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ABSTRACT

Many developmental biologists seldom leave the lab for research,
relying instead on establishing colonies of traditional and emerging
model systems. However, to fully understand the mechanisms
and principles of development and evolution, including the role of
ecology and the environment, it is important to study a diverse range
of organisms in context. In this Perspective, we hear from five
research teams from around the world about the importance
and challenges of going into the field to study their organisms of
interest. We also invite you to share your own fieldwork stories on
the Node.
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Evolution of developmental systems in marine invertebrate
life histories

Federico D. Brown

The identification of animal homologies has troubled naturalists for
centuries. Despite many difficulties in the assignment of structural
homologies among vertebrates, marine invertebrates present a vastly
more difficult challenge because of their diverse morphologies,
complex life histories and deep evolutionary divergence. As a
grad student participating in the Comparative Invertebrate
Embryology course at Friday Harbor Labs, I carefully drew
embryos of more than 20 different invertebrate phyla, revealing
an endless diversity of forms and developmental mechanisms. With
this extreme phenotypic diversity (Fig. 1A,B), approaches that
compare spatiotemporal gene expression and function to reveal
structural homologies are insufficient to capture the complexity of
homologies in invertebrate development. After the course, rather
than seeing development as a stable system driven by rigid
processes following only a handful of instructions, I began to
understand developmental system evolution (Waddington, 1941) as

Fig. 1. Marine invertebrate fieldwork. (A,B) Diversity of organismal forms, as
represented by a gastrula of the ascidian Herdmania pallida (A) and a
metatrochophore larva of the polychaete Chaetopterus variopedatus (B); both
were generated by in vitro fertilization in the Comparative Embryology of
Marine Invertebrate (CEMI) course at the Center for Marine Biology of the
University of Sdo Paulo (CEBIMAR-USP). (C) Collecting minute colonial
ascidians by scuba diving in the Eastern Tropical Pacific with colleague

G. Agurto (CENAIM-ESPOL) at Bajo Cope, Ayangue, Santa Elena, Ecuador.
(D,E) Comparison of marine invertebrate fouling communities in a subtropical
region and a subantarctic region. (D) Botrylloides niger ascidian colonies
competing for space with the invasive sun coral at a dock in the llhabela Yacht
Club in the Channel of Sdo Sebastido, Brazil. (E) Large colonial and solitary
ascidians, including the colonial Polyzoa opuntia and the solitary Paramolgula
gigantea, at the ferry dock in Porvenir, Tierra del Fuego, Chile. Images
courtesy of A. Migotto (A,B; CEBIMAR-USP, Brazil) and J. |. Cafiete

(E; Universidad de Magallanes, Chile).

an active and dynamic process of change during the evolution of
form.

The study of invertebrates offers an exquisite opportunity to
explore how development has influenced diverse body forms and
animal organization through ~850 million years of evolution. To
understand and capture the breadth of morphological complexity, a
complete picture of evolving developmental systems becomes
necessary. In my lab, we study colonial ascidians, which exhibit
perpetual development and morphological transformation
throughout their life cycle. In ascidians, cells are systematically
undergoing developmental processes (i.e. differentiation and cell
death) regulated by genetic factors and inductive signals of tissues/
organs, and influenced by individual or colony-level modulation
(Stolfi and Brown, 2015; Kassmer et al., 2019; Manni, 2023).
Furthermore, because ascidian larvae are motile and adults are
sessile, where and when metamorphosis occurs is highly influenced
by substrate preference and other environmental effects. Thus,
colonial ascidian development cannot be fully understood in
isolation from environmental influences.

