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RESEARCH STATEMENT
General

Throughout my research career I have utilized an interdisciplinary approach to study various
evolutionary and functional aspects of genes and genomes. My research used aspects of functional
genomics, population genetics, systems biology, molecular evolution, medical genetics and
bioinformatics. Until I started my own laboratory in 2008 my research has been almost exclusively
theoretical and computational, however, in the last several years [ made a strong push to
encompass experimental and translational components. Because of the interdisciplinary nature of
my research, I mostly work within small teams that include researchers of different disciplines.
Similarly, my laboratory is a diverse group of researchers that includes physicists, mathematicians,
cell biologists, evolutionary biologists and bioinformaticians. Thus, my work has been almost
exclusively collaborative.

Main research question

My primary interest is understanding how species, their genes and genomes evolve and the forces
that drive this evolution. One of the main ways in which I worked to understand evolution is



through the elucidation of the genotype to phenotype connection, which in evolutionary biology is
referred to as the fitness landscape. How the phenotype (fitness) is shaped by the genotype is the
underlying basis for a wide array of issues in biology. Whether or not a mutation affects human
health, what are the forces shaping natural variability of a population, what are the gene circuits
shaping fruit fly wing morphology — these are all questions, among many, that can be formulated
in the framework of the fitness landscape. In our work we strive to bridge the gap between
microevolution (population genetics) and macroevolution (on a molecular level) to understand the
fitness landscapes. Conversely, we also study how different aspects of the fitness landscape shape
micro- and macroevolutionary processes.

Using proteins as a model unit of the genotype, we used computational and experimental
approaches to study the fitness landscape. We tested the null hypothesis is that the fitness
landscape is simple, whereby mutations affect fitness independently of each other. Alternatively,
mutations interact with each other, a phenomenon called epistasis, to contribute to fitness,
possibly, in quite complicated ways. On a macroevolutionary scale, many of our empirical
observations appear to counter the null hypothesis. Specifically, counter to the null hypothesis,
protein sequences appear to diverge slower and farther (Povolotskaya and Kondrashov, Nature,
2010), many more amino acid residues appear to be useful per site (Breen et al, Nature, 2012),
amino acids appear to change frequency slower (Jordan et al., Nature, 2004), rates of parallel and
convergent evolution appear to show different dynamics than expected (Bazykin et al., Biology
Direct, 2007; Povolotskaya and Kondrashov, Nature, 2010; Soylemez and Kondrashov, GBE,
2012) finally, unexpectedly, human disease mutations were found in wildtype of other species
(Kondrashov et al., PNAS, 2002; Ken and Kondrashov, Nature Genetics, 2004; Plotnikova et al.,
Am J Hum Genet, 2007).

The overwhelming evidence we, and others, have gathered over the years in rejection of the null
hypothesis has led us to investigate the issue theoretically and experimentally. In our first, among
several planned, experimental assays of the fitness landscapes we have managed to describe the
local fitness landscape, that is one that describes only a few interacting mutations, of the green
fluorescent protein (Sarkisyan, et al., Nature, 2016), confirming that epistasis is necessary to
describe the landscape even on a relatively local scale. We followed our work on the GFP with a
larger scale fitness landscape that considered a fitness landscape on a macroevolutionary scale.
Selecting His3 as a model protein, we considered the fitness of His3 sequences that were
composed of shuffled amino acid states found in different orthologues of His3. Remarkably, we
found that 85% of all amino acid states that were fixed across half a billion years of evolution were
associated with high fitness in some combinations and with low fitness in other combinations
(Pokusaeva, et al. PLOS Genetics, in review). Therefore, it appears that evolutionary trajectories
traverse rugged areas of the sequence space and that the order in which amino acid substitutions
occur is not arbitrary. Interestingly, we also showed that in the case of His3, assuming that amino
acid states contribute to multiple linear predictors of fitness usually outperformed a model where
amino acid states contribute to just a single linear predictor. We conclude that the genotype to
phenotype relationship is multidimensional, such that the highly multidimensional sequence space
cannot be projected into a monotonic function, or even a smooth function with several maxima.
We are currently following up these studies with further experimental work in GFP, His3 and other
model proteins.



Theoretically, we have been investigating the role of complex fitness landscapes on rates of
adaptive substitutions in evolving populations (Kondrashov and Kondrashov, 2002), we devised a
new theoretical approach bridging micro- and macroevolutionary levels modeling the impact of the
null hypothesis on sequence divergence from a population genetics perspective (Kondrashov et al.,
Biology Direct, 2010). Finally, we are working towards a unifying theory of molecular evolution
that models sequence divergences explicitly incorporating epistatic interactions (Usmanova et al.,
MBE, 2015), although most of this work is at its infancy.

