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Abstract
Defining more rules of environmental and phenotypic buffering
Grace A. Mason
Chair of the Supervisory Committee:
Associate Professor Christine Queitsch
Department of Genome Sciences
Phenotypes and organisms are robust, or ‘buffered,” and thus able to withstand
environmental and mutagenic disturbances to maintain wild-type functions. However, the
specific mechanisms that ensure phenotypic buffering, and the degree to which these
mechanisms overlap, remain poorly understood. The first mechanism I focused on was buffering
of phenotype from both de novo and pre-existing genetic variation. The best characterized agent
of buffering pre-existing ‘cryptic’ genetic variation is the molecular chaperone HEAT SHOCK
PROTEIN 90 (HSP90). I found that when HSP90 was inhibited, the penetrance and heritability
of de novo genetic variation increased. For pre-existing genetic variation, I characterized a novel
phenotypic buffering factor, ARGONAUTE 1 (AGO1), a key player in microRNA-mediated
gene regulation. When AGO1 was genetically perturbed, phenotypes not only became unbuffered
but also highly correlated traits became uncoupled. AGO1 is also a known client of HSP90.
Despite this interaction, data in this dissertation support that AGO1’s phenotypic buffering
capabilities are largely independent of HSP90. For the second mechanism, I studied AGO1’s
capacity to buffer and integrate environmental stimuli. I identified in ago/ mutants a novel,
stress-induced phenotype and traced it to misinterpretation of environmental cues. The third
mechanism | examined was whether redundancy within a gene family contributes significantly to
buffering a developmental trait. In this particular case, phenotypic buffering comes from a single

gene within the family. In sum, the data I generated indicates that organisms use several,



somewhat overlapping mechanisms to ensure stability of developmental traits and proper

responses to the environment.
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Chapter 1: Introduction’

Abstract

Canalization, or phenotypic robustness in the face of environmental and genetic perturbation, is
an emergent property of living systems. Although this phenomenon is well-recognized, its
molecular underpinnings have remained enigmatic until recently. Here, I review the
contributions of the molecular chaperone HSP90, a protein that facilitates the folding of many
key regulators of growth and development, to canalization of phenotype — and de-canalization in
times of stress — drawing on studies in eukaryotes as diverse as baker’s yeast, mouse ear cress,
and blind Mexican cavefish. HSP90 is a hub of hubs that interacts with many so-called ‘client
proteins’ that affect virtually every aspect of cell signaling and physiology. As HSP90 facilitates
client folding and stability, it can epistatically suppress or enable the expression of genetic
variants in its clients and other proteins that acquire client status through mutation. HSP90’s vast
interaction network explains the breadth of its phenotypic reach, including HSP90-dependent de
novo mutations. Intrinsic links between environmental stress and HSP90 function endow living
systems with fundamental phenotypic plasticity in fluctuating environments. As environmental
perturbations alter HSP90 function, they also alter HSP90’s interaction with its client proteins,
thereby re-wiring networks that determine the genotype-to-phenotype map. Ensuing de-
canalization of phenotype creates phenotypic diversity that is not simply stochastic, but often has
an underlying genetic basis. Thus, extreme phenotypes can be selected, and assimilated so that

they no longer require environmental stress to manifest. In addition to acting on standing genetic

! Portions of this chapter are adapted from “It’s not Magic - Hsp90 and its effects on genetic and
epigenetic variation,” Seminars in Cell and Developmental Biology: in review, by *R. Zabinsky, G. A.
Mason, C. Queitsch, and **D. Jarosz. *First author. **Corresponding author. C.Q., D.J., R.Z. and G.A.M
discussed and formulated the ideas presented in this review. G.A.M., D.J., R.Z., and C.Q. wrote the
article. R.Z. created the figures.



variation, HSP90 perturbation has also been linked to increased frequency of de novo variation
and several epigenetic phenomena, all with the potential to generate heritable phenotypic change.
Here, I aim to clarify and discuss the multiple means by which HSP90 can affect phenotype and
possibly evolutionary change, and identify their underlying common feature: at its core, HSP90
interacts epistatically through its chaperone function with many other genes and their gene
products. Its influence on the phenotypic manifestation of genetic diversity is not magic but a

fundamental property of genetics.

1.1. Introduction to Canalization and HSP90
1.1.1 The concept of canalization from theory to experiment

Across all kingdoms of life, a multitude of mechanisms ensure the fidelity of information
transfer and its phenotypic manifestation. Indeed, when faced with ever changing environments,
organisms must be robust to survive. Yet evolutionary success also requires adaptability, whether
through phenotypic plasticity or the generation and selection of heritable biological novelty.
Although genotype is the software that dictates development and expression of phenotype,
selective forces ultimately operate on phenotypes. Mechanisms that influence the capacity of
genetic variants to alter traits can thus have a fundamental impact on the adaptive landscape.

Some traits are more stable across environments and genetic backgrounds than others. A
canalized, or phenotypically robust, trait is one that has a stable (i.e. buffered) phenotype in the
face of genetic or environmental perturbation (Figure 1.1A). For example, many aspects of gross
morphology (e.g. body plan and organ systems in animals) are reproducible across a wide variety
of environments and genetic backgrounds. Other traits are less canalized. In C. elegans, for

example, genetic and environmental perturbation readily gives rise to differences in gender
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distribution, fecundity, and fat storage, but has less impact on cell number and lineage or
movement and development of the pharynx, vulva, and other organs'. In contrast to animals,
plant body plans and morphologies are far more responsive to environmental change due to
continuous development; nevertheless, organ identity is largely preserved even in the face of
severe stress?.

As outlined in several previous reviews, the remarkable phenotypic robustness of wild-
type organisms is commonly attributed to features of the underlying genetic networks, such as
genetic redundancy, network connectivity, feedback loops, modularity, and the presence of
microRNAs'3?’, In model organisms, perturbation of any of these mechanisms or environmental
change can decrease phenotypic robustness and reveal cryptic genetic variation®”-!1:19-28-33,

Canalization can be advantageous in constant environments, or even in the presence of
modest fluctuations, maintaining a mean distribution of phenotypes that hews closely to what has
been adaptive to an ancestral population®*. Yet extreme canalization can create a phenotypic
‘lock-in’ that could be disadvantageous if the environment shifts such that the prior distribution
of phenotypes is maladaptive®>. In this chapter, I focus on the stress-regulated molecular
chaperone HSP90 as a mechanism for canalization that offers some resolutions to this paradox,
linking the degree of trait canalization to the severity of environmental change.

1.1.2 HSP90 provides a molecular mechanism for de-canalization mediated by stress

Seminal studies investigating the concept of canalization were carried out more than half
a century ago by the ‘father of epigenetics,” Conrad Hal Waddington. While conducting heat
shock experiments with Drosophila pupae, Waddington noted that a small fraction of the
resulting adult flies developed crossveinless wings®°. Selection enriched this phenotype to near

fixation in the population, suggesting a stable epigenetic or genetic basis. Remarkably, after a
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few generations of selection, the crossveinless phenotype was evident even in the absence of
stress>® (Figure 1.1B); that is, this once rare and environmentally contingent phenotype was
readily assimilated into the population as a stable trait. This observation laid the groundwork for
many future studies of canalization (and de-canalization) and its possible contribution to
evolutionary change. In the intervening decades, these concepts have been applied to many other
systems, ranging from assimilation of tadpole body size mediated by dietary changes®” to
caterpillar body color driven by temperature shifts®.

Working half a century after Waddington, Rutherford and Lindquist observed a strikingly
similar set of phenomena linked to the activity of the molecular chaperone HSP90. Investigating
D. melanogaster harboring heterozygous mutants of the HSP83 gene, which encodes HSP90,
they noticed that rare individuals developed crossveinless wings, among other morphological
abnormalities*?. The specific kind of HSP90-dependent phenotype observed strongly depended
on the genetic background examined, consistent with an underlying genetic basis. Thermal stress
produced the same phenotypes in the same backgrounds. Just as in Waddington’s studies,
selection over several generations enriched these phenotypes in the population, consistent with a
stable epigenetic or genetic basis. Selection on an eye and a wing trait also rendered these
phenotypes independent of perturbation by either direct interference with HSP90 function or
environmental stress. These observations implicated HSP90 as a possible molecular mechanism
contributing to Waddington’s seminal observations.

Subsequent studies, highlighted in later sections, have extended the hypothesis that
HSP90 broadly influences the phenotypic manifestation of genetic diversity beyond D.
melanogaster'®'*°. HSP90 influences the phenotypic outcomes of diverse genetic variants in

plants (4. thaliana)*, zebrafish®®, fungi®**!, worms*?, Mexican cavefish*’, and even humans*-
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(Figure 1.2A-D). The broad conservation of HSP90’s role in shaping phenotype highlights the
importance of canalization in understanding the trajectory from genotype to phenotype, in
particular with regard to understanding complex human diseases.

1.1.3 HSP90: A special chaperone

HSP90 is one of the most abundant proteins in eukaryotes*’. It is normally expressed at
high levels — beyond what is required for growth in organisms where it has been tested*® — and it
is induced by myriad environmental stresses. In some instances, however, even this increased
expression of HSP90 cannot contend with the increasing number of unfolded proteins under
stress, resulting in a reduction of net chaperone activity*'*’ It has been hypothesized that the
basal reservoir of HSP90 activity in unstressed conditions allows cells to rapidly respond to
modest levels of environmental fluctuations.

Over one thousand proteins have been identified in physical interaction screens using
HSP90 as bait>’; however, HSP90 clients are not a random sampling of all proteins, but a select
cohort enriched in kinases and transcription factors®! that are known to be conformationally
dynamic. These clients reside in nearly every developmental and signaling pathway in

52-55 providing a plausible explanation for HSP90’s broad influence on the

eukaryotes
relationship between genotype and phenotype.

HSP90’s N-terminus contains a conserved ATPase domain that powers conformational
dynamics linked to client folding®, and its C-terminus is critical for dimerization (Figure 1.3A).
The basis of client recognition is far more complex. Structural studies with a range of client
proteins suggest that interactions with the middle region are important®’>, but the interfaces

identified also include some portions of the N- and C-termini®®-®2, Combinatorial recognition

with co-chaperones also plays an important role in this process (see below). Subdomain-FRET-
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analyses and crystal structures have illuminated the dynamic cycles that fuel the ‘molecular
clamp’ mechanism of HSP90 binding and release driven by ATP hydrolysis (Figure 1.3B)%:%4,
Figure 1.3B illustrates the chaperone cycle that has been well defined for the progesterone
receptor, a model client of HSP90®. However, our mechanistic knowledge is incomplete; e.g.
researchers are unable to predict whether a particular protein is an HSP90 client or whether a
mutation will confer or revoke client status. Clients are often directed to HSP90 via other
(co)chaperones, dozens of which are known. For instance, HSP90’s capacity to catalyze the
folding of many of its kinase client proteins is dependent on the Cdc37 co-chaperone®-%6-"!, Like
other HSP9O clients, these kinases are thought to be initially metastable, but they are stabilized
through interaction with HSP90 and become functional. Other client proteins rely on other co-
chaperones such as SQUINT in A. thaliana’®. 1 point the reader to recent reviews detailing the
extended family of HSP9O0 proteins, diverse co-chaperones, post-translational control, and
mechanisms of action of all chaperone proteins®>®¢71:73-82 Qur knowledge of the multitude of
HSP90 client proteins continues to expand with the utilization of new techniques®'. Collectively,
these studies demonstrate that HSP90 is a hub-of-hubs, linked to nearly every process within the
cell (Figure 1.3C).
1.1.4 Missing heritability, canalization, and the evolving genotype-to-phenotype

Decoding how genetic variation gives rise to phenotypic diversity is the central challenge
of genetics and genomics. Modern genomic technologies have enabled unprecedented strides
toward cataloging genetic variation across many individuals and mapping functional genomic
regions; nevertheless, the complexity of most biological traits, including many diseases, poses
enormous challenges for predicting phenotype from sequence. For example, genome wide

association studies have been employed in large cohorts of individuals to identify genetic
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variants that contribute to complex human diseases. These studies have successfully associated
thousands of genetic variants with various quantitative phenotypes. However, most of these
variants contribute little to disease risk and explain only a small proportion of the observed
heritability in families. This “missing heritability” has been attributed to several factors including
unidentified sequence variation (e.g. copy number variation in repetitive DNA, large genomic

t84’85

rearrangements)®’, rare alleles of large effec , inflated heritability values in families®, the

)84,85 84,85

failure to account for epistasis (i.e. genetic interactions , epigenetic variation®*®’, variable

86,87 030,86

levels of robustness®™°’, and cryptic genetic variants. HSP90 and molecular hubs like HSP9
are likely to play a major role in shaping complex traits through their role as strong genetic

modifiers.

1.2 Principles and theories
1.2.1 Epistasis with an environmental contingency

Traditionally, epistasis refers to a non-reciprocal interaction between two alleles in which
the phenotypic effect of one allele is dependent upon the presence of the other. The extent of
epistasis in genetic networks is vast. For example, systematic studies in yeast have tested all
pairs of viable gene deletion alleles, and identified genetic interactions between them®®. Even in
the compact yeast genome and examining only a single growth condition, these >23 million
double mutants revealed nearly one million instances of epistasis. Notably, systematic studies
like this one reveal that not all genes exhibit the same degree of epistasis, allowing us to
understand and build genetic networks®. Genes at the hub of such networks — HSP90 key among
them — show epistatic interactions with a large number of other genes®!. For example, studies of

~65,000 pairs of genes in C. elegans identified 350 genetic interactions; over a quarter of these
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involved six hub genes, all encoding chromatin regulators®’. In other words, network hubs like
HSP90 and chromatin regulators represent a special case of epistasis in which one gene interacts
epistatically with many others.

The direct link between HSP90 activity and environmental conditions make this
relationship even more remarkable, and important for linking phenotypic diversification to
environmental change. Indeed, because HSP90 activity itself serves as a ‘stress sensor’, this
system ensures that phenotypic diversity, the substrate for selection, can increase in the face of
environmental change across entire populations in contrast to mutations that affect only a few
individuals. Although other hubs have been shown to act as strong genetic modifiers®’, there is
less evidence that their phenotypic robustness (or ‘buffering’) function is environmentally
responsive. Without plausible paths for individuals becoming less phenotypically robust across
many in a population, genetic variation will remain cryptic and will remain unable to contribute
to phenotype. Nevertheless, one can imagine mutations that disrupt such hub genes in certain
individuals, a scenario that has been invoked as contributing to complex human diseases>%%.
With regard to HSP90, common environmental stresses and changes in cell physiology during
malignant transformation can modulate its activity and hence its interactions with many other
genes. The classic example of HSP90’s effect on malignant transformation is the well-studied
interaction between HSP90 and v-Src kinase, without which the kinase is not functional (Figure
1.4A-C)°*°!, Thus, changes in the intra-and extracellular environment can readily lead to the
release (and masking) of genetic variation, higher variation of phenotypes, and ultimately the
assimilation of such traits via selection.

Although environmental stress provides a common trigger for changes in HSP90 activity,

genetic and even epigenetic mechanisms may also affect its function. HSP90 and associated co-
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chaperones are highly conserved in eukarya, but variation has been observed in some organisms.
For example, some Drosophila populations harbor HSP83 variants that can affect phenotypic
robustness’>?*. In C. elegans, the penetrance of several mutant alleles in developmental
pathways can be predicted by endogenous HSP90 levels in juvenile animals*?. HSP90
polymorphisms are also surprisingly common in humans, an exciting topic for future study.
1.2.2 Genetic assimilation of environmentally responsive traits

One of the most striking — and thus far least experimentally dissected — aspects of
HSP90-dependent capacitance is the genetic assimilation of previously environmentally and
HSP90-dependent traits. Empirically, such genetic assimilation has been observed in the
laboratory. In Waddington’s original experiments, assimilation of the crossveinless wing trait in
D. melanogaster was rapid. After several generations of selective breeding the trait was fixed*®
(Figure 1.1B). Likewise, Rutherford and Lindquist observed rapid assimilation of analogous,
HSP90-dependent traits in D. melanogaster** (Figure 1.2A). Laboratory studies with different
organisms and employing other environmental triggers have come to conceptually similar
conclusions. For example, heritable variation was observed in tadpole body size, developmental
stage, and gut length after shifting to a rich shrimp diet’’.

Although HSP90 activity can be affected by all environmental stimuli that compromise
protein folding, it has long been debated whether HSP90-dependent variation and its release
upon stress can contribute to evolutionary trajectories in nature. Rohner et al. investigated this
question in the context of the Mexican cavefish 4. mexicanus*’. Recent geological events have
repeatedly isolated sub-populations of this river fish in different cave environments. These
isolated populations have experienced a series of highly reproducible changes, specifically loss

of pigmentation and eyes. Multiple lines of evidence suggest that these phenotypes are adaptive
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t*. Rohner et al. exposed developing river fish with normal eyes to low

in the cave environmen
concentrations of HSP90 inhibitor, noticing significant variation (de-canalization) of orbit size.
Selective breeding of fish with small orbit size led to rapid assimilation of the trait. That is,
progeny from such crosses showed small orbits even without any HSP90 inhibition (Figure
1.2B). Most remarkably, exposure to cave water conditions, an ecologically relevant stress, also
de-canalized orbit size in river fish, analogous to the treatment with the HSP90 inhibitor.
Although determining whether HSP90-dependent de-canalization has contributed to the cave-
specific phenotypes in nature stands as a goalpost for future work, this study establishes the

expression of HSP90-dependent, formerly cryptic variation as a plausible explanation for this

rapid and recurring adaptation.

1.3 Evidence for the evolutionary importance of HSP90-dependent variation

Although it is challenging to devise experiments to conclusively prove that HSP90-
dependent variation contributed to eye loss or other traits, the existence and relative importance
of HSP90-dependent evolution can be detected in genomes, in particular by comparing the
evolutionary rates of client and non-client proteins. The capacitor hypothesis posits that clients
should be allowed to acquire more and potentially more harmful mutations than non-clients.
Evolutionary rate is influenced by many factors, including protein stability, protein interactions,
and gene expression. These factors will confound any effect that interaction with HSP90 may
have, making it imperative to conduct analyses of evolutionary rate among genes encoding
comparable client and non-client proteins. One solution has been to compare pairs of recent gene
duplicates that differ little in sequence and expression. In 4. thaliana, the HSP90-client BES], a

transcription factor in the brassinosteroid pathway, shows relaxed selection compared to its
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1°*. BES1 bears hallmarks of neo- and sub-functionalization,

closest paralog the non-client BZR
and shows dynamic HSP90 client status across independent evolutionary paths. In yeast, HSP90
clients also evolve faster than their non-client paralogs’*. The authors concluded that HSP90 may
facilitate the divergence of gene duplicates, but noted the scarcity of suitable pairs of gene
duplicates.

The availability of large-scale data on HSP90 clients, in particular on human kinases®!,
has finally enabled the systematic exploration of HSP90’s role in protein evolution across the
mammalian lineage. Kinases are monophyletic, akin to the prior studies of gene duplicates.
Kinases identified as clients in humans show significantly higher evolutionary rates than non-
client kinases across the mammalian lineage; this effect is independent of gene expression and
protein interaction, the two major factors influencing evolutionary rate, and comparable in effect
size?®. Across several thousand sequenced humans, genes encoding client kinases showed greater
nucleotide diversity than those encoding non-clients. Moreover, the genetic variants in client
kinases were predicted to be more damaging to protein function than those in non-clients,
consistent with HSP90’s hypothesized capacitance function. If so, one would predict that once a
kinase acquires HSP90 client status, it would be unlikely to lose it again. Indeed, this outcome is
often the case. Kinases are of outsized importance in shaping development, physiology, and
evolutionary trajectories; they also play a major role in many human diseases, including various
cancers. In this context, HSP90’s role in promoting their divergence and in maintaining their
function in the face of accumulating genetic variation is particularly noteworthy.

In contrast to Eukarya, HSP90 is not essential in bacteria, and a broad characterization of
its molecular function and possible role in capacitance is lacking in this domain of life. A recent

study used genome-scale phylogenetic analysis to identify genes that co-evolve with bacterial
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HSP90%. Genes whose gains and losses are coordinated with HSP90 throughout bacterial
evolution tended to function in large protein complexes associated with motility and secretion,
suggesting that HSP90 may aid the assembly of protein complexes. Indeed, experimental
validation identified HSP9O0 clients such as the flagellar protein FliN and the chemotaxis kinase
CheA; E. coli hsp90 mutants showed impaired motility and chemotaxis. The presence of
bacterial HSP90 across all sequenced species is associated with a preference for multiple
habitats. Taken together, bacterial HSP90 appears to aid the assembly of membrane protein
complexes and facilitates adaptation to novel environments, both functions that seem to preface
its much larger and essential role in protein folding and evolution in Eukarya.

To summarize, these studies confirm one of the two predictions of the capacitor
hypothesis: genetic variation indeed accumulates in genes encoding client proteins. The other
prediction of the capacitor hypothesis posits that intermittent stress leads to expression of this
accumulated variation followed by selection. This prediction has also been addressed in recent

studies, as I will discuss in more detail below (see Chapter 1.5.3).

1.4 Protein folding as a general mechanism
1.4.1 Open questions

Studies from yeast to human have established HSP90’s conserved capacity to buffer
genetic variation. Although several HSP90-dependent loci have been mapped in natural

populations®’*

it has largely remained unresolved how precisely HSP90 perturbation enables
cryptic genetic variation to contribute to phenotype. Does this variation occur in client proteins,

or can it occur in non-clients, or even regulatory regions? Could any variant in a client protein be

20



HSP90-responsive? In short, what variation can the chaperone buffer? Below I synthesize results
from experiments seeking to answer these questions.
1.4.2 HSP90 reveals cryptic genetic variants responsible for many traits

Our understanding of how the HSP90 affects cryptic genetic variation is driven by a
series of genetic studies across model organisms. In flies, plants, yeast, fish, and other model
systems, HSP90 perturbation generates background-specific traits*#+!1%%1%! (Figure 1.2),
allowing HSP90-dependent loci to be mapped in some systems®’°. Thus far, however, few
HSP90-dependent variants have been identified at the gene level®”!%2. As a result, our
mechanistic understanding of HSP90-mediated capacitance is thus limited, while biochemical
studies of HSP90 function have flourished. In the absence of systematic studies of HSP90-
dependent variation in a wide array of client and non-client proteins, it has been impossible to
rigorously determine features that render a given variant HSP90-responsive. The handful of
known examples suggests that HSP90-dependent variants can occur in clients, non-clients that
interact with client proteins, and even in regulatory regions that are bound by clients. I discuss
specific examples in section 4. Recent studies suggest that disease-associated variants in various
proteins often show HSP90-dependence**; early work found this to be true for mutations in

oncogenic proteins’ 1%,

1.5 Specific examples across Eukarya
1.5.1 Alleles that are buffered
A capacitor stores electrical energy for later rapid release. HSP90 has been proposed to

function analogously for genetic variants, allowing them to accumulate (or be ‘stored’) as

phenotypically silent mutations, only to be expressed after a shift in environment. That is,
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ensuing reduction of HSP90 function may unmask the phenotypic consequences of genetic
variants that were previously cryptic. As discussed above our understanding of specific variants
that are influenced by this mechanism is incomplete, although there is convincing evidence that
they are common in natural populations®®?%%°,

Greater detail on buffered variants is emerging from saturating mutagenesis studies of
individual genes. For example, “deep mutational scanning” has identified HSP90-buffered
variants of the Ste12 transcription factor in S. cerevisiae'” (Figure 1.4D). The wild-type Ste12
protein is not a client of HSP90. At standard growth conditions, the HSP90-dependent Stel2
variants were competent for both mating and invasion. Stel2 drives the expression program for
both traits, which are mutually exclusive, yet share many signaling components, including Stel2.
Upon HSP90 inhibition or thermal stress, cells harboring the HSP90-dependent variants lose the
capacity to mate, but become dominantly hyperinvasive even in the absence of the known
invasion cofactor. The ability to engage in invasive growth is a property strongly associated with
pathogenesis'*17, Indeed, temperature-regulated invasiveness is a common phenotype of fungal
pathogens. The Stel2 example is so striking because loss of HSP90 does not simply lead to
degradation of the respective protein and loss of function; rather, loss of HSP90 shifts the trait
preference of Stel2 towards invasion by altering its binding to DNA. Although HSP90-
dependent Stel2 variants are rare, they are accessible through a single amino acid change,
suggesting that the chaperone could facilitate a mutational path toward a pathogenic fungal
lifestyle by minimizing mating costs at normal temperature and enhancing invasion at the higher
host temperature.

In yeast, fine mapping studies have identified several natural genetic variants that are

affected by chaperone activity”’. Two arise in HSP90 clients: Mecl, the sentinel DNA damage
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kinase, and Nfs1, an essential sulfur donor in FeS cluster biogenesis and tRNA thiolation. Under
normal growth conditions, natural genetic variation in these genes is phenotypically silent. But
upon pharmacological or environmental inhibition of HSP90 activity, vineyard (RM) alleles of
these genes give rise to new phenotypes. The vineyard allele of Mec1 produces resistance to
DNA damage induced by UV-irradiation (Figure 1.4E), and the vineyard allele of Nfsl
produces resistance to rapamycin. Each of these phenotypes is explained by the known function
of the polymorphic genes and their well-characterized interaction with the chaperone. HSP90
also buffers resistance to the oxidative stressor 1-chloro-2,4-nitrobenzene derived from vineyard
alleles of the Ndil gene. Remarkably, this trait arises from mutations in the 3’-untranslated
sequence of the gene. Upon HSP90 inhibition, levels of NDII mRNA increase by nearly 100-
fold in strains harboring the vineyard allele. Forced overexpression of Ndil also produces CDNB
resistance. Several HSP9O0 clients are known to bind to the 3’-UTR of this mRNA, providing a
plausable rationale for this HSP90-responsive phenotype.

Genotypes and phenotypes have been measured extensively across many dozens of yeast
isolates from diverse ecological niches. This approach has made it feasible to assess the global
relationship among HSP90, genotype and phenotype in this organism. Across >100 growth
conditions and without HSP90 perturbation, the correlation between genotype and phenotype is
statistically significant, but surprisingly weak. This correlation increases considerably in
response to HSP90 inhibition, suggesting that a considerable fraction of the ‘silent’ genetic
variation in this organism has phenotypic consequences in the presence of HSP90 inhibition®’.

Another striking example comes from mice, where HSP90 buffers the regulatory
influence of certain endogenous retroviruses on neighboring developmental genes!'®. This effect

on cis-regulatory variation arises because HSP90 chaperone activity is required for
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TRIM28/KAP1-mediated epigenetic silencing of endogenous retroviral elements. This example
provides yet another mechanism by which HSP90 can buffer natural genetic variation, and raises
the question of whether the capacitor function of HSP90 may have facilitated exaptation of
endogenous retroviruses as modifiers of gene expression.

As discussed earlier, as the number of sequenced human genomes expands, so does our
ability to detect the broad effects of HSP90 and protein folding in general on human phenotypes.
Across >1,500 disease alleles, a recent study found that their relative association with HSP90
was highly predictive of disease severity, especially when compared to association with HSP70,
another chaperone (Figure 1.2D)*. This finding, which is remarkable given the diversity of
genetic causes of disease, illustrates how even specific aspects of chaperone function are
fundamentally integrated into the trajectory between genotype and phenotype. A more detailed
examination of mutations associated with the cancer-prone syndrome Fanconi Anemia (FA)
revealed that HSP90 perturbation amplified FA-related sensitivities to chemotherapeutics.
Although an integrated understanding of how chaperone activity influences specific disease
alleles will require many more both detailed and systematic studies, it is clear that these effects
are likely highly significant and widespread.

1.5.2 Alleles that are potentiated

HSP90 can also potentiate some mutations; that is, when HSP90 activity is reduced, the
capacity of these variants to produce new traits is eliminated. Like buffering, potentiation is
linked to the activity of the chaperone and reflects its wide-spread epistasis with genes residing
in nearly all pathways. The first oncogene discovered, v-Src, provides a particularly striking
example (Figure 1.4A-C). v-Src arose from mutations in the c-Src progenitor kinase that lead to

its constitutive activation. However, these same mutations render v-Src thermodynamically
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unstable, making its folding and function dependent on HSP90°!:!® (Figure 1.4C). Many other
oncogenes have since been shown to require HSP90 for function'®,

Another fascinating example is the BCR-ABL gene fusion that encodes a constitutively
active tyrosine kinase. The BCR-ABL inhibitor Imatinib, known commercially as Gleevec, was
one of the earliest and most successful targeted therapies for chronic myelogenous leukemia.
However, emergence of resistance has been a common failure mode of this and most other
oncogene-directed therapies. A majority of patients treated with Imatinib at an advanced stage
will relapse due to a point mutation in BCR-ABL that renders its inhibition ineffective'!°.
However, treatment with an HSP90 inhibitor leads to degradation of the HSP90-client BCR-
ABL and loss of Imatinib resistance (Figure 1.4F)*!!! highlighting the need to understand the
role of HSP90 and other buffering factors in enabling the accumulation of mutations favorable to
cancer cells.