Colonial ascidian development cannot be fully
understood in isolation from environmental
influences

Field study approaches are advantageous to address
developmental questions because patterns affecting development
and evolution in nature (Fig. 1C) often go unseen in the laboratory.
One biogeographic diversity pattern is the dominance (in species
and abundance) of colonial ascidians in the tropics, where predation
is highest (Fig. 1D,E). Our biogeographical and field studies have
confirmed two peaks of colonial ascidian dominance near the
tropics of Capricorn and Cancer, providing evidence for a major
incidence of predation on colonial ascidians compared with solitary
ones (Hiebert et al., 2019). These observations suggest that colonial
ascidians — similar to other sessile marine animals — could have been
selected to evolve high regenerative abilities, fast propagative
growth and dormant forms to escape predation (Hiebert et al.,
2019, 2022). A second pattern affecting development and
evolution is polar gigantism. Low temperatures have been
equivocally suggested to release oxygen-mediated body size
constraints, leading to the evolution of gigantism in several
marine taxa (reviewed by Woods and Moran, 2020). Solitary
ascidians in the subantarctic Magellanic region (Chile) exhibit
larger body size and relatively higher numbers of species, and
colonial ascidians show relatively larger body and colony size
than in the subtropical region of the Sdo Sebastido Channel
(Brazil) (Fig. 1D,E). Two other largely unexplored areas of
research in tropical colonial ascidians include: understanding
the evolutionary origin and developmental mechanisms of
photosymbiosis in didemnid ascidians; and understanding the
ecological role(s) of colour-morphs and their biogeographic
distribution.

Altogether, global field studies capturing developmental diversity
are necessary. On one hand, they reveal how the environmental affects
developmental mechanisms and, on the other hand, they help us
uncover how development responds to selection acting on the
different levels of organismal organization. Biologists interested
in the evolution of developmental systems face new challenges in
understanding how developmental patterns of morphological
diversity and adaptations affect reproduction, speciation and
animal life histories.
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Developmental diversity through the lens of cichlid evolution
M. Emilia Santos and Edson Ishengoma

Fieldwork is a foundation of biological studies, offering
unparalleled insights into the diversity of organisms. Its
importance is exemplified by Darwin’s and Wallace’s expeditions
studying organisms in their natural environments, leading to the
ground-breaking theory of evolution by natural selection. One
century later, the developmental mechanisms underpinning
diversity, such as the conserved role of Hox genes in body plan
development, started to be uncovered, contributing to the birth of
evolutionary developmental biology (evo-devo) for understanding
the evolution of developmental processes.

Traditionally, evo-devo has focused on a few laboratory model
systems and often on major evolutionary transitions. Thus, studies
on the developmental basis of organismal diversification and
adaptation in their natural environments lagged behind. Recent
technological advances have greatly expanded the genomic and
developmental genetics toolkits, enabling the study of a broader
range of organisms in their natural environments and giving rise to
the field of eco-evo-devo, which integrates ecological, evolutionary
and developmental perspectives.

Our eco-evo-devo research focuses on a diverse species: cichlid
fishes (Santos et al., 2023). Cichlids outperform all other aquatic
inhabitants of Africa in terms of diversification rates, particularly in
the East African Great Lakes, where an extremely high density of fish
show an immense diversity of forms and colours. An estimated 2000
cichlid species have emerged in East Africa in the past 5-7 million
years (Salzburger, 2018). Despite their morphological diversity,
these fish are genetically similar, providing a natural ‘mutagenic
screen’ to map genetic and developmental mechanisms underlying
diversity (Kocher, 2004; Malinsky et al., 2018). The well-
documented biology and ecology of these fishes from fieldwork
contributions of researchers and hobbyists provide crucial context
for understanding genetic and developmental evolution.

Research in cichlids has highlighted the genetic and
developmental basis of variation in adaptive traits, such as
craniofacial shape and pigmentation patterns. Further studies on
the modularity and integration of the cichlid craniofacial skeleton,
and the genomic basis of convergent evolution in pigmentation
patterns have shown how developmental mechanisms can facilitate
or constrain adaptation and diversification (Conith and Albertson,
2021; Kratochwil et al., 2018). Comparative embryology among
closely related cichlid species has revealed distinct developmental
timelines and embryonic morphologies driven by local selective
pressures and environmental conditions (Marconi et al., 2023;
Powder et al., 2015).

Observing and characterising the environmental context is a major
strength of fieldwork, allowing inference for how the environment
drives phenotypic shifts and evolutionary change, and how it affects
developmental processes within a generation through phenotypic
plasticity. For example, cichlids develop different craniofacial
and jaw structures depending on food availability (Gunter et al.,
2013). This phenotypic plasticity allows rapid acclimatisation to
environmental changes, a crucial factor in their evolutionary success.