Our further work on the topic is bound to include a plethora of approaches targeting different
aspects of the genotype to phenotype landscape. First, several experiments are ongoing that are
aimed at confirming several of our computational studies. Second, we are working on elucidating
the molecular basis of epistatic interactions (for example: Ivankov et al, Cur Opinion Struc Biol,
2014). Third, we are continuing our efforts to bridge the gap between the micro and the
macroevolutionary levels (among already published works: Meer et al. Nature, 2010). Finally,
understanding the genotype to phenotype connection has potential in improving the prediction of
impact of specific mutations (i.e. Kondrashov, Hum Mol Genet, 2005), a prospect we are keen in
exploring for human proteins (Kretz et al., PNAS, 2015).

Other research

In parallel to addressing the issue of the genotype to phenotype connection, I have been studying
the function, selection and evolution of genes and genomes in a diversity of different contexts. We
have studied the evolution and selection of non-coding DNA sequences (Wolf et al., TiG, 2000;
Castillo-Davis et al., Nat Genetics, 2001; Donaldson et al., BMC Evol Biol, 2008), including
alternative splicing (Kondrashov and Koonin, Hum Mol Genet, 2001; Kondrashov and Koonin,
TiG, 2003). Our work on gene duplications focused on the short-term impacts of potential
increased dosage following a gene duplication (Kondrashov et al., Genome Biology, 2002;
Kondrashov and Koonin, TiG, 2004; Pougach et al., Nat Commun, 2014; Howe et al., Open
Biology, 2016) and its impact on their fixation (Kondrashov and Kondrashov, J Theor Biol, 2006;
Kondrashov, Proc Biol Sci, 2012). Finally, in our work we frequently investigate selection
pressure acting on standing variability in various populations (Sunyaev et al,. Hum Mol Genet,
2003; Bazykin et al., Nature, 2004; Yampolsky et al., Hum Mol Genet, 2005; Kondrashov et al., J
Theor Biol, 2006; Babenko et al., Biology Direct, 2006; Schmidt et al., POLS Genetics, 2008;
Povolotskaya et al., Biology Direct, 2012; Seplyarskiy et al., MBE, 2014).

ONGOING RESEARCH AND FUTURE PLANS

The past several years in my laboratory have been dynamic. We doubled in size since the end of
2013, at the same time considerably expanding our capabilities of integrating experimental and
translational components to our research. The last couple of years have brought great change to our
lab with the move from CRG, Barcelona to IST, Austria, leading to an almost complete
replacement in lab composition. Nevertheless, our interest continue to be very broad, from issues
in molecular evolution and population genetics, to systems biology and molecular biology with a
biomedical aspect. At present, we are pursuing the following venues of research, among others.



Cell biology, human disease and epistasis

We are attempting to characterize on the molecular level several disease mutations that are present
in healthy, wild-type individuals of other species. For such mutations that are easier to study, we
are attempting to understand the molecular basis why a mutation that causes disease in humans
presents a wild-type phenotype in other species. The principle idea is that if we understand what
compensates for the disease effects in other species it may be easier to reconstruct the conditions
that permit the presence of the disease mutation without deleterious effects that can lead to novel
treatments. At present, we are working on several such examples.

Mouse genetics, Parkinson's disease and compensatory evolution

For one instance of a disease mutation that causes Parkinson's disease in humans but is present in
wild-type individuals of other species we have moved our work in vivo. We have tested a
compensation of the disease mutation in cell culture and have created knock-in mice in which the
introduced mutation disrupts the compensatory interaction between the disease mutation and the
compensatory site. We see early signs that these mice to develop symptoms similar to that of
Parkinson's Disease, validating our prediction of the compensatory interaction and creating a
Parkinson's Disease mouse model that recapitulates the evolutionary history of the human lineage.
As a side note I would like to add that moving from bioinformatics straight to mouse genetics has
been one of the bravest (or dumbest, depending on the outcome of the experiments) and hardest
things I have done in my research career.

