and 

paralog.  
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Table S2.1   Significance of response to HSP90 

inhibition 

   0.5uM GdA 1.0uM GdA 

 genotype R2 p-value R2 p-value 

 bes1-D 0.73 <0.0001 0.89 <0.0001 

 bzr1-D 0.26 0.63 0.63 0.59 

 BRI1-ox 0.48 0.22 0.74 <0.0001 

 DWF4-ox 0.75 0.99 0.8 0.0003 

  

Seedlings with increased BR signaling through overexpression of DWF4 (DWF4-ox) or 

overexpression of BRI1 (BRI1-ox) showed WT-like sensitivity to HSP90-inhibition at 0.5µM 

GdA. In contrast, seedlings with constitutive activation of BES1 (bes1-D) were significantly 

more sensitive than WT at 0.5µM GdA in red light. At 1.0 µM GdA, BRI1-ox, DWF4-ox, but 

not bzr1-D showed increased sensitivity compared to WT.  
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Table S2.2   Yeast HSP90 clients tend to evolve faster than their respective non-client paralogs independent 

of expression levels. 
client   non-client paralog   comparison 

gene   

expression 

mean   

branch 

length 

 

gene   

expression 

mean   branch length 

 

client minus 

paralog 

expression 

mean   

client 

branch/non-

client 

branch 

YBR172C 

 

-0.3258 

 

1.0072 

 

YPL105C 

 

-0.1654 

 

0.7407 

 

-0.1603 * 

 

1.3598 

YCL024W 

 

-0.3181 

 

0.3717 

 

YDR507C 

 

-0.4492 

 

0.2050 

 

0.1311 

  

1.8136 

YDL025C 

 

0.3978 

 

0.5842 

 

YOR267C 

 

0.2715 

 

0.4900 

 

0.1263 

  

1.1923 

YDL199C 

 

0.5594 

 

1.7737 

 

YFL040W 

 

0.0277 

 

1.7386 

 

0.5317 * 

 

1.0202 

YDR001C 

 

0.7171 

 

0.2090 

 

YBR001C 

 

0.5592 

 

0.1304 

 

0.1579 *** 

 

1.6024 

YFL011W 

 

-0.1650 

 

0.2859 

 

YMR011W 

 

-0.4621 

 

0.1549 

 

0.2971 *** 

 

1.8461 

YFR024C-A 

 

0.0450 

 

0.3320 

 

YHR016C 

 

0.3144 

 

0.2701 

 

-0.2694 

  

1.2291 

YGL077C 

 

-0.3462 

 

0.4449 

 

YNR056C 

 

0.0736 

 

1.0123 

 

-0.4198 

  

0.4395 

YHR080C 

 

0.3019 

 

0.5174 

 

YDR326C 

 

-0.3168 

 

0.2316 

 

0.6187 *** 

 

2.2340 

YKR003W 

 

0.0862 

 

0.2907 

 

YHR001W 

 

0.1561 

 

0.2927 

 

-0.0700 *** 

 

0.9931 

YMR192W 

 

-0.0287 

 

1.6764 

 

YPL249C 

 

0.0550 

 

0.8823 

 

-0.0837 

  

1.9000 

YNR011C 

 

-0.1769 

 

1.0256 

 

YKL078W 

 

-1.1110 

 

1.2136 

 

0.9340 *** 

 

0.8451 

YNR031C   0.0252   0.5748   YCR073C   -0.2379   0.5540   0.2630 ***   1.0375 

              Mean expression was calculated from (Gasch et al. 2000), using all their reported 

conditions. Differences in mean expression were calculated using a Wilcoxon paired sign 

rank test. Significance values are abbreviated as * p<0.05, ** p<0.01, *** p<0.001.  
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Figure S2.1   HSP90 is required for BR signaling.  

(A) GdA reduces seedling response to brassinolide (BL), the most biologically active BR in 

red light. Red light was used because GdA decays rapidly in white light. Standard error is 

shown for all values. (B) Treatment with brassinazole (BRZ), a BR biosynthetic inhibitor, 

greatly reduces the effect of GdA treatment on seedling growth in red light. (C) Treatment 

with BRZ greatly reduces the effect of GdA treatment on seedling growth in the dark.  

(D) The BR signaling pathway. BRs (brassinolide-BL) are synthesized through a number of 

enzymatic reactions, including the rate-limiting enzyme DWF4, the target of BRZ. When BR 

levels are low, BIN2 and related kinases inhibit the activity of a family of transcription 

factors, including BES1 and BZR1. As BRs accumulate, they are detected by the plasma-

membrane localized receptor BRI1. Activated BRI1 triggers a series of phosphorylation and 

dephosphorylation events that ultimately inhibit the activity of BIN2 and its paralogs. 

Hypophosphorylated BES1 and BZR1 then can bind DNA and trigger changes in target gene 

transcription. Each of the indicated proteins is a potential HSP90 client. 
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Figure S2.2   BES1 is an HSP90 client.  

(A) Seedlings with increased BR signaling through overexpression of DWF4 (DWF4-ox) or 

overexpression of BRI1 (BRI1-ox) showed similar sensitivity to HSP90-inhibition by GdA 

compared to WT in the dark. In contrast, seedlings with constitutive activation of BES1 

(bes1-D) were significantly more sensitive than WT in the dark. Standard error is shown.  

(B) In contrast to the dramatic GdA hypersensitivity of bes1-D mutants, bzr1-D mutants 

respond like WT in the dark. (C) BIN2 is not a likely HSP90 client. The bin2-1 mutation 

results in a dwarfed phenotype compared to WT. The phenotypes of a segregating population 

of bin2-1 were enhanced rather than alleviated upon inhibition of HSP90. Plant growth 

phenotypes were categorized as wild-type, semi-dwarf, or dwarf and assessed for 60 

seedlings per genotype and condition. (D) Hyper-sensitivity to increased temperature is not 

observed in WT and bzr1-D seedlings grown at 22°C and 27°C. 
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Figure S2.3   BZR/BEH family genes are found in many plant species. A neighbor-joining 

tree, using percent amino acid identity among genes identified as potential BZR/BEH family 

members among 16 plant species, shows that a gene from Aquilegia coerulea (arrow) is the 

most closely related outgroup to all BZR/BEH family members in A. thaliana (indicated by 

“·”). 
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Figure S2.4   S. cerevisiae HSP90 genetic interactors do not show elevated rates of 

evolution. (A) S. cerevisiae HSP90 TAP-identified clients do not show a significant 

difference from all other yeast genes in their dN/dS ratios. (B) S. cerevisiae HSP90 synthetic 

genetic interactors (SGI) do not show longer branch lengths than their paralogs in two-

member and three-member families. In fact, they tend to show significantly shorter branch 

lengths (p=0.03, Wilcoxon, one-sided). SGI are red circles; SGI paralogs are blue squares. 

(C) Increased evolutionary rate of yeast HSP90 clients is not explained by lower expression. 
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X-axis shows client mean expression minus non-client paralog mean expression across many 

environmental conditions (Gasch et al. 2000). Y-axis shows client evolutionary rate minus 

non-client paralog evolutionary rate (using proportional branch length for both). Labels in 

quadrants indicate relationship of client evolutionary rate and expression level. Numbers 

indicate scale. Solid trend line shows lack of correlation between evolutionary rate and 

expression levels (p=0.882, R2=0.0019). 
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Figure S2.5   Expression profiles of yeast HSP90 clients and their respective non-client 

paralogs across 173 environmental conditions (Gasch et al. 2000). Client expression is in red; 

non-client expression is in blue. All 14 pairs are shown. Statistics for observed differences 

appear in Table S2.2. 
	
  

	
  

Figure S2.6   Significant associations were observed between SNPs and hypocotyl response 

to HSP90 inhibition in BES1 (A) but not BZR1 (B) among the 30 sequenced accessions. 

ANOVA was used to assess significance.  
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Chapter 3  

THE PROTEIN CHAPERONE HSP90 AND THE EVOLUTION 

OF THE HUMAN KINOME2 

 

 

This chapter was included in the thesis because I performed analyses that contributed to the 

publication of the present article. Specifically, I tested whether HSP90 client kinases had 

greater nucleotide diversity and damaging mutations than non-client kinases. The results of 

these analyses led J. Lachoweic to ask if the HSP90’s effect on kinase evolutionary rate 

increased with time of divergence. I also contributed to data for table S3.1. The first person 

“we”, and the “our” pronoun indicates the work of J. Lachowiec. My work is stated with the 

“I” person, and the “my” pronoun. 

 

 

Abstract 

Heat-shock protein 90 (Hsp90) promotes the maturation and stability of its client proteins, 

including many kinases. In doing so, Hsp90 may allow its clients to accumulate mutations as 

previously proposed by the capacitor hypothesis. If true, Hsp90 clients should show 

increased evolutionary rate compared to non-clients; however, other factors, such as gene 

expression and protein connectivity, may confound or obscure the chaperone’s putative 

contribution. Here, we compared the evolutionary rates of many Hsp90 clients and non-

clients in the human protein kinase superfamily. We show that Hsp90 client status promotes 

evolutionary rate independently of, but in a similar magnitude to, gene expression and 

protein connectivity. Hsp90’s effect on kinase evolutionary rate was detected across 

mammals and increased with time of divergence. Hsp90 clients also showed increased 

nucleotide diversity and harbored more damaging variation than non-client kinases across 

humans. These results are consistent with the central argument of the capacitor hypothesis 

                                                
2 This chapter was published in Molecular Biology and Evolution as “Hsp90 promotes kinase 

evolution” by J Lachowiec, T Lemus, E Borenstein, C Queitsch.   
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that interaction with the chaperone allows its clients to harbor genetic variation. Hsp90 client 

status is thought to be highly dynamic with as few as one amino acid change rendering a 

protein dependent on the chaperone. Contrary to this expectation, we found that across 

protein kinase phylogeny Hsp90 client status tends to be gained, maintained, and shared 

among closely related kinases. We also infer that the ancestral protein kinase was not an 

Hsp90 client. Taken together, our results suggest that Hsp90 played an important role in 

shaping the kinase superfamily. 

 

3.1  INTRODUCTION 

The conserved heat shock protein Hsp90 facilitates the proper folding and stability of 

its substrates (clients) (Taipale et al. 2010), many of which are kinases with important roles 

in growth and development. Hsp90 perturbation increases the penetrance of expressed 

genetic variants and reveals cryptic genetic variation in genetically divergent populations of 

plant, fly, yeast, and fish (Queitsch et al. 2002; Jarosz and Lindquist 2010; Rutherford and 

Lindquist 1998; Yeyati et al. 2007). In worms, naturally varying Hsp90 levels predict 

mutation penetrance with lower Hsp90 levels resulting in greater penetrance (Burga et al. 

2011; Casanueva et al. 2012). These observations with traditional model organisms prompted 

the controversial hypothesis that Hsp90 plays an important evolutionary role, allowing 

genetic variation to remain phenotypically silent and releasing it in environments that perturb 

Hsp90 function (Rutherford and Lindquist 1998). Consistent with this hypothesis, perturbing 

Hsp90 function in surface-dwelling Astyanax mexicanus fish results in eye phenotypes that 

are reminiscent of the natural adaptation of eye loss in the cave-dwelling fish of the same 

species, presumably due to release of Hsp90-dependent standing variation (Rohner et al. 

2013). Hsp90-dependent standing variation occurs frequently in natural strains of plants, 

flies, and yeast and often affects complex traits (Sangster et al. 2008a; Jarosz and Lindquist 

2010; Rutherford and Lindquist 1998), consistent with a significant role of Hsp90 in 

evolution, especially in the evolution of genes encoding its client proteins.  

 

The evolutionary rate of protein coding genes is commonly measured as the ratio of 

non-synonymous changes to synonymous changes, dN/dS. Using this measure, we recently 

reported that genes encoding Hsp90 clients tend to evolve faster than genes encoding their 



	
   54	
  

non-client paralogs (Lachowiec et al. 2013). This trend was not observed without considering 

paralog status, presumably because many other factors, some of which are shared among 

paralogs, influence evolutionary rate. One drawback of this study was the small number of 

available client and non-client paralog pairs. Recently Taipale et al. (2012) systematically 

annotated Hsp90 clients in the human kinome, using a high-throughput assay to assess kinase 

and Hsp90 interactions. Of the 314 tested kinases, 98 are classified as strong Hsp90 clients 

and 95 as weak clients. Notably, the dN of strong Hsp90 clients is greater than the dN of non-

clients, suggesting that interaction with Hsp90 may indeed allow for increased accumulation 

of non-synonymous genetic variation (Taipale et al. 2012). 

 

There is precedent for chaperone-facilitated evolution of client proteins. In 

prokaryotes, GroEL/ES clients show different degrees of dependency on the chaperone for 

stability and folding. Genes that encode proteins with greater GroEL/ES dependency show 

greater dN/dS after correction for confounding factors, using appropriate statistical models 

(Fares et al. 2002; Bogumil and Dagan 2010, 2012; Williams and Fares 2010; Bogumil et al. 

2012). Similarly, overexpression of GroEL/ES promotes tolerance of nonsynonymous 

mutations (Tokuriki and Tawfik 2009). Factors that may confound putative chaperone effects 

on evolutionary rate include absolute expression levels (Pál et al. 2001; Wall et al. 2005) and 

a protein’s connectivity in protein–protein interaction (PPI) networks (Fraser et al. 2002). 

Highly expressed genes tend to evolve slower than genes with lower expression levels as do 

genes encoding proteins that interact with many other proteins, presumably due to the 

selective pressure to maintain all functional interactions. Neither of the studies discussed 

above (Lachowiec et al. 2013; Taipale et al. 2012) controlled for these factors when 

examining the role of Hsp90 on protein evolution. Another factor contributing to dN/dS is 

protein stability; genes encoding stable proteins tend to evolve faster (Bloom et al. 2006). 

Many Hsp90 clients are inherently unstable and are rapidly degraded in Hsp90-limited 

conditions (Taipale et al. 2010). Interaction with the chaperone Hsp90 promotes client 

protein stability (Taipale et al. 2012), suggesting a mechanistic basis for the chaperone’s 

putative effect on dN/dS. 
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Here J. Lachowiec and I set out to dissect and compare the contributions of Hsp90 

client status, gene expression levels, and protein interaction degrees to the evolutionary rate 

of kinases. We evaluate the role of Hsp90 in kinome evolution within and across lineages. 

Hsp90 client status is thought to be dynamic throughout gene family evolution with as few as 

one amino acid change resulting in a switch from non-client to client (Citri et al. 2006; 

Lachowiec et al. 2013; Taipale et al. 2012). We assess this unexplored dynamic by 

quantifying the transition rates between client and non-client states throughout kinase 

evolution and show that client status switching is infrequent. We also infer the ancestral state 

of client status among kinases. Taken together, J. Lachowiec and my results support the 

controversial hypothesis that Hsp90 plays an important role in the evolutionary processes 

shaping large gene families.  

 

3.2  METHODS 

Data sources and estimating contributions to dN/dS 

J. Lachowiec and I obtained Hsp90 interaction scores, client category, and number of 

connections in the protein-protein interaction (PPI) network were obtained from (Taipale et 

al. 2012).  J. Lachowiec obtained the gene expression data and estimated HSP90 

contributions to the dN/dS. For gene expression levels in human, RNA-seq counts 

normalized for read depth (RPKM, Reads per kilo-base per million) across eleven normal 

human tissues from (Castle et al. 2010) were downloaded 

(http://medicalgenomics.org/rna_seq_atlas/ [September, 2012]). The average expression was 

taken per gene (across all splice forms) and the maximum and mean expression across all 

tissues was calculated. Only the 210 kinases that overlapped between the Hsp90 kinome 

analysis (Taipale et al. 2012) and the eukaryotic kinase tree (Manning et al. 2002) and that 

had values for expression (Castle et al. 2010), dN/dS, and PPI connectivity were used in the 

downstream analyses. Since the phylogenetic relatedness of the kinases may influence these 

contributions, we also considered each variable in a phylogenetic context using 

phylogenetically independent contrasts (PIC). Phylogenetic contrasts for each variable were 

estimated in R using pic in the package ape (Paradis et al. 2004) with the kinome tree from 

(Manning et al. 2002) (http://kinase.com/human/kinome/groups/ePK.ph). J. Lachowiec 
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conducted linear regression analyses with the intercept set to 0 (Garland et al., 1992) since 

the order of subtraction to calculate the PIC was arbitrary and calculated the association 

between each pair of variables. Partial correlations among the variables were calculated with 

R using pcor in the package ppcor (http://cran.r-project.org/web/packages/ppcor/index.html). 

 

dN/dS comparisons across species 

J. Lachowiec obtained the list of ortholog genes and their sequence. For each kinase, 

orthologs for the human kinases and their respective dN/dS values were identified using 

Ensembl release 70, (http://www.ensembl.org [March, 2013]) in the following species: Pan 

troglodytes, Pongo abelii, Nomascus leucogenys, Macaca mulatta, Callithrix jacchus, Mus 

musculus, Rattus norvegicus, Ictidomys tridecmlineatus, Oryctolagus caniculis, Canis 

familiaris, Bos taurus, Sus scrofa, and Ailuropoda melanoleuca. If multiple orthologs were 

identified, the kinase was removed from the analysis to avoid double counting it. Time to 

common ancestor was obtained from compiled studies curated at TimeTree.org (Hedges et al. 

2006). 

 

Hsp90 client divergence timing among humans 

I acquired human exome sequences from the Exome Variant Server (Exome Variant Server, 

NHLBI GO Exome Sequencing Project (ESP), Seattle, WA 

(http://evs.gs.washington.edu/EVS/ [November, 2012]) using an in-house Perl script.  

In addition to the filters from the ESP Server, I incorporated the filters used in (Tennessen et 

al. 2012) to account for possible copy number variation: all SNVs had to have a quality score 

above 20, allele balancing above 65%, read depth between 10 and 1000x,  I also excluded 

genotype qualities values of zero. To calculate nucleotide diversity, I used 

𝜋!"# = 2𝑓 1− 𝑓
𝑛

𝑛 − 1 

where 𝑓 is the frequency of the major allele and 𝑛 is the number of haploid genomes 

(Hernandez et al. 2011). For each gene 𝜋!"#was summed for each nucleotide position and 

normalized for gene length. For gene length I used the length of the longest CDS reported by 

Ensembl release 69. I extracted GERP scores for each SNV from ESP, calculated the average 

GERP score for each kinase gene, and normalized the GERP counts by the length of the gene 

(CDS sequence). PolyPhen scores were also obtained from ESP. 
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Examining client status dynamics and estimating transition rates between client and 

non-client states. 

J. Lachowiec performed the analyses of this section. She estimated the phylogenetic signal of 

client status across the kinome, Pagel’s λ, using the function fitDiscrete in the package geiger 

(http://cran.r-project.org/web/packages/geiger/index.html). She modeled a kinase tree with 

all branches leading to tips of equal length (λ = 0) eliminating the phylogenetic signal. J. 

Lachowiec then compared this model to a model with the true kinase phylogeny (i.e. an 

optimized λ) using likelihood-ratio tests, where the likelihood ratio approximates a χ2 

distribution with one degree of freedom (Harmon et al. 2008; Motani and Schmitz 2011). She 

used BayesTraits v2 (Pagel 1994) (http://www.evolution.rdg.ac.uk/BayesTraits.html) to 

estimate transition rates along the kinase tree using a MultiState model of evolution. She 

used the human kinase tree and the client status of each kinase, coding both weak and strong 

clients (according to Taipale et al., 2012) as ‘A’ and non-clients as ‘B’. She then used 

maximum likelihood with the parameter rate set to 2, representing the two transition rates 1) 

client to non-client and 2) non-client to client. She tested various hypotheses about transition 

rate parameters by restricting transition rates: 1) rate of gain of client status to 0, 2) rate of 

loss of client status to 0, and 3) equal gain and loss rates. She compared the log(likelihood) of 

the restricted models to one another and to the log(likelihood) of the unrestricted models. For 

these comparisons she used likelihood-ratio tests, where the likelihood ratio follows a χ2 

distribution with degrees of freedom equal to the number of restricted parameters. She 

repeated the analysis using Markov Chain Monte Carlo (MCMC) implemented in 

BayesTraits v2. She had appropriate levels of acceptance with the option rateDev set to 2. 

She let the chain run for 100,000 iterations with a uniform prior distribution between 0 and 

100. She examined the transition rates after a 20,000 iteration burn-in period. 

 

To determine the client status of the root kinase, she used MCMC implemented in 

BayesTraits v2. She used the kinase tree and client status coding described above. She 

fossilized the root as either A or B for the whole tree. She found appropriate levels of 

acceptance with the option rateDev set to 1. She ran the chain for 10 million iterations, and 

compared the two different client states of the root by calculating the Bayes Factor based on 
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the harmonic means (twice the difference between the two harmonic means of the model 

likelihood) (Pagel et al. 2004). 

 

Examining non-kinase Hsp90 interactors 

J. Lachowiec and I analyzed the non-kinase interactors. J. Lachowiec removed all genes that 

were found in more than one functional category: E3 ligases, transcription factor, or kinase. 

The client status as defined in Taipale et al. (2012) was used for each gene, with E3 ligases 

and transcription factors (TFs) categorized as “not significant interactor”, removed from 

further analyses. She used pairwise dN/dS values with mouse as an outgroup to examine the 

dN/dS among the Hsp90 interactors and non-interactors. Neither TFs nor E3 ligases are 

monophyletic. She subdivided the TFs into phylogenetically related families (Vaquerizas et 

al. 2009) and compared the dN/dS between Hsp90 interactors and non-interactors within 

each family and in aggregate. Subdividing E3 ligases into phylogenetic groups based on 

sequence similarities has not been previously conducted, so she subdivided E3 ligases based 

on domain presence (Kelch, WD40 from (Taipale et al. 2012) or RING, U box, HECT, F 

box, SOCS box, BTB, DDB1-like, ZnF A20 from (Albrecht et al. 2008)) and compared the 

dN/dS between Hsp90 interactors and non-interactors within each group. Because no 

differences in dN/dS were found between Hsp90 interactors and non-interactors within 

groups defined by individual domains, she also clustered E3 ligases based on presence or 

absence of many domains simultaneously. I identified the E3 domains using PFAM version 

26. Clustering was completed using hierarchical clustering in R with the function heatmap. 

 

 

 

3.3  RESULTS  

3.3.1 Hsp90 client status contributes to dN/dS 

Taipale et al.  (Taipale et al. 2012) previously reported that strong Hsp90 kinase 

clients acquire more non-synonymous mutations than non-client kinases, using pairwise dN 

values from human and mouse. We first extended these analyses by examining evolutionary 

rate (pairwise dN/dS between human and mouse) for non-, weak, and strong clients based on 
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strength of kinase interaction with Hsp90 as defined by (Taipale et al. 2012). Evolutionary 

rate analysis (dN/dS) is the gold standard for assessing the types of selection potentially 

acting on proteins. The dN/dS for strong Hsp90 clients was significantly greater than the 

dN/dS for non-clients (Figure 3.1a, p = 0.0004, Wilcoxon rank sum test); no significant 

dN/dS difference was observed between weak clients and non-clients. Both of these findings 

were consistent with the prior findings observed with dN alone. Second, we found that dN/dS 

values of non-clients are significantly different from the combined dN/dS values of strong 

and weak clients (p =0.01221, Wilcoxon rank sum test), which was not previously addressed 

(Taipale et al. 2012). None of the kinases showed dN/dS > 1, which would indicate positive 

selection. Rather, the Hsp90 client kinases showed relaxed purifying selection compared to 

non-clients, consistent with previous observations in plants and yeast (Lachowiec et al. 

2013).  