Like buffering, potentiation can also occur indirectly. A striking example is resistance to
fluconazole, a main line antifungal drug, in the fungal pathogen Candida albicans. Mutations in
ERG?3 enable resistance to fluconazole!'?, but also result in the production of a toxic sterol. Such
variants persist in the population because HSP90 mediates the function of its client Calcineurin
and other proteins integral to stress response circuitry. Mutations in several other genes also
potentiated fluconazole resistance dependent on Hsp90 including erg64, oshiA, scs24, and
cka2A (Figure 1.4G). Genetic assimilation of initially HSP90-dependent antifungal drug
resistance has been observed in multiple clinical isolates evolving in human hosts, suggesting
that this process may have a strong influence on human health. Remarkably, dependence on

HSP90 was abrogated by high temperatures, pointing to a potential clinical benefit of fever.
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1.5.3 Buffering and potentiation arise naturally from HSP90’s chaperone function

Although HSP90’s relationship with phenotype is remarkable, it is decidedly not magic.
HSP90 does not have the capacity to buffer or potentiate every mutation in every gene; rather, its
effects on phenotype are a consequence of its biochemical function. HSP90’s client proteins —
largely kinases and transcription factors — occupy key nodes in signaling cascades that govern a
multitude of cellular and developmental pathways’!*2. Relative to other chaperones, HSP90
catalyzes folding steps that occur late in the maturation of its client proteins>>. A case in point is
the family of steroid hormone receptors, a class of closely related transcription factors that were
among the earliest HSP90 clients identified and studied. These proteins bind to HSP90 in an
immature but mostly folded state'!®. In the presence of hormone, the protein acquires a fully
folded and functional conformation, leading to concomitant release from the chaperone. Other
clients have different trajectories; they require phosphorylation or other modifications to reach
their stable state or reach their final cellular destination. Loss of HSP90 activity severely disrupts
client protein function, often through degradation or failure to signal or productively interact in
protein complexes'’.

As discussed, HSP90’s biochemical activity and regulation is tightly coupled to
fluctuations in the environment. Together with HSP70, HSP90 interacts and suppresses Hsfl, the
major regulator of the conserved heat shock response that ensues upon proteotoxic stress. It has
been appreciated for decades that, upon stress, Hsfl trimerizes and releases HSP90 and HSP70 to
act on unfolding proteins; as soon as protein folding has recovered, HSP90 and HSP70 are once
more available to suppress Hsf1!'*!!5_ Active, trimeric Hsfl activates expression of many
chaperones, including HSP90. There are also many post-transcriptional and post-translational

mechanisms that regulate HSP90 activity — and these are also linked to environmental inputs —

26



including phosphorylation, acetylation, and nitrosylation®>!1, HSP90 also changes its interaction
with co-chaperones in different environments, lineages, and disease states that affects its
substrate specificity. Together, these regulatory inputs generally up- or down-regulate HSP90
activity, or direct its activity toward particular cohorts of clients.

As aresult of its complex regulation, HSP90’s epistatic relationship with genetic variants
is not static, but highly dependent on specific environmental circumstances, developmental
stages, and even diurnal cycles (Figure 1.5). Thus, organisms have likely experienced
environmentally-driven changes in these epistatic relationships during their evolutionary
histories. This predictability of HSP90 activity changes may expose HSP90-dependent genetic
variation to significant selection, purging deleterious alleles. Indeed, the distribution of fitness
effects revealed upon HSP9O0 inhibition in wild isolates of S. cerevisiae is heavily skewed toward
adaptive phenotypes (~50%) relative to the distribution of fitness effects that would be expected
for spontaneous mutations (where adaptive effects are rare)'!”!'8 arguing for intermittent release
of and selection on HSP90-dependent variation. In 4. thaliana plants, deep mutagenesis revealed
significantly greater penetrance of EMS mutations upon HSP90 inhibition; however, many of the
HSP90-dependent phenotypes (but not all) are also observed in wildtype plants treated with
HSP90 inhibitors (see Chapter 2). These observations in yeast and plants are consistent with
two key points I wish to make: first, not all loci are HSP90-responsive, and second, HSP90-
dependent variants in these loci in natural populations likely experience intermittent release and
selection, purging those that are deleterious'!”. Deeper investigation of these observations stands

as a goalpost for future studies.
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1.6 Links between HSP90 and de novo variation
1.6.1 HSPY0 impacts genome instability

Genome instability encompasses an increased genome-wide frequency of point
mutations, insertions/deletions, microsatellite slippage events, somatic homologous
recombination, and transposon activity. In human cells, HSP90 perturbation increases mutation
rates of microsatellites'?, and decreases resistance to ionizing radiation'?!. In yeast, HSP90

122 and overexpression of HSP90 results in reduced

reduction can increase rates of aneuploidy
efficiency of DNA repair'?. In metazoans, HSP90 inhibition increases transposon transcription
and mobility through the disruption of PIWI-protein function (D. melanogaster, C. elegans,
mice, and human cells)®>!2*13% In the plant A. thaliana, perturbation of HSP90 increases somatic
homologous recombination®® and susceptibility to ionizing radiation'*'. HSP90 perturbation is
therefore correlated with, and in some instances causative of, genome instability in eukaryotes
(Figure 1.5). HSP90’s wide-reaching effects on genome stability is readily explained by its role
in chaperoning many proteins functioning in the various DNA maintenance and repair pathways.
In addition to the above mentioned PIWI-proteins, these include the above mentioned Mecl in
yeast, telomerase, FANCA in the Fanconi anemia pathway*, DNA Polymerase subunits, BRCA
proteins, and Rad proteins to name a few examples (See reference '*? for database of HSP90
interactors).

However, given the breadth of standing genetic variation that is responsive to HSP90
perturbation?#1:43:44.100.10L108 "y yeations that newly arise in response to HSP90 inhibition likely
play only a minor role in most HSP90-dependent phenotypes. Most previous studies validate

their genotype-specific HSP90-dependent phenotypes through treatment of embryos with highly

specific HSP90 inhibitors and moderate temperature stress. Drug and temperature treatment
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produce the same genotype-specific phenotypes, which is inconsistent with major contributions
of de novo mutations. De novo mutations due to these treatments would be somatic mutations,
and these most certainly occur at an increased rate in response to HSP90 inhibition as I and
others have shown®®. However, somatic mutations occurring in individual embryos are extremely
unlikely to affect many embryos of the same genotype in the same way; they are also extremely
unlikely to be transmitted to the next generation. As the issue of HSP90-dependent de novo
mutations has caused some controversy in the past, I would like to state clearly that although
HSP90 perturbation increases genome instability, the majority of HSP90-dependent phenotypes
described to date are highly unlikely a consequence of de novo mutations, in particular if these
phenotypes have been validated through drug or environmental treatments of embryos.

The observation that perturbation of a hub like HSP90 is associated with genomic instability
may have broader implications. Increased genome instability via HSP90 or via perturbation of
other hubs may be a general hallmark for loss of robustness, which in turn may affect penetrance
of genetic variation. In support of this hypothesis, yeast studies identified hub genes in which
deletion decreased phenotypic robustness; one-fourth of ~300 identified hubs were genes with
critical roles in genome stability’. Similarly, environmental stress is known to decrease
phenotypic robustness; in many cases, it is also associated with increased genome
instability'3*!%*, As genome instability and robustness levels appear to be associated, it has been
previously proposed that levels of genome instability could be used as a marker for robustness
levels in humans and non-model organisms (and hence as markers for penetrance levels of

genetic variation)®®.
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1.7 Conclusions and Future Directions

It has been nearly two decades since Rutherford and Lindquist proposed that HSP90
might impact the relationship between genotype and phenotype, and suggested that this might
provide a link between environmental change and evolutionary processes’2. Their work attracted
a great deal of interest; yet, it was also highly controversial. And, it must be said, for good
reasons. As exciting as the initial findings in D. melanogaster were, the adaptive value of the
traits exposed upon HSP90 inhibition, and the nature of their underlying genetics, was unclear.

Since then, many studies have moved the capacitance model from a compelling
hypothesis to a plausible mechanism that has contributed to the evolution of genomes. Work in
plants, fungi, and human cancers have identified many genetic variants and loci that are affected
by HSP90 activity. Indeed, the pervasive influence of HSP90 on mutations linked to cancer has
sparked great interest in the therapeutic value of chaperone inhibitors'®*13>1%7 In a wide variety
of fungal pathogens, HSP90 fuels the rapid acquisition of mutations that confer resistance to

environmental stressors, including antifungal drugs'3*-14?

, contributing to the interest in HSP90
as a therapeutic target.

Perhaps the strongest evidence for HSP90’s influence on evolution comes from
systematic studies of genotype-to-phenotype relationships. In Saccharomyces cerevisiae strains
from diverse ecotypes, inhibiting HSP90 leads to a far more adaptive distribution of fitness
effects than would be expected from random mutations, suggesting that selection has previously
acted on the genetic variation responsible for these traits. Modest reduction in HSP90 function
(elicited either pharmacologically or by a moderate environmental stress) improved the

correlation between genotype and phenotype across more than 100,000 polymorphisms in

sequenced yeast strains. Even more compelling evidence has come with systematic annotation of
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human kinase clients of HSP90 function. A key tenet of the original capacitor hypothesis is that
HSP90 client proteins should be able to accumulate mutations at a higher rate than non-clients.
Indeed, across the human protein kinase superfamily — and mammals more generally — HSP90
client status promotes increased evolutionary rate. Collectively, these studies provide strong
evidence that HSP90 has played an important role in shaping the evolution of current genomes.
Although HSP90 exerts a large influence on the phenotypic manifestation of genetic and
epigenetic variation, it is not magic and clearly does not universally act on any type of variation.
In fact, the most universal mechanism for buffering the effects of genetic variation is being
diploid, which prevents most mutations from having a phenotypic impact (because they are
recessive). Yet even being diploid fails at buffering dominant mutations, which are estimated to
constitute ca. 10-20% of variants from studies in Drosophila and S. cerevisiae'**'**. Likewise,
several human diseases arise from haploinsufficiency'*’. Experiments in plants and yeast suggest

that HSP90 activity can influence many natural genetic variants®®-!

, and the polymorphisms that
have been fine-mapped to date are plausibly linked to HSP90 chaperone function®. These
observations are a natural consequence of HSP90’s interaction with large swaths of cellular
circuitry integral to growth and development. Theory holds that in any sexually reproducing
organism the costs of maintaining a system for increasing variation will eventually be separated

from beneficial variants via meiotic recombination'*°

. Yet because HSP90’s chaperone activity is
required for nearly all aspects of eukaryotic biology; such separation is likely impossible.
Furthermore, the large number of HSP90 clients and their distribution throughout the genome

makes it likely that combinatorial gain (and loss) of chaperone-dependent variants can occur at

each generation.
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HSP90’s influence on evolutionary processes is now indisputable — scientists can detect
the chaperone’s impact in genomes. Yet a better understanding of the genotype-to-phenotype
map across multiple environments will improve our understanding of how this chaperone alters
adaptive landscapes (Figure 1.7). Fortunately, researchers have new tools in hand to achieve this
goal. Using deep mutational scanning, it is now possible to systemically interrogate how HSP90
affects variants at every position within a protein. Likewise, new crossing strategies in model
organisms and advances in human functional genomics will enable identification of HSP90-
dependent genetic variants at single nucleotide resolution and on an unprecedented scale. These
powerful new approaches promise to transform our mechanistic understanding of how the

HSP90 chaperone acts as a global regulator of the evolving genotype-to-phenotype map.

1.8 Focus of the dissertation

How do organisms, particularly sessile plants, remain robust to environmental and
genetic perturbations? Furthermore, to what degree to do phenotypic buffering mechanisms
overlap? Clearly, HSP90 does a great in deal in buffering both environmental and genetic
disturbances. For studies reviewed in Chapter 1, mostly pre-existing genetic variation is well-
characterized for its interactions with HSP90. While these data are invaluable, they do not tell us
what proportion of new genetic variation HSP90 can interact with. Data from cancer research
and a few model organism examples imply that HSP90 does interact with de novo genetic
variation, albeit rarely. Although invaluable, previous studies have not assayed the phenotypic
consequences of decreased buffering capacity when large-scale perturbations to the genome are

introduced. These ideas will be addressed in Chapter 2.

32



HSP90 lends phenotypic capacitance to pre-existing, often hidden, genetic variation
within populations. Is such a phenomenon unique to HSP90 or are there other robustness master
regulators that maintain constant phenotype in the face of genetic and environmental changes?
Do the genetic targets of HSP90 and these novel buffering factors overlap? These questions will
be addressed in Chapters 3 and 4, where I characterize a key player in microRNA-mediated
gene regulation, ARGONAUTE 1, and its roles in buffering cryptic genetic variation and
integration of environmental signals.

Highly connected genetic hubs, like HSP90, provide robustness to complex phenotypes
from developmental noise. Is the robustness provided by these hubs emergent from networks or
can it be explained by a particular genetic interactor? Do non-hub genes buffer developmental
variation across genetically identical siblings? These questions will be addressed in Chapters 5.
In total, these studies help define more of the rules about HSP90’s and ARGONAUTE 1°s roles
in buffering de novo genetic variation, pre-existing genetic variation, developmental noise, and

environmental stimuli.
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Figure 1.1: Canalization minimizes phenotypic variation. (A) Quantitative traits exhibit some
degree of variation, represented here by a distribution. A canalized, phenotypically robust trait
shows tight distributions (blue) regardless of genetic or environmental perturbation. Some traits
can be de-canalized by environmental or genetic perturbations which increases the degree of
phenotypic variation (green). (B) A possible mechanism of assimilation of a new phenotype
occurs via de-canalization. Over several generations of selection for a crossveinless wing
phenotype in Drosophila, the rare phenotype was assimilated to a large fraction of the

population.
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Figure 1.2: Phenotypic variability revealed by inhibition of HSP90. (A) Inhibition of HSP90
in Drosophila reveals phenotypes including black facets in one eye, notched wings, and
extraneous tissue. (B) Inhibition of HSP90 by Geldanamycin in A. thaliana reveals phenotypes
including disruption of typical symmetry and oval shaped, flat leaves. (C) Inhibition of HSP9O0 in
Mexican cavefish, A. mexicanus, results in variable eye size of larval fish. (D) Human cells
expressing the FANCA mutant allele R880Q exhibit increased sensitivity to HSP90 inhibitor
Mitomycin C but a wild type allele or non-buffered alleles do not. In this case the detrimental
growth phenotype revealed upon HSP9O0 inhibition is only observed in a specific FANCA mutant

background.
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Figure 1.3: HSP90 structure and function. (A) The N-terminus of HSP90 contains a
conserved ATP binding domain, the middle domain may bind client proteins and co-chaperones,
and the C-terminal domain is responsible for dimerization. (B) The HSP90 chaperone cycle
begins with the binding of co-chaperones and clients. Here all co-chaperones, and ATP, are
drawn in gray. The progesterone receptor is one of the best understood clients. It binds HSP40,
then recruits HSP70. Then HSP90-HOP binds HSP70, resulting in the delivery of the
progesterone receptor client. After ATP binding, the dimer clamps together. This final hydrolysis
step includes binding of p23 (Sba1 in yeast) as well as ATP, which leads to the dissociation of
HOP and HSP70. Upon ATP hydrolysis, the clamp opens, releasing a mature client protein. (C)
Protein interaction studies have defined the vast interaction network of HSP90 interactors.
HSP90 interacts with hundreds of proteins of diverse functions including protein folding,

signaling, cell cycle, translation and metabolism.
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Figure 1.4: Mechanistic examples of buffering and potentiating. (A) Activity of v-Src but not
-Src is dependent on Hsp90 (reprint from Xu and Lindquist, 1993). (B) Likewise, malignant
transformation with v-Src is also dependent on HSP90. Upon treatment with the HSP90 inhibitor
Geldanamycin, normal contact inhibition of growth is restored (reprint from Whitesell et al.,
1994). (C) Graphic illustration of HSP90 potentiating oncogenic v-Src constitutively active
kinase activity. The original observed phenotype is graphed on a phenotypic scale in black. The
phenotype dependent on HSP90 is graphed in purple with a vector designating the phenotypic
difference of buffered alleles®'%°. (D) Ste12 contributes to both mating and invasion. AWT
STE12 allele results in normal mating efficiency and invasion. ste12 K150/ allele results in
decreased mating efficiency only at high temperature or upon inhibition of Hsp90. The same
allele results in increased invasion only at high temperature'®?. (E) In the RM background, the
MECT1 allele is not dependent on HSP9O. In the BY background, the MEC1 allele is dependent
on HSP90; HU-resistance and UV-resistance decreases when Hsp90 is inhibited™’. (F) HSP90
potentiates fluconazole resistance in several erg3 alleles and other gene deletions''2. (G)

Hsp90 potentiates BCR-ABL imatinib resistance*!!!.
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Figure 1.5: Environmental perturbations regulate HSP90, a central node that integrates
stress sensing with the manifestation and generation of de novo variants. Many
environmental perturbations including heat, salinity, and drought have the potential to alter
HSP9O0 activity. This altered activity affects cryptic genetic variation, buffered and potentiated
variants, de novo mutations, self-templating protein conformations, and epigenetic variation. All

of these will in turn alter the relationship between genotype and phenotype.
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Figure 6: HSP90-responsive phenotypes in deeply mutagenized Col-0 seedlings often
resemble those commonly arising in the wild-type Col-0 background but their frequency
the population and severity is significantly increased. This observation is consistent with
mutations affecting genes encoding clients that are already susceptible to Hsp90 perturbation in
the wild-type through standing variation. Novel Hsp90-dependent phenotypes are also
observed; genetic variation in the genes underlying these phenotypes has likely been purged in
the wild-type Col-0 population. A) Phenotype examples of EMS mutagenized seedlings in the
Col-0 background. B) Response to Hsp90 perturbation (Geldanamycin: GdA) in Col-0 and
mutagenized lines (Ms generation). Dark red color denotes 10% increase in frequency of
phenotypes under Hsp90-reduced conditions. Dark blue color denotes 10% decrease in
frequency of phenotypes under Hsp90-reduced conditions. Black lines represent frequency
phenotypic frequency in the Col-0 background. An asterisk (*) denotes a significant p-value for
Fisher’'s Exact test (p-adj<0.05). C) Odds ratios of seedling phenotypes in M3 lines derived from
EMS mutagenized Col-0. Seedlings were assayed for 16 early-seedling phenotypes under
Geldanamycin (GdA) and mock (DMSO) treatment. Increasing red intensity reflects higher Odds
Ratios, with grey color reflecting an infinite Odds Ratio for that comparison. An asterisk (*)

denotes a significant p-value for Fisher's Exact test (p-adj<0.05).
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Figure 1.7: Phenotypic neighborhoods are rewired by changes in environment. In this
cartoon example, two phenotypes are plotted in two-dimensional space (x and y axes). Each
point represents a different genotype. The genotype is graphed twice when it presents a
different phenotype in a different environmental condition (colored points). Phenotypes
dependent on the three different environmental perturbations are graphed (purple, orange, and
red) at the end of vectors representing the difference due to buffering or potentiation. Research

illuminating examples such as these will greatly advance our understanding of how HSP90 and
environmental perturbations alter phenotypic landscapes.
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Chapter 2: HSP90 interacts with new genetic variation®?

Abstract

Phenotypic robustness is the measure of an organism’s ability to lessen the impact of adverse
effects, caused by aberrant genetic and environmental factors, on an organism’s appearance and
function. Loss of robustness has been shown to increase the severity of certain mutations in
model organisms. The best characterized regulator of robustness is the protein chaperone HSP90,
which aids in proper protein folding and allows accumulation of phenotypically silent genetic
variation in its select group of client proteins. In Arabidopsis thaliana, my lab has previously
shown that by inhibiting HSP90, the penetrance (i.e. frequency of a mutant phenotype) and
heritability of natural genetic variation increases. I therefore hypothesized that 4. thaliana
seedlings with low-levels of HSP90 would show a higher frequency of aberrant phenotypes after
introduction of new mutations via chemical mutagenesis. By analyzing 16 distinct early seedling
phenotypes, I observed that HSP90-reduced seedlings show a higher frequency of detrimental
phenotypes after mutagenesis compared to controls. Additionally, I have screened our
mutagenized populations and demonstrate that some these mutant phenotypes are heritable and
HSP90-dependent. To my knowledge, this work is the first time the effects of HSP90 buffering

have been measured on thousands of de novo mutations.

2 This chapter will be published as a manuscript in the near future as “Massively mutated plant lines
provide evidence that HSP90 buffers penetrance of newly induced mutations,” *G.A. Mason, K. Bubb,
K.D. Carlson, M.O. Press. and **C. Queitsch. *First author, **corresponding author.

3G.A.M., K.D.C., and C.Q. conceived the project. G.A.M. and K.D.C. executed early mutagenesis
experiments. G.A.M. performed all phenotypic screening and validation. G.A.M. and K.B. performed
data analysis and created figures.
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2.1 Introduction

The protein chaperone HSP9O0 stabilizes, or buffers, organismal phenotypes in the face of
genetic and environmental variation (see Chapter 1). HSP9O0 is essential in multicellular
organisms, highly connected in genetic networks, and plays a crucial role in integrating
environmental signals®®->186:148-154 'These phenomena are an outcome of HSP90’s essential role
in protein folding®*!>. Interaction with HSP90 allows its protein substrates (i.e. clients) to
accumulate mutations that would otherwise impact function and phenotype’*®>. For example,

149 also tend to be under relaxed selection rather

human kinases that are strong HSP90 interactors
than weak- or non-interactors, implying HSP90’s role in buffering new genetic variation®”.

Loss of HSP90 increases the severity of a few mutations and many natural variants in
model organisms and humans?34486.147.156-138 gee Chapter 3). In worms, naturally varying
HSP90 levels predict the expressivity of a transcription factor mutation'®’. In yeast, loss of
HSPI0 in certain deep mutational scanning mutants results in decreased mating behavior but
increased invasiveness'>’. In humans, HSP90 buffers the effects of mutations in a Fanconi
anemia-associated protein'®, resulting in reduced disease impact under normal conditions**. In
plants, HSP90 perturbation increases the frequency of lesion affected individuals in an already
sensitized background (see Chapter 3). These data imply that HSP90’s buffering capacity has
obvious relevance for both new disease-causing mutations in humans, such as cancer, and non-
model organism studies on evolution and adaptation (see Chapter 1). However, the spectrum of
genetic variation that is buffered by HSP90 remains largely unknown.

Despite HSP90’s evident importance for protein stability and phenotypic buffering, I

contend that while HSP90-dependent traits are common 4”1, HSP90-dependent genetic variants

are likely rare in the context of the genome — for example, only 7% of 850 tested human
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transcription factors and 61% of 314 kinases are HSP90 interactors'#’. Furthermore, not every
mutation affecting a client protein will alter its HSP90 dependence (see Chapter 1.6.1); a
random mutation within a genome is also unlikely to render a previously non-client protein as an
HSP90 client'>’.

To determine the frequency of new HSP90-buffered genetic variation, I introduced
thousands of random mutations into Col-0, the Arabidopsis thaliana reference wild-type, and
RNAI lines with reduced HSP90 levels!*? (Figure 2.1A). After mutagenesis, I scored plant
phenotypes in the M| generation (somatic, heterozygous mutations), and self-fertilized adult M;
plants to score phenotypes in the resulting M> generation (both heterozygous and homozygous
mutations) (Figure 2.1A). If HSP90 has the capacity to buffer at least some induced mutations, I
should observe greater severity and/or frequency of mutant phenotypes in HSP90-reduced plants.

In my analysis of ~16 distinct early seedling phenotypes (Figure 2.1B), I demonstrate
that HSP90-reduced seedlings show a significant increase in the frequency of affected seedlings
and the severity of mutant phenotypes in the M1 and M» generations. I show in the M2 generation
that HSP90-RNAI seeds have a higher penetrance of embryonic lethality compared to controls.
In the M3 generation, I observed that HSP90-responsive phenotypes in mutagenized seedlings
often resemble those commonly arising in the wild-type Col-0 background; however, their
frequency in the population was significantly increased. I also detected novel HSP90-dependent
phenotypes in the M3 generation (i.e. rare in Col-0); genetic variation in the genes underlying
these phenotypes has likely been purged in the wild-type Col-0 population. Broadly, my results

support the idea that HSP90 can interact with new genetic variation.
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2.2 Results

2.2.1 HSP90-perturbation increases penetrance of embryonic lethal mutations

To introduce many new single nucleotide mutations into the A. thaliana genome, 1
performed chemical mutagenesis on wild-type (Col-0) and two HSP90-RNAI lines with the
chemical mutagen ethyl methanesulfonate (EMS) (Detlef Weigel, personal communication). In
my pilot experiment I used two concentrations of EMS on Col-0 seeds, 0.2% (v/v) and 0.4%
(v/v). After I applied EMS, I transferred seeds (M generation) to soil and allowed them to grow
into adults. One silique was collected from 50 individuals within a genotype and treatment. I
then counted the number of live and dead seeds for each silique to estimate mutagenesis
efficiency.

In my pilot experiment, I found that the number of live seeds per silique greatly
decreased in EMS treated groups, with 0.4% EMS treatment resulting in the largest decrease in
live seeds (Student’s unpaired t-test: p<0.05) (Figure 2.2B). A similar susceptibility to EMS was
detected when I performed mutagenesis on HSP90-RNAI lines and a second wild-type control
(Student’s unpaired t-test: p<0.05) (Figure 2.2B).

To estimate mutagenesis efficiency, I calculated the average number of embryonic lethal
mutations per diploid genome for each mutagenized genotype and, in the case of Col-0, each
concentration of EMS. Dead seeds are representative of individuals with lethal mutations and can
therefore be reliably used to estimate mutation burden after mutagenesis'®!.

For a Poisson value of 0, let X equal the number of siliques without dead seeds, let Y
equal the total number siliques observed, and let u equal the average number of embryonic lethal
mutations per diploid genome. To calculate y, I used the following equation:

U =InY—-InX
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If u is greater than one, or <36% of observed siliques do not have dead seeds, mutagenesis is
successfully saturated!®!,

I observed in the pilot experiment that EMS increases u in a dose dependent manner
(Generalized linear model, family=Poisson: p<1.0E-06) (Figure 2.2C). In my second
mutagenesis experiment, [ saw that EMS-treated HSP90 RNAi-C1, but not EMS-treated HSP90
RNAIi-A1l, appeared to have nearly twice the amount of embryonic lethal mutations as compared
to EMS-treated Col-0 (Generalized linear model, family=Poisson: p<1.0E-06) (Figure 2.2C).
One explanation for this result is that HSP90 RNAi-C1 plants could have been more susceptible
to EMS and thereby carried more mutations than EMS-treated wild-type. It is well established
that reduced HSP9O0 levels in a variety of model organisms can increase frequency of genome
instability events (see Chapter 1.6.1). Furthermore, HSP90-reduced seeds that are exposed to
ionizing radiation tend to have a high frequency of abnormal defects'*!. To exclude this
possibility, I performed whole-genome sequencing of six M2 HSP90 RNAi-C1 and six M2 Col-0
plants to estimate mutation frequencies in each background.

After whole genome sequencing and private SNV calling, I observed that both
backgrounds had highly similar counts of unique mutations within each individual (Figures 2.2D
and 2.2E) (see Supplemental figure 1 for analysis pipeline). M> individuals had on average
~1000 new, high confidence mutations; my estimated mutation frequencies are also in
concordance with similar studies'®? (Supplemental table 2.1). I therefore concluded that the
more frequent and severe embryonic lethal phenotypes observed in the mutagenized HSP90

RNAIi-C1 background are due to the increased effect of induced mutations.
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2.2.2 HSP90 perturbation increases penetrance of mutant-like phenotypes in the M; and M>
generations

Having established that newly introduced mutations are more likely to cause lethality in
HSP90-reduced plants than in controls, I next examined the effects of HSP90 reduction on the
frequency of aberrant morphological phenotypes. As such plant phenotypes are qualitative in
nature, [ used a mutant scoring index to estimate the frequency of 16 complex early seedling
traits, categorized by severity (Figure 2.1B and C).

I first examined the frequency of these aberrant phenotypes in the M plants, in which the
EMS-induced mutations are heterozygous and can occur only somatically, generating chimeras
(as opposed to be present in cells throughout a plant). It has been previously observed that
heterozygous mutations can show increased penetrance and cause dominant mutant phenotypes
when HSP9O0 is inhibited . Indeed, M; HSP90 RNAi-C1 seedlings, but not M; HSP90 RNA-
A1 seedlings, displayed a modest yet significant increase in the frequency of individuals with
mutant index scores > 2 (Fisher’s exact test: p-value<0.05, OR=1.5) (Supplemental figure
2.2B).