Observing and characterising the environmental
context is a major strength of fieldwork

An understanding of how developmental plasticity interacts with
genetic variation during bouts of adaptation to novel environmental
challenges is lacking. This question is the focus of our current

collaboration, funded through the Cambridge-Africa Alborada
program, where we will explore the repeated adaptation of
cichlids to salinity gradients across important riverine ecosystems
to understand mechanisms of evolutionary convergence and
developmental plasticity in the wild. Such projects have the
potential to contribute to both basic science and conservation.
Understanding the adaptive capacity of key developmental
pathways that enable species to adapt to changing environments
can help devise conservation strategies.

Integrating field-based research with developmental biology is
essential to understanding and preserving the natural world. It
enriches our understanding of the interplay between genetics,
development and the environment, revealing adaptive strategies
and how developmental mechanisms influence diversification.
Although invaluable, fieldwork must be conducted ethically,
respecting and incorporating local knowledge and expertise, and
developing equitable partnerships with local researchers.

Developmental diversity of velvet worms

Georg Mayer and Ivo de Sena Oliveira

Few scientists are familiar with onychophorans, also called velvet
worms (Fig. 2A.B). Yet these creatures have always played an
important role in discussions of animal development and evolution
(Manton, 1949; Mayer et al., 2015). One major reason is their
conserved morphology, which has changed little in hundreds of
millions of years. Extant velvet worms still resemble fossil
lobopodians — marine ancestors of onychophorans, tardigrades
(water bears) and arthropods (e.g. crustaceans and insects). Owing
to this legacy, onychophoran development may inform about the
transformational changes that have led to the evolution and
diversification of these three groups of panarthropods (Martin
et al., 2017).

Onychophorans are predators that live in leaf litter and decaying
logs in tropical and temperate forests of the southern hemisphere
and around the equator, where they mostly feed on terrestrial
arthropods, such as crickets and cockroaches. Prey is captured using
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Fig. 2. Velvet worms and their developmental diversity. (A) A slime-
ejecting specimen of Euperipatoides rowelli from Australia. (B) Photographs
of onychophoran species, from left to right: Epiperipatus biolleyi (Costa
Rica), Peripatopsis capensis (South Africa), Occiperipatoides gilesii
(Australia), and Ooperipatus oviparus (Australia). (C) A double-headed E.
rowell embryo with a truncated body from the hybrid zone in Tallaganda
State Forest (Australia). Image was captured using a confocal microscope;
DNA is labelled.
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a sticky slime secretion, which is produced in specialized glands and
ejected via a pair of modified limbs — the slime papillae (Fig. 2A).
The skin of velvet worms is ultrahydrophobic and effectively repels
water, dirt and even their own ‘superglue’. Even though their
collection does not require expensive equipment — gardening
gloves, a screwdriver and a few jars — fieldtrips can be quite
adventurous, especially to remote areas. In tropical forests, velvet
worms are hard to find due to their cryptic lifestyle and low
abundance. Furthermore, onychophorans are slow-moving animals
that rarely fall into traps. Hence, successful onychophoran
collection relies on well-trained eyes and luck.

The selection of the appropriate geographical region for
fieldtrips is crucial, because onychophorans display a variety of
developmental modes, each occurring in specific regions. For
example, the placental live-bearing mode is exclusively found in the
neotropics, whereas egg-laying representatives are restricted
to Australia and New Zealand. A peculiar type of development
involving huge trophic organs occurs in some South African,
Chilean and Indonesian species. Which of these modes is
ancestral to Onychophora is still under debate, but it seems clear
that oviparity (deposition of eggs) has evolved at least twice (Mayer
et al., 2015).

Covering the entire diversity of developmental modes is
challenging because we must travel across the globe, find, collect
and export the animals, inevitably facing country-related issues. It
is, therefore, unsurprising that, in past decades, embryological
research has focused on a few species, above all Euperipatoides
kanangrensis and E. rowelli from Australia (Eriksson et al., 2003;
Mayer et al., 2015; Janssen, 2017). Once collecting and export
permits have been granted, these two species are easily obtainable in
high numbers without affecting their natural populations.

