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One of the major goals of the modern study of evodevo is to understand the evolution of
gene function across a range of contexts, including sub/neofunctionalization, co-option of
genetic modules, and the evolution of morphological novelty. To these ends, comparative
studies of gene expression can be useful for constructing hypotheses, but cannot provide
direct evidence of functional evolution. Unfortunately, determining endogenous gene
function in non-model species is often not an option. Faced with this dilemma, a common
approach is to use heterologous expression (HE) in genetically tractable model species
as a proxy for functional analyses. Such experiments have important limitations, however,
and require caution in the interpretation of their results. How do we dissociate biochemical
function from its original genomic context? In the end, what does HE actually tell us? Here,
| argue that HE only sheds light on specific types of biochemical conservation, but can
be useful when experiments are carefully interpreted.

Keywords: evo-devo, heterologous expression, functional evolution, biochemical evolution, developmental
genetics

As developmental biologists, it is important to remember that when we speak of “gene function,”
we are conflating, by necessity, a complex array of different factors. At a fundamental level, we can
think of gene function as representing two complementary components: the first being biochemical
function and the second being developmental role (Figure 1). The former is determined by the
coding sequence of the gene itself and encompasses everything from secondary/tertiary protein
structure, to enzymatic capacity, to co-factor and/or DNA binding site affinity. These aspects of gene
function may change as the sequence of your favorite gene (YFG) itself evolves. As if this weren't
complicated enough, the actual developmental role played by YFG is the product of all of these
primary components interacting with a wide array of cis- and trans-acting phenomena, including
the expression patterns of YFG in relation to its co-factors, the epigenetic state of target loci, the
position of binding sites within the genome, post-translation regulation of all interacting proteins,
etc. Obviously, these secondary components evolve as well, to varying degrees in a coordinated
fashion with YFG. So when we talk about the evolution of gene function, we are really considering
the evolution of the whole genomic context of YFG—its protein sequence, cis- and trans-regulation,
interacting partners, and target gene repertoire.

Heterologous expression (HE) takes the primary component of gene function—the sequence
of the coding region itself—and plugs it into the second component—the genomic context—of a
different species. We are essentially performing a site-directed mutagenesis experiment in which
we ask whether the sequence differences between YFG and its endogenous homolog disrupt the
functional roles normally played by the endogenous locus in its own genomic environment. Of
course, HE can be conducted with varying degrees of rigor. The most rigorous approach is to drive
expression with the endogenous promoter and ask whether YFG can rescue the phenotype of a null

Frontiers in Plant Science | www.frontiersin.org 1

September 2015 | Volume 6 | Article 734


http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://dx.doi.org/10.3389/fpls.2015.00734
https://creativecommons.org/licenses/by/4.0/
mailto:ekramer@oeb.harvard.edu
http://dx.doi.org/10.3389/fpls.2015.00734
http://journal.frontiersin.org/article/10.3389/fpls.2015.00734/abstract
http://journal.frontiersin.org/article/10.3389/fpls.2015.00734/abstract
http://journal.frontiersin.org/article/10.3389/fpls.2015.00734/abstract
http://loop.frontiersin.org/people/25913/overview
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2015.00734&domain=pdf&date_stamp=2015-09-15
http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

Kramer

Interpretation of heterologous expression

Biochemical function is a
product of the primary
sequence of YFG. Evolution
of primary sequence can have
a major impact on a range of
protein interactions.

The second determinant of
gene function is the entire
genomic context of YFG.

This includes a wide array of
features such as upstream
regulatory factors, the
expression patterns and
sequence of co-factors, location
of DNA binding sites, etc.

FIGURE 1 | A schematic representation of the dual nature of gene
function. Aspects influencing biochemical function are highlighted in shades
of blue while aspects of the genomic context are highlighted in shades of red.
Note that here, | am only considering heterologous expression of coding
sequences, so upstream regulatory elements are considered to be part of the
endogenous genomic context.

mutation in the endogenous locus. With surprising frequency,
however, the heterologous locus is simply over-expressed in a
wild type background (e.g., Lee et al., 2012; Perilleux et al., 2013;
Lovisetto et al., 2015), such that the real question being asked is:
Can this alien protein perturb development in the same manner
as the endogenous protein when it is over-expressed? Such an
approach creates new problems, including the nature of protein
interactions, which are subject to reaction equilibria and therefore
sensitive to the concentrations of the interacting factors.