Next, I used the highly specific HSP90 inhibitor geldanamycin (GdA) to examine
whether I would observe a similar trend in the EMS-mutagenized Col-0 M; plants when HSP90
was inhibited pharmaceutically (as opposed to genetically in the RNA1 lines). Indeed, GdA
treatment significantly increased phenotype frequency and severity in this population
(Supplemental Figure 2.2C). I conclude that HSP90 perturbation appears to increase
expressivity of heterozygous or even somatic mutations with regard to seedling morphology

phenotypes.
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Second, I tested the response to HSP90 perturbation, both pharmaceutically and
genetically, in the M> generation using the same mutant phenotype index. In the M> generation,
the newly introduced mutations are segregating, some will be homozygous and others
heterozygous. HSP90 perturbation should increase the expressivity and penetrance of these
mutations and thereby cause a higher frequency of severely aberrant morphological phenotypes.
Consistent with this expectation, I observed significantly greater frequency of severe phenotypes
among the EMS-mutagenized seedlings grown with different concentrations of the HSP90
inhibitor as compared to un-mutagenized seedlings and seedlings grown with the inhibitor’s
solvent DMSO (Figure 2.3B).The most significant effect on phenotype frequency was observed
at an intermediate GdA dose (Fisher’s exact test: p-adj<1.0E-15, OR=4.6). Most likely, the lower
GdA dose inhibited HSP90 less strongly while the higher, more toxic GdA dose somewhat
diminished differences between mutagenized and un-mutagenized populations. Genetic HSP90
perturbation yielded similar results: the M2 HSP90 RNAi-C1 seedlings produced significantly
more aberrant phenotypes than comparable M2 Col-0 seedlings (Fisher’s exact test: p-adj<1.0E-
07, OR=2.2) (Figure 2.3C). I conclude that HSP90 perturbation increase the frequency and
severity of aberrant phenotypes after mutagenesis.

2.2.3 Tracking heritability of new HSP90-responsive phenotypes

The assays in the M> generation reveal that HSP90 reduction does affect the penetrance
of de novo mutations, but had certain limitations. Specifically, I could not (1) directly compare
phenotypic outcomes for plants with identical de novo mutations grown in GdA or mock
conditions, or (2) test heritability of the HSP90-responsive phenotype, thus testing for the

presence of a genetic mutation.

48



Because it is impossible to test a single plant in two different growth conditions, I
generated multiple M3 lines from M; parents that displayed aberrant phenotypes under HSP90-
inhibited or control conditions (see Materials and methods). This protocol allowed me to test
groups of plants with similar mutations (siblings) under both control and test conditions. I
generated the Ms-lines specifically using Mzs with the deformed aerial organs phenotype,
because these were easy to identify and some forms of them are known to be HSP90-

164 'When examining M3 seedlings, however, I looked for 16 different phenotypes (like

responsive
dwarfism, etc.). I distinguish between Ms-lines grown from M> parents with aberrant phenotypes
that were present on either the mock treatment or GdA treatment as DM and GM, respectively
(see Supplemental table 2.3 for summary of M2-parent phenotypes).

There are several possible scenarios for HSP90’s putative interactions with new genetic
loci in the DM and GM lines. I considered a trait to be penetrant if it occurs at greater than 15%
frequency in either or both HSP90-reduced and mock treatments. For a given seedling trait in an
M;-line, genetic variation (either de novo or pre-existing) is responsive to HSP90 perturbation if
one of the following scenarios is met.

Let X= (%) Phenotypic Frequency Affected Seedlings:

1) If Xcaa, M3 — Xpmso, m3 > 10%, the trait is positively responsive to HSP90 perturbation.

2) If Xpwmso, M3 — XGda, M3 < 10%, the trait is negatively responsive to HSP90 perturbation.
Genetic variation is un-responsive to HSP90 perturbation if the following scenario is met:

3) If XGaa, M3 — Xpmso, m3 = 0, the trait is un-responsive to HSP90 perturbation.

If I observe response to HSP90 inhibition in an Ms-line, it may be due to variation in the Col-0

background responding to HSP90 perturbation. Therefore:
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4) If Xgaa, M3 — Xpmso, M3 = XGda, Col-0 — XDMs0, col-0, Col-0 genetic variation is epistatic to

de novo variation.

The two major findings were as follows. First, as expected, Ms-lines had higher rates of
aberrant phenotypes in both HSP90-reduced and mock conditions, most likely because a higher
fraction of variants are homozygous. Second, while most of the Ms-line phenotypes were not
responsive to HSP90 inhibition, of the ones that were responsive, they were much more likely to
result in increased penetrance after HSP90 perturbation. I show in Figure 2.4B five
representative early seedling traits: dwarf, severe developmental delay, deformed aerial organs,
lesions on cotyledons, and aborted seedlings (see Supplemental figures 2.3 and 2.4 for data
summaries and additional phenotypic frequencies).

Dwarf and severe developmental delay phenotypes are complex and known to be HSP90
responsive in a background dependent manner'®®. For the trait of dwarfed seedlings, I observed
that Col-0 is highly responsive to GdA treatment. This result is not surprising because HSP90
chaperones several growth-related proteins, such as genes in the auxin and brassinosteroid
signaling pathways’”-**166-168 (see Chapter 5). For many of the M lines, I observed that they are
also highly responsive to HSP90 reduction, implying that variants within the Col-0 background
are epistatic to EMS-generated variants (Figure 2.4B). I observed for the dwarf phenotype one
significant instance of negative interaction with HSP90 (Fisher’s exact test: p-adj<0.01,
OR=0.3). For severe developmental delay, I observed that while this trait was somewhat frequent
among the Ms-lines, few were significantly responsive to HSP90-inhibition. Specifically, I
observed two GM lines and one DM line that possessed a significant positive interaction with
HSP90; I saw no significant negative interactions for this trait (Fisher’s exact test: p-adj<1.0E-

03, OR>13.07) (Figure 2.4B).
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Like the previously described size-related traits, deformed aerial organ traits are HSP90-
responsive in a background-dependent fashion!*>1%%, Furthermore, many of our Ms-lines had
parents that were selected for deformed aerial organ phenotypes, and as expected, many of these
selected traits were heritable (21/32 lines). I detected in our data six GM lines and one DM line
with a significant and positive interaction to HSP90 perturbation (Fisher’s exact test: p-adj<0.05,
OR>4.3). Five out of seven of these significantly responsive lines possessed low penetrance of
deformed organs in DMSO conditions; such a phenomenon supports previous observations that
HSP90-dependent phenotypes exist at low frequencies in un-perturbed conditions!*-158:16%,
Adhering to the predicted scenarios, I also detected two GM lines with significant negative
responses to HSP90 perturbation (Fisher’s exact test: p-adj<0.05, OR<0.03).

The trait of lesions on cotyledons is responsive to HSP90 perturbation in the Col-0
background'>? (see Chapter 3). Lesions are often representative of the hypersensitive response, a
plant defense strategy to ward off pathogen attack through localized cell death!”’. Several
immune-related signaling receptors and R-proteins are HSP90 clients, making a plausible
mechanistic link between HSP90-inhibition and aberrant plant immune responses’ 3171173,
Like frequency of dwarfed seedlings, I saw in Col-0 and many M3-lines that frequency of this
trait significantly increases when HSP90 function is reduced (Figure 2.4B). Five GM lines and
one DM line were significantly responsive to HSP90 perturbation in the positive direction
(Fisher’s exact test: p-adj<0.05, OR>5.0). No negative interactions were observed. One
explanation for these data is that lesion-associated variants in the Col-0 background are epistatic

to EMS-derived variants. However, I do observe for five M3 lines that the lesion phenotype is

significantly more penetrant than in Col-0, suggesting that genes contributing to this this trait are
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frequent and possibly sensitized to perturbation from new mutations, even more so if HSP90
cannot buffer them (Fisher’s exact test: p-adj<0.05, OR>2.0) (Figure 2.4B).
I predicted that genes associated with seedling lethality, like embryonic lethality, may be

sensitized to HSP90 perturbation. Indeed, I detected a modest increase in frequency of this

phenotype under low HSP90 conditions for some Ms-lines. Specifically, I observed one GM line
with a significant positive interaction and one DM line with a significant negative interaction
with HSP90 perturbation (Fisher’s exact test: p-adj<0.05, OR>2.0) (Figure 2.4B). In contrast to
our initial prediction, I did not observe widespread increased penetrance of this phenotype,
suggesting that already by the M3 generation lethal genetic variants have been mostly selected
against.

To detect larger patterns in the M data, I clustered the ORs of Col-0 and each tested M3
line for DMSO vs. GAA comparisons (Figure 2.4C). I found substantial and significant increase
in the incidence of at least one aberrant phenotype in almost every Ms-line tested (Figure 2.4C).
Furthermore, I detected one distinct cluster in our data reflecting ~2 of the Ms-lines that behave
similarly to Col-0 when HSP90 is perturbed (Figure 2.4C). The traits of discolorations and
epinastic organs also cluster closely together and maybe reflective of a general response to
HSP90 inhibition or the growth conditions required for GdA experiments. I also observed that
deformed aerial organ, epinastic cotyledon, and severe developmental delay traits cluster closely
together, suggesting that these phenotypes are highly correlated in our data. When looking at
clustered ORs calculated from comparing GdA-treated Col-0 to each GdA-treated M3 line, |
observed evidence of increased effect size for deformed organ phenotypes in over %2 of M3 lines,

thus adding support that selected phenotypes were heritable (Supplemental figure 2.5).
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To further confirm the genetic nature of some of these HSP90-responsive traits, I selected
three lines that displayed increased penetrance of deformed organ phenotypes under HSP90-
reduced conditions (OR>4.5) and backcrossed them to Col-0 to further characterize their
inheritance patterns in the F> generation. I chose lines GM6, GM9, and GM17 for further
analysis because they possessed significantly high ORs compared to GdA-treated Col-0 and their
DMSO-treated M3 counterparts (Fisher’s exact test: p-adj<0.05, OR>4.5). I observed for all three
F> populations that selected deformed organ phenotypes were partially penetrant in mock
conditions and significantly increased in penetrance under HSP90-reduced conditions (Fisher’s

exact test: p-adj<0.05, OR>2.0) (Supplemental figure 2.6).

2.3 Discussion

I present data supporting that HSP90 interacts with new genetic variation. In the M and
M; generations, [ observed that HSP90 perturbation by either genetic or pharmacological insult
significantly increases the penetrance of EMS-generated mutations. In the M»> generation, I also
found that populations enriched for deleterious variants had more aberrant phenotypes regardless
of HSPIO status. In the M3 generation, I tracked heritability of putative HSP90-dependent
phenotypes and observed that 13/32 Ms-lines possessed heritable phenotypes that were HSP90-
responsive. | validated our results in the M3 generation by backcrossing selected individuals to
wild-type and assaying inheritance patterns in F» populations. In the F»> generation, I saw that
HSP90-responsive phenotypes were heritable, and some were at least partially penetrant under
mock conditions. Just as with pre-existing genetic variation®>!47:136174175 "HSP9() appears to play

a role in buffering phenotype against some de novo genetic variation.
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Currently, I am performing mapping-by-sequencing for the generated F» populations to
further validate our findings. For these experiments, recombinant F» seedlings with abnormal
phenotypes are pooled and deeply sequenced. Specifically, I will sequence two pools of mutants:
100 DMSO-grown affected Fas and 100 GdA-grown affected Fzs. After sequencing, I should
observe a strong association between certain EMS-induced mutations and their presence in the
mutant-phenotype pools. Once identified, I will validate these variants with standard genetic
analyses.

One limitation of our studies is that almost all the phenotypes I assayed, with exceptions
of lesion and lethality traits, are not only partially penetrant, they are continuous traits that were
reduced to binary categories. My approach was amenable to quickly phenotyping many
individuals. However, I may have reduced our discovery power and only been able to detect only
variants with high expressivity. To address this limitation, future work could focus on examining
M: and M3 populations for complex quantitative phenotypes, such flowering traits, dark-grown
embryonic stem length (see Figure 6.1), response to pathogens, response to heat stress,
etc!32136176-178 - Fyture experiments may also benefit from automated phenotyping methods that
take advantage of image analysis software!”’. Such proposed experiments will be discussed in
Chapter 6.2.

I set out gain a better understanding of how rare or common de novo HSP90-responsive
genetic variation is. While it is still hard to predict what portion of the genome is responsive to
HSP90-perturbation on the single variant level, I do provide some evidence that while HSP90-
responsive loci may be common, de novo HSP90-sensitized loci within the A. thaliana genome
are likely rare. Specifically, I can use the data to provide rough estimates of how likely a random

mutation would interact with HSP90. In this calculation, I will use data estimates from our
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private SNV calling and the deformed organ phenotype analyses. Because deformed organ traits
were uncommon in the wild-type background, they are likely caused by EMS-variants.

Let us assume that each of the 32 examined M3-lines had 500 — 2,000 unique SNVs,
creating a pool of 16,000 — 64,000 de novo SNVs. In the data, I detected nine M3-lines that were
significantly responsive to HSP90 perturbation for deformed organ phenotypes. Assuming a false
discovery rate of 5%, at least one line was mis-phenotyped, thus giving me eight responsive
lines. Let us assume the simplest scenario that in each responsive line, a single SNV is the
causative allele, numbering a total of eight SN'Vs. If I divide the number of causative alleles by
the pool of EMS-variants, there is a 5.0E-04 — 1.24E-04 probability that a single variant will be
HSP90-responsive for severely deformed aerial organ traits. These numbers become smaller
when taking in to account the starting pool of EMS-mutants that our lines were selected from
(~800 individuals), or when considering a rarer trait such as defective gravitropism. Based on
this estimate, de novo HSP90-responsive variants are not common.

Previous studies from yeast mutation accumulation (MA) lines have implicated that de
novo HSP90-responsive variation is common and that HSP90 can only potentiate new genetic
variation'®’. It is worth noting that the examained 94 MA lines on average each accumulated ~4
single-nucleotide mutations per haploid genome, equaling ~380 new SNVs'8!. Experimentally,
the results supporting these conclusions were reported as high variance across MA lines for a
given trait in mock conditions, and modestly decreased variance of that trait under HSP90-
reduced conditions'®,

In my data, I did not observe widespread potentiation as described by Geiler-Samerotte et
al. Instead I found that while de novo HSP90-responsive variants can be found, they are not

common. | also detected many instances of genetic variation in the Col-0 background behaving
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epistatically to new genetic variation. It is therefore likely that because Geiler-Samerotte ef al.
started with a small pool of variants they did not observe widespread interactions with HSP90,
but rather background-specific epistasis for response to HSP90 inhibition.

It should of course be stated that my estimates are just merely estimates. For instance,
these calculations do not consider the percentage of the genome that is functional and would be
sensitized to de novo genetic variation. I also do not know the number of A. thaliana genes that
are HSPIO clients or are regulated by HSP90 clients; I therefore cannot include these parameters
in my calculations. Additionally, as discussed early, the assays are designed to be able to detect
the most severe phenotypes, and I therefore may have missed HSP90-responsive variants with
low expressivity. Nevertheless, the scarcity of these variants is in line with other observations.

In yeast, for example, deep mutational scanning experiments of the non-client protein
Ste12 has provided some clues as to how likely a change to a non-client would result in HSP90
dependence. Dorrity et al. detected only two (out of ~20,000) highly sequence specific amino
acid substitutions that displayed a significant HSP90-dependence for mating behavior (see
Chapter 1.5.1 for more details)'®. Studies from cancer also posit that de novo HSP90-dependent
variants in oncogenes are highly sequence specific and rare**!'%_ Given the breadth of standing

29,41,43,44,100,101,108

genetic variation that is responsive to HSP90 perturbation , mutations that newly

arise likely play only a minor role in most HSP90-dependent phenotypes.
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Figure 2.1: Experimental set-up of mutagenesis experiments. (A) Experimental guide for
analyzing phenotypes in the M, M2, and M3 generations. (B) Mutant phenotype index for 10-
day-old seedling traits going from wild-type-like (0) to very mutant-like (4). (C) Example
seedlings from the Mz generation that show a variety of mutant phenotypic scores and severity

of phenotypes. Scale bars equal 1 mm.
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Figure 2.2: HSP90-reduced seeds show a higher penetrance of embryonic lethal
mutations. (A) Schematic showing experimental guide for Figure 2.2. (B) Live seeds per silique
after EMS treatment. EMS-treated seeds were placed on soil and grown into self-fertilizing
adults. One silique was collected from 50 individuals for each genotype/treatment and number
of live and dead seeds per silique were counted. *p<0.05, Student’s unpaired t-test. Error bars
represent standard deviation. (C) Estimated number of embryonic lethal mutations per diploid
genome after EMS mutagenesis. u (average number of embryonic lethal mutations per diploid
genome) was calculated by using the following the equation: u=In(Y)-In(X), where Y equals the
number of siliques collected from My’s within a genotype/treatment and X equals the number of
those siliques without dead seeds. *p<1.0E-06, Poisson regression. Error bars represent
standard error as calculated from the Poisson distribution. (D) Distribution of detected unique
SNVs after whole genome sequencing of six Col-0 M2 and six HSP90 RNAI-C1 M. individuals.
Read color denotes SNVs detected in HSP90 RNAI-C1 M plants, and gray color denotes SNVs
in Col-0 M plants. (E) Frequency of new SNVs in Col-0 M, and HSP90-RNAi M; individuals.

Error bars represent 95% confidence intervals. p=0.4979, Student’s unpaired t-test.
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Figure 2.3: HSP90 perturbation increased penetrance of new mutations in the M;

generation. (A) Schematic showing experimental guide for Figure 2.3. (B) Dose response to

the HSP9O0 inhibitor to Geldanamycin (GdA) in Col-0 and M: seedlings. Y-axis measures

percent phenotypic frequency of seedlings with phenotypic scores > 3 (highly mutant-like

individuals) (See Figure 2.1 for mutant phenotype index). Col-0 groups: DMSO, n=731; 0.3 uM
GdA, n=143; 0.6 uM GdA, n=319; 1.0 uM GdA, n=243. M, groups: DMSO, n=1394; 0.3 uM
GdA, n=492; 0.6 uM GdA, n=933; 1.0 uM GdA, n=1488. *p-adj<0.05, **p-adj<1.0E-07, ***p-
adj<1.0E-15, Fisher’s exact test. See Supplemental table 2.2 for all Odds Ratios and p-values.

(C) Genetic perturbation of HSP90 results in increased penetrance of new mutations in M
seedlings. Col-0 groups: control, n=347; Mz, n=817. HSP90 RNAIi-A1 groups: control, n=314;
M., n=688. HSP90 RNAI-C1 groups: control, n=362; Mz, n=632. *p-adj<0.05, **p-adj<1.0E-07,

Fisher’s exact test. Error bars represent standard error as calculated by: SE = sqrt(p(100-p)/n),

where p equals the percentage of affected seedlings and n equals the number of observations.
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Figure 2.4: Assays for heritability of HSP90-responsive phenotypes. (A) Schematic
showing experimental guide for Figure 2.4. (B) Frequencies of selected phenotypes in Col-0
and Ma-lines in response to HSP90-reduced (0.5 uM GdA) or mock conditions (DMSO). Black
lines represent Col-0 response to HSP90-perturbation across three biological replicates. Red
colors denote 10% (5% for frequency of aborted seedlings) increase in phenotypic frequency
under HSP90-reduced conditions and blue colors denote 10% decrease in phenotypic
frequency under HSP90-reduced conditions (5% for frequency of aborted seedlings). Gray color
denotes non-responsive lines. Per treatment: n~144 for Col-0 groups and n~72 for M3 groups.
*p-adj<0.05, Fisher’s exact test. *p-adj<0.05, Fisher’s exact test. (C) Heatmap of clustered odds
ratios for GdA vs. DMSO comparisons as calculated for Col-0 (green box) and the Ms-lines
across 16 early seedling phenotypes. Blue labeled phenotypes correspond to phenotypes

shown in Figure 4.4B. *p-adj<0.05, Fisher’s exact test.
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2.5 Materials and Methods

Plant Growth Conditions: Columbia-0 (Col-0) was used as wild-type reference. HSP90 RNAI-
A1 and HSP90 RNAIi-C1 were in the Col-0 background'>?. For experiments, seeds were
sterilized with ethanol and plated onto 1x Murashige and Skoog (MS) basal salt medium
supplemented with 1x 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 days, 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 umol-m—2-s—1 by cool-white fluorescent bulbs; for Geldanamycin experiments, plates
were placed under a long-pass yellow filter that blocks 454 nm light'®?. Seedlings were then
scored for mutant phenotypes at day 10. Geldanamycin was purchased from Sigma Aldrich
(G3381), diluted in DMSO, and used for M and M> experiments. Geldanamycin was purchased

from LC Laboratories (G-4500), diluted in DMSO, and used in the M3 heritability experiments.

M3 heritability experiments: I selected 44 M; individuals with aberrant phenotypes, grown on
either 0.5 uM GdA or DMSO (Supplemental table 2.3 for parental phenotypes of surviving
parents). For the selected seedlings, ~50% survived the transfer and produced progeny
(Supplemental Figure 2.4A). The resulting M3 progeny, called either DM (DMSO-grown, M»-
parent) or GM (GdA-grown, Ma-parent) lines were then assayed for 16 early seedling
phenotypes with 0.5 uM GdA and DMSO. For phenotyping of M3-lines, each line was assigned
a non-matching number and was plated and scored blindly. Seedlings were photographed with a

Canon Power Shot S5 IS camera and were edited using Adobe Photoshop CC 2017.
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EMS Mutagenesis: For each genotype and treatment, 50 mg of seeds were weighed out (~2500
seeds). Seeds were sterilized by a 10-minute wash in 70% ethanol (v/v) with 0.1% Triton-X
(v/v), followed by a five-minute wash with 95% ethanol (v/v) and one wash with sterile water.
Seeds were then transferred to a tube containing 12 ml of 0.0005% Tween (v/v). EMS (ethyl
methanesulfonate, Sigma-Aldrich, M0880) was added to a final concentration of either 0.2%
(v/v) or 0.4% (v/v) in each experimental tube. Control samples received only Tween treatment
but no EMS. Samples were then rotated at room temperature for 15 hours. Samples were washed

eight times for 10 minutes in sterile water and then plated on plant media.

Whole genome sequencing: A. thaliana genomic DNA was extracted from one adult leaf per
individual using the CTAB method'®!. Total DNA was then quantified using the Qubit HS
dsDNA assays according to the manufacturer’s instructions. Sequencing libraries were generated
using the Nextera (Illumina) sample kit according to the manufacturer’s instruction. Libraries
were then quality checked on the Agilent 2100 bioanalyzer using a DNA high-sensitivity chip
(Agilent). The samples were sequenced by Genewiz on an Illumina Hi-seq in a 100-bp paired-

end run to an average depth of 12x-coverage.

Data analysis for whole genome sequencing: WGS reads were aligned to the TAIR10 release

genome (http://www.arabidopsis.org/) using the default parameters of BWA!33. Aligned reads

with MapQ scores less than 35 were discarded. A VCF file was then generated using SAMtools

(http://samtools.sourceforge.net). Variants were further filtered for the following criteria:

minimum coverage = 6, minimum base quality = 25, minor allele frequency = 0.3. I filtered each

VCEF file for unique mutations (i.e. unshared with any other sample within either Col-0 or HSP90
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RNAIi-C1) as these were likely caused by EMS mutagenesis. After identifying unique and private
SNVs, I counted the number of total non-reference transitions and transversions for each

individual. See Supplemental Table 1 for information about variants called.

Statistical analysis: All statistical analyses were performed in R Version 3.2.5. Comparisons of
seedling mutant frequencies were performed with Fisher’s exact test. Embryonic lethality
comparisons were modeled with Poisson regression using a general linear model. Student’s t-
tests performed for live seed data and mutation frequency data. When appropriate, p-values were

adjusted using the R package “p.adjust,” with method= “fdr.”
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2.6 Supplemental materials
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Supplemental Figure 2.1: Analysis pipeline for SNV calling in M plants. One leaf was
collected from six wild-type-like Col-0 M, and six wild type-like HSP90 RNAI-C1 M. adult plants.
DNA was then extracted using the CTAB method'®'. DNA was quantified using the Agilent
Bioanalyzer DNA 1000 chip to determine fragment sizes and concentration of DNA. Only
samples with high molecular weight DNA were used (fragments > 10 kb). To generate
sequencing libraries, the Nextera (lllumina) library preparation kit was used according to the
manufacturer’s instructions. Libraries were then sent out for sequencing with Genewiz.
Sequencing was performed with an lllumina HiSeq in a paired-end, 100 bp run. Samples were
sequenced to an average depth of ~12x-coverage. Sequencing reads were aligned to the
TAIR10 genome with BWA'8® and reads with MapQ scores < 35 were discarded. SNV calling
was performed using SAMtools version 1.2 and BCFtools version 1.3.1. The following command
was used: samtools mpileup -Ou -f TAIR10_chr_all.fas in.bam | bcftools call -Ov -mv > out.vcf.
Variants were further filtered for base quality of 25, 0.3 minor allele frequency, and at least six
reads of coverage. Filtered variants were then compared to each individual within a genotype to
identify unique, un-shared SNVs for each individual. SNVs were then classified as either

transitions or transversions.
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Supplemental Figure 2.2: HSP90 perturbation increases penetrance of new mutations in
the M4 generation. (A) Schematic showing experimental guide for Supplemental figure 2. (B)
Genetic perturbation of HSP90 results modestly increased penetrance of new mutations in My
seedlings. Seeds were treated with 0.2% EMS and scored for abnormal phenotypes at day 10.
Col-0 groups: control, n=213; M, n=948. HSP90 RNAIi-A1 groups: control, n=206; M1, n=1009.
HSP90 RNAI-C1 groups: control, n=206; M+, n=961. *p-adj<0.056, Fisher’s exact test. Error
bars represent standard error as calculated by: SE = sqrt(p(100-p)/n), where p equals the
percentage of affected seedlings and n equals the number of observations. Please see
Supplemental Table 2 for all Odds Ratios and p-values. (C) Pharmacological inhibition of
HSP9O0 results in increased frequency of abnormal M1 seedlings. Seeds were treated with two
doses of EMS and plated on media containing either DMSO or 1.0 yM GdA and scored for
abnormal phenotypes at day 10 (See Figure 2 for mutant phenotype index). DMSO groups:
control, n=144; 0.2% EMS, n=530; 0.4% EMS, n=355. 1.0 uM GdA groups: control, n=36; 0.2%
EMS, n=540; 0.4% EMS, n=329. ***p-adj<1.0E-08, Fisher’s exact test.
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Number of lines 10 29,
Number of with at least one heritable phenotype 8 21
Number of lines with at least one HSP90-responsive and heritable phenotype 2 17
Number of lines with at least one significant, HSP90-responsive, and heritable phenotype 1 12
Number of parental phenotypes 13 48
Number of heritable phenotypes 9 36
Number of HSP90-responsive and heritable phenotypes 2 21
Number of significant, HSP90-responsive, and heritable phenotypes 1 15

Supplemental Figure 2.3: Summary Ms-line data. (A) Schematic showing experimental guide
for Supplemental figure 2.3. (B) 21 DMSO-grown and 44 Geldanamycin (GdA)-grown M,
seedlings were selected for deformed aerial organ traits. Of those selected lines, ~50% survived
transfer and were fertile. (C) Summary of heritability of phenotypes in the 32 Mas-lines.
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Supplemental Figure 2.4: Assays for heritability of HSP90-responsive phenotypes not

shown in Figure 2.4. Frequencies of selected phenotypes in Col-0 and Ms-lines in response to
HSP90-perturbation (0.5 uM GdA) or mock conditions (DMSO). Black lines represent Col-0

response to HSP90-perturbation. Red color denotes 10% increase in phenotypic frequency

under HSP90-reduced conditions and blue color denotes 10% decrease in phenotypic

frequency under HSP90-reduced conditions. Gray color denotes non-responsive lines. Per

treatment: n~144 for Col-0 groups and n~72 for Ms groups. *p-adj<0.05, Fisher’s exact test.
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Supplemental Figure 2.5: Ms-lines show increased heritability of deformed organ
phenotypes. Heatmap of clustered odds ratios for 0.5 yM GdA-treated Col-0 vs. 0.5 yM GdA-
treated Ms-lines comparisons as calculated across 16 early seedling phenotypes. Black asterisk
("), p-adj<0.05, Fisher’s exact test, significance towards the Ms-line. Blue asterisk (*), p-

adj<0.05, Fisher’s exact test, significance towards Col-0.
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Supplemental Figure 2.6: Selected HSP90-responsive phenotypes are heritable. Three Ms-
lines that showed evidence of deformed organ phenotypes that are HSP90-repsonsive were
selected to be backcrossed to Col-0. The resulting F2 populations show increased penetrance of
deformed organs traits when HSP90 is inhibited. Left column: selected Ms-lines and response to
0.5 uM GdA treatment. Right column: Ms-line F2 populations and response to 0.5 uM GdA
treatment. Errors bars represent standard error of the mean across two biological replicates. *p-
adj<0.05, **p-adj<1.0E-04, ***p-adj<1.0E-14, Fisher’s exact test.
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Supplemental Figure 2.7: Scatter plots of M1 and M. scores shown in Figure 2.3 and
Supplemental figure 2.2. Scores from each genotype and treatment are displayed. For the M
generation, a phenotypic cutoff was placed at seedlings with mutant index scores > 2. For M,

experiments, a phenotypic cutoff was placed seedlings with mutant index scores > 3.
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Genotype Individual X-coverage  Transitions Transversions Ti/Tv SNVs/kb

(Ti) (Tv)