Pioneering extensive fieldwork on these species, in particular
E. rowelli (Fig. 2A), has revealed remarkable developmental
abnormalities and low fertility in animals from specific areas of
the forest (Sunnucks and Tait, 2001). The malformations include
atypical numbers of segments, missing legs and jaws, and even
double-headed embryos with truncated bodies (Fig. 2C). Fine-scale
sampling and population genetics subsequently revealed that these
developmental defects occur in ‘hybrid zones’, where the fitness
of the animals is reduced, possibly because of the isolation
of subpopulations of E. rowelli in glacial refuges during the
Pleistocene about 2.6 million years ago (Bull and Sunnucks, 2014).

This example highlights the importance of combining field and
laboratory work. Whereas observations in the field provide
information about the biology of the species and the geology of
the region, lab work exposes the underlying developmental and
genetic mechanisms responsible for the adaptation of the species to
its environment. This complementary approach allows us to relate
the genotype to the phenotype, and broadens our view on the mutual
relationship between the ecology, development and evolution of
velvet worms.

Observations in the field provide information
about the biology of the species and the geology
of the region

Exploring the developmental biology of rich tropical flora
Natalia Pabon-Mora

The American tropics contain some of the richest regions of
biodiversity, with a range of niches where adaptation to extreme
environments makes them natural laboratories (Marcellini et al.,

2016). In Colombia, the three mountain ranges of the Andes form
a mosaic of ecosystems, from mangroves, rainforests and savannas,
as well as dry forests and hyper-humid cloud forests, to high
and extensive Paramos and super-Paramos. These environments
have shaped the diversification of native plant lineages with
extraordinary morphological and co-evolutionary traits in need of
thorough evolutionary and developmental studies.

These environments have shaped the
diversification of native plant lineages with
extraordinary morphological and co-evolutionary
traits in need of thorough evolutionary and
developmental studies

For the past 12 years, we have developed four lines of research in
neotropical plants. The first tackles the genetics of flowering, in
which endogenous factors and environmental signals converge. We
have studied flowering in neotropical orchids (Fig. 3A), generating a
dataset of 14 reference transcriptomes in the search for flowering
genes. Fieldwork helped stage the reproduction seasons of the
populations and perform careful sampling for comparative
transcriptomic analyses in selected species. We now know that,
although the flowering genetic regulatory network has multiple
duplications in orchids, only a few genes are transcriptionally active
and seem important during flowering in the tropics. Moreover, this
sampling has identified possible conserved flowering promoters and
repressors (Madrigal et al., 2023).

Second, we have studied genes associated with floral organs in
species that deviate from the standard floral organization, such as the
Dutchman’s pipe flowers (Aristolochiaceae). In the absence of true
petals, they have attractive, kettle-shaped petal-like sepals with
outstanding epidermal modifications such as papillae and trichomes
(Fig. 3B) (Pabén-Mora et al., 2015, 2020; Pérez-Mesa et al., 2020;
Muiioz-Gomez et al., 2021; Suarez-Baron et al., 2016, 2021, 2023).
Fieldwork was instrumental in identifying pollinators and obtaining
our living collections for developmental studies. Similarly,
nasturtiums, belonging to an American family, the Tropaeolaceae
(Martinez-Salazar et al., 2021, 2023), have a floral nectar spur that
strongly shifts the floral symmetry from radial to bilateral (Fig. 3C).

Fig. 3. Neotropical plant species. (A) The miniature tropical orchid
Epidendrum fimbriatum. (B) A Dutchman’s pipe flower, Aristolochia fimbriata,
in anthesis. (C) Nasturtiums. Note the floral spur in Tropaeolum longifolium.
(D) Flowers of Pilostyles boyacensis.
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We have identified key genes for spur elaboration that likely trigger
increased cell division rates in the overdeveloped side of the flower
(Martinez-Salazar et al., 2021, 2023).