Given this perspective, we should consider the variety of ways
that HE is typically used in the evodevo field. These include
to bolster evidence of genetic orthology (e.g., Serrano et al,
2009), to assess homology of a genetic module or an organ
(e.g., Halder et al.,, 1995; Whipple et al., 2004), and to broadly
assess conservation of gene “function” between taxa (e.g., Alvarez-
Buylla et al., 2010; Kachroo et al, 2015). The first of these
uses should be rejected since similarity of function is absolutely
not a criterion for genetic homology in general or orthology in
particular (Theissen, 2002; Gabaldon and Koonin, 2013). Itis even
true that positive HE results can be misleading when it comes
to assessing orthology. Perhaps the best understood instance of
this phenomenon is the AGAMOUS (AG) lineage of floral organ
identity genes in flowering plants. The functions of AG homologs
were first described in the core eudicot model systems Arabidopsis
and Antirrhinum (snapdragon; Coen and Meyerowitz, 1991).
In Arabidopsis, the ag mutant phenotype results in homeotic
transformation of fertile organs into sterile organs and a loss
of determinacy in the floral meristem. The plena (ple) mutant
in Antirrhinum has the identical phenotype and PLE is clearly
homologous to AG. However, PLE and AG are not orthologous
but, rather, are derived from a whole genome duplication that
occurred at the base of the core eudicots (Davies et al., 1999;
Kramer et al., 2004). The orthologs of PLE in Arabidopsis are a pair
of recent duplicates called SHATTERPROOF1/2, which participate

in fruit and ovule development (Liljegren et al., 2000), while the
ortholog of AG in Antirrhinum is called FARINELLI (FAR), a
gene that primarily contributes to stamen development (Davies
et al,, 1999; Causier et al., 2005). These distinct functions appear
to be due to independent patterns of subfunctionalization that
occurred along the lineages leading to the rosid Arabidopsis on the
one hand and the asterid Antirrhinum on the other. Furthermore,
while the paralogs AG and PLE are biochemically equivalent in
Arabidopsis, the orthologs AG and FAR are not (Causier et al.,
2005; Airoldi et al., 2010). This is most likely due to changes
in selection as FAR became specialized to function in stamen
identity. Therefore, while it may commonly be true that orthologs
are more likely than not to have both functional similarity and
biochemical conservation, we cannot take it for granted.

If you will permit me a digression, I would also like to
strongly discourage the common use of the term “functional
ortholog?” It is important to remember that function is generally
considered not to be a criterion for homology, even among
genes (Theissen, 2002). I actually agree with Mindell and Meyer
(2001) on this point, that there should be some leeway for
discussing the inheritance of genetic function, but we should
recognize that it is widely held that functions of any kind cannot
be homologous. What information are we trying to convey
when we say “functional ortholog?” We want to say that we
have a pair of genes that are genetic orthologs and also appear
to play similar functional roles. This is an important piece of
information; certainly, we often want to know if function is
conserved among orthologs. However, this terminology seems to
suggest that “functional” orthologs have an additional quality of
greater orthology because they show conserved function. This
is simply untrue. Orthology is a feature of genetic relationship,
of inheritance and patterns of gene duplication. It does not
increase or decrease based on functional similarity. It is much
more informative to say that you have performed a rigorous
phylogenetic and/or syntenic analysis and have determined that
the genes in question are orthologs and, further, appear to share
conserved functions. We must recognize that this statement can
really only be made if you have conducted endogenous functional
studies in the taxa being compared. If you have only performed
HE, then the best you can say is that there is some degree of
biochemical conservation.

The use of HE to assess homology of a genetic module or an
organ is more complex and relates to the need to distinguish
between process homology and morphological homology, which
has been well-covered by many previous authors (Bolker and
Raff, 1996; Abouheif, 1997; Abouheif et al., 1997). These authors
recognized quite early during the molecular renaissance of our
field that shared expression of genetic homologs, and even
shared developmental control by homologous genetic modules,
should not be used as the basis for assessment of morphological
homology. Hodin (2000) succinctly addressed the issue while
discussing the limited value of HE with Pax6 homologs: “A
positive result tells you only that the biochemical properties
of the protein have been conserved, not necessarily that its
function within a certain morphological structure has also been
conserved. The commonplace use of the same gene within an
organism performing distinct functions in a multitude of tissue
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FIGURE 2 | A schematic overview of the Ronshaugen et al. (2002) experiments. Drosophila Ubx promotes abdominal identity and acts to repress limb
development in the abdomen. Artemia Ubx is assumed (*) to promote abdominal identity but not repress leg development. Consistent with this, when full-length
Artemia Ubx was expressed in Drosophila, it was capable of promoting abdominal identity but could not repress leg development. Deletion of a C-terminal region of
the Artemia Ubx (dashed oval) conferred leg repression capacity. This led to the conclusion that evolution of the C-terminal domain was a critical aspect of the
evolution of leg repression function in the Ubx lineage in arthropods. However, there are several considerations that should be kept in mind. First, additional studies
suggest that there may be multiple reasons why Artemia Ubx does not repress leg development (Hsia et al., 2010). Second, the ideal test would be to determine
whether the truncated Artemia Ubx could repress legs if placed back into the endogenous Artemia context. Without this experiment, it remains possible that the
observed function is simply a product of the Drosophila genomic context, in which Ubx normally represses leg development. Given everything we know now, the
most conservative interpretation is that clearly Artemia Ubx is not biochemically equivalent to Drosophila Ubx. These biochemical differences may have been critical
for the evolution of limb repressing functions, but studies in Artemia itself, as well as other arthropods would be necessary to confirm this hypothesis.