Col-0 M; 1 10.06 687 119 5.77 1.29E-08
Col-0 M, 2 15.00 812 535 1.51 1.4E-08
Col-0 M, 3 12.03 437 162 2.70 7.77E-08
Col-0 M; 4 12.34 664 144 4.61 1.05E-08
Col-0 M» 5 11.68 698 152 4.59 1.04E-08
Col-0 M, 6 13.14 941 445 2.11 1.61E-08
HSP90-RNAi C1 M; 1 7.41 621 73 8.51 1.41E-08
HSP90-RNAi C1 M: 2 10.67 934 114 8.19 1.54E-08
HSP90-RNAi C1 M, 3 14.32 768 173 4.44 1.20E-08
HSP90-RNAi C1 M» 4 14.67 1292 477 3.13 1.87E-08
HSP90-RNAi C1 M; 5 13.86 754 432 1.75 1.20E-08
HSP90-RNAi C1 M; 6 9.77 447 93 4.81 8.35E-08

Average -- 12.08 754.58 243.25 4.34 2.48E-08

Supplemental table 2.1: Summary of whole genome sequencing and private SNV calling for selected

M; individuals.
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Comparison Figure Test p-value  |adjusted p-value Note
Col-0 vs. Col-0 0.2% EMS, number of live seeds, pilot Figurc 2.2B Student's unpaired t-test <1.0E-04 |N/A

Col-0 vs. Col-0 0.4% EMS, number of live seeds, pilot Figure 2.2B Student's unpaired t-test <1.0E-04 [N/A

Col-0 vs. Col-0 0.2% EMS, number of live seeds Figure 2.2B Student's unpaired t-test <1.0E-04 |N/A

HSP90 RNAi-Al vs. HSP90 RNAi-A1 0.2% EMS, number of live seeds Figure 2.2B Student's unpaired t-test <1.0E-04 |[N/A

HSP90 RNAi-C1 vs. HSP90 RNAI-C1 0.2% EMS, number of live seeds Figure 2.2B Student's unpaired t-test <1.0E-04 |N/A

Col-0 0.2% EMS vs. HSP90 RNAi-A1 0.2% EMS, number of live seeds Figure 2.2B Student's unpaired t-test 0.62 N/A

Col-0 0.2% EMS vs. HSP90 RNAi-C1 0.2% EMS, number of live seeds Figure 2.2B Student's unpaired t-test 0.06 N/A

Col-0 control pilot vs. Col-0 control, number of live seeds Figure 2.2B Student's unpaired t-test <1.0E-04 |N/A

Col-0 0.2% EMS pilot vs. Col-0 0.2% EMS, number of live seeds Figure 2.2B Student's unpaired t-test 0.03 N/A

Col-0 0.2% EMS vs. HSP90 RNAi-C1 0.2%, number of dead seeds Figure 2.2C GLM, dead.seeds ~ (Genotype), poisson |3.70E-08 |N/A

Col-0 0.2% EMS vs. HSP90 RNAi-C1 0.2% EMS, number of dead seeds Figure 2.2C GLM, dead.seeds ~ (Genotype), poisson  |1.22E-07 [N/A

Col-0 0.2% EMS vs. HSP90 RNAi-Al 0.2% EMS, number of dead seeds Figure 2.2C GLM, dead.seeds ~ (Genotype), poisson  |0.13 N/A

Col-0 0.2% EMS vs. Col-0, number of dead seeds, pilot Figure 2.2C GLM, dead.seeds ~ (Genotype), poisson  |<2.0E-16 [N/A

Col-0 0.4% EMS vs. Col-0, number of dead seeds, pilot Figure 2.2C GLM, dead.sceds ~ (Genotype), poisson  |1.08E-11 [N/A

Col-0 M, SNVs vs. C1 M,, number of SNVs Figure 2.2E Student's unpaired t-test 0.5 N/A

M, DMSO vs. M, | uM GdA, 0.2% EMS, score >2 Supplemental figure 2.2C  |Fisher's exact test 2.20E-16 |3.85E-16 OR: 138.87
Col-0 1 pM GdA vs. M, 1 uM GdA, 0.2% EMS, score > 2 Supplemental figure 2.2C |Fisher's exact test 7.18E-16 |1.01E-15 OR: 51.85
Col-0 DMSO vs. M; DMSO, 0.2% EMS, score > 2 Supplemental figure 2.2C |Fisher's exact test 1.83E-10 |2.13E-10 OR:5.75
Col-0 DMSO vs. M; DMSO, 0.4% EMS, score > 2 Supplemental figure 2.2C |Fisher's exact test 2.20E-16 |3.85E-16 OR: Inf
M, DMSO vs. M, 1 uM GdA, 0.4% EMS, score >2 Supplemental figure 2.2C |Fisher's exact test 2.20E-16 |3.85E-16 OR: Inf
Col-0 I uM GdA vs. M, 1 uM GdA, 0.4% EMS, score > 2 Supplemental figure 2.2C |Fisher's exact test 2.20E-16 |3.85E-16 OR: 12.17
Col-0 1 pM GdA vs. Col-0 DMSO, score > 2 Supplemental figure 2.2C |Fisher's exact test 1.14E-09 [1.14E-09 OR: 14.34
Col-0 M, vs. HSP90 RNAIi-C1 M, score > 2 Supplemental figure 2.2B  |Fisher's exact test 7.28E-03 |1.70E-02 OR: 1.731
Col-0 M, vs. HSP90 RNAi-Al M, score >2 Supplemental figure 2.2B  |Fisher's exact test 5.40E-01 [6.86E-01 OR: 1.171
HSP90 RNAi-C1 vs. HSP90 RNAi-C1 M,, score > 2 Supplemental figure 2.2B |Fisher's exact test 3.21E-02 |5.61E-02 OR: 1.55
HSP90 RNAi-A1 vs. HSP90 RNAi-A1 M, score > 2 Supplemental figure 2.2B |Fisher's exact test 6.76E-09 |4.732E-08 OR: 8.82
Col-0 vs. Col-0 M,, score > 2 Supplemental figure 2.2B  |Fisher's exact test 0.60 0.69 OR: 1.14
Col-0 vs. HSP90 RNAi-C1, score >2 Supplemental figure 2 2B |Fisher's exact test 0.69 0.69 OR:1.12
Col-0 vs. HSP90 RNAi-A1, score > 2 Supplemental figure 2.2B |Fisher's exact test 9.56E-06 |1.59E-05 OR: 0.13
M, DMSO vs. M, 0.6 uM GdA, score >3 Figure 2.3B Fisher's exact test 2.2E-16 |5.50E-16 OR:3.52
M, DMSO vs. M, 1 uM GdA, score > 3 Figure 2.3B Fisher's exact test 2.2E-16 |5.50E-16 OR: 5.79
Col-0 DMSO vs. Col-0 1 uM GdA, score >3 Figure 2.3B Fisher's exact test 2.2E-16 |5.50E-16 OR: 7.55
Col-0 0.6 uM GdA vs. M, 0.6 uM GdA, score >3 Figure 2.3B Fisher's exact test 2.2E-16 |5.50E-16 OR: 4.62
Col-0 1 uM GdA vs. M, | uM GdA, score > 3 Figure 2.3B Fisher's cxact test 1.37E-08 [2.74E-08 OR: 2.22
Col-0 DMSO vs. Col-0 0.6 uM GdA, score >3 Figure 2.3B Fisher's exact test 3.34E-05 |[4.77E-05 OR: 221
Col-0 0.3 uM GdA vs. M, 0.3 uM GdA, score >3 Figure 2.3B Fisher's exact test 1.66E-03 [2.10E-03 OR: 2.16
M, DMSO vs. M, 0.3 uM GdA, score >3 Figure 2.3B Fisher's exact test 0.026 0.03 OR: 1.31
Col-0 DMSO vs. Col-0 0.3 uM GdA, score >3 Figure 2.3B Fisher's exact test 0.04 0.04 OR: 1.75
Col-0 DMSO vs. M, DMSO, score > 3 Figure 2.3B Fisher's exact test 2.25E-16 [2.25E-16 OR: 2.90
HSP90 RNAi-C1 vs. HSP90 RNAi-C1 M,, score >3 Figure 2.3C Fisher's exact test 22E-16 |3.67E-16 OR: 8.84
Col-0 vs. Col-0 M,, score >3 Figure 2.3C Fisher's exact test 2.2E-16 |3.67E-16 OR: 12.25
HSP90 RNAi-A1 vs. HSP90 RNAi-A1 M,, score > 3 Figure 2.3C Fisher's exact test 2.2E-16 |3.67E-16 OR: 10.69
Col-0 vs. HSP90 RNAi-C1, score > 3 Figure 2.3C Fisher's exact test 0.03 0.04 OR: 2.80
Col-0 vs. HSP90 RNAi-A1l, score > 3 Figure 2.3C Fisher's exact test 0.59 0.59 OR: 1.48
GM6 DMSO vs. GM6 0.5 uM GdA, 2 replicates, frequency of deformed organs Figure 2.3C Fisher's exact test 0.01 0.02 OR: 4.68
Col-0 0.5 uM GdA, vs. GM6 0.5 uM GdA, 2 replicates, frequency of deformed organs Figure 2.3C Fisher's exact test 2.20E-16 |3.96E-15 OR: 55.71
GM6 F, DMSO vs. GM6 F, 0.5 uM GdA, 2 replicates, frequency of deformed organs Supplemental figure 2.6  |Fisher's exact test 2E-08 1.20E-07 OR: 18.00
Col-0 0.5 uM GdA, vs. GM6 F, 0.5 uM GdA, 2 replicates, frequency of deformed organs Supplemental figure 2.6 |Fisher's exact test 3.76E-03 |6.77E-03 OR:3.23
GM9 DMSO vs. GM9 0.5 uM GdA, 2 replicates, frequency of deformed organs Supplemental figure 2.6  |Fisher's exact test 1.28E-04 [2.56E-04 OR: 4.76
Col-0 0.5 uM GdA, vs. GM9 0.5 uM GdA, 2 replicates, frequency of deformed organs Supplemental figure 2.6 |Fisher's exact test 2.35E-07 |1.06E-06 OR: 8.25
GM6, GM9, GM17 control: Col-0 DMSO vs. Col-0 0.5 uM GdA, 2 replicates, frequency of deformed organg Supplemental figure 2.6 [Fisher's exact test 0.05 0.054 OR: 7.64
GM9 F, DMSO vs. GM9 F, 0.5 uM GdA, 2 replicates, frequency of deformed organs Supplemental figure 2.6 |Fisher's exact test 9.81E-05 |2.21E-04 OR: 4.59
Col-0 0.5 uM GdA, vs. GM9 F, 0.5 uM GdA, 2 replicates, frequency of deformed organs Supplemental figure 2.6  |Fisher's exact test 2.2E-05 |5.66E-05 OR:5.12
GM6, GMY, GM17 F, control: Col-0 DMSO vs. Col-0 0.5 uM GdA, 2 replicates, frequency of deformed org{Supplemental figure 2.6  [Fisher's exact test 0.05 0.05 OR: 6.64
GM17 DMSO vs. GM17 0.5 uM GdA, 2 replicates, frequency of deformed organs Supplemental figure 2.6 |Fisher's exact test 4.80E-04 [7.86E-03 OR:2.34
Col-0 0.5 uM GdA, vs. GM17 0.5 uM GdA, 2 replicates, frequency of deformed organs Supplemental figure 2.6 |Fisher's exact test 1.33E-09 [1.197E-08 OR: 10.28
GM17F, DMSO vs. GM17 F, 0.5 uM GdA, 2 replicates, frequency of deformed organs Supplemental figure 2.6  |Fisher's exact test 9.02E-07 |3.25E-06 OR: 8.10
Col-0 0.5 uM GdA, vs. GM17 F, 0.5 uM GdA, 2 replicates, frequency of deformed organs Supplemental figure 2.6 |Fisher's exact test 1.62E-05 |4.86E-05 OR:5.15
GM6, GM9, GM17 control: Col-0 DMSO vs. Col-0 0.5 uM GdA, 2 replicates, frequency of deformed organg Supplemental figure 2.6 [Fisher's exact test 0.048 0.05 OR: 7.64
GM6, GM9, GM17 F, control: Col-0 DMSO vs. Col-0 0.5 uM GdA, 2 replicates, frequency of deformed org{Supplemental figure 2.6 |Fisher's exact test 0.05 1 OR: 6.659

Supplemental table 2.2: Summary of p-values used Figure 2.2, Figure 2.3, Supplemental Figure 2.2,

and Supplemental Figure 2.6.
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Line number  Parental phenotypes: heritability = Parental phenotypes responsive (+/~) *p-adj<0.05

DM1 Deformed aerial organs: yes Deformed aerial organs: no

Dwarf: no
Epinastic cotyledons: no
Dcformed acrial organs: yes (+)*

DM2 Dwarf: yes
Epinastic cotyledons: yes
Dcformed acrial organs: ycs

DM3 Deformed aerial organs: yes Deformed aerial organs: yes (+)
DM4 Deformed aerial organs: yes Deformed aerial organs: no
DMS5 Deformed aerial organs: no

DMeé Decformed acrial organs: yes Deformed acrial organs: no
DM7 Delormed aerial organs: yes Deformed aerial organs: no
DMS8 Epinastic true leaves: yes Epinastic true leaves: no

Deformed aerial organs: yes

Deformed aerial organs: no

DM9 Delormed aerial organs: no Delormed aerial organs: no
DM10 Deformed acrial organs: no Decformed acrial organs: no
GM1 Epinastic cotyledons: yes Epinastic cotyledons: no
Deformed aerial organs: yes Deformed aerial organs: yes (+)
Discolorations: no
GM2 Dwarf: yes Deformed aerial organs: yes (+)
Deformed aerial organs: yes
GM3 Dwarf: yes Dwarf: yes (+)*
Asymmetric rosette: no
Deformed aerial organs: no
GM4 Epinastic cotyledons: yes Epinastic cotyledons: no
Deformed aerial organs: yes Deformed aerial organs: no
GM5 Dwarf: yes Dwarf: yes (+)*
Epinastic cotyledons: yes Epinastic colyledons: no
GM6 Deformed aerial organs: yes Delormed aerial organs: yes (+)*
Asymmetric aerial organs: no
GM7 Deformed aerial organs: yes Deformed aerial organs: yes (+)
GMS8 Epinastic cotyledons: yes Epinastic cotyledons: no
Deformed aerial organs: yes Deformed aerial organs: no
GM9 Extra aerial organs: no
GM10 Dwarf: yes Dwarf: no

Epinastic cotyledons: no
Deformed aerial organs: yes (+)
Dwarf: yes (+)*

Deformed aerial organs: yes (+)*

Epinastic cotyledons: yes

Deformed aerial organs: yes
GM11 Dwarf: ycs

Extra aerial organs: no

Delormed aerial organs: yes

GM12 Dwarf: yes Dwarf: no

GM13 Epinastic true leaves: no
Deformed aerial organs: yes

Deformed aerial organs: no

GM14 Deformed acrial organs: yes Dcformed acrial organs: yes (+)*
GM15 Severe developmental delay: yes Severe developmental delay: yes (+)
Dwart: yes Dwarf: no
Deformed aerial organs: yes Deformed aerial organs: yes (+)
GM16 Dwarf: ycs Dwarf: no

Lesions on cotyledons: yes
Delormed aerial organs: yes

Lesions on cotyledons: yes (+)*
Delormed aerial organs: no

GM17 Severe developmental delay: no Dwarf: yes (H)*
Dwarf: yes
Missing aerial organs: no

GM18 Dwarl: yes Dwarl: yes (+)*

Lesions on cotyledons: yes
Deformed acrial organs: no

Lesions on cotyledons: no

GM19 Dwarf: yes Dwarf: yes (-)*

Deformed aerial organs: yes Deformed acrial organs: yes (-)*
GM20 Dwarf: yes Dwarf: yes (+)*

Deformed aerial organs: yes Deformed aerial organs: yes (+)*
GM21 Dwarf: yes Dwarf: ves (+)*

Deformed aerial organs: no
GM22 Missing aerial organs: no Deformed aerial organs: yes (+)*

Deformed aerial organs: yes

Supplemental table 2.3: Summary Ms-line parental phenotypes and heritability of traits.
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Chapter 3: ARGONUATE 1 is a source of environmental robustness*>

Abstract

The crucial role of miRNAs in plant development is exceedingly well supported; their
importance in environmental robustness is studied in less detail. Here, we describe a novel,
environmentally-dependent phenotype in hypomorphic ago/ mutants and uncover its
mechanistic underpinnings. AGOI is a key player in miRNA-mediated gene regulation. We
observed transparent lesions on embryonic leaves of ago /-mutant seedlings. These lesions
increased in frequency in full spectrum light. Notably, the lesion phenotype was most
environmentally responsive in ago/-27 mutants. This allele is thought to primarily affect
translational repression, which has been linked with response to environmental perturbation.
Using several lines of evidence, we found that these lesions represent dead and dying tissues due
to an aberrant hypersensitive response. Although all three canonical defense hormone pathways -
salicylic acid, jasmonate, and jasmonate/ethylene pathways - were upregulated in ago/ mutants,
we demonstrate that jasmonate perception drives the lesion phenotype. Double mutants of ago/
and coil, the jasmonate receptor, showed greatly decreased frequency of affected seedlings. The
chaperone HSP90, which maintains phenotypic robustness in the face of environmental
perturbations, is known to facilitate AGO1 function. HSP90 perturbation has been previously
shown to upregulate jasmonate signaling and to increase plant resistance to herbivory. Although

single HSP90 mutants showed subtly elevated levels of lesions, double mutant analysis disagreed

4 This chapter is published as “The mechanistic underpinnings of an ago1-mediated, environmentally-
dependent, and stochastic phenotype,” Plant Physiology: 170(4), 2016, pp. 15.01928, by *G.A. Mason, T.
Lemus, and **C. Queitsch. *First author, **Corresponding author.

5T.L. noted agol-dependent lesions. G.A.M., T.L., and C.Q. conceived experiments. G.A.M. and T.L.
performed experiments. G.A.M. performed data analysis. G.A.M. and C.Q. wrote the article. All authors
read, commented on, and improved the article.
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with a simple epistatic model for HSP90 and AGO|1 interaction; rather, both appeared to act non-
additively in producing lesions. In summary, our study identifies AGO1 as a major, largely

HSP90-independent, factor in providing environmental robustness to plants.

3.1 Introduction

ARGONAUTE 1 (AGO1) is an ancient, highly conserved essential protein. One of 10
functionally distinct AGO proteins in the plant Arabidopsis thaliana, AGO1 uses microRNAs
(miRNAs) to decrease the expression of target genes. AGO1 and the miRNA pathway are crucial
for many regulatory processes throughout development and in response to environmental stimuli.
As frequent components of feed forward loops, miRNAs also play important roles in controlling
gene expression noise and maintaining phenotypic robustness of specific traits in several
organisms, including plants'8,

AGO1 and miRNAs are also critical for proper plant responses to abiotic stress.
Expression levels of miRNAs respond to heat shock, cold, drought, oxidative stress, ultra-violet
light exposure, and hypoxia'®. For example, in response to drought, the expression of miR169
decreases and expression of its target gene, encoding the transcription factor NFY A5, increases
in A. thaliana'®. Increased expression of NFYAS5 supports plant survival in drought conditions.
Transgenic plants overexpressing NYFAS have drought-tolerant phenotypes; in contrast, plants
overexpressing miR 169 are drought-sensitive'®S.

In addition to orchestrating proper responses to abiotic stress, miRNAs are also
implicated in response to biotic factors such as defense against pathogens and herbivores!8’-1%°,

There is abundant evidence from expression studies!®”!8%1°1 that links miRNA expression to

disease resistance pathways. For example, MIR393 is upregulated in response to bacterial flg22,
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192 miR393 represses expression of auxin receptor

a potent trigger of innate immunity in plants
genes, which are involved in plant growth and development!®!

A highly effective plant defense mechanism is the hypersensitive response (HR), which
restricts the growth of some pathogens through ‘programmed’ cell death!”’. Pathogen perception
triggers complex multi-faceted responses, including altered ion fluxes, the initiation of MAPK
signaling cascades, the accumulation of reactive oxygen species (ROS), the induction of
downstream defense genes, and callose deposition at the cell wall, all of which are thought to
contain pathogen growth!'*>!%. The phytohormones salicylic acid, jasmonate, and ethylene are of
particular importance in HR and are critical for defense against pathogens and/or
herbivores!””"!7, The jasmonate and ethylene pathways contain several, well-characterized
miRNA targets!*>!*?. All three hormone pathways interact in a complex manner to coordinate
plant defenses in the face of constantly changing environmental challenges in nature'”’.

Salicylic acid (SA) plays a central role in resistance against biotrophic pathogens, such as
Pseudomonas syringae and turnip crinkle virus®”’. SA and ROS can act synergistically to lead to
HR-mediated localized cell death?*!22, Jasmonate (JA) regulates many processes ranging from
plant development (e.g. fertility) to defense against herbivores**-2%, JA modulates ROS
production, specifically the production of hydrogen peroxide®”. JA and SA are often thought to
act antagonistically; however, the crosstalk between these two hormones is complex!”’.

Ethylene (ET) is a positive regulator of ripening and senescence®'’. In plant defense, ET
potentiates some branches of SA-responsive gene expression®!'!, but globally represses SA-
responsive genes>'2. ET and JA synergistically promote defense against necrotrophic fungal
pathogens through ethylene responsive transcription factors (ERFs)?!*. However, ET represses

JA-dependent herbivory responses?!* antagonizing the transcription factor MY C2213:215:216,
p y resp g g p
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Here, we provide evidence that AGO1 maintains phenotypic robustness in the face of an
environmental challenge and integrates environmental signals through these canonical defense
pathways. We show that ago/ mutant plants develop lesions on embryonic leaves (cotyledons)
when grown under full spectrum light conditions. We demonstrate that these lesions represent
localized cell death and originate due to stochastically occurring, aberrant HR. We show that SA,
JA, and JA/ET signaling pathways are all significantly upregulated in full spectrum light-grown
agol cotyledons, and use genetic analysis to demonstrate that lesions arise primarily due to the
JA-dependent pathway.

We also test the interaction of AGO1 with the molecular chaperone HSP90, which is
known to provide robustness to environmental perturbations in plants. HSP90 plays crucial roles
in response to abiotic and biotic factors such as herbivores and pathogens!'>>!”!!72. Moreover,
HSP90 facilitates AGO1 folding and function in a wide range of organisms, including plants?!’
219 Consistent with HSP90’s well-established role in altering penetrance of genetic

Variation156’ 158,220,221

, we find that decreased HSP90 levels increase the penetrance of ago/
mutations. Our results indicate that AGO1 and HSP90 act together in maintaining plant

robustness and buffering development from environmental perturbations.

3.2 Results

3.2.1 argonaute 1 mutant seedlings develop lesions in full spectrum light conditions

In addition to previously characterized ago! phenotypes®**2*

, such as hyponastic
cotyledons and developmental delay (Figure 3.1C and D), we observed that ago/ mutant

seedlings frequently produced white, often raised, lesions, which resided primarily on cotyledons

(Figure 3.1). Wild type seedlings (Col-0) showed these lesions at low frequency in both filtered
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light (yellow long-pass filters, blocking <454 nm'®? and full spectrum light) (Figure 3.1A and
3.1B). We grew an allelic series of ago/ mutations in both light conditions and scored the
frequency of affected seedlings (Figure 3.1B). We scored affected seedlings rather than
frequency of lesions because lesions often fused with each other, confounding frequency
measures. For the agol-25, agol-27, and agol-46 mutant seedlings®>**?, the frequency of
affected seedlings increased significantly in full spectrum light compared to wild-type (Figure
3.1B). We selected the ago/-27 mutant for subsequent investigation of the molecular
underpinnings of the lesion phenotype for two reasons. First, we were intrigued by the strong
dependency of its lesion phenotype on growth conditions (General linear mixed model,
family=binomial [GLMM]: p< 1.0E-04). Second, ago/-27 mutants, albeit carrying a stronger
allele than ago/-46 mutants, show fewer and less severe unrelated developmental abnormalities
than agol-25 mutant seedlings®?.

The raised, transparent morphology of the ago/-dependent lesions superficially

resembled undifferentiated tissue, i.e. ectopic callus tissue??°

. Notably, previous studies
described callus-like tissue on cotyledons of hypomorphic serrate mutant plants without
experimental follow-up®?’. The zinc-finger protein SERRATE is involved in primary miRNA
biogenesis; serrate mutants show pleiotropic phenotypes due to perturbed meristem function and
leaf axial patterning®?’.

We tested the callus hypothesis by analyzing expression of genes implicated in callus

formation®”® and by testing the propensity of lesions to facilitate callus formation'®!

. However,
genes implicated in callus formation and shoot apical meristem identity showed wild-type

expression levels in agol-27 cotyledons (Supplemental figure 3.1). To test callus formation, we

dissected lesions from both ago/-27 and wild-type and tested callus formation on hormone-

82



containing media. At low hormone dose, ago/-27 lesion tissue performed worse than wild-type
or ago-27 unaffected tissue; at high hormone dose, no difference was observed (Supplemental
Figure 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 3.1F-H). SEM revealed that both wild-type and ago/-27 lesions
‘erupt’ from beneath the epidermis, suggesting that mesophyll cells are primarily affected
(Figure 3.1F-H). Cells within lesions appeared to be ruptured, suggesting that at least some
lesions represented dead or dying tissue??’.

To exclude the possibility that ruptured cells were an artifact of SEM sample preparation,
we 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 ago!
lesions were a result of stochastically occurring, aberrant HR that was enhanced in ago/
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!'®!

. We performed
Trypan blue staining of unaffected and affected cotyledon tissue (Figure 3.2). Cotyledons
exhibiting lesions retained the dye, with lesions exhibiting dark blue staining indicative of
ruptured cell walls (Figure 3.2). In fact, even unaffected ago/-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 3.2). DAB

staining indicates the presence of reactive oxygen species, specifically hydrogen peroxide, which

is a reliable marker of HR-mediated localized cell death!'®!. Indeed, we observed DAB staining

83



coinciding with lesions (Figure 3.2). Based on both Trypan blue and DAB stainings, we
concluded that ago/-27 cotyledons show lesions that resemble HR-mediated localized cell death.
3.2.2 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

230.231 e set out to examine

link light conditions (UV-B) with defense hormone response
whether the SA, JA, or JA/ET pathways were responsible for the lesions on ago!/ cotyledons. We
measured expression of marker genes for SA, JA, or JA/ET signaling in 10-day-old cotyledons
of wild-type, ago1-46, agol-27, and agol-25 mutant seedlings grown in the lesion-inducing, full
spectrum light condition. 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 defense-triggered SA, JA, and JA/ET-signaling,
respectively?06-213:232-235 ' A three marker genes were significantly upregulated in ago!
cotyledons compared to wild-type (Figure 3.3); hence, more detailed analysis was required to
identify the involved pathway(s).

agol plants are susceptible to virus infection, implying a direct link between SA-
mediated defense and AGO1 activity??*2*%237 As the SA marker gene PRI was most strongly
upregulated in ago! cotyledons, we first examined the expression of additional genes in SA
signaling. Although there are no known miRNA targets in the SA signaling pathway, altered

238

light conditions change the expression of many miRNAs“°. Based on previous studies, we

selected three SA-signaling genes. The first, NONEXPRESSOR OF PR GENES I (NPRI), was
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selected because it contributes to activation of PR-genes after SA perception®®®. NPRI is also a
key modulator in SA-JA crosstalk?'4. The second, SUPPRESSOR OF NPRI-1 (SNC1), was
previously reported to be upregulated in agol-36 mutants®*°, The third, ENHANCED DISEASE
SUSCEPTIBILITY 1 (EDS1), is a component of R gene-mediated disease resistance in
Arabidopsis thaliana®*'; EDS1 is also required for production of SA in some conditions

242 All three genes were significantly upregulated in agol-27

involving pathogen challenge
cotyledons (Figure 3.4A).

We next investigated additional marker genes in JA signaling. In 4. thaliana, miR319a
represses specific members of the TEOSINTE BRANCHED/CYCLOIDEA/PCF (TCP) family of
transcription factors, which positively regulate JA biosynthesis?**. TCP4 promotes JA
biosynthesis by activating the expression of LIPOXYGENASE2 (LOX2)'***3 JASMONATE
INSENSITIVE 1 (JIN1/MYC2), a master regulator of the response to herbivores, also activates
expression of LOX genes®!>*33, TCP4-regulated LOX2 catalyzes an early step of jasmonate
biosynthesis?**. Lastly, JASMONATE RESISTANT 1 (JARI) functions in the synthesis of
biologically active jasmonate-isoleucine’**. All four tested genes — TCP4, LOX2, MYC2, and
JARI — were significantly upregulated in agol-27 cotyledons (Figure 3.4B).

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

245 We also examined the transcription factor

responses>*® and is required for PDF1.2 expression
ORESARA 1(ORE1I), which is a direct target of miR164ab and which together with EIN2
regulates ethylene signaling via a trifurcate feed-forward loop'®®. JA and ET also activate

expression of AP2/ERF-domain transcription factors?*® such as OCTADECANOID-

RESPONSIVE ARBIDOPSIS AP2/ERF 59 (ORA59) and ETHYLENE RESPONSE FACTOR 1
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(ERFI1)*''2%7_Overexpression of ERFI1**® or ORA59*!! enhances resistance against fungal
pathogens. Overexpression of ORA59 also suppresses MYC-dependent signaling in defense
against herbivores, making plants more susceptible to herbivores?#.