 

The observed greater dN/dS of Hsp90 clients may be an indirect consequence of other 

factors that strongly influence evolutionary rate, specifically gene expression levels (Pál et al. 

2001; Wall et al. 2005) or protein interaction degree (Fraser et al. 2002). If genes encoding 

Hsp90 clients are expressed at lower levels (Taipale et al. 2012) or if client proteins are less 

connected in protein interaction networks, the correlation between Hsp90 client status and 

dN/dS can be explained without invoking Hsp90 as a contributor to evolutionary rate. We 

examined whether gene expression level or PPI connectivity explains the observed 

contribution of Hsp90 client status to kinase dN/dS, by conducting a linear regression 

analysis. To this end, we calculated the mean and maximum gene expression of client and 

non-client kinases across RNA-seq experiments for 11 different human primary tissue 

samples (Castle et al. 2010) and used PPI values from Taipale et al. (2012). To account for 

the phylogenetic relatedness among these kinases, we used the kinase tree to calculate 

phylogenetically independent contrasts (PIC) (Felsenstein 1985) to correct for non-

independence of all variables under study: kinase dN/dS, Hsp90 client status, gene 

expression levels, and PPI values. For this analysis, Hsp90 client status for each kinase was 

measured by its quantitative interaction score with the chaperone (Hsp90 interaction score, 

HIS) (Taipale et al. 2012). We considered whether expression breadth, measured as the 
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number of tissues in which a kinase is expressed, was correlated with dN/dS. In this data set, 

however, 187 of the tested 210 kinases were expressed in all tissues, precluding analysis. 

 

 

Table 3.1 dN, dS, and dN/dS Values for Human kinases 

 dN 95% CI for dN dS 95% CI for dS dN/dS 95% CI for 
dN/dS 

Nonclients 0.043 (0.0018, 0.1497) 0.605 (0.2704, 1.0417) 0.069 (0.0043, 
0.2239) 

All clients 0.055 (0.0025, 0.1811) 0.619 (0.3106, 1.2571) 0.088 (0.0053, 
0.3148) 

Weak clients 0.047 (0.0011, 0.1780) 0.629 (0.2823, 1.2331) 0.073 (0.0036, 
0.2475) 

Strong clients 0.063 (0.0050, 0.1813) 0.609 (0.3486, 1.1787) 0.104 (0.0091, 
0.3176) 

 

 

 

Table 3.2  Hsp90 interaction score is positively associated with dN/dS. 

Model Regression coefficient R2 

PIC1 dN/dS ~ PIC Hsp90 interaction score 0.007462 *** 0.06447 

PIC Hsp90 interaction score ~PIC expression maximum2 -0.003507  -0.004182 

PIC dN/dS ~ PIC expression maximum -0.0006343 * 0.02056 

PIC Hsp90 interaction score ~ PIC PPI -0.35586 **** 0.08779 

PIC dN/dS ~ PIC PPI -0.008626 *** 0.06256 
1phylogenetic independent contrasts 
2maximum expression across 11 tissues 
p-values:*0.05, **0.01, ***0.001, ****0.0001    
 

 

We used linear regression to understand the relationships among the PIC for each pair 

of variables. The PIC of kinase evolutionary rates and HSP90 Interaction Score (HIS) were 

positively associated (p = 0.0001, Table 3.2), consistent with our phylogenetically naïve, 

categorical analysis (Figure 3.1a). As expected the PIC of kinase evolutionary rate and gene 

expression levels were negatively associated (p = 0.02, Table 3.2) (Pál et al. 2001); the PIC 

of kinase evolutionary rate and PPI connectivity were also negatively associated (Fraser et al. 
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2002) (p = 0.0001, Table 3.2). Notably, we did not observe a significant association between 

HIS and expression contrasts (p = 0.7, Table 3.2), suggesting that there are no systematic 

differences in gene expression levels that may drive the observed differences in evolutionary 

rate between Hsp90 client and non-client kinases. However, we found a negative correlation 

between PPI connectivity and HIS contrasts (Table 3.2), raising the possibility that the 

greater evolutionary rate of Hsp90 kinase clients derives from fewer protein interactions.  

 

To further disentangle the contributions of Hsp90 interaction score, gene expression 

levels, and PPI connectivity to kinase evolutionary rate, we also calculated partial 

correlations among the contrasts for the four variables. We found that HIS was positively 

correlated with kinase evolutionary rate when controlling for both gene expression levels and 

PPI connectivity (r = 0.19, p = 0.003, Pearson correlation, Table 3.3). The relative 

contribution of HIS and gene expression levels to kinase evolutionary rate was comparable 

when controlling for the respective other variables; the relative contribution of PPI 

connectivity was marginal (Table 3.3). To quantify the combined explanatory power of 

Hsp90 interaction score, gene expression levels, and PPI connectivity to kinase dN/dS, we 

tested the extent to which the PIC of all three variables combined could explain dN/dS PIC. 

This model explained only a small component of the dN/dS PIC (R2= 0.11). 
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Figure 3.1. Hsp90 client and nonclient kinases differ significantly in evolutionary rate. 

(a) The difference for human-mouse pairwise dN/dS for client and nonclients kinases is 

driven by strong clients (p = 0.0004211, Wilcoxon rank-sum test). (b) Significant differences 

between strong and nonclient kinase dN/dS were observed across mammals in a core set of 

kinases found in all mammalian species examined (Wilcoxon rank-sum test). Shades of red 

indicate false discovery rate (FDR). 

 

 

 

In summary, we found that 1) Hsp90 client status is positively associated with kinase 

dN/dS, 2) this association appears to be independent of gene expression levels or PPI 

connectivity, and 3) the strength of association is comparable for Hsp90 client status and 

gene expression levels. Notably, none of the tested factors alone or in combination explained 

a large proportion of the observed variation in kinase evolutionary rate.  

 

 

Table 3.3. Hsp90 is correlated with dN/dS when controlling for PPI and expressiona 

PIC HIS PIC HIS  PIC dN/dS PIC PPIb 
PIC dN/dS  0.197**     
PIC PPI -0.105 -0.0958 

 PIC max exprc  -0.139*  -0.212**  0.027063 
aPartial correlation are shown between two variables, controlling for the other two, 

Pearson correlation. 
bPPI, number of PPIs. 
cmax expr, maximum expression across 11 tissues. 

P-values: *0.05, **0.01. 
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3.3.2 Hsp90-associated effects on kinase evolutionary rate increase with increasing 

divergence  

Thus far, we have analyzed kinase dN/dS values that were calculated from human and 

mouse, species which diverged approximately 75Ma (Chinwalla 2002). As mice are known 

to be a long-branching clade (Wu and Li 1985; Rat-Genome-Sequencing-Project-Consortium 

2004), we evaluated whether Hsp90’s effect on kinase dN/dS values was lineage- or time-

dependent. To do so, we determined the core set of kinases conserved across all tested 

mammals and obtained pairwise dN/dS values for the one-to-one orthologs of strong human 

Hsp90 kinase clients and nonclients. In total, 70 kinases were conserved, comprised of 28 

nonclients, 20 weak clients, and 22 strong clients. Consistent with the mouse-human 

comparisons, strong Hsp90 clients evolved faster than non-clients across these species, 

including several monophyletic lineages such as Primates, Glires, and Laurasitheria (Figure 

3.1b).  

 

Across all comparisons, the average ratio of strong client dN/dS to nonclient dN/dS 

was 1.63±0.25 (standard deviation), indicating that Hsp90 clients undergo relaxed selection 

compared with nonclients (Figure S3.1a). Our results suggest that Hsp90 client kinases tend 

to accumulate nonsynonymous variation compared with nonclient kinases regardless of 

species compared and time of divergence.  

 

Several previous studies have demonstrated that Hsp90-dependent standing variation 

is common in yeast, plant, fly, and fish populations (Yeyati et al. 2007; Queitsch et al. 2002; 

Sangster et al. 2008a; Rutherford and Lindquist 1998; Jarosz and Lindquist 2010). Using 

genetic or pharmaceutical perturbation of Hsp90, these studies found significantly increased 

trait heritability upon Hsp90 inhibition, presumably due to the many identified Hsp90-

responsive loci. For the vast majority of these Hsp90-dependent loci the identity of the 

underlying polymorphism (i.e. the gene or regulatory region affected) remains unknown and 

hence evolutionary rate analysis of these loci has yet to be conducted. However, a detailed 

genetic study found that an Hsp90 client showed increased accumulation of non-synonymous 

variation compared to its non-client paralog within A. thaliana across divergent strains 

(Lachowiec et al, 2013). 
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I therefore hypothesized that Hsp90’s effect on kinase evolutionary rate should be 

detectable among humans. To test this hypothesis, I took advantage of the thousands of 

sequenced human genomes and examined nucleotide diversity of kinase clients and non-

clients as a measure of accumulated genetic variation. Specifically, I assessed nucleotide 

diversity for kinase clients and non-clients in approximately 6500 individuals (Exome 

Variant Server), accounting for relatedness and using HIS contrasts as measure of Hsp90 

client status.  

 

Indeed, the PIC of kinase HIS and nucleotide diversity were positively correlated (p = 

0.04965, R2 = 0.025, Table S3.1), suggesting that Hsp90 client kinases harbor greater genetic 

variation than non-client kinases in humans. This positive correlation suggests that purifying 

selection is reduced among Hsp90 clients compared with nonclients, resulting in higher 

levels of slightly deleterious mutations. To determine the type of genetic variation that Hsp90 

buffered, we examined nucleotide diversity in nonsynonymous and synonymous sites 

separately. The correlation between the PIC of client score and PIC of nucleotide diversity 

was stronger when only considering nonsynonymous sites (r = 0.23, p = 0.003). In contrast, 

there was no significant correlation when only considering synonymous sites (r = 0.03, p = 

0.69). This result is consistent with the notion that it is Hsp90’s function in protein folding 

that enables greater dN/dS of its clients rather than the rise of new mutations, epigenetic 

phenomena, or other, yet unidentified mechanism. To further explore this aspect, I examined 

whether Hsp90 clients tolerated potentially more deleterious variation across humans, using 

both genomic evolutionary rate profiling (GERP) scores (Cooper et al. 2005) and 

Polymorphism Phenotyping (PolyPhen) scores (Adzhubei et al. 2010) as measures of the 

predicted phenotypic effect of individual single nucleotide variants (SNVs). GERP ascertains 

the degree of past purifying selection on a site through examination of rejected nucleotide 

substitutions across homologous sequences (Cooper et al. 2005), whereas PolyPhen 

categorizes non-synonymous SNVs by likelihood of damaging protein structure and function 

(Adzhubei et al. 2010). Although there was no significant correlation between GERP and 

HIS contrasts (r = 0.02, P = 0.7593, Pearson correlation, Table S3.1), PolyPhen and HIS 

contrasts were positively correlated (r = 0.21, p = 0.00987, Pearson correlation, Table S3.1). 
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To summarize, Hsp90 kinase clients appeared to harbor more genetic variation and more 

damaging mutations than non-clients across many human individuals.  

 

3.3.3 Hsp90 client status tends to be gained and maintained 

Our observation that Hsp90’s effect on kinase evolutionary rate increases with 

divergence time suggests that client status is stable over long time periods. This interpretation 

contrasts with experimental findings that mutating a single amino acid residue can suffice to 

dramatically alter a protein’s dependence on Hsp90 (Citri et al. 2006). Similarly, paralogs or 

otherwise related proteins that differ only by a few amino acids can differ in Hsp90 client 

status (Citri et al. 2006; Lachowiec et al. 2013), suggesting that Hsp90 client status can be 

highly dynamic. To resolve this apparent contradiction, we analyzed the distribution of 

Hsp90 client status among gene duplicates in the kinase superfamily. Gene duplicates tended 

to share Hsp90 client status (Figure 3.2a, χ 2-test, p = 1.837e-05) indicating that client status 

has phylogenetic signal. 
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Figure 3.2. Hsp90 client status dynamics across the kinome. (a) Using the three client 

classes defined by Taipale et al. (2012), we categorized pairs of duplicated genes into six 

classes. We find that gene duplicates share client status (χ2-test, P = 1.837e-05) more often 

than expected by chance. The number of expected pairs was calculated based on a random 

distribution of clients across the tree. n-n stands for pair of non-Hsp90 clients; w-w, weak 

Hsp90 clients;  s-s, strong clients; w-s, pair of weak and strong clients; n-s, pair of a strong 

and a non-client; n-w, pair of a weak and a non-client.  (b) Kinases (white) are three times 

more likely to gain Hsp90 client status (red) than lose it based on ML and MCMC estimates 

of state transition rates using Bayes Traits. 

 

 

 

This analysis only considered genes with one paralog, eliminating one-third of the 

available kinome data. Therefore, we explicitly tested whether there was phylogenetic signal 

in client status patterns across the entire kinase phylogeny using Pagel’s λ (Pagel 1999). 
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Pagel’s λ is a statistic that tests whether phylogeny correctly predicts the patterns of 

covariance among species on a given trait. Here, we estimated this statistic to test whether 

kinase phylogeny predicts the patterns of covariance among kinases with regard to Hsp90 

client status. Assuming that kinases were either Hsp90 clients or non-clients, we compared a 

model in which λ was computed using the known kinase phylogeny (Manning et al. 2002) (λ 

= 0.74) to a model assuming no phylogenetic signal (λ = 0, star phylogeny). The former 

model including phylogenetic signal was a better fit for the observed pattern of client status 

across the kinase phylogeny than the model without phylogenetic signal (2δ = 8.94, df = 1, p 

= 0.00279). We conclude that client status is not randomly distributed, and that more closely 

related kinases tend to share client status across the whole kinase superfamily. 

 

Having established that client status tends to be shared among related kinases, we 

next explored the evolutionary paths by which client status is acquired and changes through 

time. 

 

To do so, we estimated the transition rates between client and non-client states along 

the kinase phylogeny, using maximum likelihood (ML) implemented in the software 

BayesTraits (Pagel et al. 2004; Pagel 1999). We found that the rate of the transition from 

non-client to client along the kinase phylogeny was 3.02, compared to the reverse rate of 

0.99. Restricting these rates to equal values significantly worsened the model fit (2δ = 8.066, 

df = 1, p=0.0045), hence we conclude that kinases are more likely to become Hsp90 clients 

than to lose client status (Figure 3.2b). To examine whether these ML-derived rates were 

robust, we also used the Markov Chain Monte Carlo (MCMC) analysis implemented in 

BayesTraits to estimate the rates of gain and loss of client status. The rates of transition for 

non-client to client (3.11) and client to non-client (0.98) indicated that rate estimates were 

robust (Figure 3.2b). The tendency of non-client kinases to become clients and of client 

kinases to remain clients agrees with previous suggestions that kinase dependence on Hsp90 

may be ‘addictive’ and may contribute to the greatly increased sensitivity of cancer cells to 

Hsp90 inhibitors (Workman et al. 2007).  
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If protein kinases indeed become ‘addicted’ to being Hsp90 clients, one may expect 

the ancestral kinase to be a non-client. To infer the client status of the ancestral kinase, we 

compared a tree with a non-client kinase root to a tree with a client kinase root using MCMC. 

We found strong support for the tree with a non-client root (Bayes factor ~9.1). Both Hsp90 

and kinases were present in the eukaryotic common ancestor (Bogumil et al. 2014; Manning 

and Hunter 2009); however, our results would suggest that they likely did not interact. 

Although, Hsp90 client predictions and confirmed clients in the prokaryote E. coli include 

kinases (Press et al. 2013), these prokaryotic protein kinases belong to a different kinase 

family and differ in structure (Manning and Hunter 2009). Taken together, our results are 

consistent with a scenario in which early kinases evolved independently of Hsp90 with 

subsequent multiple independent gains of Hsp90 client status, increasing Hsp90’s effect on 

kinase evolution and adding to the overall chaperone dependence of kinases for their 

function.  

 

3.4  DISCUSSION 

Although previous studies showed that Hsp90-dependent standing variation is 

common in natural populations (Rutherford and Lindquist 1998; Queitsch et al. 2002; 

Salathia et al. 2007; Sangster et al. 2008a; Rohner et al. 2013; Jarosz and Lindquist 2010), 

the chaperone’s impact on protein evolution, especially in comparison to established factors 

such as gene expression, has remained unknown. Here, we present evidence for a direct role 

of Hsp90 in kinase evolution and compare its impact to gene expression levels and PPI 

connectivity.  

 

We find that interaction with Hsp90 is associated with higher dN/dS for kinases and 

that Hsp90 client status appears to contribute to kinase evolutionary rate independently of 

gene expression and PPI connectivity. Each of these factors contributed to a similar degree to 

kinase evolutionary rate; combined they explained only about 10% of kinase dN/dS 

variation. Adding additional variables may decrease the amount of unexplained variation, but 

many variables are known to covary. For example, Bloom and Adami (2003) have argued 

that PPI connectivity is confounded by protein abundance, with highly abundant proteins 
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engaging in a larger number of interactions (Bloom and Adami 2003). Protein abundance 

arises as a combination of gene expression levels, and rates of translation and protein 

degradation. Others have argued that the dominant role of gene expression in driving 

evolutionary rate is at least in part due to selection for translational robustness, which 

encompasses selection for increased translational accuracy by optimizing codon usage, and 

selection to increase the number of proteins that fold properly despite mistranslation 

(Drummond et al. 2005). Previously, optimized codon usage, as measured by codon 

adaptation index, was observed for stochastic clients of GroEL/ES (Warnecke and Hurst 

2010). However, we did not observe an association between CAI and Hsp90 client score (P = 

0.34, R2 = 3.6e-03), possibly reflecting that Hsp90 does not act as a cotranslational chaperone 

(Taipale et al. 2010) like GroEL/ES (Ying et al. 2006). Further, large-scale studies of 

translation efficiency and its correlation with CAI in human have yielded contradictory 

results, with some studies failing to find significant correlations (Chamary et al. 2006; 

Waldman et al. 2010). We also note that the kinase Hsp90 clients analyzed here are generally 

less abundant in steady-state protein levels (Taipale et al. 2012), presumably due to their 

enhanced structural liability. Nevertheless, by using partial contrasts, we find evidence for a 

contribution of Hsp90 to kinase dN/dS independent of expression level and PPI degree. 

 

As suggested by prior studies of Hsp90-dependent variation within diverse 

populations of plants, yeast, fly and fish (Rutherford and Lindquist 1998; Yeyati et al. 2007; 

Queitsch et al. 2002; Sangster et al. 2008a; Sangster et al. 2008b; Jarosz and Lindquist 2010), 

we found support for Hsp90-dependent genetic variation across humans. Both nucleotide 

diversity and PolyPhen scores were significantly correlated with kinase HISs; yet effect sizes 

were modest. No significant correlations were observed for GERP scores. The GERP score is 

a position-specific estimate of evolutionary constraint using maximum likelihood 

evolutionary rate estimation (Cooper et al. 2005). High evolutionary constraint is often 

interpreted as functional relevance. As we do not expect Hsp90-dependent variation to reside 

in highly constrained sites, it is not surprising that GERP scores for Hsp90 kinase clients and 

non-clients did not differ significantly.  
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In agreement with the modest signal of increased nucleotide diversity within human, 

we observed an increased evolutionary rate for Hsp90 client kinases across divergent 

mammalian lineages, consistent with Hsp90 allowing for greater accumulation of non-

synonymous changes in the genes encoding its clients. In fact, Hsp90’s effect on kinase 

evolutionary rate increases when considering species that are more distantly diverged. The 

greater accumulation of non-synonymous changes may allow client kinases to explore a 

wider sequence space and potentially acquire novel functions at a faster rate.  

 

Taipale et al. (2012) also determined HISs for a large number of transcription factors 

(TFs) and E3 ligases. In contrast to our findings for client and non-client kinases, TF and E3 

ligase HIS were not significantly associated with their evolutionary rates (Supplementary 

Text, Figure S3.2). Unlike the kinases analyzed, the transcription factors are not 

monophyletic (Vaquerizas et al. 2009) and hence may differ more in other factors influencing 

evolutionary rate, such as protein structure and stability. As for the E3 ligases, others have 

suggested that Hsp90 works in concert with E3 ligases to promote proteasome-dependent 

degradation rather than chaperoning these enzymes (Murata et al. 2001; McClellan et al. 

2005; Morishima et al. 2008; Ehrlich et al. 2009; Taipale et al. 2010) . Hsp90 works in 

concert with many other proteins that enable and modify its function and generate client 

specificity, such as diverse Hsp70s, co-chaperones, and immunophilins (Taipale et al. 2010). 

Although these “collaborating” proteins physically interact with Hsp90, they do so in a 

sequence-or domain-specific manner, and Hsp90 does not facilitate their folding (Murata et 

al. 2001; McClellan et al. 2005; Morishima et al. 2008; Ehrlich et al. 2009; Taipale et al. 

2010); hence they are unlikely to experience relaxed selection due to this interaction. 

Following this line of reasoning, we previously excluded known Hsp90 co-chaperones and 

Hsp70s from evolutionary rate analyses (Lachowiec et al. 2013). 

 

Previously, we found that Hsp90 clients in plants and yeast showed significantly 

greater evolutionary rates than their non-client paralogs (Lachowiec et al. 2013). The kinome 

data set only contained five pairs of strong kinase clients and non-clients. Although, in four 

of these pairs the strong kinase client showed greater dN/dS than its non-client paralog, this 

difference was not significant, presumably due to small sample size (n=5, 95% confidence 
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interval 0.6-12.6, p = 0.125, one-sample Wilcoxon test, testing the deviation from the 

expected ratio of client/non-client dN/dS of 1). We did, however, detect a significant trend 

for duplicate genes such that paralog pairs that contained at least one strong Hsp90 client 

showed significantly greater divergence than pairs that did not (Figure S3.3). We speculate 

that interaction with Hsp90 allows clients to tolerate slightly deleterious, but non-lethal 

mutations without losing function, thereby facilitating the emergence of novel functions over 

time (Lachowiec et al. 2013).  

 

Beyond paralog pairs, we further explored the relationship of Hsp90 client status and 

kinase evolutionary rate among kinase families. The effect of Hsp90 client status on dN/dS 

was consistent across all kinase groups (Figure S3.4a) with greater dN/dS observed for 

Hsp90 client kinases compared to non-client kinases. The TK and TKL families were 

enriched for strong Hsp90 clients (Figure S3.4b), and possibly in part due to this enrichment, 

both families showed the highest evolutionary rates among the tested kinase families (Figure 

S3.4c). TK and TKL kinase families are evolutionarily young and have been implicated in 

the rise of multicellularity (Lim and Pawson 2010). In contrast, of all families, the CAMK 

family was most depleted for strong Hsp90 clients. Unlike in all other kinase families, the 

few strong CAMK clients did not evolve faster than the weak clients (Figure S3.5). As 

almost a third of the CAMK family genes are pseudogenes (not included in this analysis), 

contrasting with only about one-fifth of kinase pseudogenes overall (Manning et al. 2002), 

we speculate that the “missing” strong CAMK clients have become pseudogenes.  

 

These family-specific observations and our finding that kinases tend to acquire and 

maintain Hsp90 client status prompt our speculation that Hsp90 may play a complex role in 

the birth and death of kinases. The most common outcome after gene duplication is 

pseudogenization of one copy (Nei and Roychoudhury 1973). Acquiring Hsp90 client status 

likely leads to instant sub-functionalization due to the temperature sensitivity of clients and 

may facilitate gene copy maintenance (Lachowiec et al. 2013). The observed greater 

accumulation of non-synonymous variation in genes encoding Hsp90 client may also 

facilitate neo-functionalization. At the same time, the greater accumulation of more harmful 

variation may predispose genes encoding clients to the pseudogene fate. In other words, 
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acquiring Hsp90 client status may be akin to a delayed death sentence on a long evolutionary 

time scale.  