reveals why this experiment is generally uninformative with
respect to evolutionary history (see also Abouheif et al., 1997)”
Here, Hodin seeks to highlight the fact that conservation of
biochemical interactions within a particular genetic module does
not inform on the myriad of ways in which that module can be
developmentally deployed. In this regard, I should note that HE
can provide some relevant information if you are simply trying
to assess homology of a genetic module, but I would argue that
phylogeny-based homology assessment of the genes involved and
tests of endogenous regulatory interactions are even more useful.

Process homology is especially relevant to cases of co-option of
genetic modules to novel developmental functions. For instance,
in butterflies Distal-less (DIl) orthologs have been recruited to
promote the development of wing spots (Brunetti et al., 2001).
The wing spot developmental program is very unlikely to be
recapitulated by simply expressing the butterfly DIl in Drosophila
because this developmental program is a product of what I defined
as the second component of gene function, the endogenous
genomic architecture of the butterfly. However, reciprocal HE
of DIl orthologs between Drosophila and butterflies would be
perfectly useful if your goal was to determine whether the
evolution of the wing spot involved biochemical divergence in
the butterfly DIl sequence. This type of co-option is just one
extreme on a spectrum of evolutionary change that could also
include morphological remodeling events such as the derivation of
halteres from hindwings (Hersh et al., 2007), lodicules from petals
(Whipple et al., 2007; Yoshida, 2012) or staminodia from stamens
(Sharma and Kramer, 2013). Such evolutionary transitions may
involve biochemical changes in upstream transcription factors
but clearly also involve changes in target gene repertoires (e.g.,
Hersh et al, 2007). HE is much more likely to shed light
on any biochemical changes rather than changes in target
gene repertoires, which primarily depend on the positions of
downstream binding sites dispersed throughout the genome.

The third common use of HE, to investigate conservation of
“function,” is perfectly legitimate in many cases but less so in
others. It is probably useful to start with a consideration of what

can go wrong with HE. For instance, a lack of rescue or the failure
to produce a phenotype may simply be due to the divergence
between your species of interest and the reference model system.
Even proteins that are likely to serve conserved functions can
experience the process of developmental system drift (True and
Haag, 2001) at the level of primary sequence. In other words, this
is a site directed mutagenesis experiment in which the altered
protein cannot function in the model system’s genomic context
but may be perfectly functional in its original environment. On
occasion, HE results in novel or dominant negative phenotypes
(e.g., Lee et al,, 2012; Katahata et al., 2014; Sun et al,, 2014).
These may be due to the disruptive effects of an alien protein
being introduced to a system for which it is not adapted. If
the heterologous protein can interact with some co-factors but
not others, it may act as a dominant negative allele, especially
when over-expressed. Perhaps most surprisingly though, even
positive results can be misleading. Zarrinpar et al. (2003) tested
the ability of SH3-domain protein homologs to rescue the function
of one specific family member in yeast. They found that while
endogenous paralogs were highly functionally specific and could
not rescue, diverse metazoan homologs showed higher frequency
of rescue. These results reflect the fact that members of the same
genome, especially when co-expressed, will tend to co-evolve for
a high degree of functional specificity. Homologs from divergent
genomic contexts that have not experienced the same patterns of
co-evolution may actually be quite promiscuous in a heterologous
genome. Thus, we see that a range of results from HE can be
uninformative or misleading, especially when you do not have
functional data from the original organism.

So am I suggesting that HE is never useful for examining
the evolution of gene function? Certainly not. In cases where
biochemical divergence is specifically being assessed, this
approach can be the best experiment to use, albeit with some
caveats. Let’s consider a classic HE experiment, Ronshaugen et al.
(2002), in which they tested the ability of Artemia Ubx to suppress
limb development in Drosophila (Figure 2). Interestingly, the
authors found that while the full length Artemia Ubx had little
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limb-suppressing capacity, a relatively minor C-terminal deletion
allowed the Artemia protein to repress limbs in Drosophila. In
light of this finding, the authors proposed a model in which the
Ubx protein of a crustacean/insect ancestor experienced mutation
in the C-terminus of the protein that uncovered a limb-repression
function. This is certainly a plausible scenario that fits the
presented data, but we should also recognize a weakness in that
the experiment was only performed in the Drosophila genomic
context where Ubx has a limb repressing function. If you could
put the mutated Artemia Ubx back into Artemia, would it have
the capacity to repress limbs or is that primarily a product of the
Drosophila genome? As it turns out, further studies in Artemia
have revealed a more complex situation that suggests that there
may be multiple reasons why Ubx does not repress limbs in
Artemia (Hsia et al., 2010). These findings underscore the fact
that accurate interpretation of HE data really hinges on having as
much information as possible in both taxa, including functional
results whenever possible.