All but one gene were significantly upregulated in agol-27 cotyledons (Figure 3.4C).
The outlier, EIN2, was significantly downregulated at about half of wild-type levels. Given the
strong upregulation of PDF 1.2, this specific result is likely a consequence of extensive feedback
relationships. In summary, all three stress response pathways were upregulated, suggesting that
agol mutants no longer interpret environmental signals correctly and may be overly sensitive to
the subtle stress of full spectrum light!82,
3.2.3 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 ago/ cotyledons. We applied all
three phytohormones separately and in combination and assayed the frequency of affected ago!-
27 and wild-type seedlings. Specifically, we sprayed five-day-old seedlings grown in full

152,161,250 and scored affected

spectrum light with increasing concentrations of phytohormones
seedlings at day 10. As SA signaling marker genes were upregulated, we predicted that
exogenous SA treatment would increase the number of affected individuals in both ago/-27 and
wild-type. However, the frequency of affected ago/-27 seedlings decreased; there was no
significant response in wild-type (Figure 3.5A). 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 ago!-
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27 and wild-type. In wild-type, the frequency of affected individuals increased dramatically at 50
uM MelJA. Thus, JA treatment suffices to cause lesions (Figure 3.5B). In ago/-27 seedlings, the
number of affected individuals increased significantly at low MeJA dosage (10 uM) but did not
further increase at high MeJA dosage (50 uM). This result suggests that agol-27 is
hypersensitive to JA at low concentrations but its response plateaus at higher concentrations
(Figure 3.5B). We compared the responses of wild-type and ago/-27 to MeJA using a
generalized linear model with genotype and treatment as fixed effects and replicate as a random
effect. Indeed, ago/-27 mutants were significantly more responsive to MeJA at 10 pM
conditions (GLMM: p<1.0E-04), whereas at 50 uM wild-type was more responsive (GLMM:
p<1.0E-04), indicating that ago/-27 mutants have a lower threshold for JA perception and
saturation.

Lastly, we tested whether ethylene treatment could increase the number of affected
seedlings using the ethylene precursor 1-aminocyclopropane-1-carboxylic acid (ACC) (Figure
3.5C). At the lowest dose of ACC (1 uM), the frequency of affected agol-27 seedlings increased
sharply. Comparing agol-27 and wild-type response to ACC, we found that ago/-27 mutants
were significantly more responsive at 1 uM conditions (GLMM: p<1.0E-04). However, with
increasing ACC doses, the frequency of affected seedlings decreased subtly but significantly in
agol-27 and remained unchanged in wild-type (GLMM: p<1.0E-04). Thus, ET treatment does
increase the number of affected ago/-27 individuals at low doses and decreases the frequency of
affected agol-27 seedlings at high doses, but it 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 both hormones in combination. We performed these experiments with 10 pM
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MelJA, the highly responsive dose for ago/-27 mutant seedlings, and at various concentrations of
ACC. The presence of ACC did not significantly change the frequency of affected ago/-27 and
wild-type individuals observed at 10 puM MeJA (Figure 3.5D). Thus, we conclude that JA, but
not ET or SA, is likely the main driver of the environmentally-sensitive lesion phenotype in
agol-27.

3.2.4 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 ago/-27 mutant seedlings. To test whether JA
causes the lesion phenotype, we created a double mutant of ago/-27 and coil-1 to block JA
perception. CORONATINE INSENSITIVE [ (COII) encodes the main receptor of biologically
active JA; the well-characterized coil-1 mutant carries an amino acid substitution in the F-box
motif of COI123223! The coil-1 homozygous seedlings showed significantly fewer individuals
with lesions than wild-type (Figure 3.6). The frequency of affected seedlings in the ago/-27;
coil-1 double mutants was dramatically reduced compared to ago-27 single mutants, albeit
higher than in wild-type (Figure 3.6). Disruption of JA perception and signaling appears to
strongly suppress the environmentally-sensitive lesions in both ago/-27 and wild-type.

To explore the possible interplay of JA and ET perception and signaling genetically, we
created triple mutants of agol-27 with coil-1 and ein2-1. EIN2 is a membrane bound transport
protein; ein2-1 mutants carry an early stop mutation resulting in a truncated protein®*.
Consistent with our expression data for EIN2 in agol-27 mutant seedlings, the ein2-1
homozygous seedlings produced significantly more lesions than wild-type and were statistically
similar to ago/-27 mutant seedlings (Supplemental figure 3.3). Thus, loss of ET perception

increases rather than decreases the lesion phenotype. Double mutants of ago/-27 and ein2-1
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resembled agol-27 single mutants (Supplemental figure 3.3), suggesting that lesions in both
mutant genotypes arise through the same pathway. The coi/-1 mutation was epistatic in both the
double mutant with ein2-1 and the triple mutant ago/-27,coil-1;ein2-1 (Supplemental figure
3), identifying JA perception as causal for lesions in single ago/-27 and ein2 mutants. We
conclude that the observed environmentally-sensitive, ago/-27-dependent lesions are primarily
driven by JA and that the effects of exogenous ET are likely due to the known cross-regulation
of both pathways.

3.2.5 ARGONAUTEI1 and HSP9O0 interact genetically in producing the lesion phenotype

218.219 and plants®!” demonstrate that the molecular

Recent studies in both animals
chaperone HSP90 is required for different aspects of AGO function. HSP90-reduced plants show
overexpression of genes involved in JA biosynthesis and are more resistant to herbivores than
wild-type!*2. Therefore, we wanted to explore if the observed environmentally-and JA-dependent
lesion phenotype was affected by perturbing HSP90. To do so, we created a double mutant of
agol-27 with a previously published RNAI line, RNAi-A1'52, 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'®?. Indeed, we observed a subtle but significant increase in affected seedlings in single
HSP90-mutants (HSP90 RNAi-A1) compared to wild-type seedlings (Figure 3.7). This result is
consistent with the previously described role of HSP90 in JA signaling!2. However, HSP90
perturbation produced far fewer affected seedlings than AGO1 perturbation, inconsistent with

simple epistasis of both genes. 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
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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
agol-27 and HSP90 RNAi-A1 are weak, partial loss-of-function mutants. Our result deviated
subtly but significantly from additive expectations (GLMM: p<1.0E-04) (Figure 3.7), suggesting
a non-additive relationship between the chaperone and AGOI in this phenotype. Non-additivity
is supported by our expression analysis of HSP90 across all three mutant backgrounds
(Supplemental figure 3.4). In full-spectrum light conditions, HSP90 RNAi-A1 mutants showed
strong downregulation of the chaperone and significantly more seedlings with lesions than wild-
type; the agol-27 mutants showed significant upregulation of HSP90 compared to wild-type,
consistent with experiencing stress, and many more affected seedlings than both wild-type and
single HSP90 mutants; finally, the double mutant showed reduced HSP90 levels compared to
wild-type, albeit to a lesser extent than in the single HSP90 RNAi-Al, and the highest frequency
of seedlings with lesions. The non-additive higher incidence of affected seedlings in this double
mutant is consistent with previous observations that HSP90 perturbation increases the penetrance
of genetic variants??*?>2, In summary, our results indicate that although AGO1 and HSP90
appear to be inter-dependent with regard to responding properly to environmental perturbations,
neither contribution is fully explained by the other. Furthermore, AGO1 appears to be the
principal integrator of environmental signaling for proper repression of lesion formation, with a

much reduced role for the environmentally-responsive HSP90.1 paralog.

3.3 Discussion
Here, we present a previously undescribed phenotype in ago/ mutant plants — apparently

stochastic lesions in cotyledons — and uncover its molecular underpinnings. Our initial
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observation and subsequent investigation of the lesion phenotype identifies AGO1 as a key
integrator of environmental signals and hormone signaling, thereby providing robustness to
micro-environmental challenges as was previously observed for the molecular chaperone HSP90.
The spontaneous lesions that we observed in ago! 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.

Previous studies have implicated AGO1 in different plant defense pathways through gene

253,254 240

expression and genetic studies”™. It is tempting to speculate that the observed lesions in
agol mutants involve mis-regulation of R-genes**, although empirical evidence is lacking thus
far. In contrast, the role of AGOI1 in defense against viruses is exceedingly well studied; viruses
employ several strategies to counteract AGO1 upon infection, including translational repression
and protein degradation?>>-26°,

Notably, agol-27 mutants were far more responsive to full spectrum light than other
agol mutants, presumably due to the functional differences between mutant alleles. AGO1-
dependent regulation of gene activity occurs through two principal mechanisms, mRNA
cleavage?’” and translational repression®®!. In plants, AGO1 was previously thought to function
primarily through RNA cleavage because of the near perfect base pairing of plant miRNAs with
their target sequences®®>. More recently, however, several studies have provided evidence for

263-265

translational repression , in particular with regard to the heat stress-induced downregulation

of SPL transcription factors?*?$7, Translational repression, which is reversible, has been
proposed as a mechanism for facilitating recovery after environmental stress?®>>%_ In fact, the

223

environmentally-responsive ago-27 allele** is thought to affect primarily translational
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repression®>”2%, Our agol-27 results are consistent with a recent report demonstrating that agol-
27 seedlings are more responsive to heat stress compared to ago/-25 seedlings?*®. Similarly, as
we show, translational repression appears to be relevant for the response to the subtle stress of
full spectrum light.

Our study also links light conditions to JA signaling, which is supported by several
previous studies. Specifically, solar UV-B radiation renders plants more resistant to herbivory,
primarily due to upregulation of the JA pathway®*!*’%?7!, Consistent with these prior findings,
the agol-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 it yields greater

resistance to herbivores!>?

. 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>*’"133%272 HSP9( is also implicated in

chaperoning AGO12"’

. Our double mutant and expression analyses, however, suggest a
synergistic, rather than a simple epistatic or additive relationship. agol-27 single mutants show
many more affected seedlings than HSP90 RNAi-A1 seedlings. Although HSP90 expression
levels in the double mutant are considerably higher than in the single HSP90 mutant, the number
of affected seedlings increases further in double mutants beyond additive expectations. Note that
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 agol-27
mutation upon HSP90 perturbation is consistent with the notion that HSP9O0 is critical for

buffering deleterious mutations®®. 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 ago/ plants generally upregulate these
hormone pathways, presumably in part due to complex 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 mis-regulation of plant defense

pathways similar to previous observations for the phenotypic capacitor HSP90.

93



3.4 Main figures
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Figure 3.1: Hypomorphic argonaute 1 mutants showed increased frequency of seemingly
stochastic lesions. (A) Experimental set-up: when grown in yellow, filtered light conditions for
10 days, few ago1 seedlings showed lesions on cotyledons. When grown in full spectrum light,
many more ago1 seedlings developed lesions. (B) In full spectrum light, ago1-46, ago1-27, and
ago1-25 mutants showed significantly increased frequency of affected seedlings compared to
wild-type. ago1-27 and ago7-46 mutants showed significantly more affected individuals in
unfiltered versus filtered light conditions; a similar, albeit non-significant tendency was observed
for seedlings carrying the ago1-25 allele. Error bars are standard error of mean across at least
three replicates with n = 25-72 seedlings per replicate. Statistical significance was calculated
using x?-test of significance (**p<1.0E-04, *p<0.05, for all possible p-values, refer to
Supplemental Table 4). (C-D) Lesions in wild-type and ago7-27 mutant seedlings show distinct
morphology. (C) Full spectrum light-grown, 10 day-old, unaffected ago7-27 seedling. (D) Full
spectrum light-grown, 10 day-old, affected ago7-27 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 in
full spectrum light. (F) Unaffected wild-type cotyledon. (G) Wild-type cotyledon with lesion
denoted by arrow. (H) Magnified view of lesion from (G). (I) Unaffected ago7-27 cotyledon. (J)
ago1-27 cotyledon with lesion denoted by arrow. (K) Magnified view of lesion from (l). (F, G, I,

and J) Scale bar: 1 mm. (H, K) Scale bar: 500 microns.
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-
Figure 3.2: 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, 1) Unaffected ago1-27
cotyledons prior to staining. (D) Unaffected ago7-27cotyledon after Trypan blue staining showed
some dye accumulation. (L) Unaffected ago7-27 cotyledon after DAB staining showed no dye
polymerization. (E,K) Affected ago1-27 cotyledons prior to staining. (F) Affected ago1-
27cotyledon after Trypan blue staining showed strong accumulation of dye in lesions (arrows).
(L) Affected ago1-27 cotyledon after DAB staining showed strong dye polymerization in lesions

(arrows). Scale bar: 1 mm.
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Figure 3.3: Marker genes of all three canonical defense hormone pathways were
upregulated in ago7 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 ago7-46, ago1-27, and ago1-25 cotyledons in full
spectrum light. Expression was measured by qRT-PCR; all assayed genes were normalized to
UBC expression. Error bars indicate standard error of the mean across at least two replicates of

cotyledons harvested from 18 pooled seedlings.
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Figure 3.4: Genes in all three defense hormone pathways, including miRNA target genes,
were upregulated in ago7-27 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 ago7-27 seedlings relative to wild-type. (B) Top, pathway
diagram indicates pathway connection of four tested JA genes, the most upstream of which,
TCP4, is a miRNA target gene. 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 mir164ab and its target gene ORE1. ET and
JA pathways show cross-regulation via ORA59 and MYC2. Bottom, (JA/ET) markers ORET,
ORAb9, and ERF1 were significantly upregulated in ago7-27 cotyledons relative to wild-type; in
contrast, EIN2 was significantly downregulated in ago7-27 cotyledons. All assayed genes are
normalized to UBC 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 ago7-27 cotyledons; grey star (EIN2) represents significant

downregulation in ago1-27 cotyledons.
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Figure 3.5: Methyl jasmonate (MeJA) treatment was sufficient to induce lesions. (A) Under
high salicylic acid conditions, fewer seedlings were affected for both wild-type and ago7-27 in
full spectrum light. (B) At 10 uM MeJA, ago7-27 was significantly more responsive compared to
wild-type (GLMM, testing for interaction between genotype and treatment: p< 1.0E-04) whereas
at the 50 yM MeJA treatment, wild-type was more responsive (GLMM: p<1.0E-04). (C) At 1 uM
ACC (ethylene pre-cursor molecule), ago7-27 was more responsive than wild-type, (GLMM:
p<1.0E-04), reaching a frequency of affected seedlings similar to ago7-27 seedlings at 10 yM
MeJA. At higher doses, ACC repressed the lesion phenotype in ago7-27 (GLMM, p< 1x104)
and had no further effect on wild-type. (D) Combining10 uM MeJA with varying ACC
concentrations yielded no significant change, albeit frequencies of affected seedlings 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<1.0E-04, for all

possible p-values, refer to Supplemental table 3.4).
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Figure 3.6: Disruption of JA perception suppresses lesion phenotype. coi7-1 mutant
seedlings showed significantly fewer affected seedlings than wild-type (p<0.05). ago1-27; coi1-1
double mutant seedlings showed dramatically fewer affected seedlings than ago7-27 single
mutant seedlings (p<1.0E-03); however, frequency of affected seedlings was significantly higher
than in wild-type (p<0.05). Statistical significance was calculated using x2-test of significance
(**p<1.0E-03, *p<0.05, for all reported p-values, refer to Supplemental table 3.4). n = 72-144
individuals per replicate, four replicates; error bars represent standard error of the mean across

biological replicates.
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Figure 3.7: AGO1 and HSP90 genetically interact. (A) HSP90 RNAIi-A1 seedlings showed
significantly more affected seedlings than wild-type (p<0.05). ago7-27; HSP90 RNAIi-A1 double

mutant seedlings showed significantly more affected seedlings than ago7-27 single mutant

seedlings (p<1.0E-03). Error bars represent standard error of the mean across two replicates of

n = 108 seedlings. (B) The ago7-27 mutation showed higher penetrance in the presence of
HSP90 RNAI-A1 (ago7-27, A1) in full spectrum light (GLMM, p<1.0E-04). Statistical significance

was calculated using x?-test of significance (***p<1.0E-04, ** 1.0E-03, *p<0.05, for all possible

p-values, refer to Supplemental table 3.4). n = 72-144 individuals per replicate, two replicates.

Error bars represent standard error of the mean across biological replicates.
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3.5 Materials and Methods

Plant Growth Conditions: Columbia-0 (Col-0) was used as wild-type reference. agol-46,
agol-27,and agol-25, HSP90 RNAi-Al, coil-1 and ein2-1 were in the Col-0 background
(Supplemental table 3.2). For experiments, seeds were sterilized with ethanol and plated onto
1x Murashige and Skoog (MS) basal salt medium supplemented with 1x 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 days, 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 pmol-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. Seedlings were then scored for lesions at day 10. The

accession numbers for genes analyzed in this research are listed in Supplemental table 3.2.

Genotyping and gene expression analyses:

RNA Extractions and Quantitative Real-Time PCR: Total RNA was extracted from 30 mg
frozen tissue using the SV Total RNA Isolation System (Promega). Subsequently, 2 pg 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
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performed after the amplification. UBC expression (AT5G25760) was used as a reference. All
quantitative RT-PCR primers were designed with Primer3Plus software
(http://www.primer3plus.com/). Sequences for real-time PCR primers are shown in
Supplemental table 3.1. The accession numbers for genes analyzed in this research are listed in
Supplemental table 3.2. Relative quantification was determined with the AACT Method (Fryer
et al., 2011). Error was calculated using standard error of the mean across at least three

biological replicates.

DNA Extractions and genotyping: Arabidopsis genomic DNA was extracted for genotyping
analysis by PCR using the CTAB method (Weigel and Glazebrook, 2002). The RNAi-Al, agol-
27, coil-1, and ein2-1 alleles were genotyped by using the primers in Supplemental table 3.3.
PCR conditions for agol-27 genotyping is as follows: 5 min at 94 °C, followed by 35 cycles at
30sat94 °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 coil-1 genotyping is as follows: 5 min 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 Xcml, which cuts the wild type sequence. PCR conditions for ein2-1
genotyping is as follows: 5 min at 94 °C, followed by 35 cycles at 30 s at 94 °C, 30 s at 63.2 °C,
2 min at 72 °C. PCR product was then digested with BsrBI, which cuts the wild type sequence.
HSP90 RNAi-A1 plants were genotyped using two PCR assays. For RNAi construct
identification, the Lm1 and Rc3 primers (Supplemental table 3.3) were used with following
parameters: 3 min at 95 °C, followed by 30 cycles of: 30 s at 95 °C, 30 s at 55 °C, and 1 min 15
s at 72 °C. For wild type sequence identification, the Lw1 and Rc3 primers (Supplemental table

3.3) were used with the previously described PCR conditions.
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Hormone response assays:

Methyl Jasmonate: Seedlings were grown as previously described in Plant Growth
Conditions under full spectrum light conditions. Five days post germination seedlings in groups
of 36 were sprayed with 1 ml of water, 1 ml of 10 uM methyl jasmonate solution (Sigma
Aldrich), or 1 ml of 50 pM methyl jasmonate solution and returned to incubator. Seedlings were
then scored for lesions at day 10.

Salicylic acid: Seedlings were grown as previously described in Plant Growth Conditions
under full spectrum light conditions. Five days 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 pM
salicylic acid in 1xPBTx and returned to incubator. Seedlings were then scored for lesions at day
10.

ACC (ethylene precursor): Seedlings were grown as previously described in Plant Growth
Conditions under full spectrum light conditions. Five days post germination seedlings in groups
of 36 were sprayed with 1 ml of water, 1 ml of I pM ACC, 1 ml of 10 uM ACC or 1 ml of 20
uM ACC in water and returned to incubator. Seedlings were then scored for lesions at day 10.
Callus induction: To test for callus-hormone responsivity, plants were grown for 10 days under
full spectrum light conditions. Affected and unaffected tissue was then excised using a Pasteur
pipette tip and plated on media with varying levels of callus inducing hormones. Media with the
low concentration of callus-inducing hormones: 250 pl of 2000x 2,4-D (final concentration 0.25
mg/liter), 250 ul 2000x kinetin (final concentration 0.025mg/liter), 1x Gamborg’s BS5 salts, 20g
glucose, 0.5g MES, pH 5.7. Media with high concentration of callus-inducing hormones: 500 pl
of 2000x 2,4-D (final concentration 0.5 mg/liter), 500 pl 2000x kinetin (final concentration

0.05mg/liter), 1x Gamborg’s B5 salts, 20g glucose, 0.5g MES, pH 5.7. Plates were then placed
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under yellow filter light conditions (to maintain quality of hormones) and were then scored at 10

days post callus induction using scoring index described in Supplemental Figure3. 2.

Hypersensitive response assays:

Trypan Blue staining: 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 (Sigma Aldrich) to lactophenol (10 ml lactic acid, 10 ml glycerol, 10 ml phenol, 10
ml water) to a concentration of 2.5 mg/ml. Two volumes ethanol were then added to Trypan
blue/lactophenol solution. Staining solution was added to fresh tissue and boiled for 1 min (100
oC). Tissue was then allowed to incubate in staining solution for 5-10 minutes at room
temperature while rotating. Stain solution was removed by washing with lactophenol/ethanol
solution. Samples were then mounted on glass slides with glycerol (70% w/v) and photographed
with a Canon Power Shot S5 IS camera. Images were edited using Adobe photoshop CS3.
DAB: Fresh affected and unaffected cotyledons were collected and then treated with 3,3’-
diaminobenzidine (DAB, Sigma Aldrich) (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 with
glycerol (70% w/v) and photographed with a Canon Power Shot S5 IS camera. Images were

edited using Adobe photoshop CS3.

Phenotyping assays: Methyl jasmonate screening: 10 day old seedlings were sprayed with 50-
100 uM methyl jasmonate (Sigma Aldrich) solution in water. Seedlings were incubated for an
additional three days and were then screened for response to jasmonate (i.e. anthocyanin

accumulation)
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ACC screening: For experiments, seeds were sterilized with ethanol and plated onto 1x
Murashige and Skoog (MS) basal salt medium supplemented with 1x 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 pmol-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 seven days and then scored

for triple response.

Statistical analysis: All statistical analyses were performed in R Version 1386 3.1.2.
Comparisons of seedling lesion frequencies were performed with the y2-test. Seedling lesion
frequency was modeled with binomial regression using a mixed model from the MASS
package’s glmmPQL function (Ripley et al., 2015). Replicate and individual within a replicate
were designated as random effects, whereas genotype and treatment were designated as fixed

effects.
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3.6 Supplemental materials
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Supplemental figure 3.1: Plant stem cell marker genes are not upregulated in full
spectrum light-grown ago7-27 seedlings. (A-D) ago7-27 cotyledons did not show significantly
higher expression of the stem cell marker genes PAKRP1A (shoot apical meristem marker),
ORTH?2 (shoot apical meristem marker), SCR (root apical meristem marker), and GLP4 (root
apical meristem marker). Expression of all assayed genes was normalized to UBC21
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 ago7-27 cotyledons.
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Supplemental figure 3.2: ago7-27 lesion tissue did not show enhanced callus formation.
(A) Schematic representation of experimental procedure. Affected and unaffected tissue was
excised from 10 day-old ago7-27 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, ago7-27 lesion tissue does not

form callus tissue at all.
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Supplemental figure 3.3: The disruption of JA perception in coi7-1 is epistatic to both
ago1-27- and ein2-1-dependent lesion phenotypes. ago7-27 and ein2-1 single mutant
seedlings showed similar frequencies of affected individuals as ago7-27; ein2-1 double mutant
seedlings. 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 x2-test of significance. Shared letters (a, b, ¢) denote statistically similar genotypes. Data for
Col-0, ago1-27, coi1-1, and ago1-27; coi1-1 also appears in Figure 6. For all reported p-values,
refer to Supplemental Table 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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Supplemental figure 3.4: HSP90 expression under white light conditions is reduced by
RNAI. gRT-PCR shows that HSP90 expression is significantly reduced in both the single
HSP90 RNAIi-A1 mutant and the double mutant ago7-27; HSP90 RNAI-A1. Error bars indicate
values for standard error of the mean across three biological replicates. HSP90 expression was

normalized to the housekeeping gene UBC21.
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Supplemental Table 1: qRT-PCR primers
Gene Accession Primer Primer sequence
number
GLP4 ATI1G18970 GLP4F 1 ATGGCTTTCCATGCAAATCA
GLP4R 1 TCGAGATTCCTAAAGTGTTTAGACC
SCR AT3G54220 SCRF 1 CTCAAACTTTCGAACCTCTCTATC
SCRR 1 GGGAACAGTGGCCGTCA
ORTH? AT1G57820 ORTH2F 1 GTCTCACAAGGAGAAGCG
ORTH2Z R 1 GGCTCATTGTCACATCTAACGAA
PAKRPIA AT4G14150 PAKRPIAF 1 | GGATGTGTCATCATGCCC
PAKRPIAR 1 | TATTTCTAATCGTAGGAGAGACGC
PDF1.2 AT5G44420 PDF1.2F 1 ATGGCTAAGTTTGCTTCCA
PDF1.2R 1 TTAACATGGGACGTAACAGATAC
PRI AT2G14610 PR1F1 TCTTCCCTCGAAAGCTCAAG
PR1R 1 AAGGCCCACCAGAGTGTATG
VSP1 AT5G24780 VS1F 1 ACCTCTTGGAACTCGGGATT
VSPIR 1 ACCACTTGCGTCAACTTCG
EDSI AT3G48090 EDS1F 1 TCTGTGGAAATGGCTGTGAG
EDS1R 1 CCAAAGGAGCTCCAAATGTC
NPRI AT1G64280 NPR1F 1 AGGCACTTGACTCGGATGAT
NPRIR1 CCTCGGATTCCTATGGTTGA
SNCI AT4G16890 SNC1 F 1 GCCGGATATGATCTTCGGAA
SNC1R 1 CGGCAAGCTCTTCAATCATGG
TCP4 AT3G15030 TCP4F 1 CAACATCACCACCACACCTC
TCP4R 1 ACAGAAACCCTCCTCCGTTT
LOX2 AT3G45140 LOX2F1 TGAGGACTCATGCCTGTACG
LOX2R 1 ATTCCACCTCCGTTGACAAG
JARI AT2G46370 JARIF 1 TACGCGGGTGATCTACCTCT
JARIR 1 AACCAACCGGTTTCTCCTCT
MYC2 AT1G32640 MYC2F2 GTGACGGATACGGAATGGTT
MYC2R2 ATGCATCCCAAACACTCCTC
EIN2 AT5G03280 EIN2F 1 AAAACCGGCTAAAGGCAAAT
EIN2R 1 TCAAAACCGAAGCCAAATTC
ORE] AT5G39610 OREIF 1 CTGCTACTGCCATTGGTGAA
OREI R 1 TCCAATAACCGGCTTCTGTC
ERFI AT3G23240 ERF1 F 1 GATGGTTGTTCTCCGGTTGT
ERF1R1 CCCAAAAGCTCCTCAAGGTA
ORA59 AT1G06160 ORAS9F 1 GGCTCTCGCTTATGATCAGG
ORAS9R 1 GGACGGTTTCTCATGGAGTG
UBC AT1G04810 UBCF 1 GACCAAGATATTCCATCCTA
UBCR 1 GTTAAGAGGACTGTCCG
HSP90 AT5G52640 HSPOOF 1 GGTTCTGAAAACTTCTAATATGTCG
HSPO9OR 1 TGACACAAACCCAACCCTAGA
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Supplemental Table 2: Accession numbers of genes analyzed

Gene Accession

number
AGOI ATI1G48410
Coll AT2G39940
EIN2 AT5G03280
GLP4 AT1G18970
SCR AT3G54220

ORTH?2 AT1G57820

PAKRPIA | AT4G14150

PDF1.2 AT5G44420

PRI AT2G14610
VSPI AT5G24780
EDSI AT3G48090
NPRI AT1G64280
SNC1 AT4G16890
1CP4 AT3G15030
LOX2 AT3G45140
JARI AT2G46370
MYC2 AT1G32640
EIN2 AT5G03280
ORE] AT5G39610
ERFI AT3G23240

ORA59 AT1G06160

HSP90.1 AT5G52640

UBC AT1G04810
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Supplemental Table 3: Genotyping primers

Gene Accession | Primer Primer sequence Restriction enzyme/allele cut
number
AGO1 ATI1G48410 | F ACCACGTTCTTTGGGATGAG Bsp12861/wild-type
R TCTACCCATTCCACCTC
corl AT2G39940 | F GGGGAGATAAGGGATATGAAT | Xeml/wild-type
GC
R TTGTGGAAACCCCAAAACTC
EIN2 AT5G03280 | F CGCCATCTTTGTTTCAACAATC | BsrB1/wild-type
AGATCC
R CCAGAGGAAAGAGAGTTGGAT
GTAAAGTACTCTACCGCT
HSP90- AT5GS52640 | Lwl GATGCGGGATATGGCTGGACT | Produces 1194 bp band with Rc3
RNAi Al primer for wild-type
Lml CGGCAGTTCATCAGGGCTAA Produces 850 bp band with Rc3
primer for mutant
Re3 TATCACCTCGTTAGGGGCCA
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Supplemental Table 4: Reported p-values