 

In fact, the suggested “Hsp90 addiction” of kinases (Workman et al. 2007), especially 

in cancer cells with their mutated oncogenic kinases, is reminiscent of a recent argument by 

Fernandez and Lynch (Fernandez and Lynch 2011). These authors attributed the increasing 

complexity of protein interaction networks from bacteria to human to compensation for the 

decreased stability of proteins over evolutionary time. They posited that through drift 

proteins would be exposed to destabilizing mutations and hence become susceptible to 

aggregation and malfunction. Interaction in homo-and hetero protein complexes will then 

compensate for the stability deficits of proteins in higher organisms (Fernandez and Lynch 

2011). Of course, chaperones also prevent aggregation and stabilize proteins (Taipale et al. 

2010). The small evolutionary snapshot of the kinome with its tendency to acquire and 

maintain Hsp90 client status fits well within this framework of thought. 
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3.5  SUPPLEMENTAL INFORMATION 

 
Table S3.1. Hsp90 client kinases harbor more and more harmful genetic variation 
across humans. 
  p-value Rho (Pearson's) 
PIC1 nucleotide diversity ~ PIC HIS2  0.04965 0.157 
PIC PolyPhen probable ~ PIC HIS  0.0099 0.206 
PIC GERP ≥ 5 ~ PIC HIS  0.7593 0.02473 
 
1Phylogenetic independent contrasts  
2HIS- Hsp90 interaction score 
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Figure S3.1. The average strong client kinase dN/dS was always greater than the non-client 

kinase dN/dS across mammals, regardless of species used for pairwise dN/dS comparison 

(ratios were always greater than 1, red line). 
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Figure S3.2. E3 and TF clients do not evolve faster than their respective non-clients. In 

contrast to kinases (p = 0.01221, Wilcoxon rank-sum test), transcription factor and E3 ligase 

clients do not show significantly greater dN/dS than transcription factors and E3 ligase non-

clients. 
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Figure S3.3. Hsp90 client status is associated with divergence of gene duplicates. 

Divergence was measured as the sum dN/dS for each gene duplicate pair. Pairs of gene 

duplicates that encode at least one strong Hsp90 client (n=19) diverge faster than pairs 

without an Hsp90 client (n=27) (p = 0.001183, Wilcoxon rank-sum test). 
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Figure S3.4. Hsp90’s effect on dN/dS is observed in all kinase groups. 

a) In each kinase group, the Hsp90 clients tended to show greater dN/dS than non-clients. b) 

The TK and TKL groups were enriched for strong Hsp90 clients; the CAMK group was most 

depleted for strong Hsp90 clients. The expected number of non-clients, weak clients, and 

strong clients was calculated by assuming an equal distribution of all client states across all 

kinase groups. c) The TK and TKL families show the largest median values of dN/dS, albeit 

their dN/dS did not significantly differ from the other kinase groups. AGC stands for 

proteinase A, G and C families; CAMK, Calmodulin/Calcium regulated kinases; CMGC, 

group of kinases that comprise the families CDK, MAPK, GSK3, and CLK; STE, yeast 

homologs of STE7, STE11, and STE20; TK, tyrosine kinase; TKL, tyrosine kinase-like.  
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Figure S5. Family-specific differences for the association of Hsp90 client status and 

dN/dS. In general, strong kinase clients (red) tended to have greater dN/dS than weak kinase 

clients (pink), and weak kinase clients (purple) tended to have greater dN/dS than kinase 

non-clients. The TK and CAMK groups did not follow this pattern, with weak kinase clients 

tending to have greater dN/dS, presumably due the broad distribution of dN/dS for weak 

kinases in these groups. AGC stands for proteinase A, G and C families; CAMK, 

Calmodulin/Calcium regulated kinases; CMGC, group of kinases that comprise the families 

CDK, MAPK, GSK3, and CLK; STE, yeast homologs of STE7, STE11, and STE20; TK, 

tyrosine kinase; TKL, tyrosine kinase-like. 
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Supplementary Text 

 

Interaction with Hsp90 is associated with faster evolutionary rates in clients, but not co- 

chaperones or otherwise collaborating proteins. 

We failed to detect an effect of Hsp90 client status on the evolutionary rate of 

transcription factors and E3 ligases (Figure S2). In contrast to the tested kinases, which 

evolved from a common ancestor, transcription factors and E3 ligases are not monophyletic 

(Li et al. 2008b; Vaquerizas et al. 2009) and hence likely differ greater in other features 

influencing evolutionary rate. Hence, we subdivided the tested transcription factors 

(Vaquerizas et al. 2009) and E3 ligases (Li et al. 2008b) into phylogenetically related groups 

for further tests. 

 

For transcription factors, this subdivision approach was hampered by the extremely 

low number of transcription factors that interact with Hsp90 (58 out of 843 tested) (Taipale et 

al. 2012). Comparing evolutionary rates of clients and non-clients in phylogenetically related 

groups was not feasible (average group size 18.4, average number of clients 1.8, and non-

clients 16.7). As a side note, the interaction of TF with HSP90 was tested using a small 

number of cochaperones. It is therefore possible that many more HSP90-TF interactions 

could be detected if the assay is repeated with different HSP90 cochaperones.  

 

For E3 ligases, we used previously described subdivisions and tested for association 

of Hsp90 client status and dN/dS. Specifically, we divided the E3 ligases into RING finger 

domain-containing (RNF) and non-RNF proteins (Li et al. 2008b). We found no significant 

effect of Hsp90 client status on RNF and non-RNF E3 ligases. Similarly, testing only E3 

ligases with a Kelch fold (Taipale et al. 2012) yielded no evidence that Hsp90 interactors 

evolved faster than non-interactors. E3 ligases also contain small domains with roles in 

recognition of ubiquitinated substrates. We attempted to cluster the tested E3s by these 

domains as identified in Pfam, using several different thresholds for domain identity. Again, 

we found no significant differences in dN/dS associated with Hsp90 interaction in these 

groups. 

 



	
   81	
  

This persistent failure in light of the clear and consistent signal in kinases prompted 

us to further explore the literature on Hsp90 and E3 ligase interaction. In contrast to TFs and 

kinases, which require Hsp90’s assistance to reach their mature fold, E3 ligases may interact 

physically with Hsp90 for another reason. Indeed, some E3 ligases have been shown to 

collaborate with Hsp90 in the degradation of other proteins, rather than being chaperoned by 

Hsp90 (Murata et al. 2001; Giannini and Bijlmakers 2004; Morishima et al. 2008). If E3 

ligases generally are Hsp90-collaborating proteins, we would not expect an Hsp90-associated 

effect on E3 ligase dN/dS, akin to prior observations with other Hsp90-associated proteins 

such as Hsp70 and various Hsp90 co-chaperones, all of which are rather highly conserved 

across eukaryotes. 
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Chapter 4  

THE MECHANISTIC UNDERPINNINGS OF AN AGO1-MEDIATED, 

ENVIRONMENTALLY-DEPENDENT, AND STOCHASTIC PHENOTYPE3 

 
 
This chapter was included in the thesis because I discovered the phenomenon and did the 

initial characterization analyses. This includes recording the proportion of wild type, ago1, 

and hsp90 mutant plants that harbored lesions, drafting the initial hypothesis, and formulating 

the experiments to test whether the lesions could be the result of a hypersensitive response, or 

to the loss of tissue specification. I also contributed to the data and pictures for figures 4.1, 

4.2, and 4.3. G. Alex Mason performed most of the experiments to test the initial hypothesis, 

and then took the project and found the mechanism through which the lesions arise in ago1-

27 plants. The first person “we”, and the “our” pronoun indicates the work of G. Alex 

Mason. My work is stated with the “I” person, and the “my” pronoun. 

 
 
Abstract 

ARGONAUTE 1 (AGO1) is an essential regulator of organismal development through its role 

in microRNA processing. In plants, continuous morphogenesis and exposure to 

environmental insults have invested AGO1 with additional roles in response to 

environmental stimuli. I observed that hypomorphic ago1 mutant Arabidopsis thaliana 

seedlings occasionally develop lesions on cotyledons, but that these lesions become much 

more common upon exposure to unfiltered light. The histology of these lesions showed that 

they are necrotic growths resulting from the hypersensitive immune response, indicating that 

this pathway is dysregulated in ago1 mutants in an environmentally-responsive fashion. We 

found that immune response genes associated with the salicylic acid, ethylene, and jasmonate 

pathways are all up-regulated in ago1 seedlings, and that treatment with jasmonate or 

ethylene are sufficient to induce lesions in the place of unfiltered light. However, salicylic 

acid treatment actually repressed lesion formation. We were able to mostly rescue the lesion 
                                                
3 Most of this chapter is part of a manuscript that is going to be re-submitted to Plant Physiology. 

The list of authors is G A Mason, T Lemus, and C Queitsch.  
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formation phenotype by crossing ago1 with a mutant of coi1, a component of the jasmonate 

signaling pathway, indicating that jasmonate is the causative agent. Lastly, we investigated 

the genetic interaction between AGO1 and HSP90, which has been shown to regulate the 

jasmonate pathway. Unexpectedly, lesions responded synergistically, indicating that ago1 

lesion formation is not only a function of HSP90 dysregulation, or vice versa, but that the 

responses are related. We expect that lesions form because UV radiation acts as an elicitor of 

the jasmonate response, which is normally repressed by AGO1-dependent mechanisms. 

AGO1’s precise regulatory role in repressing jasmonate signaling will need to be elucidated 

in further studies. Altogether, our results describe a novel role for AGO1 as an integrator of 

environmental stress signals controlling the hypersensitive response. 

 

4.1  INTRODUCTION 

As an essential component of the microRNA (miRNA) pathway, ARGONAUTE 1 

(AGO1) is a key regulator of development and environmental response in Arabidopsis 

thaliana. As a member of the clade of 10 AGOs in Arabidopsis (Vaucheret 2008), AGO1 is 

an ancient, highly conserved, and essential protein.  In plants, AGO1 is the main effector for 

miRNA activity. AGO1 uses 21-25nt long miRNAs that are transcribed from specific 

miRNA genes to negatively regulate gene expression.  

 

MiRNAs and AGO1 are critical for buffering abiotic environmental stresses. 

Expression levels of miRNAs respond to heat shock, changes in salinity, cold, drought, 

oxidative stress, microbial defense, abscisic acid treatment, ultra-violet light exposure, and 

hypoxia (Sunkar et al., 2012). In fact, many single miRNA families are responsive to 

multiple environmental stresses, indicating that one miRNA family can mediate the proper 

responses to many environmental perturbations  (Sunkar et al., 2012).  MiRNAs allow for 

plants to orchestrate the proper response to environmental cues, such as defense.  

 

The hypersensitive response (HR) in plants is the rapid accumulation of dead cells in 

response to pathogen invasion. The cell death associated with the HR is regulated genetically 

and is thought to be a form of programmed cell death (Heath 2000; Lam et al. 2001). HR 
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occurs as a plant’s means of restricting pathogen growth, and perception of a pathogen 

triggers the expression of R-genes, which allow for the plant to signal for changes in ion 

fluxes, which are then followed by production of reactive oxygen species (Heath, 2000). 

Generation of an oxidative burst is one of the first signals used by plants when they 

encounter a pathogen (Orozco-Cárdenas et al. 2001). The breakdown of cellular components 

eventually leads to localized cell death. The phytohormones salicylic acid, jasmonate, and 

ethylene are of particular importance in HR and are critical for defense against pathogens 

and/or herbivores. These hormone pathways interact at several points to coordinate the HR.  

 

Salicylic acid (SA) plays a central role in resistance against biotrophic pathogens, 

such as Pseudomonas syringae and turnip crinkle virus (Koornneef and Pieterse 2008). SA 

biosynthesis is a pre-cursor to production of ROS, and the perception of SA can lead to 

hypersensitive-response-mediated localized cell death. Specific to AGO1, SA is required for 

response to biotic environmental perturbations, and there is evidence linking miRNAs to 

disease resistance pathways. MiR393 is involved in the response to bacterial flg22; mir393 

then represses several auxin related response genes (Zhang et al. 2011). This repression 

allows the plant to upregulate the necessary responses for resistance to the microbial threat.  

 

Jasmonates (JAs) are small signaling molecules that regulate a wide breadth of 

processes, from development (e.g. fertility) to response to wounding by herbivores (Balbi 

and Devoto 2008; Gfeller et al. 2010; Koo and Howe 2009; Memelink 2009; Turner et al. 

2002; Wasternack 2007). JA is known to modulate ROS production (Overmyer et al. 2003), 

specifically hydrogen peroxide (Orozco-Cárdenas et al. 2001). JA and SA are often 

considered to behave antagonistically, however, expression studies indicate that crosstalk 

between the two hormones may be more complex (Robert-Seilaniantz et al. 2011b).  

 

Ethylene (ET) is best known as a positive regulator of ripening and senescence (Dahl 

and Baldwin 2007). In addition to these roles, ET can act both positively and negatively on 

plant immunity. In Arabidopsis, ET potentiates some branches of SA-responsive 

gene expression (Lawton et al. 1994; De Vos et al. 2006). However, ET also globally 

represses SA-responsive genes through the action of the transcription factors ETHYLENE 
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INSENSITIVE 3 and ETHYLENE INSENSITIVE-3 LIKE 1 (Chen et al. 2009) ET also 

interacts with JA to repress or potentiate different defense responses. When acting together, 

JA and ET synergistically promote defense against necrotrophic fungal pathogens through 

the expression of the ERF-regulated transcription factor branch of the JA pathway. However, 

ET also represses JA-herbivory responses (Ballaré 2011) by antagonizing the transcription 

factor MYC-regulated branch of the JA pathway  (Anderson et al. 2004; Lorenzo et al. 2004; 

Pré et al. 2008). 

 

Here we provide evidence that AGO1 is required for environmental buffering and 

integration of environmental signals in canonical defense pathways. I show that ago1 mutant 

plants develop lesions on their embryonic leaves (cotyledons) when grown under full (white) 

light conditions on sucrose plates.  We demonstrate lesions are a form of localized cell death 

and form due to an up-regulated hypersensitive defense response. We show that gene 

expression markers of SA, JA, and JA/ET signaling pathways are significantly up-regulated 

in white light grown ago1 cotyledons, and that this response requires the JA-dependent 

pathway. 

 

In the plant Arabidopsis thaliana, HSP90 also serves as regulator of robustness to 

environmental perturbations. HSP90 is known to be required for buffering temperature 

changes, resistance to herbivory, and potentiating immune responses (Liu et al. 2004c; Lu et 

al. 2003; Sangster et al. 2007a). HSP90 and AGO1 directly interact as shown by co-

purification studies of both proteins (Landthaler et al. 2008; Liu et al. 2004a; Maniataki and 

Mourelatos 2005) and additional studies (Iki et al. 2010) indicate that HSP90 is specifically 

required for the loading of small RNAs into RNA-induced silencing complexes, suggesting 

that AGO1 is an HSP90 client.  We therefore predicted that HSP90 reduction might influence 

how AGO1 is used to interpret a plant’s surroundings. In this paper, we show that AGO1 and 

HSP90 may act together non-additively in defense signaling and response to the 

environment. Further, I also show that decreased HSP90 levels increases the penetrance of 

the ago1 mutation.  
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Our results highlight that AGO1, a protein that can buffer cryptic genetic variation in 

Arabidopsis thaliana  (see next chapter), is critical for integrating environmental cues 

properly, much like HSP90. We describe how ago1 is sensitized to its surroundings and we 

also provide evidence that translational inhibition is critical for responding to environmental 

cues, as evidenced by the hypomorphic ago1-27 mutant. 

 

 

 

4.2  MATERIALS AND METHODS  

Plant Growth Conditions: 

I grew ago1-27, ago1-25, HSP90 A1 RNAi, HSP90 C1 RNAi genotypes for the initial 

characterization of ago1 mutants, when I counted the number of lesions. Then, G. Alex 

Mason grew subsequent seed batches for her experiments.  

Columbia-0 (Col-0) was used as wild-type reference.  ago1-27, ago1-25, HSP90 A1 RNAi, 

HSP90 C1 RNAi, coi1-1 and ein2-1 were in the Col-0 background (table S1). For 

experiments, seeds were sterilized with ethanol and plated onto 1× Murashige and Skoog 

(MS) basal salt medium supplemented with 1× MS vitamins, 1% (wt/vol) sucrose, 0.05% 

MES (wt/vol), and 0.24% (wt/vol) phytagel. After stratification in the dark at 4 °C for 5 d, 

plates were transferred to an incubator (Conviron) that was set to long day (LD) (16L: 8D at 

22 °C: 20 °C), with light supplied at 100 µmol·m−2·s−1 by cool-white fluorescent bulbs; for 

control plates (filtered light), a long-pass yellow filter that blocks 454 nm light was placed in 

front of the bulbs.  

Genotyping and gene expression analyses: 

RNA Extractions and Quantitative Real-Time PCR. Alex G. Mason and I collected the 

tissue and RNA for the initial experiments in which we both tested whether the lesions were 

cells undergoing cell death or dedifferentiation. For all the other experiments, Alex Mason 

collected the tissue and extracted the RNA.  



	
   87	
  

Total RNA was extracted from 30-mg frozen tissue using the SV Total RNA Isolation 

System (Promega). Subsequently, 2 µg of RNA were subjected to DNase treatment using 

Ambion Turbo DNA-free Kit (Applied Biosystems). RNA integrity and purity were checked 

with an Agilent Bioanalyzer using the RNA 6000 Nano Kit (Agilent Technologies). For 

cDNA synthesis, 200 ng of DNase-treated RNA was reverse-transcribed using the 

Transcriptor First Strand cDNA Synthesis Kit (Roche) and oligo dT primers. Transcript 

abundance was determined by real-time quantitative PCR using the LightCycler 480 system 

(Roche), with LightCycler 480 SYBR Green I Master (Roche) and the following PCR 

conditions: 5 min at 95 °C, followed by 35 cycles of 15 s at 95 °C, 20 s at 55 °C, and 20s at 

72 °C. To ensure that PCR products were unique, a melting curve analysis was performed 

after the amplification. UBC21 expression (At5g25760) was used as a reference. All 

quantitative RTPCR primers were designed with Primer3Plus software 

(http://www.primer3plus.com/). Relative quantification was determined with the ΔΔCT 

Method (Fryer et al. 2011). Error was calculated using standard error of the mean across at 

least three biological replicates. 

 

DNA Extractions and genotyping.  I designed the CAPS markers to genotype ago1-27 

plants. Alex Mason extracted the DNA and did the genotyping.  

Arabidopsis genomic DNA was extracted for genotyping analysis by PCR using the CTAB 

method (Weigel and Glazebrook 2002).  The ago1-27 and coi1-1 alleles were genotyped by 

using the primers in Table S4. PCR conditions for ago1-27 genotyping is as follows: 5’ at 94 

°C, followed by 35 cycles at 30 s at 94 °C, 30 s at 55 °C, 1 min at 72 °C. PCR product was 

then digested with Bsp1286I at 37 °C, which cuts wild-type sequence.  PCR conditions for 

coi1-1 genotyping is as follows: 5’ at 94 °C, followed by 35 cycles at 30 s at 94 °C, 30 s at 

55.7 °C, 1 min at 72 °C. PCR product was then digested with XcmI, which cuts wild-type 

sequence.  

Hormone response assays. Methyl Jasmonate: Alex Mason performed these experiments. 

Seedlings were grown as previously described in Plant Growth Conditions under un-

filtered light conditions. 5-day post germination seedlings in groups of 36 were sprayed with 
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1 ml of water, 1ml of 10 µM methyl jasmonate solution (Sigma Aldrich), or 1 ml of 50 µM 

methyl jasmonate solution. Seedlings were then scored for lesions at day 10.  

Salicylic acid: Seedlings were grown as previously described in Plant Growth Conditions 

under un-filtered light conditions. 5-day post germination seedlings in groups of 36 were 

sprayed with 1 ml of 1xPBTx, 1ml of 10 uM salicylic acid in 1xPBTx, or 1 ml of 100 uM 

salicylic acid in 1xPBTx. Seedlings were then scored for lesions at day 10.  

ACC (ethylene precursor): Seedlings were grown as previously described in Plant Growth 

Conditions under un-filtered light conditions. 5-day post germination seedlings in groups of 

36 were sprayed with 1 ml of water, 1ml of 1 uM ACC, 1ml of 10 uM ACC or 1 ml of 20 uM 

salicylic acid in water. Seedlings were then scored for lesions at day 10.  

Hypersensitive response assays: 1) Trypan Blue staining: I performed the initial staining, 

then, Alex Mason repeated the experiments. Fresh affected and unaffected cotyledons were 

collected and then treated with Trypan blue staining solution. Trypan blue staining solution 

was prepared as follows: add Trypan blue to lactophenol (10 ml lactic acid, 10 ml glycerol, 

10 ml phenol, 10 ml water to a concentration 2.5 mg/ml. Then, add two volumes ethanol to 

Trypan blue-lactophenol solution. Staining solution was then added to fresh tissue and boiled 

for one minute. Tissue was then allowed to site for 5-15 minutes at room temperature. Stain 

solution was removed by washing with lactophenol and two volumes ethanol. Samples were 

then mounted on glass slides and photographed with Nikon whatever. Images were edited 

using Adobe Photoshop CS3.  

2) DAB: Alex Mason performed these experiments. Fresh affected and unaffected cotyledons 

were collected and then treated with DAB (1mg/ml, pH 3.8) staining solution for 8 hours. 

Tissue was then de-stained with 100% ethanol. Samples were then mounted on glass slides 

and photographed with Nikon whatever. Images were edited using Adobe Photoshop CS3.  

3) DAPI staining info: Alex Mason performed these experiments. Fresh affected and 

unaffected cotyledons were collected and then fixed in 3% (v/v) glutaraledhyde overnight. 

Tissue was then stained with DAPI solution (0.1% v/v in 5% DMSO, 1% (v/v) Tween-20).  

Tissue was then washed with PBST at least twice and mounted with 50% (v/v) 
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glycerol/PBST on glass slides. Samples were then mounted on glass slides and photographed. 

Images were edited using Adobe Photoshop CS3 and ImageJ.  

Phenotyping assays: 1) Methyl jasmonate screening: Alex Mason did the phenotyping 

assays. 10-day old seedlings were sprayed with 50-100 uM methyl jasmonate solution in 

water. Seedlings were incubated for an additional three days and were then screened for 

response to jasmonate (i.e. anthocyanin accumulation). 

2) ACC screening: Alex Mason did the screening. For experiments, seeds were sterilized 

with ethanol and plated onto 1× Murashige and Skoog (MS) basal salt medium supplemented 

with 1× MS vitamins, 1% (wt/vol) sucrose, 0.05% MES (wt/vol), and 0.24% (wt/vol) 

phytagel. Experimental plates were made to 10 uM ACC. After stratification in the dark at 4 

°C for 5 d, plates were transferred to an incubator (Conviron) that was set to long day (LD) 

(16L:8D at 22 °C:20 °C), with light supplied at 100 µmol·m−2·s−1 by cool-white fluorescent 

bulbs; for control plates (filtered light) for three hours and then wrapped in aluminum foil. 

Plates were incubated for 7 days and then scored for triple response.   