Genomics

We are continuing asking various questions in genomics using computational tools, frequently
supplementing them with small experimental tasks. If we lack a bacterial genome for an adequate
outgroup we sequence it, if we are uncertain about the quality of assembly of a specific region of a
genome we can confirm the accuracy by PCR or Sanger sequencing, etc. We are studying the
evolution of Inc-RNAs, recent evolution of duplicated genes and parallel protein evolution, among
other individual projects. Some of our studies are supplemented with development of appropriate
theoretical models necessary for the description of our results. Finally, we are spearheading several
genome sequencing projects, including, among others, the genome of a critically endangered
species.

Intra population epistasis

Although our research on the high prevalence of epistasis in molecular evolution remains
controversial we believe that there is cause to quantify how prevalent are epistatic interactions
within standing variation. To this end, we are in the middle of a computational project attempting
such a quantification in the human population and an experimental project with the same aim in
yeast.

Experimental evolution

We have recently started a large-scale project in collaboration with physicists and engineers to
construct a device for high level of automation of selection experiments. We are following the
morbidostat model, but attempting to make the devices much cheaper to allow us to work on
selection experiments in a high-throughput manner. My current interest is to develop human cell
experimental evolution among the more common microbe work.



TEACHING AND OUTREACH

General philosophy of teaching

The foundation for my teaching philosophy was forged in the course of my own education in my
science-driven family and at the liberal arts school that I attended for my undergraduate degree,
Simon’s Rock College of Bard. Drawing from my experience, I participated in, and organized,
many high-school programs that allowed me to experiment and hone my skills and approaches and
to find my own pedagogical voice. My teaching philosophy transcends all levels of teaching, from
high school to graduate students in my lab.

I believe in a hands-on, authentic educational experience that is used as the principle educational
kernel, with classroom and lecture instruction used as auxiliary tools to create an integrative
learning environment. Indeed, plenty of research in education provides evidence that an authentic
research learning experience, a method of teaching reminiscent of an apprenticeship model, based
on real, hands-on research, is an effective method of teaching. Participating in authentic research
leads to a more effective and broader learning (van Eijck and Roth, PLoS Biol, 2007; Kim, J Sci
Ed Tech, 2011; Miller et al., Bioscience, 2013) with a more positive retrospective outlook on the
learning experience (Dijkstra and Goedhart, Res Sci Tech Ed, 2011). Interestingly, although my
teaching experience at all levels has been almost exclusively oriented towards talented students,
the philosophy of authentic experience is thought to be equally appropriate for talented and typical
students (Harwood and McMahon, J Res Sci Teaching 1997; Stake and Mares, J Res Sci Teaching,
2001).

There is evidence that the authentic research learning model may be particularly suitable for
providing a positive outcome in girls. First, there is data to suggest that girls benefit more from an
authentic hands-on research experience (Rand and Gibb, J Ed Gifted, 1989; Potter and Rosser, J
Res Sci Teaching, 1992; Bartholomew, J Career Dev, 1995; Burkam et al., Am Ed Res J, 1997;
Jovanovic and King, Am Ed Res J, 1998; Dijkstra and Goedhart, Res Sci Tech Ed, 2011). Second,
girls are more likely to be influenced by the interaction with a faculty and interpersonal
relationships (Stake and Granger, J Ed Psych, 1978; Cerinsek et al., Int J Sci Ed, 2006), by peer
interaction in the course of advanced learning (Riegle-Crumb et al., Soc Ed, 2006) and by
engagement in problem solving (Harskamp et al., Ed Res, 2008), all of which are staple features of
an authentic research experience. Finally, creating a supportive environment conducive to boosting
self-confidence may have a stronger positive effect on girls (Koch, J Res Sci Teaching,1998;
Meyer, J Res Sci Teaching, 1998; Stake and Mares, J Res Sci Teaching, 2011).

The authentic research learning model, being quite different from the typical classroom instruction,
comes with its own set of challenges and specifics. Crucially, the authentic research model is more
depended on the right mentorship, attention and peer support (Burgin et al., Res Sci Ed, 2012),
which necessitates greater faculty involvement and more attention to the social aspects of the
learning environment. Indeed, the importance of social factors and appropriate mentorship and
peer group support for a positive outlook on science learning and a STEM career is widely
recognized (Buday et al., Sex Roles, 2012; Robnett et al., J Res Adolescence, 2013; Wang and
Degol, Dev Rev, 2013). Some data show that social support and encouragement is more important
for positive science attitude then social status variables (Stake, J Apl Soc Psy, 2006). The social
support is specifically important for supporting an already existing interest (Ben-Eliyahu et al.,
Appl Dev Sci, 2014), which may specifically apply to talented students.