One especially elegant demonstration of how powerful HE
can be when paired with functional studies in both the donor
and recipient is work done on the control of flowering time
in sugar beet (Beta vulgaris ssp. vulgaris, Pin et al, 2010).
In flowering plants, homologs of the PEBP lineage defined
by the Arabidopsis gene FLOWERING LOCUS T (FT) are
broadly involved with promoting the transition from vegetative
to reproductive development (reviewed Ballerini and Kramer,
2011). The FT protein has been identified as the classic Florigen
factor that moves from leaves, where it is produced, to the apical
meristem in order to change meristem identity. Consistent with
this role, most FT homologs are only expressed at significant levels
after the initiation of reproductive development. In cultivated
sugar beet, however, a very recent gene duplication has given
rise to two copies: BVvFT1, which is primarily expressed during
vegetative development, and BvFT2, which is expressed as
expected during the reproductive stage (Pin et al., 2010). Using
RNAi and overexpression in beet, Pin et al. (2010) clearly
established that the BvFTI paralog had acquired a dominant
negative effect that represses flowering until vernalization (cold
treatment) represses BvFT1 and allows expression of the floral
promoting paralog BvFT2. This dramatic difference in function
between the two paralogs can be recapitulated in Arabidopsis,
where BvFT2 activates flowering while BvFT1 represses it. This
demonstrates that there is a biochemical change in BvFT1 relative
to the otherwise highly conserved function of FT proteins.
The use of chimeric proteins and site-directed mutagenesis in
the more tractable Arabidopsis system allowed the authors to
identify the specific amino acid changes that are responsible
for the neofunctionalization, and further demonstrate that these
changes are associated with BvFT1 alleles that were selected
during domestication. This kind of study relies heavily on
HE but uses it in exactly the right way—by targeting an
otherwise highly conserved genetic module, and in combination
with detailed expression and functional studies in the original
system, which allows the heterologous results to be accurately
interpreted.

Another powerful application of HE is to use homologs from
a series of diverging taxa to probe the conservation of specific

biochemical properties, such as recognition of DNA binding
sites. This is essentially a matter of letting evolution do the site-
directed mutagenesis for you: as you move out to more deeply
diverging taxa, there are more non-synonymous mutations,
allowing you to ask whether the endogenous biochemical function
is still retained. The land plant-specific transcription factor
LEAFY (LFY) is ideal for this type of study because unlike
most plant gene lineages, it has very few retained paralogs.
Maizel et al. (2005), tested the ability of LFY homologs from
across the land plants to rescue the Ify mutation in Arabidopsis,
and then further complemented the phenotypic analysis with
microarray studies of gene expression. They found that there
was a gradual decreasing degree of phenotypic rescue as they
moved out to more distantly related taxa. When paired with
tests of protein/DNA interaction, their results suggest that “the
declining ability to replace Arabidopsis LFY ... is caused by a
progressive failure to interact with the canonical LFY binding
sites,” which, of course, are defined based on work done in
Arabidopsis. The microarray analysis of the various transgenic
lines demonstrated that in the weakest cases of rescue, one
of the last target interactions to be lost was with the floral
meristem identity gene APETALA1 (API). The authors quite
correctly noted that this finding does not tell us anything
about what the heterologous LFY homologs activate in their
endogenous settings—API homologs are not even present
outside angiosperms. Rather, this reflects the extraordinarily high
affinity of the LFY binding site present in the API promoter,
such that even deeply divergent homologs with many non-
synonymous changes are still capable of recognizing it. This kind
of study highlights evolutionary processes affecting both aspects
of developmental gene function since it detects biochemical
changes that have altered DNA affinity while also underscoring
the fact that repertoires of target genes will simultaneously be
evolving.

In summary, my argument is that HE can be very useful
in specific cases where we want to investigate changes in the
primary component of gene function, which is to say biochemical
function. This includes enzymatic capacity as well as affinity for
a range of interactions such as protein-DNA and protein—protein.
It yields the best results when paired with functional studies in
both the donor and recipient taxa so that potentially spurious
phenotypes can be ruled out. I think it is also true that HE works
best when you can target a genetic module that is otherwise
very highly conserved, so that you can lessen the impact of drift
and divergence in other components of the pathway (although
this is hard to ever rule out completely!). HE does not inform
upon homology in general or orthology in particular, nor does
it give us much information on what developmental roles the
gene may play in its original genomic context, so use it with
care.
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