 

Statistical analysis: Alex Mason did the statistical analysis. All statistical analyses were 

performed using the software R. Comparisons of seedling lesion frequencies were performed 

with the χ2-test.  Seedling lesion formation was modeled with binomial regression as a 

response to genotype, hormone dose when relevant, replicate, individual, and the interaction 

between genotype and hormone. 
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4.1  RESULTS 

4.1.1 Argonaute 1 mutant seedlings develop lesions in full spectrum light conditions.    

In addition to previously characterized ago1 phenotypes (Baumberger and 

Baulcombe 2005; Bohmert et al. 1998; Morel et al. 2002; Yang et al. 2006), such as 

hyponastic cotyledons and developmental delay (Figure 4.1), I observed that ago1 mutant 

seedlings frequently produced white, often raised, lesions, which resided primarily on 

cotyledons (Figure 4.1). Wild-type seedlings (Col-0) showed these lesions at low frequency 

in both filtered light [yellow long-pass filters, blocking <454 nm, (Stasinopoulos and 

Hangarter 1990)] and full spectrum light (Figure 4.1). I grew an allelic series of ago1 

mutations in both light conditions and scored the frequency of affected seedlings (Figure 

4.1). I scored affected seedlings rather than frequency of lesions because lesions often fused 

with each other, confounding frequency measures. For the weaker ago1-27 and ago1-46 

mutant seedlings (Morel et al., 2002; Smith et al., 2009), I observed that the frequency of 

affected seedlings increased significantly in full spectrum light (Figure 4.1). In contrast, 

ago1-25 mutant seedlings were significantly more affected than wild-type regardless of light 

conditions (Figure 4.1). Although the frequency of affected ago1-25 mutant seedlings 

increased in response to full spectrum light, this increase was not significant compared to 

filtered light conditions. Alex Mason and I attribute this decreased environmental 

responsiveness to the fact that ago1-25 is the most severe ago1-mutant tested. We selected 

the ago1-27 mutant for our subsequent investigation of the molecular underpinnings of the 

lesion phenotype for two reasons. First, we were intrigued by its strong dependency on 

growth conditions (Generalized Linear Mixed Model, GLMM, GLMM, p< 1x10-4). Second, 

as ago1-27 is a weaker mutant allele than ago1-25 (Morel et al., 2002), ago1-27 mutant 

seedlings exhibited fewer and less severe unrelated developmental abnormalities. 
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Figure 4.1 Hypomorphic argonaute 1 mutants produce seemingly stochastic lesions. (A) 

Experimental set-up: when grown in yellow, filtered light conditions for 10 days, few ago1 

seedlings with lesions on cotyledons were observed. When grown in full spectrum light, 

many more ago1 seedlings developed lesions. (B) Under full spectrum light, ago1-46, ago1-
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27, and ago1-25 mutants showed significantly increased frequency of affected seedlings 

compared to wild-type. ago1-27 mutants showed significantly more affected individuals 

compared to filtered light conditions; a similar, albeit non-significant tendency was observed 

for seedlings carrying either weaker (ago1-46) or stronger ago1 allele (ago1-25). Error bars 

are standard error of mean across at least two replicates with n = 25-72 seedlings per 

replicate. Statistical significance was calculated using the χ2-test of significance (**p< 1x10-

4, *p<0.05) (for all reported p-values, refer to Table S4.4). The difference in responsiveness 

between ago1-25 and ago1-27 was modeled using GLMM, testing for interaction between 

genotype and treatment with replicate and number of seedlings as random variables (p<1x10-

4). Graded red triangle represents increasing strength of ago1 alleles tested. (C-D) Lesions in 

wild-type and ago1-27 mutant seedlings show distinct morphology. (C) Full spectrum light-

grown, unaffected 10-day-old ago1-27 seedling. (D) Full spectrum light-grown 10-day-old 

ago1-27 seedling with lesions denoted by arrows. (E) Full spectrum light-grown, 10-day-old 

affected wild-type seedling with lesion denoted by arrow. (C-E) Scale bar: 1 mm. (F-K) 

Scanning electron micrographs of 10-day-old cotyledons grown under full spectrum light. (F) 

Unaffected wild-type cotyledon. (G) Wild-type cotyledon with lesion (denoted by arrow). 

(H) Magnified view of wild-type lesion from (G). (I) Unaffected ago1-27 cotyledon. (J) 

ago1-27 cotyledon with lesion tissue (denoted by arrow). (K) Magnified view of ago1-27 

lesion from (I). (F, G,I, and J) Scale bare: 1 mm. (H, K) Scale bare: 500 microns. 

 

 

The raised, transparent morphology of the ago1-dependent lesions superficially 

resembled undifferentiated tissue, i.e. ectopic callus tissue (Boutilier et al. 2002). We tested 

this hypothesis by analyzing expression of genes implicated in callus formation (Sugimoto et 

al., 2010) and by testing the propensity of lesions to facilitate callus formation (Weigel and 

Glazebrook, 2002). However, genes implicated in callus formation and shoot apical meristem 

identity showed wild-type expression levels in ago1-27 cotyledons (Figure S4.1). To test 

callus formation, Alex Mason and I dissected lesions from both ago1-27 and wild-type and 

tested callus formation on hormone-containing media. At low hormone dose, ago1-27 lesion 

tissue performed worse than wild-type or ago1-27 unaffected tissue; at high hormone dose, 
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no difference was observed (Figure S4.2). We conclude that the observed lesions do not 

represent undifferentiated, callus-like tissue.  

 

To explore the origin and identity of the lesion tissue, we employed scanning electron 

microscopy (SEM) (Figure 4.1). SEM revealed that both wild-type and ago1-27 lesions 

‘erupt’ from beneath the epidermis, suggesting that mesophyll cells are primarily affected 

(Figure 1). Cells within lesions appeared to be ruptured, suggesting that at least some lesions 

represented dead or dying tissue (van Doorn et al., 2011).  To exclude the possibility that 

ruptured cells were an artifact of SEM sample preparation, Alex Mason and I used vital dye 

staining to validate our findings. Localized cell death is induced in plants as part of the 

hypersensitive response (HR) upon pathogen attacks. We hypothesized that the ago1 lesions 

were a result of stochastically occurring, aberrant HR that was enhanced in ago1 seedlings by 

exposure to full spectrum light. Localized cell death is examined by staining with vital dyes 

such as Trypan blue, which stains dead and dying tissue dark blue (Weigel and Glazebrook, 

2002). We performed Trypan blue staining of unaffected (Figure 4.2) and affected cotyledon 

tissue (Figure 4.2). Cotyledons exhibiting lesions retained the dye, with lesions exhibiting 

dark blue staining indicative of ruptured cell walls (Figure 4.2). In fact, even unaffected 

ago1-27 cotyledons showed deeper staining than wild-type cotyledons, suggesting increased 

susceptibility to cell wall rupture. To confirm these results, we performed 3,3’-

diaminobenzidine (DAB) staining (Figure 4.3). DAB staining indicates the presence of 

reactive oxygen species, specifically hydrogen peroxide, which is a reliable marker of HR-

mediated localized cell death (Weigel and Glazebrook, 2002). Indeed, we observed DAB 

staining coinciding with lesions (Figure 4.3). Based on both Trypan blue and DAB stainings, 

we conclude that ago1-27 cotyledons produce lesions that resemble HR-mediated localized 

cell death. 
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Figure 4.2 Vital staining of unaffected and affected tissue from wild-type and ago1-27 

cotyledons. (A, G) Unaffected wild-type cotyledons prior to staining. (B) Unaffected wild-

type cotyledon after Trypan blue staining showed little dye accumulation. (G) Unaffected 

wild-type cotyledon after DAB staining showed little dye polymerization. 

(C, I) Unaffected ago1-27 cotyledons prior to staining. (D) Unaffected ago1-27 cotyledon 

after Trypan blue staining showed some dye accumulation. (L) Unaffected ago1-27 

cotyledon after DAB staining showed no dye polymerization. (E,K) Affected ago1-27 

cotyledons prior to staining. (F) Affected ago1-27 cotyledon after Trypan blue staining 

showed strong accumulation of dye in lesions (arrows). (L) Affected ago1-27 cotyledon after 

DAB staining showed strong polymerization of the dye in lesions (arrows). Scale bar: 1 mm. 
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Figure 4.3 Marker genes of all three canonical defense hormone pathways were 

upregulated in ago1-27 cotyledons. (A) PR1 (salicylic acid (SA) responsive); (B) VSP1 

(jasmonate (JA) responsive); (C) PDF1.2 (jasmonate/ethylene (JA/ET) responsive) 

expression were dramatically upregulated in 10-day-old ago1-27 cotyledons in full spectrum 

light. Results are from qRT-PCR; all assayed genes were normalized to UBQ10 

expression. Error bars indicate standard error of the mean across three to four replicates of 

cotyledons harvested from 18 pooled seedlings. 

 

 

 

4.1.2 ago1-27 cotyledons overexpress canonical SA, JA, and JA/ET signaling markers in 

full spectrum light 

Phytohormones mediate all major aspects of a plant’s response to environmental 

perturbations, including defense against biotic stresses. The three phytohormones salicylic 

acid (SA), ethylene (ET), and jasmonate (JA) are the canonical defense hormones. As 

previous results have linked light conditions (UV-B) with defense hormone response (A.-H.-

Mackerness et al., 1999; Mazza et al., 1999), we set out to examine whether the SA, JA, or 

JA/ET pathways were responsible for the lesions on ago1-27 cotyledons. We measured 

expression of defense markers for SA, JA, or JA/ET in 10-day-old cotyledons from wild-type 

and ago1-27 mutant seedling grown in full spectrum light. Specifically, we assessed 

expression of PATHOGENESIS-RELATED GENE 1(PR1), VEGETATIVE STORAGE 

PROTEIN 1(VSP1), and PLANT DEFENSIN 1.2 (PDF1.2), which are upregulated in 
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defense-triggered SA, JA, and JA/ET-signaling, respectively (Benedetti et al., 1995; Boter et 

al., 2004; Lorenzo et al., 2004; van Loon et al., 2006; Mur et al., 2006; Memelink, 2009). All 

three marker genes were greatly upregulated in ago1-27 cotyledons compared to wild-type 

(Figure 4.3); hence, more detailed analysis was required to identify the involved pathway(s). 

 

 ago1 plants are susceptible to virus infection, implying a direct link between SA-

mediated defense and AGO1 activity (Morel et al., 2002; (Ruiz-Ferrer and Voinnet, 2009). 

Because the SA marker gene PR1 was most strongly upregulated in ago1-27 cotyledons, we 

first wanted to examine the expression of additional genes in SA signaling. Although there 

are no known miRNA targets in the SA signaling pathway, altered light conditions change 

the expression of many miRNAs (Zhou et al. 2007). Based on previous studies, we selected 

three SA-signaling genes. The first, NONEXPRESSOR OF PR GENES 1 (NPR1), was 

selected because it contributes to activation of PR-genes after SA perception (Mukhtar et al. 

2009). NPR1 is also a key modulator in SA-JA crosstalk (Ballaré, 2011). The second, 

SUPPRESSOR OF NPR1-1 (SNC1), was previously reported to be upregulated in ago1-36 

mutants (Yi and Richards, 2007). The third, ENHANCED DISEASE SUSCEPTIBILITY 1 

(EDS1), is a component of R gene-mediated disease resistance in Arabidopsis thaliana (Falk 

et al., 1999); EDS1 is also required for production of SA in some conditions involving 

pathogen challenge (Rustérucci et al., 2001). All three genes were significantly upregulated 

in ago1-27 cotyledons (Figure 4.4).  
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Figure 4.4 All three defense hormone pathways, including miRNA target genes, were 

upregulated in ago1-27 cotyledons. (A) Top, pathway diagram indicates pathway 

connection of three tested SA genes, none of which are miRNA targets. Bottom, NPR1, 

EDS1, and SNC1 were upregulated in ago1-27 seedlings relative to wildtype. (B) Top, 

pathway diagram indicates pathway connection of four tested JA genes, the most upstream of 

which, TCP4, is a miRNA target. Bottom, the canonical jasmonate signaling and biosynthesis 

genes TCP4, LOX2, MYC2, VSP2 and JAR1 were strongly upregulated. (C) Top, pathway 

diagram indicates pathway connection of four tested JA/ET genes. The most upstream gene, 

EIN2, acts in an incoherent feed-forward loop with the mir164ab and its target ORE1. ET and 

JA pathways show cross-regulation via ORA59 and MYC2. Bottom, (JA/ET) markers ORE1, 

ORA59, and ERF1 were significantly upregulated in ago1-27 cotyledons relative to wild-

type; in contrast, EIN2 was significantly downregulated in ago1-27 cotyledons. All assayed 

genes are normalized to UBQ10 expression. Error bars indicate standard error of the mean 

across three to four replicates of cotyledons harvested from 18 pooled seedlings. Black stars 

represent significant upregulation in ago1-27 cotyledons; grey star (EIN2) represents 

significant downregulation in ago1-27 cotyledons. 
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We next investigated additional marker genes in JA signaling. In A. thaliana, 

miR319a represses specific members of the TEOSINTE BRANCHED/CYCLOIDEA/PCF 

(TCP) family of transcription factors, which positively regulate JA biosynthesis (Danisman et 

al., 2012). TCP4 promotes JA biosynthesis by activating the expression of 

LIPOXYGENASE2 (LOX2) (Schommer et al. 2008; Danisman et al. 2012). JASMONATE 

INSENSITIVE 1 (JIN1/MYC2), a master regulator of the response to herbivores, also 

activates expression of LOX genes (Boter et al., 2004; Lorenzo et al., 2004). TCP4-regulated 

LOX2 catalyzes an early step of jasmonate biosynthesis (Gfeller et al., 2010). Lastly, 

JASMONATE RESISTANT 1 (JAR1) functions in the synthesis of biologically active 

jasmonate-isoleucine (Guranowski et al. 2007). All four tested genes -- TCP4, LOX2, MYC2, 

and JAR1 -- were significantly upregulated in ago1-27 cotyledons (Figure 4.4).  

 

Lastly, we examined additional genes known to function in JA/ET signaling. We 

selected ETHLYLENE INSENSITIVE 2 (EIN2) because it is the key integrator of JA/ET 

stress responses (Alonso et al., 1999) and is required for PDF1.2 expression (Alonso et al., 

1999). We also examined the transcription factor ORESARA 1(ORE1), which is a direct 

target of miR164ab and which together with EIN2 regulates ethylene signaling via a 

trifurcate feed-forward loop (Kim et al., 2009). JA and ET also activate expression of 

AP2/ERF-domain transcription factors (Nakano et al., 2006) such as OCTADECANOID-

RESPONSIVE ARBIDOPSIS AP2/ERF 59 (ORA59) and ETHYLENE RESPONSE FACTOR 1 

(ERF1) (Lorenzo et al., 2003; Pré et al., 2008). Overexpression of ERF1 enhances resistance 

against Botrytis cinerea; mutation of ERF1 increases susceptibility to this pathogen (Pré et 

al., 2008). Overexpression of ORA59 yields similar results in fungal defense and suppresses 

MYC-dependent signaling in defense against herbivores, making plants more susceptible to 

herbivores (Verhage et al., 2011).  

 

 All but one gene were significantly upregulated in ago1-27 cotyledons (Figure 4.4). 

The outlier, EIN2, was significantly downregulated at about half of wild-type levels. Given 

the strong upregulation of PDF1.2, this specific result is likely a consequence of the 

extensive feedback relationships. In summary, all three stress response pathways were 

upregulated, suggesting that ago1 mutants no longer interpret environmental signals correctly 
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and may be overly sensitive to the subtle stress of full spectrum light (Stasinopoulos and 

Hangarter, 1990). 

 

4.1.3 Exogenous JA and ET treatments, but not SA treatment, suffice to induce lesions in 

wild-type 

The consistent upregulation of all three candidate pathways necessitated a different 

approach to identify the molecular origin(s) of the lesions in ago1-27 cotyledons. We applied 

all three phytohormones separately and in combination and assayed the frequency of affected 

ago1-27 and wild-type seedlings. We sprayed five-day-old seedlings grown in full-spectrum 

light with increasing concentrations of phytohormones (Genoud et al., 2002; Weigel and 

Glazebrook, 2002; Sangster et al., 2007) and scored affected seedlings at day 10. As SA 

signaling marker genes were upregulated, we predicted that exogenous SA treatment would 

increase the number of affected individuals for both ago1-27 and wild-type. However, the 

frequency of affected ago1-27 seedlings decreased; there was no significant response in wild-

type (Figure 4.5). This result excludes SA as the cause of the observed lesions. 

 

We next tested whether application of methyl jasmonate (MeJA) would increase the 

frequency of affected seedlings and whether we could detect differences in the response of 

ago1-27 and wild-type. In wild-type, the frequency of affected individuals increased 

dramatically at 50 µM MeJA. Thus, JA treatment suffices to cause the observed lesions 

(Figure 4.5). In ago1-27 seedlings, the number of affected individuals increased significantly 

at the low MeJA dosage (10 µM) but did not further increase at the high MeJA dosage (50 

µM). This result suggests that ago1-27 is hypersensitive to JA at low concentrations but its 

response plateaus at higher concentrations (Figure 4.5). We compared the responses of wild-

type and ago1-27 to MeJA using a generalized linear model with genotype and treatment as 

fixed effects and replicate as a random effect. Indeed, ago1-27 mutants were significantly 

more responsive to MeJA at 10 µM conditions (GLMM, p< 1x10-4), whereas at 50 µM wild-

type was more responsive (GLMM, p<1x10-4), indicating that ago1-27 mutants have a lower 

threshold for JA pathway saturation.  
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Figure 4.5 Methyl jasmonate (MeJA) treatment was sufficient to induce lesions. (A) 

Under high salicylic acid conditions, seedlings produced fewer affected individuals for both 

wild-type and ago1-27 in full spectrum light. (B) At 10 µM MeJA, ago1-27 was significantly 

more responsive compared to wild-type (GLMM, testing for interaction between genotype 

and treatment, p< 1x10-4) whereas at the 50 µM MeJA treatment, wild-type was more 

responsive (GLMM, p< 1x10-4). (C) At 1 µM ACC (ethylene pre-cursor molecule), ago1-27 

was more responsive than wild-type, (GLMM, p< 1x10-4), reaching a frequency of affected 

seedlings similar to ago1-27 seedlings at 10 µM MeJA. At higher doses, ACC repressed the 

lesion phenotype in ago1-27 (GLMM, p< 1x10-4) and had no further effect on wild-type. (D) 

Combining10 µM MeJA with varying ACC concentrations yielded no significant change, 

albeit frequencies of affected declined. n = 72-144 individuals per replicate, two to five 

replicates. The difference in responsiveness between genotypes was modeled using GLMM, 

testing for interaction between genotype and treatment with replicate and number of 

seedlings set as random variables (p< 1x10-4) (for all reported p-values, refer to Table S4.4) 

 

Lastly, we tested whether ethylene treatment could increase the number of affected 

seedlings using the ethylene precursor 1-aminocyclopropane-1-carboxylic acid (ACC) 

(Figure 4.5). At the lowest dose of ACC (1 µM), the frequency of affected ago1-27 seedlings 

increased sharply. Comparing ago1-27 and wild-type response to ACC, we found that ago1-

27 mutants were significantly more responsive at 1 µM conditions (GLMM, p< 1x10-4). 

However, with increasing ACC doses, the frequency of affected seedlings decreased subtly 

but significantly in ago1-27 and remained unchanged in wild-type (GLMM, p< 1x10-4). 

Thus, ET treatment does increase the number of affected ago1-27 individuals at low doses 
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and decreases the frequency of affected ago1-27 seedlings at high doses, but fails to fully 

mimic the mutant phenotype in wild-type.  

 

As both JA and ET treatment produced an increase in affected seedlings, we wanted 

to test the effect of these hormones in combination. We performed these experiments with 10 

µM MeJA, the highly responsive dose for ago1-27 mutant seedlings, and at various 

concentrations of ACC. The presence of ACC did not significantly change the frequency of 

affected ago1-27 and wild-type individuals observed at 10 µM MeJA (Figure 4.5). Thus, we 

conclude that JA, but not ET or SA, is likely the main driver of the environmentally-sensitive 

lesion phenotype in ago1-27.  

 

 

4.1.4 Disruption of JA perception dramatically reduces lesions in ago1-27 mutant 

seedlings 

Thus far, our expression results and exogenous hormone treatments point to JA as the 

key hormone underlying the lesion phenotype in ago1-27 mutant seedlings. To test whether 

JA causes the lesion phenotype, we created a double mutant of ago1-27 and coi1-1 to block 

JA perception. CORONATINE INSENSITIVE 1 (COI1) encodes the main receptor of 

biologically active JA; the well-characterized coi1-1 mutant carries an amino acid 

substitution in the F-box motif of COI1 (Feys et al. 1994; Yan et al. 2009). The coi1-1 

homozygous seedlings produced significantly fewer individuals with lesions than wild-type 

(Figure 4.6). The frequency of affected seedlings in the ago1-27; coi1-1 double mutants was 

dramatically reduced compared to ago1-27 single mutants, albeit higher than in wild-type 

(Figure 4.6). Disruption of JA perception and signaling appears to strongly suppress the 

environmentally-sensitive lesions in both ago1-27 and wild-type.  
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Figure 4.6 Disruption of JA perception suppresses lesion phenotype. coi1-1 mutant 

seedlings produced significantly fewer affected seedlings than wild-type (p<0.05). ago1-27; 

coi1-1 double mutant seedlings produced dramatically fewer affected seedlings than ago1-27 

single mutant seedlings (p< 1x10-3); however, frequency of affected seedlings was 

significantly higher than in wild-type (p<0.05). Statistical significance was calculated using	
  

the	
  χ2-test of significance (**p< 1x10-3, *p<0.05) (for all reported p-values, refer to Table 

S4.4). n = 72-144 individuals per replicate, four replicates; error bars represent standard error 

of the mean across biological replicates. 

 

To explore the possible interplay of JA and ET perception and signaling genetically, 

we created triple mutants of ago1-27 with coi1-1 and ein2-1. EIN2 is a membrane bound 

transport protein; ein2-1 mutants carry an early stop mutation resulting in a truncated protein 

(Alonso et al., 1999). Consistent with our expression data for EIN2 in ago1-27 mutant 

seedlings, the ein2-1 homozygous seedlings produced significantly more lesions than wild-

type but were statistically similar to ago1-27 mutant seedlings (Figure S4.3). Thus, loss of 

ET perception increases rather than decreases the lesion phenotype. Double mutants of ago1-

27 and ein2-1 largely resembled ago1-27 single mutants (Figure S4.3). The coi1-1 mutation 
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was epistatic in both the double mutant with ein2-1 and the triple mutant ago1-27;coi1-

1;ein2-1 (Figure S4.3). We conclude that the observed environmentally-sensitive, ago1-27-

dependent lesions are largely driven by JA and that the effects of exogenous ET are likely 

due to the known cross-regulation of both pathways. 

 

4.1.5 ARGONAUTE1 and HSP90 interact genetically in producing the lesion phenotype  

 Recent studies in both animals (Iwasaki et al., 2010; Johnston et al., 2010) and plants 

(Iki et al., 2010) demonstrate that the molecular chaperone HSP90 is required for different 

aspects of AGO function. HSP90-reduced plants show overexpression of genes involved in 

JA biosynthesis (Sangster et al., 2007) and are more resistant to herbivores than wild-type 

(Sangster et al., 2007). Therefore, we wanted to explore if the observed environmentally-and 

JA-dependent lesion phenotype was affected by perturbing HSP90. To do so, I created a 

double mutant of ago1-27 with a previously published RNAi line, RNAi-A1 (Sangster et al., 

2007). This line primarily affects levels of the environmentally-responsive, heat-inducible 

HSP90.1 paralog, which could be plausibly involved in the environmentally-dependent lesion 

phenotype. We refrained from using highly specific inhibitors of the chaperone, as these 

compounds are highly sensitive to full spectrum light (Queitsch et al., 2002). Indeed, Alex 

Mason and I observed a subtle but significant increase in affected seedlings in single HSP90-

mutants (RNAi-A1) compared to wild-type seedlings (Figure 4.7). This result is consistent 

with the previously described role of HSP90 in JA signaling (Sangster et al., 2007). 