A third area is identifying anatomical and genetic variation
during the carpel-to-fruit ontogenetic transition, focusing on the
tomato and tobacco family (Solanaceae) (Ortiz-Ramirez et al.,
2019; Hernandez-Ciro and Pabon-Mora, 2020), the coffee family
(Rubiaceae) (Salazar-Duque et al., 2021), mistletoes (Loranthaceae)
and the paramo hail lineage (Chloranthaceae). Field observations
have been instrumental in recording morphological shifts and
seeing fruit dispersers in action, but also in pinpointing the most
crucial time points in development for key transitions.

Finally, we have studied parasitic plant biology, with special
attention to members of the Apodanthaceae, a lineage of
holoparasitic species that have lost roots, stems and leaves. They
live as small clusters of cells within other plants, forming only
flowers and fruits at the expense of their host and emerge from the
host to complete their life cycle (Fig. 3D) (Gonzalez and Pabon-
Mora, 2017). We have identified large reductions in their plastome
(Arias-Agudelo et al., 2019) and crucial reductions in the genetic
networks controlling their vegetative development (Gonzalez et al.,
2020). We are currently studying flowering mechanisms, as well as
genes involved in flowering and floral organ identity in two species
that grow in extreme environments: Apodanthes caseariae, which
is primary parasite of Casearia trees (Salicaceae) in humid forests;
and Pilostyles boyacensis, which is and exclusive parasite of
Dalea cuatrecasasii (Fabaceae) in dry inter Andean thickets.
As no holoparasitic taxa can even be germinated in the lab without a
host plant, fieldwork is crucial in studying such intricate symbioses
to record development and sample specimens in sifu.

Beyond the lab: mining the natural diversity of mammals
Karen E. Sears

My research group seeks to harness the diversity of mammals to
identify intrinsic processes driving change in organisms during their
lives and in lineages over time. Although we can learn a lot about
these topics from traditional lab mammals, the world beyond the lab
contains thousands of mammalian species, each of which represents
an evolutionary experiment. With this in mind, we have embarked
on fieldwork on several continents to mine the information
contained in these ‘natural mutants’. For example, we routinely
engage in collaborative fieldwork on dozens of bat species at sites in
Central America and the Caribbean (e.g. Belize, Dominican
Republic, Puerto Rico and Trinidad) and are now establishing
sites in Africa (e.g. Cameroon and Nigeria). However, although
there is almost no end to what we can learn from the study of wild
mammals, fieldwork, and in particular fieldwork for the study of
developmental biology, presents unique challenges and therefore
requires a unique mindset.

As I have said on occasion, ‘developmental biology is hard,
developmental biology in mammals is harder, and developmental
biology in non-model mammals is just ridiculous’. I say this with
love — I love being in the field and I learn so much from seeing
animals in their natural habitat — however, I also say this from
experience. You have to get to the field, get funding, obtain permits
and coordinate the movements and goals of a number of scientists.
Once you get there, you need to find shelter and keep yourself and
your crew fed and healthy. You need to obtain specimens. Weather
can be uncooperative and mammals difficult to catch, and even
when you do catch them, they might not be pregnant or be at a
stage of pregnancy other than that you are interested. You have to
process specimens in the field, which can be confounded by

loss of electricity, equipment loss or breakage, contamination,
fatigue, etc. You have to get your specimens back to your lab and/or
do your assays in the field, both of which can present significant
difficulties.

| say this with love — | love being in the field and |
learn so much from seeing animals in their natural
habitat

Personally, I have found that the best way to mitigate the challenges
and uncertainties presented by fieldwork is by coupling loads of
upfront planning with on-the-ground flexibility. One needs to be
prepared for any situation and ready to change plans on the fly. As
someone living with an anxiety condition, this is often my biggest
challenge when engaging in fieldwork. I find that flexibility is
facilitated by having multiple projects in the pipeline, each of which
requires different field samples and/or developmental stages. That
way, whatever tissues you collect, they will probably be useable.
I also prioritize building collaborative and mutually beneficial
working relationships with local scientists and organizations.
Although beyond the scope of this brief perspective, fieldwork has
a long history of exploitative collection. I have established a Summer
Internship Program for Puerto Rican undergraduates and I am
collaborating with the Fellowship Program of the Small Mammal
Conservation Organization of West Africa, among other groups,
to try to help develop in-country capacity for scientific research at
our field sites and beyond. However, there is much more work
to be done.
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