In developing my teaching methods and philosophy, I strive to engage the students into real
research given the constraints of each experience. Indeed, the degree of involvement of the
students in the research activity positively correlates with successful outcomes (Roth et al., Am
Bio Teacher, 2009). Furthermore, I believe that it is vital to provide the freedom of choice to the
students, coupled by professional advice and supply of relevant information. Research suggest that
an authentic research project that supplements a pre-existing interest provides more impact
compared to a situation when the topic of the project is novel to the student (Burgin et al., Res Sci
Ed, 2012). Therefore, the freedom to choose the research topic may provide important advantage
to the learning process. How the authentic research model is implemented greatly depends on the
level of achievement of the students and the academic stage of the student. Below, I discuss how I
implement this philosophy to different academic levels.

Graduate level

The engagement of the graduate students in research is the basic idea of all graduate programs.
Without laboring too long on the rather obvious topic I would like to stress three things that I strive
to do with my graduate students that provide a learning environment beyond a good research
project. First, I believe that the role of a good laboratory is to produce great scientists as much as it
is to produce great science. To develop the critical thinking skills required of a good scientists I
provide my students with as much intellectual, and actual, freedom as they need or want. My
students are free to experiment, to fail, to choose their own research direction, even if their funding
comes from a grant project on a specific topic. The intellectual freedom is liberating, and serves as
a portal the door to intellectual creativity. This often translates to my students and postdocs to
publish without having me as a co-author of their work. Second, I work hard to create a
collaborative and supportive environment for all the people in the lab. I encourage people to
interact, especially, to the exclusion of my direct participation. I believe that competition best
serves the purpose of motivation when it is externalized and depersonalized, and that collaborative
environments provide the right social basis for the free exchange and active development of
students’ ideas. Finally, I believe that graduate students thrive best when their freedom is
supplemented by the necessary logistic and intellectual support. I provide the support in the form
of the necessary budget for their work, in the availability of my own time and, when possible,
intellectual contribution and in the attention to their progress and wellbeing. I also teach an
evolutionary theory course to the lab, which grounds the work of most of the lab and often
provides a starting point for the work of my students.

School of Molecular and Theoretical Biology

Over the years, my extensive experience in working with younger students evolved into an
extraordinary science outreach program that has been active since 2012. Initially started in Russia
through the support of the Dynasty Foundation, my program evolved into an renowned
international organization that accepts applications from around the world (see Figure below),
attracts research faculty from the best research institutions and provides a model of STEM
engagement with younger students. At the core of the school is the integration of selected high
school students into real research projects led by invited labs from around the world. The
philosophy of educated choice is implemented in providing the students a chance to rote in
different labs. They receive support by having a personal adviser that helps them choose a research
project appropriate for them. Here are the highlights of our achievements:



1) Over 400 students coming from over a dozen different countries graduated from our
program over 7 years of operation.

2) Our alumni go on to study at the best universities of the country from which they are from.
3) More than 50% of our alumni pursue a PhD, MA or equivalent degree, an astonishingly
high rate for a high-school program.

4) We have international recognition, among which is a grant from HHMI.

5) Our faculty come from the best research institutions, such as Harvard University,

University of Cambridge, and others.

1
: 3 = 7
vl '.‘.'".A \‘ 2 v . [
o 2 0N o, - N r
o Y I 8 S Ve e,
O W \ 24 . " o ®
~ SN / {' P as g
r N o "y 110 o
. 7 IA oY A ¥ re®ie "a‘ . - ‘
. \ “ 0 .. ‘._ "‘.Q ..‘. 't'.’. i
S . Y NT— ».) '.,,4-‘ > P voa o) o
3 e e g -N85T @) Qp ‘ o
3 23t : C a9 ) ol [
P 4.9 o9 19 - s]
- d “. CNT aQ I3 .
© .) « - ¢ ! .
@ .' e i~ .
’ . p. ® 3
f \ Y,
s \ = o9 i A
o N
~ [ 4 - VAo .~.\
. pal A
&=, % ¢
) T
- 5
- .‘

i
Figure: Geographical distribution of applications to the School of Molecular and Theoretical
Biology from 2012 to 2019.

More information about the vision and principles of SMTB, including the research, can be found
here: http://molbioschool.org/en/ and www.facebook.com/molbioschool. A broad description of the
project can be found in the Howard Hughes Medical Institute bulletin:
http://www.hhmi.org/bulletin/winter-2015/immersion-lab