However, HSP90 perturbation produced far fewer affected seedlings than AGO1 

perturbation, inconsistent with simple epistasis of both proteins. Assuming that the HSP90 

RNAi-A1 lesion phenotype arises as the result of an AGO1-HSP90 interaction, there should 

be no further increase in the frequency of affected seedlings in the double mutant. If, 

however, HSP90 and AGO1 act independently, we should observe additive effects. These 

simple assumptions are complicated by the fact that both ago1-27 and HSP90 RNAi-A1 are 

weak, partial loss-of-function mutants. Our result deviated subtly but significantly from 

additive expectations (GLMM, p<1x10-4, Figure 4.7), suggesting a synergistic relationship 

between the chaperone and AGO1 in this phenotype. The non-additive higher incidence of 

affected seedlings in double mutants is consistent with previous observations that HSP90 
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perturbation increases the penetrance of genetic variants (Queitsch et al., 2012; Lempe et al., 

2013). In summary, our results show that although AGO1 and HSP90 appear to be inter-

dependent with regard to responding properly to environmental perturbations, neither’s 

contribution is fully explained by the other. Furthermore, AGO1 is the principal integrator of 

environmental signaling for proper repression of lesion formation, with a much-reduced role 

for the environmentally responsive HSP90.1 paralog. 

 

 

 
 

Figure 4.7 AGO1 and HSP90 genetically interact. (A) HSP90 RNAi-A1 seedlings 

produced significantly more affected seedlings than wild-type (p<0.05). ago1-27; HSP90 

RNAi-A1 double mutant seedlings produced significantly more affected seedlings than ago1-

27 single mutant seedlings (p< 1x10-4). Error bars represent standard error of the mean 

across two replicates of n = 108 seedlings. (B) The ago1-27 mutation showed higher 

penetrance in the presence of HSP90 RNAi-A1 (A1) in full spectrum light (GLMM, p< 1x10-

4). Statistical significance was calculated	
  using	
  the	
  χ2-test of significance (***p< 1x10-4, 

** p< 1x10-3, *p<0.05) (for all reported p-values, refer to Table S4.4). n = 72-144 

individuals per replicate, two replicates. Error bars represent standard error of the mean 

across biological replicates. 
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4.2  DISCUSSION  

Here, we present a previously undescribed phenotype in ago1 mutant plants – 

apparently stochastic lesions in cotyledons – and uncover its molecular underpinnings. 

Several recent studies have revealed roles for specific miRNAs in development, hormone 

signaling, and defense. Our initial observation and subsequent investigation of the lesion 

phenotype identifies AGO1 as a key integrator of environmental signals and hormone 

signaling, providing robustness to micro-environmental challenges as was previously 

observed for the molecular chaperone HSP90. The spontaneous lesions that we observed in 

ago1 seedlings, especially in response to full spectrum light, appear to be dead and dying 

tissue bearing the hallmarks of HR due to upregulated JA/ET signaling. In wild-type, 

functional AGO1 appears to play a key role in properly deploying HR only upon pathogen 

attack. 

 

AGO1-dependent regulation of gene activity occurs through two principal 

mechanisms, mRNA cleavage (Voinnet, 2009) and translational repression (Iwakawa and 

Tomari, 2013). It was previously assumed that plant miRNAs primarily functioned through 

RNA cleavage due to their near perfect base pairing with their target sequences (Rhoades et 

al., 2002). More recently, however, several studies have provided evidence for translational 

repression (Aukerman and Sakai, 2003; Bari et al., 2006; Brodersen et al., 2008), notably 

with regard to the heat stress-induced downregulation of SPL transcription factors 

(Gandikota et al., 2007; Stief et al., 2014). Translational repression, which is reversible, 

rather than cleavage of mRNAs, has been proposed as a mechanism for facilitating recovery 

after environmental stress (Sunkar et al., 2007; Voinnet, 2008).  

 

Notably, the hypomorphic ago1-27 point mutation (Morel et al., 2002) is thought to 

primarily affect translational repression (Brodersen et al., 2008; Voinnet, 2009). In contrast, 

the ago1-25 mutant (Morel et al., 2002) resides in close proximity to one of the three 

catalytic residues required for slicing. Complementation with AGO1 transgenes containing 

wild-type catalytic residues (DDH, DDD) complement ago1-25 mutant defects whereas 
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complementation with altered catalytic residues (ADH, DAH, DDA) do not, suggesting that 

ago1-25 is primarily defective in slicing (Carbonell et al. 2012). ago1-27 mutants were far 

more responsive to full spectrum  light than ago1-25 mutants, presumably due to the 

functional differences between both mutant alleles. Translational repression, which allows 

for faster recovery after stress than RNA cleavage that requires new transcription, appears to 

be of greater relevance for the response to full spectrum light. Our results are consistent with 

a recent report on the heat shock response in ago1 mutants (Stief et al., 2014). ago1-27 

seedlings were more responsive to heat shock conditions compared to ago1-25 seedlings 

(Stief et al., 2014).  

 

 Previous studies suggest a link between light conditions and JA signaling. 

Specifically, solar UV-B radiation renders plants more resistant to herbivory, primarily due 

to upregulation of the JA pathway (Ballare et al. 1996; Mazza et al. 1999; Demkura et al. 

2010). Consistent with these prior findings, the ago1-dependent lesions were much less 

frequent in filtered light conditions which exclude UV-B radiation.  

 

Similarly, HSP90 perturbation is known to increase JA signaling and yields greater 

resistance to herbivores (Sangster et al., 2007). As expected, mutants with reduced HSP90 

levels show subtly but significantly greater frequency of affected seedlings. HSP90 plays 

important roles in plant defense, especially in defense against microbial pathogens (Hubert et 

al., 2003; Takahashi et al., 2003; Sangster and Queitsch, 2005; Zhang et al., 2015). HSP90 is 

also implicated in chaperoning AGO1 (Iki et al., 2010). Our double mutant analysis, 

however, suggest a synergistic, rather than an epistatic relationship. ago1-27 single mutants 

show many more affected seedlings than HSP90 RNAi-A1 seedlings, and the number of 

affected seedlings increases further in double mutants beyond additive expectations. The 

interpretation of this double mutant result is complicated by the fact that both mutants 

represent weak partial mutants of essential genes. The increased penetrance of the ago1-27 

mutation upon HSP90 perturbation is consistent with the notion that HSP90 is critical for 

buffering deleterious mutations (Queitsch et al., 2012). Our results further suggest that 

fluctuations in environmental conditions are buffered by both AGO1 and HSP90. 
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 In our gene expression studies, we observed that SA marker genes, just like JA and 

ET marker, were also highly upregulated. We conclude that ago1 plants generally upregulate 

these hormone pathways, presumably in part due to their complicated cross-regulation. 

However, as our exogenous hormone treatments and genetic analyses demonstrate, JA is the 

main driver of the lesion phenotype. In summary, AGO1 and the miRNA pathway appear to 

minimize variation in phenotype among isogenic seedlings and suppress aberrant 

misregulation of plant defense pathways similar to previous observations for the phenotypic 

capacitor HSP90. 
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4.3  SUPPLEMENTARY INFORMATION 

 

 

 
 

Figure S4.1. Plant stem cell marker genes are not upregulated in full spectrum light-

grown ago1-27 seedlings. (A, B, C, D) ago1-27 cotyledons did not show significantly higher 

expression of the stem cell marker genes PAKRP1A (shoot apical meristem marker), ORTH2 

(shoot apical meristem marker), SCR (root apical meristem marker), and GLP4 (root apical 

meristem marker). Expression of all assayed genes was normalized to UBQ10 expression. 

Error bars indicate standard error of the mean across three to four replicates of cotyledons 

harvested from 18 pooled seedlings. Black star represents significant downregulation in 

ago1-27 cotyledons. 
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Figure S4.2. ago1-27 lesion tissue did not show enhanced callus formation. (A) 

Schematic representation of experimental procedure. Affected and unaffected tissue was 

excised from 10-day-old ago1-27 cotyledons and 10-day-old unaffected tissue was excised 

from wild-type cotyledons. Tissue was placed on callus-inducing media at the recommended 

hormone doses and half the recommended doses as described previously (Weigel and 

Glazebrook, 2002). Plates were scored five days later for callus induction. (B) Callus scoring 

index. Callus formation was scored based on three criteria: length at longest axis, color, and 

profuseness. These separate criteria were given a score of 1-4, with a score of 4 being the 

most callus-like of criteria. Scores were averaged to compute callus scores. (C) Mean callus 

score of tested genotypes and treatments. At the lower hormone dose, ago1-27 lesion tissue 

does not form callus tissue at all. 
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Figure S4.3. The disruption of JA perception in coi1-1 is epistatic to both ago1-27- and 

ein2-1-dependent lesion phenotypes. ago1-27 and ein2-1 seedlings produced similar 

frequencies of affected individuals. ein2-1 single mutant and ago1-27; ein2-1 double mutant 

seedlings produce similar frequencies of affected individuals. coi1-1 suppressed the lesion 

phenotype in all three combinations: coi1-1;ein2-1, ago1-27; coi1-1, and ago1-27;coi1-

1;ein2-1. Statistical significance was calculated using the χ2-test of significance. Shared 

letters (a, b, c) denote statistically similar genotypes. Data for Col-0, ago1-27, coi1-1, and 

ago1-27; coi1-1 also appears in Figure 4.6. For all reported p-values, refer to Table S4.4. n 

= 72-144 individuals per replicate, two-four replicates; error bars represent standard error of 

the mean across biological replicates. 
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Table S4.1: qRT-PCR primers 
Gene Accession 

number 
Primer Primer sequence 

GLP4 AT1G18970 GLP4 F 1 ATGGCTTTCCATGCAAATCA 
  GLP4 R 1 TCGAGATTCCTAAAGTGTTTAGACC 
SCR AT3G54220 SCR F 1 CTCAAACTTTCGAACCTCTCTATC 
  SCR R 1 GGGAACAGTGGCCGTCA 
ORTH2 AT1G57820 ORTH2 F 1 GTCTCACAAGGAGAAGCG 
  ORTH2 R 1 GGCTCATTGTCACATCTAACGAA 
PAKRP1A AT4G14150 PAKRP1A F 1 GGATGTGTCATCATGCCC 
  PAKRP1A R 1  TATTTCTAATCGTAGGAGAGACGC 
PDF1.2 AT5G44420 PDF1.2 F 1 ATGGCTAAGTTTGCTTCCA 
  PDF1.2 R 1 TTAACATGGGACGTAACAGATAC 
PR1 AT2G14610 PR1 F 1 TCTTCCCTCGAAAGCTCAAG 
  PR1 R 1 AAGGCCCACCAGAGTGTATG 
VSP1 AT5G24780 VS1 F 1 ACCTCTTGGAACTCGGGATT 
  VSP1 R 1 ACCACTTGCGTCAACTTCG 
EDS1 AT3G48090 EDS1 F 1 TCTGTGGAAATGGCTGTGAG 
  EDS1 R 1 CCAAAGGAGCTCCAAATGTC 
NPR1 AT1G64280 NPR1 F 1 AGGCACTTGACTCGGATGAT 
  NPR1 R 1 CCTCGGATTCCTATGGTTGA 
SNC1 AT4G16890 SNC1 F 1 GCCGGATATGATCTTCGGAA 
  SNC1 R 1 CGGCAAGCTCTTCAATCATGG 
TCP4 AT3G15030 TCP4 F 1 CAACATCACCACCACACCTC 
  TCP4 R 1 ACAGAAACCCTCCTCCGTTT 
LOX2 AT3G45140 LOX2 F 1 TGAGGACTCATGCCTGTACG 
  LOX2 R 1 ATTCCACCTCCGTTGACAAG 
JAR1  AT2G46370 JAR1 F 1 TACGCGGGTGATCTACCTCT 
  JAR1 R 1 AACCAACCGGTTTCTCCTCT 
MYC2 AT1G32640  MYC2 F 2 GTGACGGATACGGAATGGTT 
  MYC2 R 2 ATGCATCCCAAACACTCCTC 
EIN2 AT5G03280  EIN2 F 1 AAAACCGGCTAAAGGCAAAT 
  EIN2 R 1 TCAAAACCGAAGCCAAATTC 
ORE1 AT5G39610 ORE1 F 1 CTGCTACTGCCATTGGTGAA 
  ORE1 R 1 TCCAATAACCGGCTTCTGTC 
ERF1 AT3G23240  ERF1 F 1 GATGGTTGTTCTCCGGTTGT 
  ERF1 R 1 CCCAAAAGCTCCTCAAGGTA 
ORA59 AT1G06160 ORA59 F 1 GGCTCTCGCTTATGATCAGG 
  ORA59 R 1 GGACGGTTTCTCATGGAGTG 
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Table S4.2: Accession numbers of genes analyzed 
Gene Accession 

number 
AGO1 AT1G48410 
COI1 AT2G39940 
EIN2 AT5G03280 
GLP4 AT1G18970 
SCR AT3G54220 
ORTH2 AT1G57820 
PAKRP1A AT4G14150 
PDF1.2 AT5G44420 
PR1 AT2G14610 
VSP1 AT5G24780 
EDS1 AT3G48090 
NPR1 AT1G64280 
SNC1 AT4G16890 
TCP4 AT3G15030 
LOX2 AT3G45140 
JAR1  AT2G46370 
MYC2 AT1G32640 

EIN2 AT5G03280 
ORE1 AT5G39610 
ERF1 AT3G23240 
ORA59 AT1G06160 
HSP90.1 AT5G52640 
UBC10 AT5G25760 
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Table S4.3: Genotyping primers 
Gene Accession 

number 
Primer Primer sequence Restriction enzyme/allele 

cut 
AGO1 AT1G48410 F ACCACGTTCTTTGGGATGA

G 
Bsp1286I/wild-type 

  R TCTACCCATTCCACCTC  
COI1 AT2G39940 F GGGGAGATAAGGGATATG

AATGC 
Xcm1/wild-type 

  R TTGTGGAAACCCCAAAAC
TC 

 

EIN2 AT5G03280 F CGCCATCTTTGTTTCAACA
ATCAGATCC 

BsrB1/wild-type 

  R CCAGAGGAAAGAGAGTTG
GATGTAAAGTACTCTACC
GCT 

 

HSP90 
RNAi-
A1 

AT5G52640 Lw1 GATGCGGGATATGGCTGG
ACT 

Produces 1194 bp band with 
Rc3 primer for wild-type 

  Lm1 CGGCAGTTCATCAGGGCT
AA 

Produces 850 bp band with 
Rc3 primer for mutant 

  Rc3 TATCACCTCGTTAGGGGCC
A 
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Table S4.4: Reported p-values  
Figure Comparison Test P-value 

1 Col-0 Yellow vs. Col-0 White Chi-square 0.8916 
1 Col-0 Yellow vs. ago1-27 Yellow Chi-square 0.7677 
1 Col-0 Yellow vs. ago1-46 Yellow Chi-square 5.00E-06 
1 Col-0 White vs. ago1-27 White Chi-square 4.00E-21 
1 Col-0 White vs. ago1-46 White Chi-square 0.0077 
1 ago1-27 Yellow vs. ago1-27 White Chi-square 9.00E-26 
1 ago1-46 Yellow vs. ago1-46 White Chi-square 2.12E-01 
1 ago1-25 White vs. Col-0 White Chi-square 1.00E-05 
1 ago1-25 Yellow vs. ago1-25 White Chi-square 7.01E-01 
1 ago1-25 Yellow vs. Col-0 Yellow Chi-square 1.00E-06 
1 ago1-27 White vs. ago1-25 White Chi-square 1.00E-09 
1 ago1-27 vs. ago1-25 GLMM <  1.0E-04 (towards ago1-27) 
5 Col-0 vs. ago1-27, 0 and 10 µM MeJA GLMM <  1.0E-04 (towards ago1-27) 
5 Col-0 vs. ago1-27, 0 and 50 µM MeJA GLMM < 1.0E-04 (towards Col-0) 
5 Col-0 vs. ago1-27, 10 and 50 µM MeJA GLMM < 1.0E-04 (towards Col-0) 
5 Col-0 vs. ago1-27, all MeJA treatments GLMM < 1.0E-04 (towards Col-0) 
5 Col-0 vs. ago1-27, 0 and 250 µM SA GLMM 0.7077 
5 Col-0 vs. ago1-27, 0 and 500 µM SA GLMM 0.858 
5 Col-0 vs. ago1-27, 250 and 500 µM SA GLMM 0.5089 
5 Col-0 vs. ago1-27, all SA treatments GLMM 0.9123 
5 Col-0 vs. ago1-27, 0 and 1 µM ACC GLMM <  1.0E-04 (towards ago1-27) 
5 Col-0 vs. ago1-27, 0 and 10 µM ACC GLMM 0.3521 
5 Col-0 vs. ago1-27, 0 and 20 µM ACC GLMM <  1.0E-04 (towards ago1-27) 
5 Col-0 vs. ago1-27, 1 and 10 µM ACC GLMM <  1.0E-04 (towards ago1-27) 
5 Col-0 vs. ago1-27, 1 and 20 µM ACC GLMM <  1.0E-04 (towards ago1-27) 
5 Col-0 vs. ago1-27, 10 and 20 µM ACC GLMM 0.065 
5 Col-0 vs. ago1-27, all ACC treatments GLMM 0.093 
5 Col-0 vs. ago1-27, 0 and 1 µM ACC, 10 µM MeJA GLMM 0.2211 
5 Col-0 vs. ago1-27, 0 and 10 µM ACC, 10 µM MeJA GLMM 0.1482 
5 Col-0 vs. ago1-27, 0 and 20 µM ACC, 10 µM MeJA GLMM 0.3834 
5 Col-0 vs. ago1-27, 1 and 10 µM ACC, 10 µM MeJA GLMM 0.2118 
5 Col-0 vs. ago1-27, 1 and 20 µM ACC, 10 µM MeJA GLMM 0.8751 
5 Col-0 vs. ago1-27, 10 and 20 µM ACC, 10 µM MeJA GLMM 0.2002 
5 Col-0 vs. ago1-27, all ACC treatments, 10 µM MeJA GLMM 0.0732 
6 Col-0 vs. ago1-27 Chi-square 1.15E-55 
6 Col-0 vs. ago1-27; coi1-1 Chi-square 0.0036 
6 Col-0 vs. coi1-1 Chi-square 0.022 
6 ago1-27 vs. ago1-27; coi1-1 Chi-square 2.69E-15 
6 ago1-27 vs. ago1-27; ein2-1 Chi-square 0.35 

Supp. 4 Col-0 vs. ago1-27; coi1-1; ein2-1 Chi-square 0.0018 
Supp. 4 Col-0 vs. coi1-1; ein2-1 Chi-square 0.76 
Supp. 4 Col-0 vs. ein2-1 Chi-square 1.30E-27 
Supp. 4 ago1-27 vs. ago1-27; coi1-1; ein2-1 Chi-square 1.76E-07 
Supp. 4 ago1-27 vs. coi1-1; ein2-1 Chi-square 3.86E-21 
Supp. 4 ago1-27 vs. ein2-1 Chi-square 0.031 

7 Col-0 vs. RNAi-A1 Chi-square 0.0394 
7 Col-0 vs. ago1-27 Chi-square 4.67E-09 
7 Col-0 vs. ago1-27; RNAi-A1 Chi-square 3.98E-25 
7 ago1-27 vs. ago1-27; RNAi-A1 Chi-square 0.0076 
7 ago1-27 White vs. ago1-27; RNAi-A1 GLMM <  1.0E-04 (towards ago1-27; RNAi-A1) 
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Chapter 5  

AGO1 BUFFERS GENETIC VARIATION IN THE PLANT ARABIDOPSIS 

THALIANA 

 
 

5.1  INTRODUCTION 

 
Genetic networks involve feedback loops and regulatory mechanisms to produce 

developmental and physiologic robustness in spite of environmental or genetic perturbations 

(Rutherford and Lindquist 1998; Queitsch et al. 2002; Lempe et al. 2013). Network 

disruptions decrease robustness and produce increased phenotypic variation in either a 

particular trait or by affecting organism phenotype more broadly.  One key component of 

network regulation is the protein chaperone Heat Shock Protein 90 (HSP90); its loss of 

function broadly disrupts the genetic network, thereby affecting genetic variation at many 

other loci and producing greatly increased phenotypic variation (Rutherford and Lindquist 

1998; Queitsch et al. 2002; Yeyati et al. 2007; Sangster et al. 2008a; Jarosz and Lindquist 

2010). The phenomenon that functional HSP90 keeps genetic variation silent and HSP90 

perturbation releases this formerly hidden variation has been termed phenotypic capacitance 

(Masel and Siegal 2009) – a different term for epistasis. In contrast to traditional epistasis, 

which describes the non-reciprocal interaction of two loci, phenotypic capacitance is an 

epistasis phenomenon in which one locus, e.g. HSP90, interacts with many others. 

  

MicroRNAs (miRNAs) also act as phenotypic capacitors by buffering stochastic 

(Hilgers et al. 2010), environmental (Li et al. 2009b), and genetic variation (Cassidy et al. 

2013), raising the question as to their overlap or unique characteristics compared with 

HSP90. This question became particularly compelling with recent evidence that 

ARGONAUTE 1 (AGO1), a key enzyme in miRNA metabolism, is chaperoned by HSP90 

(Iki et al. 2010). MicroRNAs are small 21-24 nucleotide RNAs that regulate the expression 

of target genes in a sequence-specific manner, by degrading their mRNA (Axtell 2013; 

Bologna and Voinnet 2014), or inhibiting their translation into proteins (Reis et al. 2015). In 
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plants, miRNA biogenesis starts with Polymerase II (Pol II) transcription of pri-miRNAs, 

which fold in a hairpin-structure consisting of an upper terminal loop and stem, followed by 

the miRNA, its complementary sequence (miRNA*) duplex, and a lower stem (Bologna and 

Voinnet 2014). The hairpin structure is recognized by DICER-LIKE 1 (DCL1) and cleaved 

twice to release a 21-24 nucleotide double stranded RNA with 3’ overhangs (Bologna and 

Voinnet 2014). The miRNA/miRNA* duplex is loaded onto an Argonaute protein to form the 

RNA-induced silencing complex (RISC). RISC then targets the miRNA-complementary 

mRNAs. In A. thaliana, 21-nt miRNAs are loaded primarily onto AGO1 (Axtell 2013; 

Bologna and Voinnet 2014).  

 

 Several recent studies in various organisms suggest that AGO1 is chaperoned by 

HSP90, albeit with different, organism-specific functional roles. HSP90 physically interacts 

with Argonaute proteins in yeast (Wang et al. 2013), flies (Miyoshi et al. 2010; Iwasaki et al. 

2010; Gangaraju et al. 2011), humans (Johnston et al. 2010), Tetrahymena (Woehrer et al. 

2015), and in tobacco cell extracts (Iki et al. 2010). Here, I investigate to which extent 

perturbation of AGO1 (i) affects phenotypic variation in isogenic A. thaliana seedlings, (ii) 

releases genetic variation in divergent backgrounds, and (iii) and whether AGO1-dependent 

loci overlap with HSP90-dependent loci.  

 

I found that AGO1 perturbation alone sufficed to significantly increase phenotypic 

variation in in several seedlings traits (figure 5.1). Next, I set out to test whether AGO1 

perturbation releases cryptic genetic variation. To do so, crossed the ago1-27 partial mutant 

with Col-0 lines with partial chromosome substitutions from the divergent A. thaliana strain 

Ler (STAIRS, STepped Aligned Inbred Recombinant Strains) (Koumproglou et al. 2002). I 

measured five quantitative traits and found instances of AGO1-dependent variation. 