Figure Comparison Test P-value
1 | Col-0 Yellow vs. Col-0 White Chi-square 0.89
1 | Col-0 Yellow vs. agol-27 Yellow Chi-square 0.77
1 | Col-0 Yellow vs. agol-46 Yellow Chi-square 0.26
1 | Col-0 White vs. ago!-27 White Chi-square 4.00E-21
1 | Col-0 White vs. ago/-46 White Chi-square 8.00E-04
1 | agol-27 Yellow vs. agol-27 White Chi-square 9.00E-26
1 | agol-46 Yellow vs. agol-46 White Chi-square 5.00E-04
1 | agol-25 White vs. Col-0 White Chi-square 1.00E-05
1 | agol-25 Yellow vs. agol-25 White Chi-square 0.95
1 | agol-25 Yellow vs. Col-0 Yellow Chi-square 1.00E-06
1 | agol-27 White vs. agol-25 White Chi-square 2.00E-09
I | agol-27 vs.agol-25 GLMM <_1.00E-04 (towards agol-27)
5 | Col-0vs. agoi-27,0and 10 pM MeJA GLMM < 1.00E-04 (towards agol-27)
5 | Col-0vs. agol-27, 0 and 50 uM MelA GLMM < 1.00E-04 (towards Col-0)
5 | Col-0vs. agoi-27, 10 and 50 uM MelA GLMM < 1.00E-04 (towards Col-0)
5 | Col-0vs. agoi-27, all MeJA treatments GLMM < 1.00E-04 (towards Col-0)
5 | Col-0vs. agol-27, 0 and 250 pM SA GLMM 0.71
5 | Col-0vs. agel-27, 0 and 500 pM SA GLMM 0.86
5 | Col-0vs. agol-27,250 and 500 uM SA GLMM 0.51
5 | Col-0vs. agoi-27, all SA treatments GLMM 0.91
5 | Col-0vs. agoi-27, 0 and | uM ACC GLMM < 1.00E-04 (towards agol-27)
5 | Col-0vs. agel-27, 0 and 10 pM ACC GLMM 0.35
5 | Col-0vs. agol-27,0and 20 pM ACC GLMM < 1.00E-04 (towards agol-27)
5 | Col-0vs. agel-27, 1 and 10 pM ACC GLMM < 1.00E-04 (towards agol-27)
5 | Col-0vs. agol-27, | and 20 pM ACC GLMM < 1.00E-04 (towards agol-27)
5 | Col-0vs. agoi-27, 10 and 20 uM ACC GLMM 0.07
5 | Col-0vs. agoi-27, all ACC treatments GLMM 0.09
5 | Col-0vs. agoi-27,0and 1 uM ACC, 10 uM MelJA GLMM 0.22
5 | Col-0vs. agoi-27,0and 10 pM ACC, 10 pM MeJA GLMM 0.15
5 | Col-0vs. ggol-27, 0 and 20 pM ACC, 10 pM MelA GLMM 0.38
5 | Col-0vs. ggoi-27, 1 and 10 pM ACC, 10 uM MeJA GLMM 0.21
5 | Col-0vs. agol-27, 1 and 20 pM ACC, 10 pM MeJA GLMM 0.88
5 | Col-0vs. agoi-27,10 and 20 uM ACC, 10 pM MelA GLMM 0.20
5 | Col-0vs. agei-27, all ACC treatments, 10 uM MelA GLMM 0.07
6 | Col-0vs. agol-27 Chi-square 1.15E-55
6 | Col-0vs. agol-27, coil-1 Chi-square 3.60E-03
6 | Col-0vs. coil-I Chi-square 0.02
6 | agol-27 vs. agol-27; coil-1 Chi-square 2.69E-15
6 | agol-27 vs.agol-27; ein2-1 Chi-square 0.35
Supp. 4 | Col-0vs. agol-27; coil-1,; ein2-1 Chi-square 1.8E-03
Supp. 4 | Col-0vs. coil-I; ein2-1 Chi-square 0.76
Supp. 4 | Col-0vs. ein2-1 Chi-square 1.30E-27
Supp. 4 | agol-27 vs. agel-27; coil-1; ein2-1 Chi-square 1.76E-07
Supp. 4 | agol-27 vs. coil-1; ein2-1 Chi-square 3.86E-21
Supp. 4 | agol-27 vs. ein2-1 Chi-square 0.31
7 | Col-0 vs. HSP90 RNAI-Al Chi-square 0.40
7 | Col-0 vs. agoi-27 Chi-square 4.67E-09
7 | Col-0vs. agol-27; HSP90 RNAI-Al Chi-square 3.98E-25
7 | agol-27 vs.agol-27; HSP90 RNAi-Al Chi-square 7.6E-03
7 | agol-27 White vs. agol-27; HSP90 RNAi-Al GLMM < 1.00E-04 (towards ago/-27; RNAi-Al)
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Chapter 4: ARGONAUTE 1 buffers standing genetic variation®’

Abstract

Phenotypic robustness, a fundamental property of biological systems, is the measure of an
organism’s ability to withstand genetic and environmental perturbations. Robustness is thought
to arise from features of genetic networks, such as connectivity, redundancy, and feedback.
Targeted perturbation of these features can lead to expression of previously hidden genetic
variation often with significant effects on phenotype. We used STAIRS (STepped Aligned
Inbred Recombinant Strains) made between Landsberg erecta and Col-0 backgrounds, and
crossed them with an argonaute 1 (agol) mutation (Col-0 background). If AGO! could confer
genetic robustness, we would observe several genomic loci revealing genetic variation for
correlated phenotypes, examples of which are days to flowering and leaf number at flowering
time. Using these tools, we found a background-specific locus on chromosome 5 that decouples
days to flowering and leaf number at flowering time. To further identify causative variants in this
region, we performed bulk segregant analysis for individuals that had six or fewer leaves at
flowering. We identified the Landsberg erecta hua2-5 (enhancer of ag-4 2) allele as causative of
the phenotypic uncoupling. Based on these data, we predict that HUA2 and AGO1-miRNAs

have overlapping regulation of flowering-related phenotypes.

6 Portions of this chapter are adapted from “Loss of ARGONAUTE1 and HUA2 uncouple flowering time
traits in Arabidopsis thaliana,” Manuscript in preparation, by T. Lemus*, G. A. Mason*, J. Cuperus**, and
C. Queitsch. Co-first authors*. Corresponding author**,

’T.L. and C.Q. conceived the project. T.L. and G.A.M executed early seedling phenotyping experiments.
T.L. performed STAIRS crosses and analyses. T.L. and G.A.M. performed data analysis and created
figures. T.L., G.A.M., and J.C. performed mapping by sequencing. G.A.M. and J.C. performed validation
experiments.
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4.1 Introduction

Genetic networks are robust to environmental and genetic perturbations. This robustness
ensures that developmental and physiological processes remain stable to produce stereotyped
traits®’>27°, Network disruptions are thought to decrease robustness and produce increased
phenotypic variation on the scale of single to many phenotypes®276-2%,

One source of developmental and environmental robustness include post-transcriptional
regulation by small RNAs. Small RNAs regulate the expression of target genes in a sequence-
specific manner by either degrading their mRNA2"*2% or inhibiting their translation®!. Small
RNAs are loaded into one of the ARGONAUTE (AGO) effector proteins to form the RNA-

induced silencing complex (RISC)*’. In plants, most endogenous post-transcriptional gene

regulation is mediated by AGO1 loaded with microRNAs?>"*?%. Some microRNAs (miRNAs)

282 110

are known to act as robustness regulators by buffering stochastic”®~, environmental ” and genetic
variation®?.

Several studies in various organisms suggest that AGO proteins are chaperoned by HSP90.
HSP90 physically interacts with AGO proteins in yeast*®*, flies!?628>2% humans?®’,
Tetrahymena®®, and tobacco cell extracts®!®?%°, Because of miRNAs’ role in buffering
environmental and genetic perturbations and AGO1’s HSP90-client status, we set out to
investigate the extent to which AGO1 perturbation (1) affects phenotypic variation in isogenic 4.
thaliana seedlings, (2) releases genetic variation in divergent backgrounds, and (3) whether
AGO1-dependent loci overlap with HSP90-dependent loci.

We found that AGO1 perturbation alone sufficed to significantly increase phenotypic

variation in several early seedling traits. Next, we set out to test whether AGO1 perturbation

releases cryptic genetic variation. To do so, we crossed the hypomorphic ago/-27 mutant with
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Col-0 lines with single chromosome substitutions from the divergent 4. thaliana strain,
Landsberg erecta (Ler) (STAIRS, STepped Aligned Inbred Recombinant Strains)*°. We then
measured five well-studied quantitative traits and found instances of AGO1-dependent buffered
variation. Specifically, we observed that ago/-27 combined with the presence of Ler DNA on
the top of chromosome 5 uncoupled flowering time from rosette leaf number, two highly
correlated traits that are used interchangeably to assess the onset of flowering?!?2. We go on to
demonstrate that the AGO1-dependent polymorphism resides in ENHANCER OF AG-4 protein 2
(HUA?2), a known regulator of flowering time!’%2%. Finally, we show that days to flowering and
number of leaves at flowering time are uncoupled in presence of both HUA2 and AGO1

malfunction in the Col-0 background.

4.2 Results

4.2.1 agol mutant plants show increased phenotypic variation

We examined several morphological and quantitative phenotypes of hypomorphic ago!-
46 and agol-27 mutants. We observed that 10-day old agol-46 and agol-27 seedlings showed
increased phenotypic variation in morphological features such as lesions in cotyledons, rosette
symmetry, and organ defects compared to wild-type (Col-0) seedlings (Student’s unpaired t-test:
p<0.05) (Figure 4.1A). The more severe ago/-27 mutant also showed subtly higher numbers of
abnormal phenotypes compared to the less severe ago/-46 mutant (Figure 4.1A).

We next examined hypocotyl length in dark grown seedlings, a readily assayed
quantitative trait that is known to show increased variance in response to HSP90 perturbation®**,
Like earlier results with HSP90'%, we found that dark-grown agol-27 seedlings showed a lower

mean (Wilcoxon test: p<1.0E-15) and significantly greater variance of hypocotyl length than
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Col-0 (Levene’s test: p<1.0E-03) (Figure 4.1B). We therefore concluded that fully functional
AGO1 maintains phenotypic robustness and buffers developmental noise among isogenic
seedlings for both early morphological and quantitative traits, as was observed for
HSP9(Q!52:274294

4.2.2 AGOL perturbation reveals and conceals genetic variation

HSP90 buffers both developmental noise and genetic variation?’*?°*, Therefore, we next
tested if AGOI perturbation could reveal genetic variation and whether AGO1-dependent loci
overlap with known HSP90-dependent loci. We crossed the ago/-27 mutant (Col-0 background)
to four STepped Aligned Inbred Recombinant Strains (STAIRS)?**°. STAIRS are Col-0 lines with
partial chromosome substitutions from the divergent A. thaliana strain Landsberg erecta (Ler)
and exist for chromosomes 1, 3 and 5. Since AGO!1 is located on chromosome 1, we excluded the
respective STAIRS from our analyses. The resulting progeny from the ago/-27 x STAIRS
crosses should contain recently acquired genotypic differences that have not had time to evolve
new network regulations to compensate for them, and therefore depend on capacitors like HSP90
to attain robust phenotypes.

We measured dark-grown hypocotyl length, seedling root length, rosette diameter at
flowering, rosette leaf number at flowering, and days to flowering time for each ago/-27 x
STAIRS F> population. These phenotypes were selected because they are well-studied, readily
measurable, and show evidence of HSP90 buffered variation in previous studies®”®, enabling the
planned comparisons of HSP90-dependent and putative AGO1-dependent variation.

AGOI reveals genetic variation affecting a quantitative trait X if one of the following
scenarios is met: (1) wild-type plants of Col-0 and Ler backgrounds have similar distributions of

a trait, but the distribution of that trait in Col-0 ago/-27 and Ler agol-27 plants differ
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significantly, or (2) wild-type Col-0 and Ler plants differ significantly in their distribution of a
trait, yet Col-0 agol-27 and Ler agol-27 plants show a significantly different relationship than
observed for wild-type comparison.

Fundamentally, we assume that 4GOI 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 also be as common as 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 Col-0-Ler recombinant inbred lines**

. We may
also observe that the Ler introgression acts epistatically and suppresses phenotypic differences
between wild-type and agol-27.

As predicted, we observe all three scenarios of epistasis (Figure 4.1C; see Supplemental
figure 4.1A for more details). Despite the mounting evidence that HSP90 facilitates some
aspects of AGO function in many organisms, including plants, we did not observe an overlap of
HSP90 and AGO1-dependent loci**® (Supplemental figure 4.1A). Although our findings could
indicate that AGO1 and HSP90 simply buffer different variants, this interpretation is
compromised by the fact that both previous work on HSP90?> and our analyses used partial
mutants. Hence, our results may be the consequence of differential sensitivity such that identified
HSP90-dependent loci are those most strongly and directly affected by HSP90 perturbation. We

may therefore be unable to detect those loci that are indirectly affected because perturbation of

the chaperone decreases AGO1 function.
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4.2.3 agol uncouples closely related flowering time traits in a background-specific manner

One example of AGO1-dependent genetic variation particularly captured our attention.
When AGO1 is perturbed, the closely linked flowering time traits of rosette leaf number and days
to flowering become uncoupled. The close link between these traits makes intuitive sense, as the
resources for flower and seed development are generated in rosette leaves. In 4. thaliana, days to
flowering and rosette leaf number are so closely linked that they are often used interchangeably
to measure the onset of flowering®’'?*2. There are only a few reported cases in which such

296

uncoupling has been observed, involving certain early flowering mutants~® and in response to a

particular environmental perturbation®’; the mechanistic underpinnings of these findings remain
unknown. With these data in mind, we decided to characterize this example of AGO1-dependent
variation.

This uncoupling in flowering traits arises when ago/-27 reveals genetic variation
localized on Ler chromosome 5 with the coordinates 1 — 9,479,000 bp (STAIRS0942, hereafter
referred to as Ler) (Figure 4.2). Rosette leaf number differed significantly between Col-0 wild-
type and Ler wild-type, which is consistent with the known disruption of the flowering repressor
FLC in the Ler background®®3%! (Wilcoxon test: p<1.0E-11). Rosette leaf number also differed
significantly between Col-0 ago/-27 and Ler agol-27 (Wilcoxon test: p<1.0E-11). While Ler
agol-27 showed a decrease in rosette leaf number with respect to wild-type Ler, Col-0 agol-27
showed an increase in rosette leaf number with respect to Col-0 wild-type (Figure 4.2A). In
contrast, using the measure of days to flowering, Ler wild-type and Ler agol-27 were
indistinguishable (Wilcoxon test: p=0.4714) (Figure 4.2B). Thus, AGO! perturbation

significantly affected leaf number in a background-specific manner, uncoupling these two

closely correlated traits.
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4.2.4 FLC as an epistatic factor contributing to rosette leaf number.

A major player in flowering time phenotypes is FLOWERING LOCUS C (FLC), which
prevents flowering by suppressing the expression of the flowering activator FT°%2. FLC
expression is repressed when plants are exposed to cold temperatures for a long period of time

)*%2, Many natural strains that do not require vernalization to

(i.e. vernalization or winter period
flower carry null FLC mutations, as is the case in the parental Ler ecotype used to create the
STAIRS>®,

To determine the extent to which FLC contributes to the observed phenotypic
differences, we repressed expression of FLC by vernalization’*?. We vernalized the Col-0 wild-
type, Ler wild-type, Col-0 agol-27, and Ler agol-27 plants and measured rosette leaf number
and days to flowering as before (Supplemental figure 4.2). If differences in FLC expression
were fully responsible for the reduced Ler ago-27 rosette leaf number, vernalized Ler agol-27
and Col-0 ago-27 plants should show similar numbers of rosette leaves. Although vernalization
treatment subtly increased Ler agol-27 rosette leaves, Ler agol-27 plants still had significantly
fewer leaves than Col-0 ago/-27 (Wilcoxon test: p<1.0E-11) (Supplemental figure 4.2A). This

result indicates that FLC contributes to the reduced Ler agol-27 rosette leaf number, but does

not fully account for the observed phenotype.

4.2.5 Identifying the genetic variants that uncouple rosette leaf number from days to flowering
To identify the polymorphism(s) underlying the AGO1-dependent uncoupling of rosette
leaf number and days to flowering, we performed bulk segregant analysis and focused on genes

300,301,303

with known functions in regulating flowering time and are polymorphic between Col-0

and Ler** (Figure 4.3C).
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We performed bulk segregant analysis following a flowering time experiment using four
genotypes: Col-0, Ler, Col-0 agol-27, and Ler agol-27 Fas. We selected ~100 agol-27 Ler F»
plants that possessed six or fewer leaves at flowering time (Figure 4.3A and 4.3B). After
extraction, DNA samples were pooled and sequenced to a depth of 51x-coverage. Parental
samples were collected in parallel and sequenced to a depth ~20x-coverage. We then performed
mapping by sequencing using the SHOREmap method for outcrossed segregating populations®®.

We used SHOREmap to visualize the allele frequency estimations at the Ler specific loci.
Selection for the upper arm of chromosome 5 became apparent through an allele frequency
distortion in the region. The loss of function Ler-specific allele of hua2-5 (ENHANCER OF AG-
4 2) appeared as the strongest candidate for causing the uncoupling of flowering time and rosette
leaf number. We proceeded to PCR genotype the plants analyzed in the mapping experiment at
the HUA?2 region and found that 47 of 48 plants were homozygous for the Ler hua2-5 allele
(Figure 4.3D).

4.2.6 HUA2 malfunction uncouples flowering time and leaf number in the agol background

Single hua mutants are early flowering and have reduced levels of FLC mRNA?%. In
Col-0, HUAZ2 is required for expression of floral repressors and enhances function of the
transcription factor AGAMOUS (AG)?***%, Furthermore, HUA?2 is highly connected in genetic
networks based on a large-scale phenotypic screen between Ler and Cvi'’®. The Ler parent used
to generate the STAIRS carries a nucleotide substitution described as the hua2-5 allele?*, which
was confirmed by sequencing the HUA2 gene in our parental STAIRS line. By contrast, the Col-
0 background carries a functional HUA? allele.

To confirm whether HUA?2 disruption uncouples flowering time from rosette leaf in the

agol-27 background, we performed double mutant analysis between the two genes. hua2-4
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mutants showed significantly reduced time to flowering and leaf number compared to Col-0
(Wilcoxon test: p<1.0E-08) (Figure 4.4A and 4.4B). Compared to Col-0, ago/-27 mutants
displayed significantly delayed flowering time but no significant change in rosette leaf number
(Wilcoxon test: p<1.0E-11) (Figure 4.4A and 4.4B). As we previously found for the STAIRS
cross, agol-27; hua2-4 mutants had fewer than six leaves at flowering (Wilcoxon test: p<I.0E-
11) (Figure 4.4A). With exception of a late few outliers, we observed that most homozygous
agol-27; hua2-4 mutants flowered at ~24 days (Wilcoxon test: p<1.0E-03) (Figure 4.4A and
4.4B). We also found that many ago/-27 plants heterozygous for hua2-4 also flower with six or

fewer leaves, thus providing evidence of haploinsufficiency (Figure 4.4C).

4.3 Discussion

We provide evidence that genetic perturbation of AGOI amplifies developmental noise
and thereby increases phenotypic variation in isogenic seedlings similar to previous studies
examining HSP90 perturbation!322742% Prompted by this finding, we investigated whether
partial loss of function ago/ would affect the contribution of genetic variation to complex
developmental traits, such as flowering and hypocotyl elongation in the dark. Previous studies
found that HSP90 buffers flowering-related traits and hypocotyl elongation in Col-Ler RILs;
other studies showed that AGO1 requires HSP90 for some aspects of its function?!2%,
Therefore, we expected that AGO1-responsive loci would largely overlap those that are
responsive to HSP90.

We observed that AGO1 perturbation readily revealed (or concealed) genetic variants;

AGO]-buffered loci were common and affected several quantitative traits. However, in contrast

to our expectation, there was no overlap among 4 GOI-dependent and HSP90-dependent loci.
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This finding is consistent with the existence of largely independent, or at least insulated,
mechanisms of phenotypic robustness, even though there is evidence for functional relationships
between HSP90 and AGO1 in plants?!®2?_ The tested mutants for HSP90 and AGOI were
hypomorphs (null mutants are lethal)!3>223%3, As such, our finding may indicate different
thresholds for either HSP90 or AGO1 perturbation for a given trait or variant rather than
indicating true independence of both buffering mechanisms. The apparent redundancy of
molecular robustness mechanisms is no surprise given the evolutionary need to maintain
phenotype; however, thus far their interplay has received little attention. Nevertheless, the
observed differences in buffered loci would still be evolutionarily relevant because
environmental stresses affecting either HSP90 or AGO1 function will produce partially inhibited
proteins rather than complete loss of function.

Phenotypic capacitators, such as HSP90, have been proposed to allow genetic variants to
accumulate as phenotypically silent mutations in their genetic targets. These silent variants are
only expressed after a shift in environment that perturbs the capacitator’s buffering function (e.g.
exposure to moderate heat stress) (see Chapter 1). Although genetic hubs other than HSP90
have been shown to act as strong genetic modifiers that buffer phenotypes®’, there is less
evidence that their buffering function is environmentally responsive. Like HSP90, AGO1 and

185,307 and

AGO1-related miRNAs appear to be important for response to environmental stress
buffering of micro-environmental fluctuations**’(see Chapter 3). AGO1’s function is also
environmentally contingent due to its direct interaction with HSP90 as well as several plant
pathogens directly targeting AGO1 or its translation?>>2%°, These observations provide a

hypothetical mechanism for intermittent release of AGO1-dependent cryptic genetic variation

outside of the lab.
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To understand the underlying genetics of AGOI-buffered variation, we studied the
surprising uncoupling of two flowering time traits — final leaf number and days to flowering —
which depended on AGO1 perturbation in the Ler background, and discover an example of
dramatic pathway rewiring. We show that in the Ler background, AGO! plays a crucial role in
maintaining the important correlation between final rosette leaf number and days-to flowering
traits, which assures that a plant has enough resources for setting seeds. Contrary to this
expectation, in the Col-0 background, vernalization (which suppresses FLC expression) disrupts
the leaf number-days to flowering correlation. The Ler background used for creating the
STAIRS contains null alleles of both FLC and HUA2*°39310 Together, these mutations ensure
tight coupling of the leaf number and days-to-flowering traits. This Ler-specific coupling is
perturbed when 4GO! function is disrupted, thereby revealing its existence. This ecotype-
specific pathway wiring illustrates the necessity to explore pathways beyond commonly used
laboratory strains, in particular when working with inbreeding species that can readily fix
mutations. It also illustrates the enormous flexibility in pathway wiring to yield a certain trait —
here coupling of resources (leaves) to seed setting (flowering time) — when selection is strong
enough.

Although we identify a significant genetic interaction between HUA2, FLC, and AGOI,
the exact mechanistic underpinning that connects these genes remains unclear. HUA2 is
predicted to have transcription factor activity that enhances the floral morphology gene
AGAMOUS?%, Phenotypically, single Aua2 mutants are early flowering and have reduced levels
of FLC mRNA??, There is evidence that mutant alleles of the miRNA processing gene HENI3!!
are sensitized in a hual,; hua2 background with regards to flower morphology *'2, consistent with

HUA?2 being involved in gene regulation through the miRNA pathway. HUA2 has also been
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suggested as a candidate gene for a quantitative trait locus that buffers thousands of molecular
and hundreds of organismal phenotypes, including flowering related traits!631°,

Previous studies have reported that specific miRNAs buffer noise in the pathways which
they target to maintain robust phenotypes?$22%3-313315 The frequency of observed revealed and
concealed genetic variation on Ler chromosomes 3 and 5 suggests that AGOI-dependent genetic
variation is rather common in 4. thaliana. We assume many more AGO1-dependent loci exist
across A. thaliana ecotypes and that these may represent miRNA genes or their targets, many of
which are known to harbor functionally relevant natural variation®'%3!7. A logical next step for
future work is to use bulk segregant analysis to identify other buffered genetic variants in our
STAIRS crosses.

Regardless of the precise mechanistic reasons for the largely missing overlap between
AGO1 and HSP90 buffered loci, our findings are relevant for understanding the rules of
phenotypic buffering. In our data, HSP90 and AGO1 do maintain robustness in some of the same
traits, though it is appear to be through buffering of non-overlapping genetic variants. This
redundancy may maintain phenotypic robustness in the face of environmental perturbations that

are specific to AGO1 or HSP90, thus ensuring that traits remain robust to a variety of

environments and different genetic variants.
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4.4 Main figures
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Figure 4.1: ago1 plants show more variation in qualitative and quantitative traits.

(A) Early morphology trait measures for wild-type (WT), ago1-46, and ago7-27 seedlings. Ten-
day old seedlings were scored for three different morphological traits. The data represent two
biological replicates (two replicates, n = 144 for ago1 mutants, and n = 216 for Col-0, *p<0.05, t-
test). (B) Hypocotyl length for 7-day old, dark-grown seedlings. The variance for Col-0 and
ago1-27 distributions is different (Levene’s test, p<1.0E-03; n = 475 for ago1-27, n = 486 for
WT). Inset: boxplots of hypocotyl length distribution. Y-axis represents hypocotyl length (mm),
**p<1.0E-15, Mann-Whitney Wilcoxon test. (C) Table for results of for ago7-27 x STAIRS
crosses. Across the five quantitative traits measured, we observe instances of AGO1
perturbation revealing and concealing phenotypes as well as examples where Ler loci are

epistatic Col-0 and ago7-27. For p-values of comparisons, please Supplemental figure 4.1.
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Figure 4.2: AGO1 perturbation uncouples flowering time from rosette leaf number. Plants
for Col-0, Ler (STAIRS0942), Col-0 ago1-27 and Ler (STAIRS0942) ago1-27 were grown on soil
in LD at 23°C, n = 30-36. (A) Rosette leaf number was measured at time of flowering. We
observed that AGO1 perturbation reveals this phenotype in the Ler background. (B) Days to
flowering was measured when floral bolts reached 1cm in height. For this phenotype, we found
that the Ler introgression was epistatic to ago7-27. *p<0.0001, **p < 1.0E-11, Mann-Whitney
Wilcoxon test.
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Figure 4.3: Bulk segregant analysis of ago7-27 x STAIRS0942 cross identifies HUA2
polymorphisms as candidate loci for un-coupling of flowering related traits. (A) F2 plants
from ago1-27 x Ler (STAIRS0942) cross were grown in LD at 23°C and genotyped for the ago7-
27 allele. For F plants that were ago1-27 (+/+), we observed a distribution of rosette leaf
number at flowering time. For bulk segregant analysis, we selected ago1-27 (+/+) that flowered
with six or fewer leaves (n=100). (B) Representative F, ago1-27 (+/+) plants with nine or fewer
leaves at flowering. Scale bar = 1cm. (C) Bulk segregant analysis®'® of ago7-27 x Ler
(STAIRS0942) cross for ago1-27 (+/+) plants with six or fewer leaves. Red dots represent allelic
frequencies of Ler loci on chromosome 5 (bp, x-axis). Allele frequencies (y axis) were
estimated as the fraction of reads supporting the Ler allele divided by the number reads
mapping to that loci. Dashed blue line represents sliding window based allele frequencies at
estimated by SHOREmap?'®. Dashed black line represents window-based plot boost as
estimated by SHOREmap. The Ler hua2-5 allele was found to be a candidate locus as local
allele frequencies appeared higher as compared with other regions on chromosome 5. (D) F2
ago1-27 (+/+) plants with nine or fewer leaves at flowering were PCR genotyped for alleles at
FLC, HUA2, and MIR156f loci after our bulk segregant analysis. This results further support
HUAZ2 as the candidate buffered locus.
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Figure 4.4: ago1-27; hua2-4 mutants decouple flowering time from leaf number. Plants for
Col-0, ago1-27 and ago1-27 x hua2-4 F,s were grown on soil in LD at 23°C. n=30-36 for
parental genotypes and Col-0, and n=72 for ago1-27; hua2-4 Fss. (A) Rosette leaf number was
measured at flowering time. As was observed for the initial STAIRS0942 (Ler) cross, we also
observed that ago1-27; hua2-4 plants flower with few leaves. (B) Days to flowering was
measured when floral bolts reached 1cm in height. Like our previous results, we saw that hua2-
4 is epistatic to ago1-27. *p<1.0E-05, **p<1.0E-08, Mann-Whitney Wilcoxon test.

(C) Scatter plot of flowering related traits in ago7-27 (+/+) F2 population that is segregating for
hua2-4.
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4.5 Materials and Methods

Plant Materials and Growth Conditions: The following parental lines were used: Col-0, ago-
27 in the Col-0 background 3'°, and STAIRS N9448, N9456, N9472, N9501%%°. agol-27 plants
were crossed into the STAIR lines and F»’s that had the wild-type and ago/-27 allele in both
Col-0 and the STAIRS backgrounds were isolated. Selected F»’s and their progeny were used to
perform the described experiments. For the hypocotyl and root length assays, the plants were
grown on MS media containing 0.0005% MES hydrate, 0.004% vitamin solution, 3% Phytagel,

and 1% sucrose.