Specifically, I observed that the presence of ago1-27 combined with the presence of Ler 

DNA on the top of chromosome V uncoupled days to flowering from rosette leaf number, the 

two highly correlated traits that are used interchangeably to assess the onset of flowering 

(Lempe et al. 2005; Salomé et al. 2011).  
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The transition from the vegetative to the reproductive stage in A. thaliana is 

irreversible and hence of utter importance for fitness. Therefore, this transition is highly 

regulated and relies on integrating a multitude of environmental and organismal signals such 

as light, day length, temperature, season (vernalization), plant hormones, and ageing 

pathways. These signals and their respective pathways converge in integrator genes such as 

FLOWERING LOCUS T (FT), and SUPPRESOR OF OVEREXPRESSION OF CO 1 (SOC1) 

(Song et al. 2013; Pajoro et al. 2014), which in turn activate the floral meristem identity 

genes APETALA1 (AP1), FRUITFUL (FUL), and LEAFY (LFY). These inputs change the 

shoot meristem into an inflorescence meristem, initiating the plant reproductive stage and the 

development of flowers (Andres and Coupland 2012; Huijser and Schmid 2011; Poethig 

2013). 

 

 A major player in flowering time phenotypes is FLOWERING LOCUS C (FLC), 

which prevents flowering by repressing the expression of FT. FLC expression is repressed 

when plants are exposed to cold temperatures for a long period of time (i.e., vernalization or 

winter period) (Andres and Coupland 2012). Many natural strains that do not require 

vernalization to flower carry FLC mutations, as is the case in Ler. The vernalization pathway 

intersects with the ageing pathway in the regulation of FT, AP1, FUL and LFY (Posé et al. 

2012; Wang 2014). The principal regulators of the ageing pathway are two miRNAs, miR156 

and miR172. MicroR156 represses the expression of several SQUAMOSA PROMOTER 

BINDING LIKE (SPL) transcription factors (miR156-SPL module), which in turn activate the 

expression of FUL, AP1 and LFY (Yamaguchi et al. 2009). One of these, SPL9, promotes the 

expression of miR172 (Wu et al. 2009b), which represses APETALA2 (AP2), and AP2-like 

genes (miR172-AP2 like module) (Aukerman and Sakai 2003), that in turn repress the 

expression of FT (Wu et al. 2009b). 

 

Here, I show that the ageing pathway, and specifically, the miR156-SPL module, 

uncouples the closely related traits days to flower and rosette leaf number in ago1-27 in a 

background-dependent fashion. Using several lines of complementary evidence, I 

demonstrate that the AGO1-dependent polymorphism(s) likely reside in miR156f and that 

these polymorphisms occur frequently in natural strains. 
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5.2  MATERIALS AND METHODS 

 
Plant Materials. The following parental lines were used: Col-0, ago1-27 in the Col-0 

background (Morel et al. 2002), and STAIRS N9448, N9456, N9472, N9501(Koumproglou 

et al. 2002). ago1-27 plants were crossed into the STAIR lines and F2s that had the wild type  

and ago1-27 allele in both Col-0 and the STAIRS backgrounds were isolated. Selected F2s 

and their progeny were used to perform the described experiments. 

 

Genotyping of F2 plants. I used PCR to genotype the F2s from each STAIRS – ago1-27 

cross. PCR conditions for ago1-27 genotyping is as follows: 5’ at 94 °C, followed by 35 

cycles at 30 s at 94 °C, 30 s at 55 °C, 1 min at 72 °C. PCR product was then digested at 37°C 

with Bsp1286I, which cuts wild-type sequence. 

 

Agar media.  For the hypocotyl and root length assays, the plants were grown on MS media 

containing 0.0005% MES hydrate, 0.004% vitamin solution, 3% phytagar, and 1% sucrose. 

 

Hypocotyl and root length assays. Seeds from different genotypes were laid on agar plates 

in a 10-seeds per plate arrangement. The plates were stacked in racks, wrapped in foil, and 

transferred to 4˚C for five days. Then they were unwrapped, and exposed to light for two 

hours. After that, the plates were wrapped in foil again, to prevent further light exposure and 

were transferred to a 23˚C tissue culture incubator for seven days. The plants were grown 

vertically. After that, the plates were taken out, and photographed. The photographs were 

used to measure the seedlings’ hypocotyls and roots using the ImageJ software 

(http://rsbweb.nih.gov/ij/). 

 

Early morphology traits analysis. Seeds from the different genotypes were plated on agar 

(36 seeds/per plate). The plates were wrapped in foil and transferred to 4˚C for five days. 

Then, they were unwrapped and transferred to long days (LD) at 23˚C tissue culture 

incubator for 10 days. The plants were grown horizontally. The plates were rotated every day 

to prevent light-growth biases. On the 10th day the seedlings were scored for their 

morphological traits. 
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Flowering time experiments. Seeds from different genotypes were embedded in 1mL of 

0.1% agar, and then stratified for 5 days at 4˚C. Then, they were sowed on soil in 36-pot 

trays. Flowering time was measured by scoring both the number of rosette leaves and days to 

flowering. The last one was recorded when the primary inflorescence of the plant had 

reached a height of 1cm. Flowering time experiments were performed in long days (LD, 16 

hours of light, 8 hours of dark), at 23˚C.  For the cold and hot temperature experiments, 

plants were stratified as above, then grown at 23˚C for one day, and then transferred to 16˚C 

or 27˚C, respectively. All of them were grown in LD.  

 

Rosette diameter measurements. The diameter of the rosette was measured on the day that 

the primary inflorescence of the plant reached a height of 1cm. 

 

Vernalization treatment. Seeds were stratified for 5 days at 4˚C and then laid on soil. They 

were allowed to grow for 5 days at 23˚C in LD or short days (SD) conditions and then 

transferred to 4˚C for forty days, according to recommendations from Sung et al., 2006 

(Sung et al. 2006). 

 
 
Gene expression analysis.  To determine the expression levels via qPCR, total RNA was 

isolated from the aerial parts of 14-day old plants at ZT16 using the SV Total Isolation 

System (Promega). RNA quality was determine using a Nanodrop and only qualified samples 

(A260/A230 > 1.8 and A260/A280> 1.8) were used for subsequent qPCR experiments. To 

remove possible DNA contamination I treated the DNA with DNaseI (Ambion) for 60 

minutes at 37˚C. I used the Transcriptor First Strand cDNA Synthesis Kit (Roche) for cDNA 

synthesis. The qPCR primers were designed using the Universal ProbeLibrary Assay Design 

Center tool (Roche), and Primer3 (Untergasser et al. 2012). Specific amplification was 

confirmed previous to the qPCR experiments. The qPCRs experiments were carried out in 

96-well plates with a LightCycler480 (Roche) using SYBR green. The following program 

was used for the amplification: pre-denaturation for 5 min at 95˚C, followed by 35 cycles of 

denaturation for 15 s at 95˚C, annealing for 20 s at 55˚C, and elongation for 30 s at 72˚C. All 
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qPCR experiments were carried out on two biological replicates (independently harvested 

samples on different days), and three technical replicates per sample.  

 
miRNA gene expression. Mature forms of miR156 and miR172b were measured by qPCR 

using hairpin oligonucleotides, as described (Varkonyi-Gasic et al. 2007) (Table S5.1).   

 
 
Sequencing of miR156F, D and E in diverse A. thaliana strains.  The genes MIR156F, 

MIR156D and MIR156E were amplified using the primers listed on Table S5.1. Then, the 

PCR products were sequenced by the Sanger method. The sequences were then aligned using 

T-coffee. 

 
Northern blots. RNA was extracted from mostly aerial parts of 14-day old seedlings using 

Trizol according to the manufacturer’s instructions. 10 ug of RNA was used for all samples. 

The samples were run in a denaturing 17% polyacrylamide gel, 7M urea, and then transferred 

to a nitrocellulose membrane as previously described (Cuperus et al. 2010). Blots were 

hybridized with oligo probes complementary to miR172b and exposed for one day.  

 
 
 
 
 
 

5.3  RESULTS 

5.3.1 ago1 mutant plants show increased phenotypic variation 

I examined several morphological and quantitative phenotypes of hypomorphic ago1 

mutants, ago1-46, and ago1-27, the former being a less severe mutant than the latter. I noted 

that 10-day old isogenic seedlings of ago1-46 and ago1-27 showed increased phenotypic 

variation in morphological features such as lesions in cotyledons, rosette symmetry, and 

organ defects compared to isogenic wild type seedlings (Figure 5.1a). The more severe ago1 

mutant, ago1-27, showed subtly higher numbers of abnormal phenotypes compared to the 

less severe ago1-46 mutant. 
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Next, I turned to examining hypocotyl length in the dark; a readily measured 

quantitative trait that shows increased variation in response to HSP90 perturbation. Similar to 

our earlier results with HSP90 perturbation, I found that ago1-27 dark-grown seedlings 

showed a different mean (p < 2.26e-16, Wilcoxon test) and significantly greater variance of 

hypocotyl length than wild type (p = 0.0002391, Levene’s test) (Figure 5.1b). Two other 

ago1 mutants, ago1-46 and ago1-25, also showed greater variance in hypocotyl length 

compared to wild type seedlings (data not shown). I conclude that fully functional AGO1 

maintains phenotypic robustness and buffers developmental noise among isogenic seedlings 

for both morphological and quantitative traits, as previously observed for HSP90.  

 

 

 
 

Figure 5.1. ago1 plants show more variation in qualitative and quantitative traits. 

(a) Early morphology trait measures for wild type (Wt), ago1-46, and ago1-27 seedlings. 

Ten-day old seedlings were scored for three different morphological traits. The data represent 

two biological replicates (n = 144 for ago1 mutants, and n = 216 for Wt, * = p < 0.05, χ2 -

test). (b) Hypocotyl length for 7-day old, dark-grown seedlings. The variance for Wt and 

ago1-27 distributions is different (Levene’s test p < 0.001; n = 475 for ago1-27, n = 486 for 

Wt).  Inset: boxplots of hypocotyl length distribution. Y-axis represents hypocotyl length 

(mm), ** = p < 2.2e-16, Mann-Whitney Wilcoxon test. 
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5.3.2 AGO1 perturbation can reveal and conceal genetic variation 

HSP90 buffers both developmental noise and genetic variation (Queitsch et al. 2002; 

Sangster et al. 2008b). Therefore, I next addressed if AGO1 perturbation could reveal genetic 

variation and whether ago1-dependent loci overlap or differ from known HSP90-dependent 

loci. To do so, I crossed the ago1-27 mutant (Col-0 background) to STAIRS lines 

(Koumproglou et al. 2002)(Figure S5.1) and analyzed the phenotypes of their segregating 

offspring. The rationale to cross the ago1-27 mutant to the STAIRS line is that the resulting 

offspring should contain recently acquired genotypic differences that have not had time to 

evolve new network regulations to compensate for these differences, and therefore depend on 

capacitors like HSP90 to attain organismal robustness.  

 

STAIRS lines exist for chromosomes 1, 3 and 5. Since AGO1 is located on 

chromosome 1, I excluded the respective STAIRS lines from our analysis. For chromosomes 

3 and 5, I selected two STAIRS lines each (chr3; N9448 and N9459, chr5; N9472 and 

N9501). There are three HSP90-dependent loci in the Ler region on the selected STAIRS 

lines that affect the selected phenotypes (Sangster et al. 2008a; Sangster et al. 2008b). I 

selected the following genotypes in the F2 generation: wild type in the Col-0 background, 

ago1-27 in the Col-0 background, wild type in the STAIRS background (hereafter referred to 

as Ler background), and ago1-27 in the STAIRS (Ler) background, controlling for possible 

recombination events in the introgressed Ler segment. For these four genotypes, I measured 

hypocotyl and root length, rosette diameter, and the closely correlated flowering time traits 

days to flowering and rosette leaf number. I selected these phenotypes because they are 

readily measurable and show evidence of Hsp90 buffered variation in previous studies, 

enabling the planned comparisons of HSP90-dependent and putative AGO1-dependent 

variation.  

 

AGO1 reveals genetic variation affecting a quantitative trait X if one of these 

scenarios is met:  

1) a) wild-type plants of Col-0 and Ler backgrounds are similar in X, (XCol-0 wt – XLer wt 

≈ 0), and b) Col-0 ago1-27 and Ler ago1-27 plants differ significantly in X (XCol-0 

ago1-27 – XLer ago1-27 ≠ 0).  
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2) a) wild type plants of Col-0 and Ler differ significantly in X phenotypic, (XCol-0 wt – 

XLer wt ≠ 0), yet b) Col-0 ago1-27 and Ler ago1-27 plants show a significantly 

different relationship than observed for wild-types, e.g. different sign (XCol-0 wt – XCol-

0 ago1-27) ≠ (XLer wt – XLer ago1-27).  

 

Fundamentally, I assume that AGO1 perturbation may alter the contributions of 

underlying genetic variation to a given quantitative trait. Therefore, revealing variation (i.e. 

increasing the contribution of a particular locus to a quantitative trait with a certain overall 

genetic contribution) should go hand in hand with concealing other variation (i.e. decreasing 

the contribution of other loci). Indeed, this phenomenon has been previously observed for 

HSP90 perturbation across many traits in A. thaliana recombinant inbred lines (Sangster et 

al. 2008a). If AGO1 conceals genetic variation, I expect that for a quantitative trait X a) the 

wild type plants of both backgrounds show significantly different values in X (XCol-0 wt – XLer 

wt ≠ 0), yet b) Col-0 ago1-27 and Ler ago1-27 have similar X phenotypic values (XCol-0 ago1-27 

– XLer ago1-27 ≈ 0). Lastly, I may observe that the Ler introgression acts epistatically and 

suppresses phenotypic differences between XCol-0 wt and XCol-0 ago1-27. 

 

Indeed, I observe all three scenarios of epistasis (Table 5.1). Despite the mounting 

evidence that HSP90 facilitates some aspects of AGO1 function in many organisms, 

including plants, I did not observe an overlap of HSP90 and AGO1-dependent loci (Sangster 

et al. 2008a) (Figure S5.2). This apparent lack of HSP90-AGO1 epistasis agrees with the 

complexity we observed when analyzing double mutants for morphological traits and gene 

expression phenotypes. Although my findings could indicate that AGO1 and HSP90 simply 

buffer different variants, this interpretation is compromised by the fact that both HSP90 

previous work (Sangster et al. 2008a) and my analyses used partial mutants. Hence, my 

results may be the consequence of differential sensitivity such that identified HSP90-

dependent loci are those most strongly and directly affected by HSP90 perturbation whereas I 

may miss those loci that are indirectly affected because perturbation of the chaperone 

decreases AGO1 function.  
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Table 5.1. AGO1 buffering of genetic variation is common. 
Trait  Ler on Chr 3 

1 -  9,742,000 

Ler on Chr 3 

18,230,000 - 23,459,830 

Ler on Chr 5 

1 - 9,479,000 

Ler on Chr 5 

9,479,000 - 26,975,502 

Rosette leaf number epistatic -- reveals conceals 

Days to flowering conceals epistatic epistatic -- 

Rosette diameter reveals conceals -- -- 

Hypocotyl length -- -- -- -- 

Root length reveals -- -- -- 

The portions of the Ler chromosome in each stair line are indicated. Red marks 

instances in which ago1-27 reveals genetic variation; ‘epistatic’ means instances in which the 

Ler background was epistatic to the ago1-27 mutation for the trait tested. 
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Figure 5.2. Looking for candidate genes to explain the decoupling of days to flowering 

and rosette leaf number. Plants for wild type Col-0, wild type Ler, Col-0 ago1-27 and Ler 

ago1-27 were grown on soil in LD at 23˚C, n = 30-36. (a) Rosette leaf number. * = p < 

0.0001, ** = p < 0.5e-11, *** = p < 0.3e-11, Mann-Whitney Wilcoxon test. (b) Days to 

flowering . ** = p < 0.5e-10, *** = p < 5.5e-12, **** = p < 4.5e-12, Mann-Whitney Wilcoxon 

test. (c) Approximate location of candidate genes in chr 5 involved in the decoupling of days 

to flowering and rosette leaf number. (d) miR156-target SPL gene expression is upregulated 

in the Ler ago1-27 r relative to Col-0 ago1-27. 14-day old plant tissue was collected at ZT16 

(Zeitgeber 16; 16 hours after the plants sensed the light).  Mean expression data represent 
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two biological replicates, each with three technical replicates. Standard error is pictured. * = 

p < 0.5,  ** = p < 0.005, T-test). 

 

 

5.3.3 ago1 perturbation uncouples two closely related flowering time traits in a 

background-specific manner 

   

One example of AGO1-dependent genetic variation particularly captured my 

attention because in this case AGO1 perturbation uncoupled the typically closely linked 

flowering time traits rosette leaf number and days to flowering. The close link between these 

traits makes intuitive sense, as the resources for flower and seed development are generated 

in rosette leaves. In A. thaliana, days to flowering and rosette leaf number are so closely 

linked that they are often used interchangeably to measure the onset of flowering (Lempe et 

al. 2005; Salomé et al. 2011). There are only a few reported cases in which such uncoupling 

has been observed, involving certain early flowering mutants (Pouteau et al. 2004) and in 

response to a particular environmental perturbation (Takahashi and Morikawa 2014); 

however, the mechanistic underpinnings remain unknown. Therefore, I decided to focus on 

this particular example of AGO1-dependent variation.  

 

Specifically, ago1-27 reveals genetic variation localized on Ler chr5 with the 

coordinates 1 – 9,479,000 bp (Figure 5.2), adhering to the second of the above discussed 

scenarios. Rosette leaf number differed significantly between Col wild-type and Ler wild 

type (p = 2.596e-12, Wilcoxon test), which is consistent with the known disruption of FLC in 

Ler wild-type (Michaels et al. 2003; Liu et al. 2004b). FLC is a strong repressor of flowering 

(Song et al. 2013; Song et al. 2014). Rosette leaf numbers also differed significantly for Col 

ago1-27 and Ler ago1-27 (p = 3.449e-12, Wilcoxon test) with Ler ago1-27 further decreasing 

rosette leaf number. In contrast, we observed an increase in rosette leaf number in Col-0 

ago1-27 (Figure 5.2a). This strong leaf number phenotype – comparable to many known 

early flowering mutants such as elf3 – was highly trait-specific. Using the measure of ‘days 

to flowering’, Ler wild type and Ler ago1-27 were undistinguishable (p = 0.4714, Wilcoxon 
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test) (Figure 5.2b). AGO1 perturbation specifically affected leaf number in a background-

specific manner, uncoupling these two closely correlated traits.  

 

5.3.4 Identifying the molecular mechanism(s) that could uncouple rosette leaf number and 

days to flowering. 

 

To identify the polymorphic gene(s) underlying the AGO1-dependent uncoupling of 

rosette leaf number and days to flowering, I focused on genes with known functions in 

regulating flowering time (Song et al. 2013; Spanudakis and Jackson 2014; Song et al. 2014) 

and polymorphisms between Col-0 and Ler (Cao et al. 2011) (Figure 5.2b and Table S5.2). 

 

Using qPCR, I measured expression of these candidate genes among the four 

genotypes; for the MIR156 genes, and MIR172B I measured expression of major target 

genes. As expected, FLC was barely detectable in Ler wild type and Ler ago1-27 (Figure 

5.2c), consistent with the known disruption of Ler FLC (Michaels et al. 2003; Liu et al. 

2004b). In contrast, FLC expression was increased in the Col-0 ago1-27 relative to Col-0 

wild-type, which agreed with the late flowering phenotype of Col-0 ago1-27 in both traits. 

As a general trend, I observed that target genes of mir156, which are involved in ageing 

flowering pathways, increased in expression in Ler ago1-27 relative to Col-0 ago1-27.  

 

Specifically, the SQUAMOSA PROMOTER BINDING PROTEIN-LIKE (SPL) genes 

targeted by miR156 were upregulated in Ler ago1-27 compared to Col-0 ago1-27 (p = 

0.003215, T-test for SPL4), whereas the mir172b-targeted gene SMZ showed a slight 

decrease in expression (Figure 5.2c). Mature miR156 levels are high in young seedlings and 

decrease as the plants get older (Huijser and Schmid 2011; Spanudakis and Jackson 2014), 

allowing SPLs expression levels to increase (Huijser and Schmid 2011; Spanudakis and 

Jackson 2014). I hypothesized that the elevated expression levels of miR156-targeted SPLs 

in Ler ago1-27 indicates differential expression or action of miR156, which in turn yields 

this genotype’s extremely low leaf number.  
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The SPL gene family is comprised of 15 genes, of which 11 are targeted by miR156 

(Preston and Hileman 2013). To further explore our hypothesis, I measured the expression of 

10 miR156-SPL target genes (Figure 5.3a), and observed that SPL5 and SPL15 expression 

was increased in Ler ago1-27 relative to Col-0 ago1-27. SPL5 belongs to the same clade as 

SPL3 and SPL4, whereas SPL15 belongs to the same SPL clade as SPL9 (Preston and 

Hileman 2013; Poethig 2013), and acts redundantly with SPL9 (Poethig 2013; Wang et al. 

2008). Of all tested SPL genes, only SPL3, SPL4, SPL5, SPL9 and SPL15 showed an 

increase in expression in Ler ago1-27 relative to Col-0 ago1-27; these genes are all miR156 

targets and contribute to the aging pathway. As I describe in more detail below, of the 

MIR156 genes, only MIR156f is polymorphic between Col-0 and Ler. 

 

I also measured levels of the major floral integrator FT. FT expression was seven-fold 

higher in Ler ago1-27 than Col-0 ago1-27 (Figure S5.3), but FT expression levels in Ler 

wild type and Ler ago1-27 were similar (p = 0.8308, T-test), which agreed with our finding 

that these genotypes did not differ in days to flowering. 

 

TERMINAL FLOWER 1 (TFL1) was upregulated in Ler ago1-27 relative to Col-0 

ago1-27 (p = 0.042, T-test) (Figure 5.2), but TFL1 expression was only subtly higher in Ler 

ago1-27 compared to Ler wild type (p = 0.3788, T-test). This result is consistent with a 

recent study (Fernández-Nohales et al. 2014). TFL1 prevents the shoot apical meristem from 

assuming an inflorescence meristem identity by repressing the expression of LFY and AP1 

(Liu et al. 2013; Wickland and Hanzawa 2015). Increased TFL1 expression should translate 

into a larger number of rosette leaves, unless this effect is negated by other pathway 

connections.  

 

In summary, my expression analyses suggest that the ageing pathway, and possibly 

polymorphism(s) in MIR156F, may be responsible for the AGO1-dependent decrease in 

rosette leaf number in the Ler-background. 
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Figure 5.3. Assessing the effect of miR156 in the decoupling of days to flowering and 

rosette leaf number. (a) miRNA-target SPLs gene expression is higher in Col ago1-27 than 

in Ler ago1-27. SPL7 is not a miR156 target, and its expression was measured as a control. 

14-day old plant tissue was collected at ZT16. Mean expression data represent two biological 

replicates, each with three technical replicates.  ** = p < 0.005, T-test. (b) RNA structures of 

MIR156F, MIR156D, and MIR156E transcript sequences plus 50 nucleotides at both sides. 
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The structures were obtained using the program Sfold2.2, the colors were edited in Adobe 

Illustrator CS 2014. Red represents miR156, blue represents miR156*. The SNP between 

Col-0 and Ler is indicated. The triangle represents a 14-nt deletion. 

 

5.3.5 Genotyping of the MIR156F locus.  

 

I sequenced Col-0, STAIRS and Ler MIR156F to verify the annotated single 

nucleotide polymorphism (SNP) (Figure S5.4). I found that the STAIRS and Ler MIR156F 

not only carried the annotated SNP, but also carried had a 14-nt deletion near the 3’ end 

(Figure S5.4a). As the MIR156 gene family is highly conserved in the plant kingdom 

(Cuperus et al. 2011; Luo et al. 2013); I wanted to examine the degree of its natural variation 

among other A. thaliana strains and Josh Cuperus helped me to sequence an additional 55 

strains. Of all 57 strains, 42 carried the Ler-specific C-to-T SNP, one carried a C-to-G SNP, 

and 32 carried the 14-nt deletion (Figure S5.4b). The presence or absence of the deletion 

was highly correlated with the presence or absence of the SNP (R2 = 0.3506, p = 0.0007, 

Pearson correlation test); but not all strains carrying the SNP showed the deletion. Among 

the tested strains, there was no correlation of either polymorphism with rosette leaf number 

(data from (Lempe et al. 2005).  

 

After discovering an unknown, but conserved deletion in MIR156F, I sequenced Col-

0 and Ler MIR156D and Josh Cuperus sequenced MIR156E to identify other potentially 

unannotated polymorphisms, which could contribute to the observed expression and 

flowering time phenotypes. We did not find any polymorphisms between the Col-0 and Ler 

in these loci (Figure 5.3).  
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5.3.6 MIR156F polymorphisms alter the predicted secondary structure of the miR156f 

precursor. 

Polymorphisms residing in the hairpin structure of pre-miRNAs may alter secondary 

structure, which may translate into defects in miRNA biogenesis and hence altered 

accumulation of the mature miRNA (Bologna et al. 2013; Cuperus et al. 2010; Todesco et al. 

2012). To address whether the C-to-T SNP could influence miR156f processing, I used 

secondary structure predictions for the miR156f precursor (Ding et al. 2004)(Figure 5.3b) in 

addition to miR156d and miR156e precursors. According to these predictions, the Ler 

miR156f precursor forms a different loop structure than Col-0 miR156f (Figure 5.3a). 

Bologna et al. suggest that members of the miR156 family are processed from loop-to-base 

(Bologna et al. 2013). Therefore, I hypothesized that the altered Ler miR156f loop structure 

subtly impairs miR156f processing. In combination with decreased AGO1 function, this 

subtle defect will decrease the overall miR156 pool, and increase miR156-targeted SPLs 

gene expression, which in turn will lead to decreased leaf number. 

 

I tested this hypothesis by measuring expression of mature miR156 [miR156(a-f)] 

levels among the different genotypes using qPCR (Varkonyi-Gasic et al. 2007). As I 

hypothesized, I detected a small but significant reduction in miR156 levels between Col-0 

ago1-27 and Ler ago1-27 (p = 0.049, T-test) (Figure S5.5). Notably, miR156 levels 

increased in Col-0 ago1-27 compared to Col-0 wild-type, possibly due to feed-back 

regulation sensing perturbed ago1-function (Smith et al. 2009). The Ler-specific processing 

defects may interfere with this feed-back and further burden the already taxed AGO1.  

 

 

5.3.7 Genes in the ageing pathway have increased mRNA levels in Ler ago1-27 relative to 

Col-0 ago1-27.   

If the rosette leaf number phenotype in Ler ago1-27 was indeed due to altered action 

of miR156f through the ageing pathway, members of this pathway, and specifically meristem 

identity genes, should be upregulated in Ler ago1-27 relative to Col-0 ago1-27. To 

investigate this hypothesis, I measured the expression of the aging pathway genes FUL, LFY, 
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AP1, AP2, SMZ, SNZ, TOE1, TOE2 as well as levels of mature miR172b (Figure S5.6). 

Consistent with my hypothesis, I found that LEAFY (LFY), APETALA1 (AP1), and 

FRUTIFUL (FUL) (floral meristem identity genes) were highly upregulated in Ler ago1-27 

relative to Col-0 ago1-27, whereas SUPRESSOR OF CONSTANS1 (SOC1) was not. As one 

may expect in the light of non-functional FLC in Ler, mature miR172b expression was 

upregulated in Ler ago1-27 relative to Col-0 ago1-27 (Figure S5.5). However, miR172b 

targets APETALA2 (AP2), SCHLAFMÜTZE (SMZ), SCHNARCHZAPFEN (SNZ), TARGET 

OF EAT1, (TOE1) and TARGET OF EAT2 (TOE2) showed only a subtle decrease in 

expression levels, suggesting that miR172b-target genes may not play a major role in LFY, 

AP1 and FUL upregulation. Therefore, I suggest that the miR156-SPL module-mediated 

upregulation of the floral meristem genes (Figure S5.6) is the most likely molecular scenario 

underlying the observed decrease in rosette leaf number. 

 

 

5.3.8 FLC as a third epistatic factor contributing to rosette leaf number. 

FLC is a major repressor of flowering, exerting its repressive function directly on the 

integrator gene FT as well as on other pathway members such as mir172b. FLC expression 

was upregulated in Col-0 ago1-27 relative to Ler ago1-27, consistent with the Ler-specific 

FLC defect. The lack of FLC in Ler ago1-27 will increase FT expression, which in turn may 

increase expression of SPL3 (Yamaguchi et al. 2009) (Figure S5.6). SPL3 promotes the 

expression of AP1, LFY and FUL. Therefore, the observed increase in SPL3 and floral 

meristem genes may at least in part be due to the lack of functional FLC in Ler ago1-27. 

FLC expression is repressed when plants undergo vernalization (Andres and Coupland 2012). 

 

To determine the extent to which FLC contributes to the observed phenotypic 

differences, I vernalized the Col-0 wild type, Ler wild type, Col-0 ago1-27 and Ler ago1-27 

plants and measured rosette leaf number and days to flowering as before (Figure 5.4). If 

differences in FLC expression were fully responsible for the reduced Ler ago1-27 rosette leaf 

number, vernalized Ler ago1-27 and Col-0 ago1-27 plants should show similar numbers of 

rosette leaves. This was not the case. Although vernalization treatment subtly increased Ler 
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ago1-27 rosette leaves, Ler ago1-27 plants still had significantly fewer leaves than Col-0 

ago1-27 (p = 5.704e-12) (Figure 5.4a). This result indicates that FLC contributes to the 

reduced Ler ago1-27 rosette leaf number, but does not fully account for this phenotype. 

 

 

 
 

Figure 5.4. Effect of FLC in the decoupling of days to flowering and rosette leaf 

number. Vernalization treatment partially rescues the decoupling phenotype. (a) Plants were 

grown in LD at 23˚C. (b) Plants were grown for 5 days in LD at 23˚C, and then vernalized 

for 40 days at 4˚C. Days to flowering are the days after vernalization.  

 

 

This result contrasts with my findings for Col-0. Vernalized Col-0 ago1-27 plants 

showed significantly fewer rosette leaves than Col-0 wild type plants (Figure 5.4b), whereas 

in control conditions Col-0 ago1-27 showed significantly more rosette leaves than Col-0 wild 

type (Figures 5.4a, and 5.2a). Thus, vernalization treatment sufficed to decrease the number 

of rosette leaves in Col-0 ago1-27, suggesting a strong epistatic relationship between FLC 

and AGO1. As rosette leaf number and days to flowering are typically coupled (Lempe et al. 

2005; Salomé et al. 2011), I would expect vernalized Col-0 ago1-27 to flower after fewer 

days than Col-0 wild type. However, using days to flowering as a measure, Col-0 wild type 
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flowered earlier than Col-0 ago1-27 (Figure 5.4b). Thus, in the Col-0 background, 

vernalization uncouples the traits days to flowering from rosette leaf number. In contrast, in 

the Ler background, vernalization yields a small, but significant difference between Ler wild 

type and Ler ago1-27 in days to flowering (p = 2.562e-06, Wilcoxon) (Figure 5.3.2a), 

whereas under control conditions both genotypes flower at the same time (Figure 5.3.2b).  

 

Taken together, my results suggest that in Col-0 the epistasis between FLC and AGO1 

is a major player in determining and coupling both flowering traits, days to flowering and 

rosette leaf number. In Ler, FLC and AGO1 epistasis contributes to, but is a minor player in, 

reducing rosette leaf number in Ler ago1-27. These results point to the involvement of at 

least one other locus in Ler, which I hypothesize to be MIR156F.  

 

 

5.4  DISCUSSION 

I provide evidence that AGO1 perturbation amplifies developmental noise and 

thereby increases phenotypic variation in isogenic seedlings similar to previous studies 

examining HSP90 perturbation. Prompted by this finding, I investigated whether AGO1 

perturbation may affect the contribution of genetic variation to complex developmental traits. 

As hypothesized, I indeed observed that AGO1 perturbation reveals and conceals genetic 

variants; these variants appear to be common, affect several traits, and do not overlap with 

HSP90-dependent variation affecting the same traits (Figure S5.2).  

 

5.4.1 AGO1 buffers developmental noise and genetic variation 

Previous studies showed that specific miRNAs buffer noise in the pathways which 

they target (Sieber et al. 2007; Hilgers et al. 2010; Cassidy et al. 2013; Posadas and Carthew 

2014; Siegal and Leu 2014). In contrast, here I asked whether perturbation in AGO1, the key 

enzyme of miRNA metabolism, generally acts in this way and affects multiple phenotypes. 

Although one may expect the observed results based on the reported specific miRNA defects, 

the multiple levels at which genetic networks are buffered may suffice to ‘hide’ the effects of 
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weak perturbations of AGO1. One such factor could be the chaperone HSP90, which is 

known to facilitate AGO1 functions. 

 
 Gene products that buffer developmental noise do not always buffer genetic variation 

(Hilgers et al. 2010). HSP90 provides robustness to both stochastic and genetic variation 

(Queitsch et al. 2002; Lempe et al. 2013; Masel and Siegal 2009; Siegal and Leu 2014). 

Similarly, AGO1 perturbation can reveal and conceal genetic variation on Ler chr3 and chr5 

for a variety of phenotypes (Figure S5.2). The frequency of revealed and concealed genetic 

variation suggests that AGO1-dependent genetic variation is relatively common. In this 

study, I only tested the interaction of ago1-27 with Ler chr3 and 5 polymorphisms in five 

phenotypes but we assume many more AGO1-dependent loci exist in other A. thaliana 

strains. These polymorphic loci likely represent miRNA genes or their targets. In this regard, 

it is noteworthy that I found wide-spread variation in MIR156F across strains. Apparently 

MIR precursors can harbor functionally relevant natural variation, in contrast to previous 

assumptions (de Meaux et al. 2008; Ehrenreich and Purugganan 2008). Given that my study 

relied on ago1-27 for these experiments, it would be worthwhile to test an allelic series of 

ago1 mutants in the same way to investigate my speculation that dosage plays a role in the 

lack of overlap between HSP90-dependent and AGO1-dependent loci. Specifically, my 

results could be the consequence of differential sensitivity such that the identified AGO1-

dependent loci are those most strongly and directly affected by AGO1 perturbation; these 

loci are unlikely to be the ones that are most strongly and directly affected by HSP90.  

 

 Regardless of the precise mechanistic reasons for the missing overlap between AGO1 

and HSP90, our findings are relevant for understanding rules for buffering. Examples of trait-

specific buffering are well-known (Hilgers et al. 2010); likewise the fact that HSP90 buffers 

robustness of many but not all traits is well-established. With AGO1 we have identified yet 

another generally acting mechanism, which shows specificity as to the revealed and 

concealed variants in the traits affected by HSP90. Thus, HSP90 and AGO1 maintain 

robustness in some of the same traits, yet do so through buffering different genetic variants. 

This redundancy in buffering maintains organismal robustness to some extent in the face of 

environmental perturbations that specifically affect one or the other network hub– at the 
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same time it enables such perturbations to release specific variants in response to a particular 

perturbation, potentially tailoring evolutionary trajectories closely to specific environmental 

challenges. 

 

5.4.2 ago1-27 in Ler background uncouples days to flowering from rosette leaf number. 

 Days to flower and rosette leaf number are two highly correlated traits, which are 

often used interchangeably (Lempe et al. 2005; Salomé et al. 2011). ago1-27 epistatically 

interacted with Ler polymorphisms residing on the top of chr5 exclusively for rosette leaf 

number, uncoupling both traits. A. thaliana is an annual plant, for which it is critical to 

flower with sufficient resources to maximize seed amount and quality. Clearly, Ler ago1-27 

plants have fewer leaves, less biomass, and many fewer seeds than wild type Ler (data not 

shown). Col-0 ago1-27 plants also produce fewer seeds than wild type plants (Morel et al. 

2002). The AGO1-dependent variation in leaf number and flowering time and my detailed 

study of the participating network and complexity contributing to both traits and their 

relationship have deep agronomical implications for plant yield. Breeders should consider 

MIR genes as promising targets for trait manipulation (Wang and Wang 2015). 

 

 

5.4.3 The involvement of ageing pathways in decreasing leaf number 

I found that miR156-targeted SPLs involved in the ageing pathway (SPL3, SPL4, 

SPL5, SPL9 and SPL15) (Spanudakis and Jackson 2014; Huijser and Schmid 2011; Poethig 

2013) were upregulated in Ler ago1-27 relative to Col-0 ago1-27. Plants overexpressing 

SPL3 and SPL4 flower early with fewer rosette leaves (Wu and Poethig 2006; Yamaguchi et 

al. 2009). SPL9 participates in the regulation of the plastochron (Wang et al. 2008), and spl9 

and spl15 double mutants have more rosette leaves than wild type plants (Wang et al. 2008). 

Transgenic Arabidopsis harboring a highly expressed MIR156F flower later, with more 

rosette leaves than wild type (Wu and Poethig 2006; Wang et al. 2008). These results are 

consistent with my findings and conclusions. 
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Moreover, FUL, LFY, and AP1 were tremendously upregulated in Ler ago1-27 

compared to Col-0 ago1-27 (Figure S5.6). FUL, LFY, and AP1 are meristem identity genes 

(Moyroud et al. 2010; Kaufmann et al. 2010; Pajoro et al. 2014) that promote the transition 

of the vegetative shoot apical meristem to the reproductive inflorescence meristem (Pajoro et 

al. 2014; Andres and Coupland 2012).  Consistent with this function, overexpression of FUL 

produces plants that flower with fewer rosette leaves (Kim et al. 2012). My extensive 

expression analysis supports my hypothesis that MIR156F contributes strongly to reduced 

leaf number in Ler ago1-27 by increasing the expression of meristem identity genes. 

 

MIR156A and MIR156C, but not MIR156F, are associated with the sugar-regulated 

delay in flowering time (Yang et al. 2013; Yu et al. 2013). Therefore, MIR156A and 

MIR156C were hypothesized to be the main MIR156 genes in the ageing pathway. However, 

MIR156F expression does show response to high glucose concentrations (Yang et al. 2013; 

Yu et al. 2013), suggesting it, too, functions in the sugar-regulated delay to flowering time. 

My study provides powerful evidence that MIR156F is likely a major player in the ageing 

pathway as subtle polymorphisms can produce significant phenotypic change in the ago1-

mutant background. Although I have not tested the four genotypes in various sugar 

concentrations, this may be a worthwhile experiment for future studies. 

 

5.4.4 Polymorphisms in MIR156F may disrupt MIR156F processing, decreasing the 

miR156 pool.  

In addition to confirming the annotated C-to-T SNP, I found a 14-nt deletion in the 3’ 

end of MIR156F. This 14-nt deletion was present in 32 of 57 strains assayed. Notably, the 

14-nt deletion resides within a CT dinucleotide tandem repeat. Short tandem repeats have 

high mutation rates and are likely to vary among strains, unless they are subject to purifying 

selection (Undurraga et al. 2012; Rival et al. 2014; Press et al. 2014; Carlson et al. 2015). As 

I observe multiple different alleles of this CT repeat among the sequenced strains, strong 

purifying selection is unlikely (Rival et al. 2014; Press et al. 2014). Short tandem repeat 

variation is often missed with short-read sequencing (Press et al. 2014; Carlson et al. 2015).  

 



	
   138	
  

Polymorphisms in miRNA precursors can influence miRNA biogenesis and affect 

levels of their mature forms (Mateos et al. 2010; Cuperus et al. 2010; Todesco et al. 2012). 

According to Bologna et al., (Bologna et al. 2013) the MIR156 gene family is processed from 

the distal loop (in which the C-to-T SNP is situated) to the stem, where the miRNA/miRNA* 

duplex is located. Polymorphisms in MIR156F could impair miR156f processing and reduce 

overall miR156 levels. Consistent with this hypothesis, I observed lower miR156 levels in 

Ler ago1-27 relative to Col ago1-27 (Figure S5.5). Future studies would include an in-depth 

assessment of the effects of both the SNP and the 14-nt deletion on mature miR156 

processing in transgenic plants. One could construct transgenic plants with either the SNP or 

the 14-nt deletion to test which polymorphism has a larger effect on the phenotype.  

 

5.4.5 FLC and MIR156F contribute to rosette leaf number in a background-specific 

manner. 

FLC polymorphisms are major contributors to differences in flowering time, 

measured both in days to flowering and rosette leaf number, among different A. thaliana 

strains (Michaels et al. 2003; Werner et al. 2005; Salomé et al. 2011).  I investigated the role 

of FLC in the Ler ago1-27 rosette leaf number trait by vernalizing plants of all four 

genotypes. Vernalization treatment represses FLC transcription (Andres and Coupland 2012). 

If the lack of FLC were solely responsible for the reduction of Ler ago1-27 rosette leaf 

number, Ler ago1-27 and Col-0 ago1-27 should have similar leaf numbers after 

vernalization. This was not the case (Figure 5.4a). The significant difference in rosette leaf 

number between Ler ago1-27 and Col-0 ago1-27 persisted, although Ler ago1-27 presented 

on average 2-3 more rosette leaves in response to vernalization. I conclude that both the 

MIR156F and FLC polymorphism contribute to the drastic reduction of Ler ago1-27 rosette 

leaf numbers. In stark contrast, vernalization reduced leaf number in Col-0 ago1-27 

compared to wild type and uncoupled both flowering traits. My analysis reveals dramatic 

differences among these closely related genotypes in both genetic and environmental 

interactions. As others have previously observed strong background-specific effects for a 

different kind of polymorphism (Undurraga et al. 2012), studies in multiple strains of A. 

thaliana may be required to derive universal pathway principles. 
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5.5  SUPPLEMENTARY INFORMATION 

 

Supplementary results 

 

Genetic background affects the response of ago1-27 to different temperatures. 

To determine if there were environmental conditions in which Ler wild-type would 

behave like Ler ago1-27 with regard to rosette leaf number, I grew all genotypes at 16˚C, 

23˚C and 27˚C. These temperatures were selected because Col-0 plants increase rosette leaf 

number when grown at 16˚C (Kim et al. 2012), and several miRNAs accumulate to higher 

levels at this temperature (Kim et al. 2012). In addition, plants growing at 27˚C tend to 

flower earlier, with fewer leaves (Chen 2004), and these phenotypes are correlated with 

increased levels of MIR172 transcripts (Lee et al. 2010).  

 

In general, my results recapitulated these known trends: plants increased in rosette 

leaf number at 16˚C and decreased at 27˚C (Figure S5.7a). None of the temperature 

conditions tested significantly altered the difference between Ler wild type and Ler ago1-27. 

However, I observed that Ler ago1-27 had a limited range of variation in rosette leaf number 

compared with Col-0 ago1-27 (Figure S5.7a). Rosette leaf number in Col-0 ago1-27 ranges 

from 7 to 29 at 16˚C, and from 8 to 22 at 27˚C, whereas Ler ago1-27 presents a range of 5 to 

10 rosette leaves across all temperatures. As I have shown, in the Col-0 background, ago1-27 

usually presents a wider phenotypic variation than wild type both in normal conditions and 

especially when ago1-27 is subjected to stress conditions (Chapter 4 and this chapter). The 

fact that ago1-27 in the Ler background does not follow this behavior suggests that different 

genetic backgrounds and traits have different susceptibilities to AGO1 perturbation. 

Regarding days to flower, Col-0 ago1-27 and Ler ago1-27 had similar responses to 

temperature stresses (Figure S5.7b).  
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Supplementary figures and tables 
 
 

 
Figure S5.1. Cross scheme used to test AGO1 buffering of genetic variation. Red square 

represents the approximate location of the ago1-27 allele. 
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Figure S5.2. AGO1 perturbation reveals and conceals genetic variation. (a) P-values for the 

comparisons per line per phenotype measured. Mann-Whitney Wilcoxon tests were used to 

test significance. The column “interaction” contains the p-value of the ANOVA interaction 

term genetic-background*mutant status. Red marks instances in which ago1 reveals genetic 

variation; blue, when ago1 conceals genetic variation; and green, cases in which the Ler 

introgression was epistatic to ago1.  For the “HSP90 overlap” column, I searched if the 

portions of Ler chromosomes that harbor AGO1-dependent loci overlapped with published 

HSP90 –dependent loci that affect the same measured traits. All the experiments were done 

in Long day (LD) (16h light / 8h dark) at 23˚C. (b) ago1 reveals genetic variation for rosette 

diameter. (c) ago1 conceals genetic variation for rosette leaf number. (d) The Ler 

introgression is epistatic to ago1 mutation. Asterisks represent significant p-values. * = 

p<0.005, ** = p< 0.5e-11, *** = p<0.5e-12, Mann-Whitney Wilcoxon test. 
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Figure S5.3. FT expression is similar between Ler wild type Ler ago1-27 

FT gene expression for 14-day old seedlings is shown. Plants were grown on soil in LD at 

23˚C, and tissue was collected at ZT16. Expression means represent two biological 

replicates, each one with three technical replicates. Error bars represent standard error. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	
   144	
  

 
 
 
 
Figure S5.4. Polymorphisms in MIR156F are common. (a) Re-sequencing and alignment 

of MIR156F in the Col-0, Ler and the STAIRS N9472 strains. MIR156F sequence is 

1       10        20        30        40        50        60

Ler_MIR156F        AACATCTATATATATAAAGGTATCCGTATATCTCTATATATTATATTCA TGAATAATGG                                                 A
ST9472_MIR156F        AACATCTATATATATAAAGGTATCCGTATATCTCTATATATTATATTCA TGA.......                                                 A
Col-0_MIR156F        AACATCTATATATATAAAGGTATCCGTATATCTCTATATATTATATTCA TGAATAATGG                                                 T

        70        80        90       100       110       120

Ler_MIR156F GTTTAAAGTGGCTAGGGTTTATAGATGTATGTGA ATTAAGAGATATGAAA ATATTT T                                  G                T      A 
ST9472_MIR156F GTTTAAAGTGGCTAGGGTTTATAGATGTATGTGA ATTAAGAGATATGAAA ATATTT T                                  G                T      A 
Col-0_miR156F GTTTAAAGTGGCTAGGGTTTATAGATGTATGTGA ATTAAGAGATATGAAA ATATTT T                                  T                C      G 

       130       140       150       160       170       180

Ler_MIR156F  GA GGTTT AGTGGTGAGGAATTGATGGTGACAGAAGAGAGTGAGCACACATGGTGGCTG  T     T
ST9472_MIR156F  GA GGTTT AGTGGTGAGGAATTGATGGTGACAGAAGAGAGTGAGCACACATGGTGGCTG  T     T
Col-0_MIR156F  GA GGTTT AGTGGTGAGGAATTGATGGTGACAGAAGAGAGTGAGCACACATGGTGGCTC  C     G

       190       200       210       220       230       240

Ler_MIR156F TTCTTGCATATTTGAAGGTT CATGCTTGAAGCTATGTGTGCTCACTCTCTATCCGTCAC                    T
ST9472_MIR156F TTCTTGCATATTTGAAGGTT CATGCTTGAAGCTATGTGTGCTCACTCTCTATCCGTCAC                    T
Col-0_MIR156F TTCTTGCATATTTGAAGGTT CATGCTTGAAGCTATGTGTGCTCACTCTCTATCCGTCAC                    C

                     250       260       270

Ler_MIR156F CCCCT              TCTCTCTC CTCTCTCTACA CATTTCA T                                               N     ..............        A           C         ...........
ST9472_MIR156F CCCCT              TCTCTCTC CTCTCTCTACA CATTTCA T                                               T     ..............        A           C         ...........
Col-0_MIR156F CCCCT              TCTCTCTC CTCTCTCTACA CATTTCA T                                               T     TCTCTCCCTCTCCC        T           G         TAGTTTTTAGA

        280               290       300       310       320 

Ler_MIR156F       C TTT          TT  ACA  CAT   T  G   TT    A A  AA   G           N           NN                           N...... T    ........N       AA   GAA CA CAA  CAGC T  T  AAT 
ST9472_MIR156F       C TTT          TT  ACA  CAT   T  G   TT    A A  AA   G           N           TT                           T...... T    ........G       AA   GAA CA CAA  CAGC T  T  AAT 
Col-0_MIR156F       C TTT          TT  ACA  CAT   T  G   TT    A A  AA   G           T           TT                           TGTTAAA A    GATTTTGAT       TC   TCT TT GTT  ACAA C  G  TCA 

SNP

a)

b)

deletion

deletionSNP

Ler

Col-0

T -------> C
n=9n=47
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indicated in blue. The red arrow indicates the position of the SNP between Col-0 and Ler. 