Genotyping of F2 plants: PCR was used to genotype the Fzs from each STAIRS — agol-27
cross. PCR conditions for agol-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
Bsp12861, which cuts wild-type sequence. To genotype for the STAIRS portion of each cross,
please Supplemental Table 1 for primers. The Aua2-4 and hua?2-5 alleles were genotyped using

the primers in Supplemental Table 1.

Hypocotyl and root length assays: Seeds from different genotypes were laid on agar plates in a
random, 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 Imagel software (http://rsbweb.nih.gov/ij/).
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Early morphology traits analysis: Seeds from the different genotypes were plated on agar (36
seeds/per plate). For experiments, seeds were sterilized with ethanol and plated onto 1x
Murashige and Skoog (MS) basal salt medium supplemented with 1x MS vitamins, 1% (w/w)
Suc, 0.05% (w/w) MES, and 3% (w/w) phytagel. After stratification in the dark at 4°C for 5 d,
plates were transferred to an incubator (Conviron) that was set to long days (16 h of light/8 h of
dark at 22°C/20°C), with light supplied at 100 mmol m22 s21 by cool-white fluorescent bulbs
and a long-pass yellow filter that blocks 454-nm light was placed in front of the bulbs. Seedlings

were then scored for phenotypes at day 10.

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 traits were 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. Reosette diameter measurements: The diameter of the rosette was

measured on the day that the primary inflorescence of the plant reached a height of 1cm.

Library preparation and sequencing: Approximately 400 Ler ago! F> plants were sown, and
leaf samples of equal size were collected from 100 plants scored as flowering with few leaves.
Additionally, individuals were genotyped to be sure they had the correct Ler chromosome
fragments (See Supplemental Table 1 for genotyping primers). In parallel, leaf samples were
collected from Col-0 - agol-27 and Ler-Col-0. DNA was extracted using CTAB extraction'®!

and quantified using the Qubit HS dsDNA assays. Samples were then pooled and libraries were
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generated using the Nextera sample kit according to the manufacturer’s instruction (Illumina).
Libraries were then quality checked on the Agilent 2100 bioanalyzer using DNA high-sensitivity

chip (Agilent). The samples were sequenced on an Illumina Nextseq in a 75-bp paired end run.

Bulk segregant analysis: We applied BWA!®? to independently align the read sets to the Col-0
reference. Using the function SHORE import, raw reads were trimmed or discarded based on
quality values with a cutoff Phred score of +38. After correcting the paired-end alignments with
an expected insert size of 300-bp, we applied SHORE consensus to identify variations between

the mutants and reference. SHOREmap?!%320

was then used to calculate allele frequency
estimates were calculated as the ratio of the reads of mutant alleles divided by all reads at a

particular locus. Sequence changes in the region that featured evidence for selection were

annotated for their effect on gene identity using the TAIR10 gene annotation.
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4.5 Supplemental materials

A)
P -values for Wilcoxon tests
STAIRS 9448 Chr3: 18,230,000 - 23,459,830

Wt comparison|agol-27 comparison |Col-0 comparison | Ler comparison Overlap with HSP30-loci

Phenotype Col-O vs Ler Col-0 vs Ler Wt vs agol-27 | Wt vs agol-27 |Interaction |for the selected trait?
Hypocoyl length 1.74E-02 1.06E-04 1.34E-01 1.02E-08| 2.36E-02 No
Root length 1.67E-10 1.05E-01 4.66E-13 1.55E-06| 2.07E-06 No|
Days to flowering 9.67E-03 8.63E-01 5.19E-13 3.66E-12 1.15E-01 No
Rosette leaf number 1.10E-02 1.93£-02 1.83E-01 1.76E-06| 5.62E-04 Noj
Rosette diameter 4.06E-02 3.56E-01 3.84E-02 3.68E-01 2.90E-02 No

STAIRS 9459 Chr3:1- 9,742,000
Wt comparison |agol-27 comparison |Col-0 comparison | Ler comparison Overlap with HSP90-loci

Phenotype Col-0 vs Ler Col-0 vs Ler Wt vs ago1-27 | Wt vs agol-27 |Interaction |for the selected trait?
Hypocoyl length 4.40E-14 2.09E-04 8.90E-07 2.35E-05 7.91E-01 No
Root length 3.06E-01 5.95E-02 < 2.2e-16 3.71E-11 1.90E-02 No
Days to flowering 1.03E-11 3.45E-01 2.34E-12 6.14E-01 1.73E-02 Noj
Rosette |leaf number 7.55E-11 5.09E-01 2.71E-01 6.74E-04| 1.48E-03 No
Rosette diameter 4.10E-01 7.12E-03 2.85E-09 2.33E-03 3.96E-02 No

STAIRS 9472 Chr5: 1 - 9,479,000
Wt comparison | agol-27 comparison |Col-0 comparison | Ler comparison Overlap with HSP90-loci

Phenotype Col-O vs Ler Col-0 vs Ler Wt vs agol-27 | Wt vs agol-27 |Interaction |for the selected trait?
Hypocoyl length 5.65E-02 3.89£-02 3.29E-12 3.35E-10| 4.73E-03 No|
Root length 2.41E-08 1.42E-02 < 2.2E-16 3.19E-08| 9.54E-03 No|
Days to flowering 5.36E-11 4.66E-12 5.51E-12 4.71E-01) <2.2E-16 No
Rosette leaf number 2.60E-12 3.45E-12 1.02E-04 2.33E-12 < 2.2E-16 Noj
Rosette diameter <2.2E-16 <2.2E-16 1.10E-10 < 2.2E-16| 8.53E-04 No|

STAIRS 9501 Chr5: 9,479,000 - 26,975,502
Wt comparison|agol-27 comparison |Col-0 comparison | Ler comparison Overlap with HSP90-loci

Phenotype Col-0 vs Ler Col-0 vs Ler Wt vs agol-27 | Wt vs agol-27 |Interaction [for the selected trait?
Hypocoyl length 4.50E-07 3.96E-01 6.37E-01 6.66E-05 7.07E-02 Yes
Root length 2.36E-04 3.40E-05 1.33E-07 1.46E-05 5.58E-01 Yes
Days to flowering 1.86E-04 3.84E-01 6.10E-12 4.06E-13 1.49E-01 No
Rosette leaf number 1.28E-03 1.08E-02 4.55E-04 1.51E-01 7.50E-05 No
Rosette diameter 3.82E-03 3.22E-01 4.48E-16 8.94F-12 1.94E-01 No|
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Supplemental figure 4.1: 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 ago71 conceals genetic variation; and green, cases in
which the Ler introgression was epistatic to ago?. For the “HSP90 overlap” column, we
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) ago? reveals genetic variation for
rosette diameter. (C) ago? 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< 1.0E-10, *** = p<1.0E-11, Mann-Whitney Wilcoxon test.
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Supplemental figure 4.2: 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. Data is also shown in Figure 4.2. (B) Plants were grown for 5 days

under long-day conditions at 23°C, and then vernalized for 40 days at 4°C. Here, days to

flowering are the days after vernalization treatment was stopped.
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Supplemental Table 1: Genotyping Primers

Gene Accession Primer | Primer sequence Notes
number
AGO! AT1G48410 | F ACCACGTTCTTTGGGATGAG Bsp12861 cuts the wild-
type allele
R TCTACCCATTCCACCTC
hua2-4 AT5G23150 Used for SALK
genotyping with LbB1
LP TCTATCAGAGCCACCTGCTTC primer
RP TTACTCGGTCAGATTCCATGG
hua2-5 AT5G23150 | F CTTCACAATCATTAACAACTCAG | 110 bp for Ler allele
R TGCTGCATAGATCCTGGGTA
Ler 1,738,567 F Col-0 amplicon: 616 bp
GCGATGAAGGCAGCTATTGT Ler amplicon: 486 bp
R TTCACGAACATTACGCCATT
Ler 2,680,451 F Col-0 amplicon: 514 bp
TTGTGGAAACTGGAAACAGC Ler amplicon: 470 bp
R AAGCTAGGCTGGTGGAGACA
Ler 3,184,117 F Col-0 amplicon: 526 bp
TGTTCTCTCTGCCTCTTCTGC Ler amplicon: 495 bp
R CCATATTTAGGCAAACGAAACA
Ler 5,383,687 F Col-0 amplicon: 1658 bp
CCTTTGAAAAACCGCCATTA Ler amplicon: 523 bp
R AGATCTCATACCGCCGGAGT
Ler 5,938,745 F Col-0 amplicon: 662 bp
ATGCTTACTGGTCCCGTCAC Ler amplicon: 564 bp
R GTTGACCCTGTCTGCGATTT
Ler 6,248,348 F Col-0 amplicon: 474 bp
GTCGTTTCATCGACACTTGC Ler amplicon: 434 bp
R TCTGGCCAGTTTGAAAGACC
Ler 7,825,812 F Col-0 amplicon: 807 bp
CGCGATGTAATCGGTCTTTT Ler amplicon: 575 bp
R CGCGATGTAATCGGTCTTTT
Ler 8,803,872 F Col-0 amplicon: 659 bp
TCATTGATTTCCCTCGATCA Ler amplicon: 555 bp
R TCTTGAAATGTGTAATTTCGGTGT
Ler 9,478,916 F Col-0 amplicon: 538 bp
TGTGGCACAGGGTTTGTAAG Ler amplicon: 490 bp
R AAAGCCAGCCAATGTTTCAC
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Chapter 5: Redundancy, feedback, and robustness in the Arabidopsis

thaliana BZR/BEH gene family®’

Abstract

Organismal development is remarkably robust, tolerating stochastic errors to produce consistent,
so-called canalized adult phenotypes. The mechanistic underpinnings of developmental
robustness are poorly understood, but recent studies implicate certain features of genetic
networks such as functional redundancy, connectivity, and feedback. Here, we examine the
BRZ/BEH gene family, whose function is crucial for embryonic stem development in the plant
Arabidopsis thaliana, to test current assumptions on functional redundancy and trait robustness.
Our analyses of BRZ/BEH gene mutants and mutant combinations revealed that functional
redundancy among gene family members does not contribute to trait robustness. Connectivity is
another commonly cited determinant of robustness; however, we found no correlation between
connectivity among gene family members or their connectivity with other transcription factors
and effects on robustness. Instead, we found that only BEH4, the most ancient family member,
modulated developmental robustness. We present evidence that regulatory cross-talk among
gene family members is integrated by BEH4 and promotes wild-type levels of developmental
robustness. Further, the chaperone HSP90, a known determinant of developmental robustness,
appears to act via BEH4 in maintaining robustness of embryonic stem length. In summary, we

demonstrate that even among closely related transcription factors, trait robustness can arise

8 This chapter adapted from “Redundancy, feedback, and robustness in the Arabidopsis thaliana BZR/BEH gene
family,” BioRXiv: doi: https://doi.org/10.1101/053447, by *]. Lachowiec, G. A. Mason, K. Schultz, **C. Queitsch.
*First author, **Corresponding author.

9J.L. and C.Q. conceived the project. G.A.M. performed expression assays. J.L. and K.S. executed hypocotyl assays.
J.L. and G.A.M. performed data analysis.
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through the activity of a single gene family member, challenging common assumptions about the

molecular underpinnings of robustness.

5.1 Introduction

Development relies on the coordinated action of low concentrations of regulatory factors
diffusing within and between cells, which inevitably results in random developmental errors.
Typically, organisms tolerate developmental errors, resulting in canalized, wild-type-like
individuals?2-277278:321.322 R obustness to developmental errors is an intrinsic property of all
organisms and is genetically controlled*?!*?3-328, However, the molecular mechanisms that
regulate developmental robustness are poorly understood, which is largely due to the technical
obstacles of studying this phenomenon in complex, multicellular organisms.

A feature of genetic networks commonly associated with developmental robustness is
functional redundancy among genes?’®. Functional redundancy will compensate for stochastic
losses of function in specific gene family members or paralogs®>***°. Gene duplication is one
obvious source of network redundancy, and thereby developmental robustness. In Arabidopsis
thaliana, one-third of genes belong to multi-member gene families**!, which have arisen through

332,333

three well-supported whole genome duplications , in addition to segmental and tandem

duplication events®**. Duplication of transcription factor genes provides a plausible but
potentially complex form of robustness regulation. Transcription factor family members

335 and often regulate one another®*®, showing functional

recognize highly similar DNA motifs
redundancy as well as feedback regulation®*7-33°. At the same time, transcription factors are
particularly vulnerable nodes for developmental robustness due to their often low cellular

concentrations and positions as both master regulators**” and endpoints of signaling cascades™*!.
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It is unclear how these different features of transcription factors and their gene families converge
to regulate developmental robustness.
The BES1/BZR1 HOMOLOG (BEH) transcription factors belong to a small gene family

exclusive to plants. With only six members**

, this family is tractable for studying the role of
redundancy, connectivity, and feedback on developmental robustness. The well-studied founding
members of the BEH family, BRII-EMS-SUPRESSORI (BESI) and BRASSINAZOLE-
RESISTANTI (BZRI) result from the most recent whole genome duplication in the 4. thaliana
lineage and are highly similar in sequence**. They are thought to be the primary transcription
factors in brassinosteroid signaling; studies of phenotypic effects are largely restricted to
dominant mutants>*>*4345 Brassinosteroid signaling regulates a large number of physiological

346 Brassinosteroids are

processes in plants, ranging from seed maturation to senescence
recognized by the membrane-associated receptor BRI1 that then represses the activity of the
GSK3 kinase BIN2. In the absence of brassinosteroids, BIN2 phosphorylates and inhibits BES1
and BZR1**, In this phosphorylated state, BES1 and BZR1 are prohibited from entering the
nucleus*’. In the presence of brassinosteroids, BES1 and BZR1 are dephosphorylated®*® and
localize to the nucleus, where they activate and repress different sets of targets genes®*->2, BES1
and BZR1 are known to interact with several other proteins to regulate transcription. For
example, BES1 dimerizes with BIM family proteins** to increase DNA binding affinity in vitro,
interacts with its target gene MYBL2%?, and works with ISW134 ELF6, and REF6>* to alter
chromatin accessibility. Some studies have revealed differences in BES1 and BZR1 protein

interactions. For example, BES1, but not BZR1, interacts with the known robustness regulator

HSP90%+3%¢
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In contrast, the other family members BEH -4 are little studied, largely due to the lack of
well-characterized loss-of function or dominant mutants. As BES1 and BZR1, BEH1, BEH2,
BEH3, and BEH4 are thought to act as transcription factors**>*°. Moreover, BEH1, BEH2,
BEH3, and BEH4 are phosphorylated in a manner similar to BES1 and BZR1**°, and yeast two-
hybrid analyses show that BEH2, in addition to BES1 and BZR1, interacts with a GSK3
kinase®*’. In sum, previous studies support that BEH1, BEH2, BEH3, and BEH4 act redundantly
with the well-studied transcription factors BES1 and BZR 1333358,

Previously, we systematically examined the entire BEH family for effects on

developmental robustness through the lens of redundancy**

. Contrary to commonly held
assumptions about the importance of redundancy and connectivity in robustness, we observed
that robustness in hypocotyl growth arises largely due to the function of a single gene, BEHY,
which appears to maintain proper cross-talk among BEH family members.

Here, we characterize expression feedback and cross-regulation amongst members of the
BEH family in both light and dark conditions. We found that two genes, BEH3 and BEH4, are
the most highly connected genes in the network. We then go on to take advantage of genome-
wide chromatin accessibility data to gain a better understanding of the BEH family-mediated
regulatory network underlying dark-grown seedling development; we did not observe that any
one family was enriched for BEH-family binding motifs that could explain phenotypic
differences amongst the mutants. Finally, we trace HSP90’s role in maintaining robustness of

hypocotyl length to the function of BEH4, thereby elucidating how this well-known regulator of

global developmental robustness specifically affects this trait.
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5.2 Results
5.2.1 Expression feedback among members of the BEH family in the light and dark

We wanted to further explore the putative functional integration among BEH family
members that may underlie BEH4-dependent developmental robustness. Specifically, we
hypothesized that BEH4 acts as hub gene among BEH family members. Highly connected hub
genes such as the well-characterized HSP90 are thought to affect robustness through their
interaction with many other loci; hub perturbation results in large-scale phenotypic effects and
loss of robustness! 62233930 BES] and BZR1 ChIP results®>'>2 suggest that all other BEH
family members are potential transcriptional targets of BES1 and BZR1 (Supplemental table
5.1), consistent with direct or indirect regulation among family members. Further, expression of
BEH? is up-regulated in RNAi lines in which BES/ is targeted®!, and BZR] expression is
reduced in bes-1 mutants*®2. To test our hypothesis that BEH4 is the most highly connected
gene in this gene family, we determined the relative expression of each BEH family member in
each single /of mutant background. If mean gene expression was altered more than 2-fold in a
given mutant background, we assumed a direct or indirect genetic interaction between the
assayed and the mutated gene. Disproving our hypothesis, we found that BEH3 was the most
highly connected gene among the BEH family, not BEH4 (Figure 5.1). Seven connections
among BEH3 and other family members were counted, with BEH3 directly or indirectly
regulating three family members and BEH3 expression affected in four mutants. Two of these
interactions were reciprocal, in which BEH3 and BEH4 regulate each other, as well as BEH3 and
BESI. Similar to BEH3, BEH4 directly or indirectly affected gene expression of three family
members, but only two mutants influenced BEH4 expression. Notably, the lof beh3-1 mutant

showed no decrease in developmental robustness; hence, connectivity, another frequently cited
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339.360 ' is apparently not majorly involved in robustness of

cause of developmental robustness
hypocotyl growth. This interpretation does not consider possible interactions at the protein level
through heterodimers among family members or connections of BEH4 with genes outside its
gene family.

Although connectivity was not associated with phenotypic effects, gene duplicate age
appeared to be associated with the number of connections among family members. BES] and
BZR1 are the most recently duplicated members of the family, followed by BEH and BEH?2,
with BEH3 and BEH4 being the most ancestral***. With three connections, BZR1 and BES! were
the least connected genes; BEHI and BEH?2 each showed four direct or indirect regulatory
connections. These results are consistent with closely related transcription factors gaining
regulatory complexity over time as paralogs are added.

To further explore the regulatory network underlying hypocotyl elongation in the dark,

338 We and others have suggested

we analyzed recent DNasel-seq data of dark grown seedlings
that robustness regulators may be characterized by numerous regulatory inputs and few outputs,
an architecture well suited to buffer noise’®32>360-363 Therefore, we identified and counted
transcription factor (TF) binding motifs in the accessible chromatin marking the putative
promoters of all BEH gene family members (Supplemental table 5.2). The promoter-proximal
accessible chromatin of BEH4 and BEH3 each contained 25 TF binding motifs; 26 TF motifs
were found for BEH?2 and 35 for BZRI. In contrast, no TF motifs were detected for BEHI, and
only six TF motifs were found for BESI. We conclude that at least for the BEH gene family the
number of regulatory inputs (measured as number of promoter TF binding sites) is not associated

with the severity of phenotypic effects on developmental robustness or trait mean. We were

unable to assess regulatory outputs because the binding motifs of individual BEH family
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members are unknown. BES! and BZR both recognize the BRZ motif, which resided in
accessible, promoter-proximal chromatin of 230 genes. Although BEH4 most strongly affects
phenotype among the BEH family members, neither connectivity nor regulatory architecture is
consistent with the hypothesized role of BEH4 as a hub gene.

5.2.2 HSP90 likely maintains developmental robustness of dark-grown hypocotyls via BEH4

HSP90 function is crucial for developmental robustness of dark-grown hypocotyls and
other traits!3%136-221:364 ' A HSP9( chaperones the BEH family member BES1%+3% we
hypothesized that the dominant role of BEH4 in developmental robustness may involve HSP90.
To test this hypothesis, we assessed the genetic interaction of HSP90 and BEH4, using the potent
and highly specific inhibitor Geldanamycin (GdA) to reduce HSP90 function. As previously
observed, HSP90 inhibition in wild-type seedlings decreased robustness (Figure 5.2A). HSP90
inhibition in bes/-2 mutant seedlings also decreased robustness, closely resembling the
phenotypic effect observed in wild-type (Figure 5.2A). In stark contrast, beh4-1 exhibited no
change in developmental robustness upon HSP90 inhibition (Levene’s test: p=0.296). In fact,
BEH4 appeared to be epistatic to HSP90 in mediating developmental robustness of dark-grown
hypocotyls, suggesting that HSP90 acts via BEH4 in this pathway.

The most obvious mechanism by which HSP90 would act via BEH4 to mediate
developmental robustness is by chaperoning BEH4. The BEH family member BES1, but not
BZR1, is an HSP90 client’**3¢, Due to the high similarity among BEH family members, it is
certainly likely that others are also HSP90 substrates, as client status is often shared among
family members!#>-*65, HSP90 inhibition typically compromises the function of its clients due to

mis-folding and degradation'*®. The observed epistasis of BEH4 with HSP90 in developmental
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robustness (lack of response in beh4-1 upon HSPIO0 inhibition) is consistent with the hypothesis
that BEH4 is an HSP90 client.

To further test this hypothesis, we analyzed trait means of all single mutants of the BEH
family members with and without HSP90 inhibition. As expected from our previous studies*,
the /of mutant of the HSP90 client BES1, bes/-2, was significantly less sensitive than wild-type
to HSP90 inhibition (LMM: p<0.05) (Figure 5.2B). Moreover, both beh3-1, and beh4-1 were
significantly less affected than wild type (LMM: p = 0.01, p<1.0E-04, respectively) (Figure
5.2B). In contrast, BRZ1, which is not chaperoned by HSP90°**3, BEH1 and BEH2 behave like
wild-type. These results are consistent with our hypothesis that BEH4, and possibly BEH3, are

HSPI0 clients.

5.3 Discussion
Developmental robustness is thought to emerge from the topology of gene networks,

339 Here,

including the activity of redundant genes, gene connectivity, and regulatory architecture
we trace robustness of the model trait hypocotyl length to a specific member of the BEH gene
family, BEH4. Contrary to our expectations, BEH4’s role in developmental robustness of dark-
grown hypocotyls does not appear to arise through functional redundancy with closely related
family members. Loss of another family member did not further decrease developmental
robustness; rather, we observed partial rescue. BEH4, the ancestral member of the BEH family,
also showed the largest effect on the trait mean phenotype. Our observations challenge a prior
theory that additional connections (here paralogs), added later, may stabilize traits**®. Instead, at

least for this particular trait and gene family, the ancestral gene remained the largest player for

both trait mean and variance (developmental robustness). Previous studies frequently found that
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loci that affect trait robustness also affect trait mean?2!323326367 This frequently observed
overlap makes intuitive sense: a gene that significantly affects trait mean when disrupted will
perturb the underlying stabilizing genetic network and may so decrease trait robustness*??. As
stabilizing selection on genetic variants that affect both mean and variance will be far stronger
than selection on variants that affect only trait variance, genes such as BEH4 will play critical
roles in maintaining phenotypic robustness.

Gene network hubs are thought to be crucial for developmental robustness, presumably
due to their high number of connections with other loci. This assumption is certainly supported
by several prior studies in plants, yeast and worms?°-%152:325-360 ' At the small scale of the BEH
gene family this assumption did not hold true. We did, however, observe that the older gene
duplicates, BEH3 and BEH4, tended to engage in more regulatory connections than other family
members, consistent with previous studies finding that number of protein interactions correlates
with gene age**®37°. However, beh3-1 did not exhibit altered developmental robustness,
indicating that connectivity alone does not suffice to explain effects on developmental
robustness.

One may argue that our experiments did not thoroughly test BEH4 as a hub, as we
primarily restricted our analysis to the BEH family. The known genetic network underlying
hypocotyl dark growth is certainly complex®”!, and thus far BEH4’s role within this network has
been unknown. Our analysis of DNasel-seq data for dark-grown seedlings revealed the putative
number of TFs regulating different BEH family members (Supplemental table 5.1). The number
of potential regulatory inputs for individual family members did not correlate with the severity of
the phenotypic effects in their mutants; several family members showed equal or more inputs

that BEH4.
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Our data best support the alternative hypothesis that BEH4’s role in developmental
robustness arises through the topology of its connections with other family members. For
example, feedback loops are known to promote robustness®**"23*, We found that BEH4
positively regulates BEH3 and BEH, which in turn, both negatively regulate BEH4. Hence, loss
of robustness in beh4 mutants likely arises through the loss of finely tuned regulation among
family members. This hypothesis is supported by our observation that in the bes-2; beh4-1
double mutant developmental robustness is partially rescued, possibly because the fine-tuned
balance among family members is partially restored in the double mutant.

The BEH family member BES1 is known to be a client of the developmental robustness
regulator HSP90?+*%, HSP90 presumably governs developmental robustness by chaperoning its
client proteins, which function in diverse developmental pathways'*®. HSP90 inhibition leads to
destabilization and loss of function for its many clients!*+*7>, Notably, loss of BES1 function did
not affect robustness, indicating that HSP90 does not regulate robustness through its client
BESI. Instead, we observed that HSP90-dependent robustness of hypocotyl growth is likely due
to BEH4 function—unlike wild type, the beh4-1 mutant showed no response to HSP90 inhibition
with regard to developmental robustness. Together, this result and the significantly diminished
mean response of beh4-1 mutant to HSP90 suggest that BEH4 is also an HSP90 client. In sum,
we propose that HSP90 regulates developmental robustness of dark-grown hypocotyls through
the activity of BEH4, which is central for fine-tuned cross-regulation among all BEH family

members.
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5.4 Main figures

Figure 5.1: BEH family members engage in extensive regulatory cross-talk. Direct or
indirect regulatory relationships among BEH family members were determined using gPCR. A
regulatory relationship was called for a gene if a greater than a 2-fold expression difference
between wild-type and mutant backgrounds was measured. Both positive and negative

regulatory relationships are indicated.
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Figure 5.2: Robustness provided by HSP90 likely arises from the chaperone’s interaction
with BEH4. A) Seedlings were grown with or without HSP90, and hypocotyl length was
measured in three replicate experiments. CV was calculated for each replicate (n~210) and the
standard errors of the mean for n = 3 are shown. BES1 is a known HSP90 client in this gene
family. B) Hypocotyl length mean data for the same conditions are shown. One representative
replicate experiment with standard error of the mean for n > 20 is shown. *Significant
differences in mean trait response to HSP90 inhibition are shown (p < 0.03, linear mixed model

with genotype, treatment, and interaction effects as fixed effects and replicate as a random
effect).
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5.5 Materials and Methods

Plant materials and growth conditions: bes/-2 (Lachowiec et al. 2013), bzri-2

(GABI 857E04), beh3-1 (SALK 017577), and beh4-1 (SAIL_750 FO08) are in the Col-0
background. behl-1 (SAIL 40 D04) and beh2-1 (SAIL 76 B06) are in the Col-3 background.
Using qPCR (see below), we confirmed that none of the mutants produced full-length transcripts;
most produced no transcript at all. For hypocotyl length assays, seeds were sterilized for 10
minutes in 70% ethanol, 0.01% Triton X-100, followed by 5 minutes of 95% ethanol. After
sterilization, seeds were suspended in 0.1% agarose and spotted on plates containing 0.5x
Murashige Minimal Organics Medium and 0.8% bactoagar. Seeds on plates were then stratified
in the dark at 4°C for 3 days and then transferred to an incubator cycling between 22° for 16
hours and 20° for 8 hours to imitate long days. Plate position was changed every 24 h to
minimize position effect for light grown seedlings. Racks of plates containing dark-grown
seedlings were wrapped in foil. For HSP90-inhibitor assays, 1uM geldanamycin (Sigma) was
suspended in the medium. Equivalent amounts of the solvent DMSO were used for control

treatment.

Phenotyping: For estimates of hypocotyl CV, three replicates of n > 50 were measured. Assays
of mean hypocotyl length were completed in triplicate with n > 15. Photos were taken of each

plate, and individual hypocotyls were manually measured using NIH ImageJ1.46r.

qPCR: Three biological replicates of sixty pooled 5-day dark grown seedlings were harvested.
Tissue was frozen in liquid nitrogen and ground by hand with a pestle. RNA was extracted using

the SV Total RNA Isolation kit (Promega). To remove contaminating DNA, a second DNase
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treatment was completed according to the Turbo DNase protocol (Ambion). Poly-A tail cDNA
was produced using LightCycler kit with oligo-dT primers (Life Technologies). qPCR primers
are listed in Table S3. In both the bzr/-2 and beh2-1 mutants these qPCR primers amplified

products. The absence of the full-length transcripts was confirmed using primers that target the

full-length transcript.
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5.6 Supplemental Materials

Target of | Target of

Gene BESI! | BZRI?
Atlg19350 BES1 X X
Atlg75080 BZR1

At3g50750 BEH1 X
At4g36780 BEH2 X
At4g18890 BEH3
At1g78700 BEH4 X

|| | R

Supplemental table 5.1: Co-regulation of family members and response to
brassinosteroids. 'Yu et al 2011, 2Sun et al 2010. Targets of BES1 were determined with
ChlIP-chip using an anti-BES1 antibody on material collected from bes7-D 14d seedlings on
plates or the BZR1 ChIP-chip (Yu et al. 2011). Targets of BZR1 were determined using ChlP-

chip using an anti-GFP antibody on rosette tissue of transgenic BZR1-GFP fusion plants.