The red triangle represents a 14-nt indel. We used T-Coffee to perform the alignments. (b) 

Alignment of MIR156F sequences for other A. thaliana strains. Red arrow indicates the 

position of the SNP. The red triangle represents the 14-nt indel. The orange line points to the 

Ler sequence, and the blue line points to Col-0. 
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Figure S5.5. miR156 and miR172b levels. (a) miR156(a-f) levels are lower in Ler ago1-27 

relative to Col-0 ago1-27. 14-day old plant tissue was collected at ZT16. Mean expression 

data represent two biological replicates, each with three technical replicates.  * = p < 0.05, T-

test. Gene expression is relative to Atsno101 RNA. (b) miR172b levels are up-regulated in 

ago1 seedlings relative to their wild types. 14-day old plant tissue was collected at ZT16. 

MiR172b blots were exposed for 1 day and then quantified. Mean expression data represent 

two biological replicates. RNA levels were normalized to Col-0 wild type. 
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Figure S5.6. Up-regulation of genes involved in the flowering aging pathway. 
(a) Gene expression of meristem identity genes is upregulated in Ler ago1-27. (b) 

Expression of miR172 targets is similar between Col-0 ago1-27 and Ler ago1-27. 14-day old 

plant tissue was collected at ZT16. Mean expression data represent two biological replicates, 

each with three technical replicates.  * = p < 0.05, T-test.  
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Figure S5.7. Flowering traits in response to temperature. (a) Ler ago1-27 rosette leaf 

number varies little in response to different temperatures. (b) Days to flowering at different 

temperatures. Seeds were embedded in 0.1% agarose and stratified at 4˚C for five days. 36 

plants per genotype were seeded on 36-pot trays. Then, they were grown at 23˚C for one day 

and then moved to incubators at 16˚C or 27˚C. All the experiments were performed in Long 

day (LD) (16h light / 8h dark) at 23˚C. 
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Table S5.1. Primers used in this study. 

     Gene Primer Name sequence Purpose Reference 

MIR156F 

Col_miR156f_seqFo2 acagccaatgagccaaagat sequencing This study 

Col_miR156f_seqRe1 gagggtgtggcgatcataaa sequencing This study 

Ler_miR156f_seqFo2 cgagcaatgttcctccataa sequencing This study 

Ler_miR156f_seqRe1 gacgcagagtgagggtgtg sequencing This study 

MIR156D 

miR156d_fow1 cacgatgggtcaacaaaatataac sequencing This study 

miR156d_fow2 caaaatataacccaaatggagatagac sequencing This study 

miR156d_rev1 gatccatcgatcaagtctttgtta sequencing This study 

miR156d_int1 caccttcacatacatgtgtaaag sequencing This study 

MIR156E 

miR156e_fow1 aagttgcagttcacgtggttag sequencing This study 

miR1563_rev1 aaccctgcataattaaaatgttagag sequencing This study 

miR156e_fow2 tttcttcccacatccaaagatag sequencing This study 

miR156_rev2 tgcttatggctagaagacacatag sequencing This study 

MIR172B 

miR172b_seq_Fow1 taacgccctaatccgtcatt sequencing This study 

miR172b_seq_Fow2 acgccctaatccgtcattg sequencing This study 

miR172b_seq_Rev1 tcccactgcttttctccttc sequencing This study 

miR172b_int1 ccaaagatcgatccagacttcaatc sequencing This study 

     

SOC1 
SOC1_fow_yama tgaggcatactaaggatcgag qPCR Yamaguchi et al, 2009. 

Developmental Cell 

SOC1_rev_yama gcgtctctacttcagaacttgggc qPCR Yamaguchi et al, 2009. 
Developmental Cell 

CO 
CO RT1 Sense tgcagcgtaccacagac qPCR This study 

CO RT1 Antisense atgaaatgtatgcgttatggttaat qPCR This study 

ELF6 
ELF6_fow1 aattccttgttatttgccataaaga qPCR This study 

ELF6_rev1 catcatagctgaaagggactttg qPCR This study 

FLC 
FLC_sense cgacaagtcaccttctcca qPCR This study 

FLC_antisense caaggatcttgaccaggtta qPCR This study 

TFL1 
TFL1_fow5 tcagatccttcttcactttggtg qPCR This study 

TFL1_rev_5 aggggtcactaggacctgga qPCR This study 

SPL2 
SPL2_Fow_Kim acgggttggaggttgcttgagg  qPCR Kim J.J., et al, 2012 Plant 

physiology 

SPL2_Rev_Kim tttccgataccgagcacaatag qPCR Kim J.J., et al, 2012 Plant 
physiology 

SPL3 
SPL3_fow1 tctggtcttcaccaacgtttc qPCR This study 

SPL3_rev1 gcttggcttcatcaaactcac qPCR This study 

SPL4 
SPL4_fow_yama tcaagggtagagatgacacttcctat qPCR Yamaguchi et al, 2009. 

Developmental Cell 

SPL4_rev_yama gcgtttgcatatagctgataacat qPCR Yamaguchi et al, 2009. 
Developmental Cell 

SPL5 
SPL5_fow_Kim ccagactcaagaaagaaacagggtagacag qPCR Kim J.J., et al, 2012 Plant 

physiology 

SPL5_rev_Kim tccgtgtaggatttaataccatgacc qPCR Kim J.J., et al, 2012 Plant 
physiology 

SLP9 
SPL9_uncut_F tacaagggaattggcgactc qPCR This study 

SPL9_uncut_R ggcgggttcagatactgatg qPCR This study 

SPL10 
SPL10_Fow_Kim gtgtgggagaatgctcaggagg qPCR Kim J.J., et al, 2012 Plant 

physiology 

SPL10_Rev_Kim acgggagtgtgtttgatcccttgtg qPCR Kim J.J., et al, 2012 Plant 
physiology 

SPL11 SPL11_Fow_Kim agtccaagtttcaacttcatggcg qPCR Kim J.J., et al, 2012 Plant 
physiology 
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SPL11_Rev_Kim gaacagagtagagaaaatggctgcac qPCR Kim J.J., et al, 2012 Plant 
physiology 

SPL13 
SPL13_Fow_Kim ccaatctcttcttctccaaacagtaccagaagc qPCR Kim J.J., et al, 2012 Plant 

physiology 

SPL13_Rev_Kim gaagcaaatgagggactgacgacg  qPCR Kim J.J., et al, 2012 Plant 
physiology 

SPL15 
SPL15_Fow_Kim gaatgttttatcacatggaagctc  qPCR Kim J.J., et al, 2012 Plant 

physiology 

SPL15_Rev_Kim tcatcgagtcgaaaccagaagatg qPCR Kim J.J., et al, 2012 Plant 
physiology 

SPL7 
SPL7_fow2 caaagccctatagagtcaaaggat qPCR This study 

SPL7_rev2 agtctcttttccgccgctat qPCR This study 

LFY 
LFY_fow3 aacggagacgattgcaagaa qPCR This study 

LFY_rev3 gcaccggttcctcagataac qPCR This study 

FUL 
FUL_yama_fow ttgcaagatcacaacaattcgcttct qPCR Yamaguchi et al, 2009. 

Developmental Cell 

FUL_yama_Rev gagagtttggttccgtcaacgacgat qPCR Yamaguchi et al, 2009. 
Developmental Cell 

AP1 
AP1_Fow2 gcaagcaatgagccctaaag qPCR This study 

AP1_Rev2 tgctcctgtatggccttctc qPCR This study 

FT 
FT RT1 Sense tccaagtcctagcaaccc qPCR This study 

FT RT1 Antisense aaacaatataaacacgacacgatg qPCR This study 

AP2 
AP2_fow2 cgaggtcgaagctgctaga qPCR This study 

AP2_rev2 ctcatcgtaaatactcggatcaaa qPCR This study 

TOE1 
TOE1_fow2 caaatgtggtagatgggaagc qPCR This study 

TOE1_rev2 ttgattgcagccttgtcataa qPCR This study 

TOE2 
TOE2_fow2 caaccaccaccatagcttcc qPCR This study 

TOE2_rev2 ccaacctcagggctgtgtag qPCR This study 

SMZ 
SMZ_fow2 tcgtggatgattataggcatga qPCR This study 

SMZ_rev2 gccaagcctttgtatttgga qPCR This study 

AtsnoR101 
AtsnoR101_Cui_F cttcacaggtaagttcgcttg qPCR Cui et al, 2014. The plant journal 

AtsnoR101_Cui_R agcatcagcagaccagtagtt qPCR Cui et al, 2014. The plant journal 

UBC 
UBC21 gaccaagatattccatccta qPCR This study 

UBC21 gttaagaggactgtccg qPCR This study 

MIR172B miR172b probe atgcagcatcatcaagattct probe This study 
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Table S4.2 Polymorphic genes located in chr 5 and involved in flowering time 
 
Gene name AT number Chr Start End SNPs Coding Synonymous NonSyn Deletions Insertions 

SPL7 AT5G18830 5 6,275,990 6,280,567 17 9 8 1 0 3 

FY AT5G13480 5 4,326,473 4,331,971 13 2 1 1 0 1 

FLC AT5G10140 5 3,173,497 3,179,448 8 1 1 0 3 - intronic 1- 3'UTR 

CO AT5G15840 5 5,171,182 5,172,758 2 0 0 0 0 0 

TFL1 AT5G03840 5 1,024,641 1,025,812 1 0 0 0 0 0 

miR156F AT5G26147 5 9,136,126 9,136,215 1 0 0 0 0 0 

miR156D AT5G10945 5 3,456,647 3,456,732 0 0 0 0 0 0 

miR156E AT5G11977 5 3,867,213 3,867,308 0 0 0 0 0 0 

miR162B AT5G23065 5 7,740,610 7,740,697 3 0 0 0 1 2 

miR164B AT5G01747 5 287,586 287,734 0 0 0 0 0 0 

miR164C AT5G27807 5 9,852,664 9,852,783 0 0 0 0 0 0 

miR166C AT5G08712 5 2,838,650 2,838,757 0 0 0 0 0 0 

miR166D AT5G08717 5 2,840,628 2,840,728 0 0 0 0 0 0 

miR172B AT5G04275 5 1,188,211 1,188,299 0 0 0 0 0 0 
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Chapter 6  

DISCUSSION AND FUTURE STUDIES 

 
 

Biological systems have molecular mechanisms that allowed them to maintain a 

constant phenotype in the face of environmental and genetic variations. These mechanisms 

can take the form of master regulators of robustness, which are gene products that conceal 

environmental and genetic perturbations. When the function of the regulators is challenged, 

the concealed variation is released, and the phenotypic variation of the organism increases. 

The best characterized master regulator of robustness is the protein chaperone HSP90 

(Rutherford and Lindquist 1998; Queitsch et al. 2002; Yeyati et al. 2007; Sangster et al. 

2008a; Specchia et al. 2010; Jarosz and Lindquist 2010; Casanueva et al. 2012). Until now, 

in multicellular organisms, HSP90 represented the only master regulator of robustness, 

raising questions of whether there are more regulators, if HSP90 ability and buffering 

mechanisms were shared with other potential regulators, if they buffered the same traits and 

loci, and to what extent the different regulators overlapped in their functions (Lempe et al. 

2013; Siegal and Leu 2014). Here, I show that AGO1 is another master regulator of 

robustness, that it buffers environmental and genetic variation, and that AGO1 and HSP90 

have little overlap in their buffering functions.  

 

6.1  IMPLICATIONS OF AGO1 BUFFERING OF ENVIRONMENTAL PERTURBATIONS 

Previous studies have shown that miRNAs can buffer environmental and genetic 

variation, but that buffering is restricted to particular traits and is not epistatic to multiple 

stimuli or loci (Hilgers et al. 2010). My work shows that AGO1 perturbation increases the 

phenotypic variation of isogenic seedlings for two qualitative and three quantitative traits. In 

addition, I showed that AGO1 perturbation impairs the plants ability to perceive and respond 

to environmental and abiotic stresses, such as temperature and light intensity (Chapters 4 and 

5). The fact that ago1 mutant plants confound an abiotic signal for a biotic one suggest that 

AGO1 perturbation can change the underlying genetic network involving environmental 

responses and rewire it to produce the undesirable result of lesions in cotyledons.  This 
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misinterpretation of signals resembles some instances in animals, such as autoimmune 

diseases, in which stimuli is misinterpreted.  It may be possible that these diseases reflect a 

general instability of the network, in which the disease can be triggered by several genetic 

and environmental factors, and perhaps is one of the reasons it is difficult to identify loci 

involved in the process.  

 

Normal, healthy organisms can change their phenotype to adapt to environmental 

stresses (phenotypic plasticity) (Lempe et al. 2013), possibly by rewiring their biological 

networks. AGO1 perturbation alters the organism’s ability to respond to environmental 

stresses. When ago1-27 plants were exposed to heat and cold stresses they explored more 

phenotypic space than wild type plants (Chapter 5). This increase in phenotypic variation 

highlights the role of AGO1 as a master regulator of robustness and may suggest that AGO1 

perturbation may be a mechanism of plant adaptation. 

  

6.2  IMPLICATIONS OF AGO1 BUFFERING OF GENETIC PERTURBATIONS 

Gene products that buffer environmental variation are not always congruent, meaning 

that they do not confer robustness to another type of perturbation, such as genetic variation. I 

demonstrated that AGO1 is a congruent regulator of robustness since it buffers genetic 

variation, and this buffering is widespread (Chapter 5). I demonstrated that AGO1 buffers 

variation on two chromosomes for four different quantitative traits. When I crossed the ago1-

27 mutant into different STAIRS lines I observed that the phenotypic variation revealed was 

background-dependent. This result suggests that different phenotypes may have different 

susceptibilities to AGO1 perturbation, and therefore, to other kinds of perturbations.  

 

Investigating which phenotypic traits have a greater variance in response to their 

environment is of great interest the crop industry. To date, crop improvement efforts are 

made under the assumption that the resulting modified seeds are going to produce plants in 

which the desired phenotypic trait, for example biomass, will be constant in all locations 

where the seeds are grown. The trait in question could be more liable to perturbations than 

other traits from the initial parental strain. Then, when the modified seeds undergo 
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environmental or biotic stresses, they may not produce the desired biomass. The modified 

plants could also mistake the responses to perturbations and produce undesirable compounds. 

It is therefore necessary to investigate which phenotypic traits have a greater variance in their 

response to perturbations than others. 

 

To gain insight into which traits have more variation under perturbations, I could alter 

AGO1 function in different A. thaliana strains. I propose introducing an ago1 mutant allele 

into several different Arabidopsis strains. This could be done by generating transgenic plants, 

or by crossing different strains with a Col-0 ago1 mutant allele.  The former method is faster, 

but could be difficult due the fact that AGO1 is an essential gene, and strong ago1 mutants 

are infertile. An alternative approach is to evaluate the phenotypic variation of other 

hypomorphic ago1 mutants generated in other strains, although to my knowledge only one 

other strain has characterized ago1 mutants (Fernández-Nohales et al. 2014).  

 

6.3  EXTREME EXAMPLE OF AGO1 REVEALED PERTURBATIONS 

As stated above, AGO1 can reveal genetic differences in the underlying genetic 

networks governing a particular phenotypic trait. An extreme example of a revealed 

phenotypic variation was the uncoupling of the closely related traits days to flowering and 

rosette leaf number (Chapter 5). ago1-27 plants flower with only four leaves, but with the 

same days to flowering as wild type plants.   The uncoupling of phenotypes suggests that 

particular phenotypic traits are regulated by more than one genetic network, and the influence 

of these networks on the phenotype can be taken apart when the overall robustness of the 

organism is reduced, like in the case of AGO1 perturbation. The ability of AGO1 

perturbation to uncouple tightly related traits acts as a tool to solve a long-standing problem 

in crop improvement: the trade-off of enhancing one phenotypic trait, like biomass, but 

affecting other desirable phenotypic traits, such as yield (Wang and Wang 2015). 

Perturbation of AGO1 provides the tools to uncouple closely related traits (i.e. flowering 

time and leaf number) and to point out which loci might be responsible for the uncoupling, 

and modify it.  
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6.4  IMPLICATIONS OF AGO1 IN THE EVOLUTION OF GENOMES: A HYPOTHESIS 

The observation that AGO1 perturbation can increase the phenotypic variation when 

plants undergo stress, together with the fact that AGO1-revealed genetic variation was 

background-specific, led me to hypothesize that AGO1 may influence the evolution of genes. 

In this scenario, AGO1 would conceal variation affecting primarily MIRNA and miRNA-

target genes. While the miRNA site is maintained, the target gene could accumulate 

mutations in its coding sequence that could be masked by their miRNA–mediated regulation. 

When the activity of AGO1 is challenged, the accumulated variation of the gene could be 

revealed. 

 

Taking advantage of the information learned from assessing the role of HSP90 in the 

evolution of its clients (Chapter 2 and 3), in assessing the influence of AGO1 in the evolution 

of miRNA-target genes, I would identify pairs of duplicated genes in which only one was 

targeted by a miRNA. I would also identify gene families in which only some of its members 

were targeted by a miRNA. I will then test if the miRNA-targeted genes had more relaxed 

selection that the non-targets. Some of these analyses have already been done. In a recent 

study, Wang and Adams (Wang and Adams 2015) analyzed gene duplicates from 

Arabidopsis and Brassica and found that genes that were duplicated had an increased 

probability of being targeted by a miRNA. This preference has also been shown for animals 

(Li et al. 2008a). To my knowledge, this analysis has not been done for gene families.   

 

Measuring the nucleotide diversity among miRNA-target genes, and even miRNA 

genes themselves could also provide support for my hypothesis. Nucleotide diversity 

measures the degree of polymorphism within a population (Hernandez et al. 2011). If a gene 

were subject to positive or relaxed selection, one would expect the sequence to be more 

variable among the individuals of a population. In this case I would expect miRNA-target 

genes to have an increased nucleotide variation than non-target genes. I would also need to 

normalize for several other factors that could hinder genetic variation such as the number of 

miRNAs that target a particular gene, the number of tissues where the gene is expressed, 

number of isoforms, if all of its isoforms have a miRNA target site, and perhaps the mode of 

repression that the miRNA exerts upon the gene (slicing versus translational repression). 
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A more direct way to test AGO1’s role in buffering mutations would be to 

mutagenize ago1 mutant plants. For this experiment, I would make two populations of both 

wild type plants and ago1-27 plants. I will then subject them to EMS mutagenesis. I will then 

have four groups of seeds: (i) wild type non-mutagenized, (ii) wild type mutagenized, (iii) 

ago1-27 non-mutagenized, and (iv) ago1-27 mutagenized. I would then subset of the seeds, 

and obtain M2 seedlings, to give the opportunity to recesive mutations to become 

homozygous. I will then take the four groups of seeds, grow them on agar plates or soil, and 

evaluate their phenotypic diversity. If AGO1 confers robustness to mutations, I would expect 

(i) ago1-27 mutagenized plants to show a greater phenotypic variance than ago1-27 non-

mutagenized plants, and (ii) that the difference in the phenotypic variance between ago1-27 

plants to be greater than the difference in phenotypic variance between wild type non-

mutagenized and mutagenized plants.  

 

In addition to buffering mutations, perturbation of AGO1 may be a conserved 

mechanism of adaptation. Plants, as sessile organisms, have to contend with constant changes 

in their environment, and quickly respond to them. Perturbing AGO1 could increase the 

phenotypic space of the stress response and expose many genetic variants, some of which can 

be beneficial to overcome the stress in question. Acevedo et al. (Azevedo et al. 2010) found 

that depletion of AGO1 caused by plant exposure to virus can take apart the interwoven 

DCL1 homeostasis, and this may be important to counteract viral infection. 

 

6.5  AGO1 AND HSP90 ACT IN DIFFERENT PATHWAYS TO CONFER ROBUSTNESS  

The discovery and characterization of AGO1 as a master regulator of robustness allowed me 

to address the standing questions of whether master regulators of robustness overlap in their 

buffered traits, loci, and what is the extent of this overlap, by comparing AGO1 buffering 

with that of HSP90. I did not find an overlap between HSP90 and AGO1-dependent 

buffering of phenotypic variation for the traits and loci that I analyzed (Chapters 4 and 5). 

Given that AGO1 is an HSP90 client (Iki et al. 2010), this result is unexpected. A possible 

explanation for the result is that the HSP90 analyses and my AGO1 analyses were both done 
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using partial mutants, because HSP90 and AGO1 are essential genes. The partial reduction of 

the HSP90 and AGO1 function may change the network differently than it would in their 

complete absence. Developing conditional mutants for both HSP90 and AGO1 could help 

circumvent the problem of partial mutants. Inducible mutants would also allow testing the 

interaction of HSP90 and AGO1 in different tissues and at different developmental stages.   

 

HSP90 and AGO1 could interact differently in diverse A. thaliana strains. For the 

traits of hypocotyl and root length, different strains have different responses to HSP90 

inhibition (Sangster et al. 2008b) (also Chapter 2). One might speculate that in the less 

sensitive strains AGO1 or other master regulators of robustness could have more influence in 

the buffering of the phenotype of those strains. 

 

 Finally, it seems that each level of gene regulation, protein homeostasis and 

expression, harbors a master regulator, and based on the results of this study, the overlap 

between the regulators is minimal, arguing that robustness may be modular. This modularity 

implies that it is necessary to find more regulators to dissect the molecular mechanisms and 

sub-network connections underlying a particular trait or plant response to stimuli. If the trend 

that each level of regulation has its own master capacitor were correct, one would expect the 

next master regulator of robustness to be discovered among genes that regulate chromatin 

remodeling, epigenetic modifications, and perhaps protein degradation. An initial screening 

for these genes would be to identify genes that interact with many others. I could do this by 

searching in protein-protein interaction datasets, as well as in gene expression datasets and 

look for genes whose expression is correlated to many other genes. Then, I would measure if 

the variance of certain phenotypic traits increases in the candidate-genes mutant, and under 

environmental stresses. A similar approach has already been taken in yeast (Levy and Siegal 

2008), where they found more than 300 genes that could buffer environmental variation. 

However, to my knowledge, no such approach has been done for multicellular organisms.  
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