154



Supplemental table 5.2: Putative transcription factors regulating members of the BEH
family.

transcription factor putative target gene

ABF1 BEH2
ABF3 BEH?2
ABI5 BEH2
AGLY9 _SEP3 BEH?2
AMS BEH2
AT1G01260 BEH?2
AT4G17950 BEH2
AT4G29000 BEH?2
ATAREBI1 BEH2
AtbZIP63 BEH?2
bHLH34 BEH2
BIM2 BEH?2
bZIP68 BEH2
BZR1 BEH?2
BZR1 BEH2
GBF1 BEH?2
GBF2 BEH2
GBF3 BEH?2
HYS BEH2
ILR3 BEH?2
MYC3 BEH2
MYC4 BEH?2
PIL5 BEH2
POC1 BEH?2
SOLI BEH2
SPT BEH?2
ZCW32 BEH2
ANL2 BEH3
APRR2 BEH3
ARRI1 BEH3
ARR10 BEH3
ARR14 BEH3
ARR2 BEH3
ASIL1 BEH3
AT3G53600 BEH3
AT5G05090 BEH3
AtPHRI1 BEH3
bZIP68 BEH3
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CCAl
GATAI
GATA26
GATA27
GATA3
GATA4
GBF1
GBF2
GBF3

HYS5
MYB77
PDF2
PHL1
WRKY40
AGL9 SEP3
AT1G01260
AT2G18300
AT5G48560
ATHBI16
ATHBG6
BEE2
bHLH34
BIM1
BIM2
BIM3
bZIP68
GBEF2
GBF3
ILR3

MYC3
MYC4
PIL5

POCI1
RD22BP1
SPT

TCP2
TCP20
UNEI10
ZCW32
anac025
AT3G53600
AT5G51910
NACO083

BEH3
BEH3
BEH3
BEH3
BEH3
BEH3
BEH3
BEH3
BEH3
BEH3
BEH3
BEH3
BEH3
BEH3
BEH4
BEH4
BEH4
BEH4
BEH4
BEH4
BEH4
BEH4
BEH4
BEH4
BEH4
BEH4
BEH4
BEH4
BEH4
BEH4
BEH4
BEH4
BEH4
BEH4
BEH4
BEH4
BEH4
BEH4
BEH4
BES1

BES1

BES1

BES1

156



TCP20
TEM?2
ABI5
AT1G01260
AT1G64620
AT3G53600
AT5G51910
AtbZIP63
ATHBI16
ATWOX13
AZF1
bHLH34
BIM2
bZIP68
CCAl
CDF2

cdf3
DOF5.6
GATA26
GATA27
GBF1
GBF2
GBF3
HAT3
HB-1

HYS5

ILR3

INO
MYC3
MYC4
PIL5

POC1

SPT

STZ
TCP20
YABS5
ZCW32

BES1
BES1
BZR1
BZR1
BZR1
BZR1
BZR1
BZR1
BZR1
BZR1
BZR1
BZR1
BZR1
BZR1
BZR1
BZR1
BZR1
BZR1
BZR1
BZR1
BZR1
BZR1
BZR1
BZR1
BZR1
BZR1
BZR1
BZR1
BZR1
BZR1
BZR1
BZR1
BZR1
BZR1
BZR1
BZR1
BZR1

TF-binding motifs located within DNasel-seq peaks

157



Supplemental table 5.3: Primers used for qPCR of BEH family members.

Target gene Oligo
BEHI1 F TTTGTCTTGAAGCTGGTTGGATCG
BEHI R TTCTGTTGGTCGAGAACCCTTTC
BEH2 F TATCCAACAGTGCGCCTGTGAC
BEH2 R AGTTTCCGCTTCGAACCACGAG
BEH3 F TGCAATGAAGCTGGTTGGACTG
BEH3 R TCCATTGGTTTGCATCCCTTGC
BEH4 F GCACTCTGTAACGAAGCTG
BEH4 R TGGCTGATAGGAAGAGCA
BESI1 F GGCTGGTTTAACTCAAATCAACGG
BESI R TCCGTCAGACGTCATCTTCTTCG
BZR1F TTGTGTTGAAGCTGGTTGGGTTG
BZRI R GTAAAGGCTTGCATCCCTTGCG
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Chapter 6: Discussion and future directions

6.1 Introduction

I set out to understand more of the mechanisms that make organisms, particularly plants,
robust to mutagenic and environmental disturbances. I focused on the best characterized
regulator of robustness, HSP90, to answer my questions about new genetic perturbations. Using
standard genetic analyses, | demonstrated that less robust backgrounds are more susceptible to
aberrant phenotypes after mutagenesis. To answer my questions about overlap in targets between
robustness master regulators, I characterized AGO1’s putative phenotypic and environmental
buffering functions. Through rigorous experimentation, I found that AGO1’s phenotypic and
environmental buffering capabilities appear to be mostly independent of HSP90, despite reports
that some aspects of AGO1’s functions are HSP90-dependent. Finally, I conducted experiments
to better understand how redundancy in gene families buffers developmental phenotypes. I found
that robustness for a single trait was ensured by the activities of a single, highly connected family
member. By pursuing these topics, I have furthered what we know about the mechanistic details
that govern phenotypic buffering and integration of environmental stimuli. In this chapter, I
share my final thoughts on these projects, discuss outstanding questions, and propose future

experiments to address them.

6.2 Additional methods to detect de novo HSP90-responsive phenotypes

In Chapter 2, one of my goals was to gain a better understanding of how rare or common
HSP90-responsive de novo genetic variation is. After mutagenesis, I observed that mutant-like
phenotypes were somewhat common; when HSP90 levels were reduced in mutagenized

backgrounds, the frequency of aberrant phenotypes significantly increased. The data I generated
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indicate that HSP90 can significantly interact with some, but certainly not all, de novo genetic
variation. When I followed phenotypes across generations, I observed that the most common
type of HSP90-interaction for de novo variation is no interaction with HSP90. I also observed
that when HSP90 was reduced, decreased penetrance of phenotypes was rarer than increased
penetrance, but this may reflect experimental limitations. Finally, while my results support
HSP90’s role in buffering genetic variation, it does not inform us if other phenotypic buffering
agents would also have these properties for de novo variation.

It remains to be discovered if disruption of other robustness master regulators could
sensitize organisms to many new mutations. Good candidates for such experiments would be
AGO1 and genes involved in chromatin stability that also buffer phenotype®®*. In the case of
AGO1 malfunction, one may predict that miRNAs and miRNA-targets are particularly
susceptible to perturbation from de novo genetic variation. If these experiments were to be
conducted, I would strongly advise to use some level of automation for assaying phenotypes.
6.2.1 Future directions

As I discussed in Chapter 2.3, I reduced complex phenotypes that are likely continuous
to categorical binary states. Reducing these complex traits may have biased my discovery power
to only identify phenotypes with high expressivity. For example, dwarf-related phenotypes are
certainly continuous and were particularly problematic to categorize consistently between
experiments unless only the most extreme cases were counted.

To address this issue, I propose examining M> (possibly M3) populations for complex
quantitative phenotypes where a metric can be used to assign a measurement with some
accuracy. Examples of these phenotypes are: embryonic stem (hypocotyl) length, flowering

traits, response to pathogens, response to heat stress, efc. In doing so, I could still measure
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penetrance of mutant phenotypes, but I could also assign expressivity of aberrant phenotypes to
individuals.
Take dark-grown hypocotyl length for example. Hypocotyl length is known to be

regulated by several HSP90 clients’’-4-166-168

and therefore makes an excellent complex trait to
study whether HSP90-reduced backgrounds are sensitized to de novo variation. For instance, [
may observe that HSP90-reduced M» seedlings are more likely to produce short hypocotyls
compared to wild-type. Indeed, M> seedlings were significantly responsive to modest HSP90
perturbation while wild-type was unchanged between conditions (Linear regression: p=0.539,
p<1.0E-08, respectively) (Figure 6.1). This observation is consistent with mutations affecting
genes encoding HSP9O0 clients that are already susceptible to HSP90 perturbation due to pre-
existing variation in the wild-type. Based on this result, I propose large scale phenotyping of
other quantitative traits in the M> generation.

High-throughput phenotyping, or ‘phenomics,” has recently made leaps and strides in the
plant community with the goal of being applied to selective crop breeding. The Danforth center
in St. Louis, MO has such a platform optimized for A. thaliana time-course studies of many adult
life-history traits across hundreds of individuals!”. On this platform, plants are randomized in
location and several cameras capture images daily to measure phenotypes. These phenotypes
include: flowering-related traits, growth-rate estimates, size phenotypes, photosynthetic rates,
photo-pigment abundances, and some leaf-morphology traits. As a pilot experiment, I would
send the genotypes of Col-0 (wild-type) and modestly affected HSP90 RNAi-C1 to the Danforth
center and measure life-history traits on their platform. I would compare these assayed data to

1152,156' 1

previous experiments performed for HSP90 RNAi-C should observe high correlation

between newly generated data and previous studies for similar traits. If I observe promising
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differences in some traits between Col-0 and HSP90 RNAi-C1, I would then request
phenotyping of 1,000 M; plants for both genotypes. Based on my assays in the M> and M3
generations, [ have some predictions for what I may observe regarding size- and stress-related
phenotypes.

Based on the lesion data, M2 HSP90 RNAi-C1 plants may show higher penetrance and
expressivity of stress-related phenotypes, such as increased anthocyanin pigmentation and
necrotic lesions. Loss of apical dominance and growth-related phenotypes are also more
abundant in HSP90 RNAi-C1 plants. Therefore, these traits may behave similarly to the
hypocotyl experiment I performed, where M plants that are HSP90-reduced display more
extreme defects. Many of these life-history traits are highly correlated; as such, I may observe
increased incidence of certain redundant phenotypes becoming uncoupled in HSP90-reduced M»

individuals, similar to what I observed in Chapter 4.

6.3 Blue light as candidate driver of ago-lesions

In Chapter 3, I presented experiments dissecting a mutant phenotype in ago! plants —
apparently stochastic lesions on cotyledons — and traced the molecular underpinnings to an
aberrant defense response. Like previous studies involving miRNAg!%185:199.269.307.376.377 “ A GO
behaves as a key integrator of environmental signals and phytohormone signaling, thereby
providing robustness to micro-environmental challenges as was previously observed for
HSP903!:148.221 Tp the wild-type background, functional AGO1 appears to play a key role in
properly deploying immune responses to pathogen attack.

My data also links light conditions to herbivory-related jasmonate (JA) signaling, which

is supported by several previous studies. Specifically, solar UV-B radiation renders plants more
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resistant to herbivory, primarily due to upregulation of the JA pathway?!4*3!-27! Consistent with
these prior findings, the ago/-dependent lesions were much less frequent in filtered light
conditions which exclude UV-B radiation'®?. Also excluded in the filtered light conditions was
blue light, a possible regulator of reactive oxygen species (ROS) production in roots®’®.

6.3.1 Future directions

After my work came out, a paper from the del Pozo lab was published describing how
exposure to only blue light results in negative phototropism, where roots grow away from light
sources’’8. This makes intuitive sense because roots need to grow away from the direction of
light and into soil to properly orient plants. In this paper, the authors demonstrate that exposure
to blue light induces production of flavanol, a ROS scavenger, to stimulate growth away from
blue light sources. The authors go on to speculate that ROS may serve as the chemical messenger
for production of flavanols. ROS production has also been linked to normal root gravitropic
responses’’’. These findings have led me to predict that the conditions where I grew my ago!
seedlings (clear media and full spectrum light) may have led production to production of ROS in
roots, which could have sensitized the plants to produce lesions.

Previously, I detected that ago/ mutants had large amounts of ROS in their cotyledons
(Figure 3.2). Furthermore, excluding short wavelengths of light, such as blue light, rescued the
lesion phenotype in ago! (Figure 3.1B). Although this did not make it into the final publication,
I found that for ago!l seedlings grown on opaque plant media, which moderately blocked light
from roots, the lesion phenotype was completely rescued (Figure 6.2A). Furthermore, I never
observed lesions on soil-grown ago! seedlings. Based on the existing literature, it may be

possible that full-spectrum light exposed ago! roots produce ROS, just like wild-type, but rather
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than only inducing negative phototropic responses, they instead misinterpret the ROS as a signal
of defense.

To test this prediction, I would take advantage of D-Root, a seedling culturing system
that can block light from roots, leaving only aerial tissue exposed to light sources of choice.
Without too much elaboration, this system consists of a black methacrylate box in which a
square Petri plate tightly fits**’ (Figure 6.2B).

For my experiments, I would grow wild-type and ago! seedlings in the D-Root apparatus
and expose their roots to darkness, yellow light, full-spectrum light, and blue light. I expect dark-
and yellow light-exposed ago! plants to have no lesions on cotyledons. In contrast, the full-
spectrum and blue light exposed roots should result in many lesion-affected ago!/ seedlings
(Figure 6.2C). If [ observed only partial-induction of the lesion phenotype in blue light-exposed
agol, I would argue that light perception in aerial tissue also contributes to aberrant JA response.
Alternatively, I could repeat my full-spectrum light treatments on ago! crossed into blue light
photo receptor mutants. In this context, I predict that loss of perception of blue light would
rescue the lesion phenotype.

It is also possible that the ago/ plants are sensitized to herbivory-related JA signaling,
regardless of what tissue perceives light. I say this because I have anecdotal evidence of ago/
soil-grown adults being highly resistant to a recent Arabidopsis pest infestation in the lab; the

agol plants were largely ignored by the invaders.

6.4 Flowering-related miRNAs as a putative buffer of null HUA?2 alleles
In Chapter 4, I report data supporting the hypothesis that AGO1 is a robustness master

regulator, independent of HSP90. We demonstrated that AGO! perturbation reveals and
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conceals genetic variants; these loci appear to be common and affect several quantitative traits.
We went on to characterize one specific case of 4GOI perturbation that resulted in the
uncoupling of flowering time traits and identified that 4GOI malfunction reveals a HUA2-
dependent polymorphism in the Landsberg erecta (Ler) background. HUA? is predicted to have
transcription factor activity that activates expression of flowering suppressors, such as FLC?%,

Despite the significant genetic interaction between HUA2 and AGO1, the exact
mechanistic link between these genes remains unclear. Previous studies have linked the
hual ;hua2 background to sensitizing plants to mutations in miRNA processing gene HENI3!1312,
HUA?2 has also been identified as a candidate gene responsible for buffering thousands of
molecular and hundreds of organismal phenotypes, including flowering related traits'’®. We
therefore predict that AGO! buffers lof alleles in HUAZ2 through the miRNA pathway.
6.4.1 Future directions

We propose that regulation of flowering is buffered through the miRNA pathway when
lof hua? is present. An excellent candidate miRNA that provides this buffering is a principal
regulator of the flowering-related aging: miR156%!-%3, Mir156 represses flowering by
suppressing expression of several SQUAMOSA PROMOTER BINDING LIKE (SPL)
transcription factors, which in turn upregulate the expression of the floral activators FUL, AP1
and LFY 34 The SPL-gene family is comprised of 15 genes, of which 11 are targeted by
miR156%*".

To determine if there was mis-regulation of SPL-miR156 targets in our ago/-27 x Ler
(STAIRS0942) cross, we measured expression of 10 miR156-SPL target genes (Figure 6.3). We

observed that five SPL genes displayed increased expression in Ler agol-27 relative to Col-0
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agol-27 (Figure 6.3). Based on these data, we predict that miR156-SPL targets, and perhaps
other flowering-related miRNA-targets, are mis-regulated in the presence of hua2 and agol.

To confirm our predictions, we will perform RNA-seq on 14 day-old plants of the
following genotypes: Col-0, Ler (STAIR0942), Col-0 agoi-27, Ler agol-27, hua2-4, and agol-
27; hua2-4. Similar to the SPL qPCR data, genotypes without fully functional 4GOI may have
up-regulation of flowering-related miRNA targets. For genotypes where both HUA2 and AGO!
function is disrupted, we predict to see global dis-regulation of flowering-related miRNA targets.
If we observe these trends, we will have provided data supporting that the miRNA pathway
buffers hua2 lof alleles to maintain robust flowering phenotypes. If we detect strong candidate
miRNA-targets that are dysregulated, we will validate our findings in the hua2 background with
lof and gof miRNA-candidate mutants. Null miRNA mutants should display similar finale rosette
leaf number and days to flowering uncoupling in the Aua2 background. It is harder to predict
phenotypes of overexpression mutants; however, in this case of the hua2 background, miRNA
overexpression may result in extreme late-flowering phenotypes with a high number of rosette

leaves.

6.5 Robust response to environmental stress may be reliant on gene redundancy

HSP90’s buffering of genetic variation and developmental noise is thought to arise from
its high connectivity within genetic networks. In Chapter 4, we tested if other putative, highly
connected hubs within a genetic network also possess this characteristic. In our studies, we
observed that a single gene, the brassinosteroid-signaling transcription factor BEH4, was a strong

regulator of developmental stability for hypocotyl length.
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Current predictions posit that when HSP90’S function is reduced, the activity of many
other genes regulating the trait of interest have altered functionality and result in increased
variance for a developmental trait*®*. Our experiments on the BEH family do not support this
prediction. For the variance in hypocotyl length, robustness due to HSP90 appears to be provided
through its interaction with one other gene, BEH4, not many. Based on phenotypic similarities
between bes-2 (an HSPIO0 client) and beh4-1, we speculate that BEH4 is a likely HSP9O0 client.
It should of course be clearly stated that response to HSP90 perturbation alone cannot designate
a protein as a client!*; it can however be suggestive of further studies.

Despite these data, we still do not know the mechanistic reason why the BZR/BEH family
has six members with putatively redundant functions for transcriptional regulation. One
explanation may be that proper response to environmental stimuli is highly reliant on gene
redundancy, rather than developmental stability of a single complex trait.

6.5.1 Future directions

The transcription factors BZR1 and BES1 have well-characterized functions in regulating
response to drought®*>3%_ In the lab, droughts conditions can be mimicked through application
of the phytohormone abscisic acid (ABA). When ABA is applied, plants will induce expression
of transcription factors, such as ABI3 and ABI5, to activate expression of drought-responsive
genes while suppressing genes associated with growth*7%8 Generally, ABA and
brassinosteroid signaling are mutually antagonistic®®. For instance, when ABA is not present,
BES1 and BZR1 suppress expression of ABI3 and ABI5 to promote growth, respectively’8>-386:389,
Phenotypically, the dominant gof mutants bzr/-D and besI-D were reported as un-responsive to

ABA treatment**>3% while the lof mutant bes15© was observed to be modestly hypersensitive*®.
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It remains unknown if the other BEH family members also significantly contribute to mediating
the trade-off between growth and response to ABA treatment.

I propose testing the beh mutants used in Chapter 5 for response to ABA treatment. As a
preliminary experiment, I would test wild-type and single bes mutants for root growth in
response to increasing doses of ABA!6!3%5_[f the heh mutants behave like lof bes1, we may
observe slightly shorter roots compared to wild-type after ABA treatment. If gene redundancy
plays an important role in response to ABA, single mutants should behave similarly to wild-type,
while double and triple mutants are highly responsive. If we observe only the largest effects of
ABA treatment in one of the single mutants, it is likely that gene redundancy within the BEH
family does ensure proper response to drought.

Similar to our previous assays, I would also measure expression of all BEH family
members in all of our mutants under normal and ABA-treated conditions. Here, I predict that
there is network ‘re-wiring’ of the BEH family in response to ABA-treatment. Under normal
conditions, we may observe network connections similar to our previous results amongst the
family members. ABA-treatment, on the other hand, may result in BZRI and/or BESI behaving
as network hubs to possibly repress the other family members. It is also possible that we observe
no particular connection changes in response to ABA-treatment, with BEH3 and BEH4 still
acting as network hubs. While it is hard to predict specific phenotypic results, these experiments
would still provide invaluable data for understanding the advantages of having gene duplicates

and whether that ensures proper response to environmental stress.
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6.6 Parting thoughts

I came to graduate school with a deep interest and love of watching organisms grow and
develop. I was particularly attracted to plants because of their phenotypically plastic
development. I came to appreciate (and was sometimes frustrated by!) just how plastic that
growth and development was regarding environmental changes. I came to the Queitsch lab
because I recognized the value in understanding the mechanistic details of genetic epistasis. My
studies on robustness and large-scale epistasis have taught me to always consider the genetic
background of whatever genetic data I am considering. As I saw many times in my studies, a
change to just a single locus can have vast, sometimes unexpected, effects on phenotype. My
studies on integration of environmental signals have prepared me to tackle the next phase of my
training: a post-doctoral position studying the relationship between development and defense in

wild and cultivated tomato.
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6.7 Main figures
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Figure 6.1: M; seedlings are highly responsive to HSP90 perturbation. Seedlings were treated
with 0.6 yM Geldanamycin (GdA) or DMSO (mock) and measured for embryonic stem
(hypocotyl) length after 7 days of growth in the dark. M2 hypocotyls are highly responsive to
modest amounts HSP90 perturbation, while Col-0 (wild-type) is not. Black lines represent mean
hypocotyl length. ***p=1.77E-09, linear regression, testing for interaction between genotype and
treatment. Col-0 groups: DMSO, n=113; GdA, n=106. Mz groups: DMSO, n=405; GdA=413.
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Figure 6.2: Proposed experiments for testing if blue light on roots induces lesions on
ago1 seedlings. (A) ago7-27 seedlings produce few lesions affected individuals when grown
on opaque media that partially blocks light from roots. Error bars represent standard error of the
mean across three replicates of ~18 seedlings. (B) D-Root experimental set-up using black
methacrylate to block light from roots, not aerial tissue. Adapted from Silva-Navas et al., 2015.
(C) Experimental expectations of (B). Full-spectrum and blue light exposure should result in
many lesion-affected ago? seedlings, while yellow light and darkness rescues the lesion

phenotype.

171



Relative expression

1 Mcol-0 ago1-27

1 Ecol-0

DLer

BlLer ago1-27

SPL2 SPL3 SPL4 SLP5 SPL6

0
SPL9  SLP10

SPL11

SPL13

SPL7
non-target

SPL15

Figure 3: Assessing the effect of miR156 in the decoupling of days to flowering and
rosette leaf number. SPL3, SPL5, SPL9, and SPL15 are upregulated in Ler ago7-27 compared
Col-0 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. Gene expression was normalized to the
housekeeping gene UBC21. Mean expression data represent two biological replicates, each
with three technical replicates. **p<0.005, Student’s unpaired t-test.
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Appendix A: Evidence that long-term memory of acquired

thermotolerance requires H2A.Z in Arabidopsis thaliana'

Abstract

Like many other organisms, the flowering plant Arabidopsis thaliana possesses protective,
stress-inducible mechanisms to increase its survivability when exposed to extreme environmental
changes, such as heat stress (HS). Exposure to an extreme, noxious HS is lethal for 4. thaliana.
However, survivability can be increased if plants are first exposed to a mild HS prior to the
severe, lethal HS. This phenomenon, known as acquired thermotolerance, is well understood at
the level of protein stability but not at the level of transcriptional memory. We hypothesize that
the 4. thaliana genome undergoes changes in chromatin in response to HS to allow for the rapid
re-induction of HS genes. In addition, changes in chromatin accessibility in response to HS may
make available regulatory elements that enhance the activity of genes necessary for acquiring
thermotolerance. To test these hypotheses, ATAC-seq, H2A.Z-ChIP-seq, and RNA-seq will be
performed on wild-type and after they are exposed to different temperature conditions. To
identify loci important for transcriptional memory, these experiments were also performed in an
H2A.Z deposition mutant, arp6-1. H2A.Z is a histone variant of H2A that has been implicated in
the HS response and is thought to play a role in transcriptional memory by marking genes for
rapid re-induction. This ‘marking’ is dependent on histone deposition through the SWR1
complex. Since arp6-1 loses both acquired and basal thermotolerance before Col-0, studying

arp6-1 will help identify loci essential for retaining the memory of previous heat stresses.

10 This chapter contains data will be used for a future publication. Co-authors include: Cristina Alexandre, Kerry
Bubb, Ken Jean-Baptiste, amongst others. This appendix is to serve as guide for others in the lab who follow-up on
these experiments.
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A.1 Main figures
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Figure A.1: H2A.Z deposition is associated with promoters and gene bodies of

environmentally responsive genes. (A) Schematic representation of known interactions
between subunits of the putative A. thaliana SWR1 complex that inserts H2A.Z containing
nucleosomes into chromatin. Mutants from genes in this pathway display global depletion of
H2A.Z in chromatin3°%-3%°, Adapted from March-Diaz and Reyes, 2009. (B) H2A.Z-containing
nucleosomes can modulate transcription in a temperature-dependent manner. At cool ambient
temperatures, H2A.Z is incorporated into transcription start sites and gene bodies of
temperature-responsive genes. When plants are warmed, H2A.Z containing nucleosomes are
evicted and transcription is up-regulated®®'. There is some evidence that H2A.Z levels in heat-
specific genes increases after long-term exposure to heat stress®%. arp6 mutants have globally
depleted levels of H2A.Z and therefore phenotypically behave as if they have been exposed to
high ambient temperatures. It remains unknown if H2A.Z plays a role in long-term memory of

acquired thermotolerance in plants. Adapted from Kumar and Wigge, 2010.
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Figure A.2: The H2A.Z deposition mutant, apr6-1, displays defects in long-term memory

of acquired thermotolerance. (A) Outline of heat shock treatments used for 7-day old

seedlings. Plants were treated with various heat treatments and then counted for number of

leaves at 5-days post 38C treatment. Plants are exposed to mild 38C heat treatments that are

protective against otherwise lethal 45C treatments. What is varied is the amount of recovery
time between 38C and 45C treatments (2 — 48 hours). (B) X-axis: heat treatments (A) applied to

different groups of plants. Y-axis: mean leaf number of heat-treated seedlings normalized to

mean leaf number of untreated plants. Here, a defect in growth is measured as the output of

long term acquired thermotolerance. 2 hour recovery: arp6-1 and wild-type (Col-0) maintain

acquired thermotolerance, while the hsp101 mutant, hot1-3, displays decreased growth after

exposure to 38C+45C. 24 hour recovery: wild-type maintains acquired thermotolerance, while

arp6-1 is modestly sensitive to subsequent heat treatments. hot71-3 is the most sensitive to

38C+45C treatments. 36 hour recovery: wild-type still maintains acquired thermotolerance and

is somewhat resistant to subsequent heat treatments. Both hot7-3 and arp6-1 do not maintain

memory of prior hear treatments. 48 hour recovery: wild-type still has some memory of

previous heat treatments while arp6-1 and hot1-3 have not maintained acquired

thermotolerance. N=144 seedlings per genotype/treatment. Error bars represent 95%

confidence intervals. Linear mixed modeling (LMM) testing for interaction between genotype

and treatment, random effects set as individuals within a replicate. *p<0.05, **p<0.001.
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Figure A.3: Genomic distribution of differential ATAC hypersensitive sites (DHS) are
similar across heat treatments. (A) Outline of heat shock treatments used for 7-day old
seedlings followed by ATAC-seq338397-3% We used DESeq2*°° on cut-counts within
unionDHSs3* derived from all five time points. We used groupings such that each uDHS is
assigned a p-value reporting how likely we would see what we see given that all time points are
the same. Here, a p-value of <1.0E-10 was used. To make the list of pairwise differential DHSs
(dDHSs), we took only the uDHSs that had both (1) the low p-value and (2) had
abs(log2foldchange) >1. (B) Distribution of dDHSs that are less accessible in heat treatments
relative to control treatment. Here, we see an enrichment of dDHSs in intergenic and
transcription start site (TSS) regions, similar to published results3*®. (C) Overlap of dDHSs in
(D). Distribution of dDHSs that are activated, or more are more accessible, in heat treatments
relative to control. We observe an enrichment of activated dDHSs in intergenic, TSS, and
coding regions. (E) Overlap of dDHSs in (D). (F) Distribution of extreme heat activated dDHSs
relative control conditions. We observe here an enrichment of extreme activated dDHSs in

coding regions for heat treated samples. (G) Overlap of dDHSs in (F).
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Figure A.4: The H2A.Z deposition mutant, apr6-1, displays defects in basal
thermotolerance. (A) Outline of heat shock treatments used for germinating seeds. Seeds
germinated on 1% sucrose plates at 22°C for 24 hours, 36 hours, or 48 hours were exposed to
45C for 90 minutes (HS). After heat treatment, seedlings were allowed to grow for 5 days at
22C. Seedlings were scored for wild-type-like appearance (i.e. green cotyledons, healthy roots,
little anthocyanin accumulation, etc.). (B) Percent phenotypic frequency of wild-type-like
seedlings after heat treatments. Col-0 (wild-type) has moderate basal thermotolernace until 48
hours after being plated. hot7-3 displays weak basal thermotolerance. arp6-1 shows
intermediate basal thermotolerance. Assays based on Queitsch et al., 2000*°. n=72 seedlings

per genotype/treatment.
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