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Early complex life clung to
oxygenated seafloors for hundreds of
millions of years

From the highest mountains to the deepest ocean, the driest desert to the lushest
jungle, Earth displays a dazzling array of lifeforms. And eukaryotes account for many
of these lifeforms, including nearly all of the multicellular life we can see in the
landscape. But scientists are still piecing together exactly how this domain of life
evolved from simpler predecessors.

A team led by scientists at UC Santa Barbara and McGill University now has a better
idea of what our early ancestors looked like, where they lived and how they
functioned. “We found that the oldest eukaryotes that we’ve seen so far already
needed oxygen in some capacity,” said co-lead author Leigh Anne Riedman, a
paleontologist at UCSB. “And we were able to figure out that they were living on or
within the seafloor by the way they were distributed across the samples.”

The paper, published in Nature, overturns certain long-held assumptions about early
eukaryotes while corroborating others. For instance, it seems they had probably
acquired mitochondria early on, as many scientists believed, but likely didn’t move
into the water column until much later than expected.

The divisions of life
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Kingdom is often considered the ultimate grouping when sorting life into categories.
Distinctions like animal, plant and fungus sit at this level. However, biology is more
complex than the labels we invent to classify the living world. Animals, plants and
fungi are all part of a larger group called Eukarya, as are other lifeforms with
characteristics like mitochondria, membrane-bound organelles and genes enclosed
within a nucleus. Learning how this group arose and diversified is a large part of
understanding how our world came to look the way it does.

In the early 2000s, most scientists assumed that these microscopic (and mostly
single-celled) organisms probably lived in the water column, since they looked a lot
like modern plankton. “There was also a conventional wisdom that all these early
eukaryotes breathed oxygen and had mitochondria,” said senior author Susannah
Porter, a professor in UCSB’s Earth Science Department. “We wrote a couple papers
saying, ‘Hey, not so fast. We might be looking at organisms that pre-date these
features.””

Matching organisms to their homes

In this paper, Riedman, Porter and their co-authors wanted to determine whether
these early eukaryotes did or did not use oxygen to produce energy, namely if they
carried out aerobic or anaerobic respiration. So they used sedimentology and
geochemistry to determine where these organisms lived and what oxygen levels
were like in those environments.

The team focused on deposits from the McArthur and Birrindudu basins of Northern
Territory, Australia, which host the oldest well accepted eukaryote fossils. Today,
this region of Australia ranges from outback and savanna to the billabongs and
forests of Kakadu N.P. But between 1.75 to 1.4 billion years ago, it was a shallow
inland sea replete with lagoons, offshore mudflats and calm coastal waters. Oxygen
was beginning to build up in the ocean at this time, but still had a patchy
distribution. Atmospheric concentrations were 1% or less of modern levels. “We
would not have been able to breathe,” Porter said.

Riedman prepared and sorted microfossils from drill core material, identifying the
eukaryotes within the assemblages. Meanwhile, co-lead author Max Lechte and
Professor Galen Halverson at McGill University characterized the environments
preserved in the rock layers based on the sediment type. This enabled the team to
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match taxa to four environments — lagoons, tidal areas, coastal regions and
offshore waters.

The team then looked at the minerals in the surrounding material to determine how
much oxygen was present in each environment. Different concentrations of oxygen
in the water affect which minerals will form. For instance, the presence of iron pyrite
(FeS2) indicates that there wasn’t any oxygen that would’ve otherwise converted
the sulfur to SO3 and SO4. The concentrations of other metal elements in the rock —
like vanadium, molybdenum and uranium — also provided insights on ancient
oxygen concentrations.

Combining the taxonomy, sedimentology and mineralogy enabled the authors to
understand how the oxygen levels and inhabitants of these environments varied
over time and space. And they found that these ancient eukaryotes appeared almost
exclusively in rock formed from oxygenated seafloor environments. Not only in
shallower waters, but also offshore, as long as there was oxygen.

This correlation implies that ancient eukaryotes probably required oxygen for at
least part of their lifecycle. And the strength of the association suggests that these
organisms were living on the seafloor itself. If they were present at the oxygenated
surface, their remains would’ve settled into anoxic seafloor sediments as well.

The cradle of eukaryotic life

The authors had expected to find eukaryotes throughout the ancient seas. “What’s
striking to me is how restricted eukaryotes are at this time,” Porter said. “The
surface water seems like such an obvious place to live, especially if they have to
have oxygen; there’s lots of oxygen at the surface.”

Porter and Riedman suspect that eukaryotes first evolved on the seafloor, and
perhaps there hadn’t been any pressure to move into the water column yet, or any
openings to allow them to make the change. They’re currently working to uncover
when this occurred, which would also open the door to asking how and why.

The geographic restriction could also explain a puzzling pattern: Eukaryotes were
neither abundant nor diverse for nearly 1 billion years after genetic and fossil
evidence suggests they arose. And that would make sense if they were inhabiting a



very limited environment. “The fossils that are 800 million years old, and the ones
1.7 billion years old are, for the most part, the same cast of characters,” Riedman
and Porter explained.

But Earth’s surface temperatures plunged around 720 million years ago, and it
entered the Cryogenian, also known as Snowball Earth. During this period, ice sheets
extended from the poles to the equator. The extreme conditions certainly would
have caused mass extinctions, the authors explained, which would’ve opened up
previously occupied niches as the planet emerged from its big freeze 635 million
years ago. Indeed, the Ediacaran Period that followed marks the first emergence of
complex, multicellular life, all of it eukaryotic.

An early acquisition

The distribution of fossils also suggests that eukaryotes had probably acquired
mitochondria very early on. These specialized energy-generating organelles are a
hallmark of all living eukaryotes, and the leading theory posits that they developed
from free-living bacteria that were incorporated into an ancestral eukaryotic host
cell. In fact, living on the seafloor would’ve put ancestral eukaryotes in close
proximity with other organisms, something that would have facilitated this
assimilation. Some scientists hypothesize that mitochondria enabled eukaryotes to
develop such complex morphology, which the fossils from the McArthur and
Birrindudu basins display even 1.75 billion years ago.

While early eukaryote diversity was low in an absolute sense, it's higher than
scientists would expect if the group had just gotten going. “So, although these are
the oldest eukaryote fossils yet described, the diversity and variety of form achieved
by this point suggest they have a deeper history,” Porter said. She, Riedman and
UCSB PhD student Wentao Zheng are currently looking at microfossils from even
older layers in the McArthur Basin, as well as the Animikie Basin of Minnesota, but
would like to peer earlier still to uncover how the group reached the sophistication
already present in these specimens.

Their research is part of a joint project between the Simons Foundation and the
Gordon and Betty Moore Foundation investigating the origin of the eukaryotic cell,
with additional funding from NASA’s Exobiology program.



“Studies like this give us an opportunity to understand these little guys as
organisms,” Riedman said. “Rather than just viewing them as a name or part of a
stamp collection, we can picture where they were living, what they were doing and
who they were.” This perspective is precisely what's needed to unravel the events
that led to our planet’s incredible biodiversity, and ultimately our own origins.
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About UC Santa Barbara

The University of California, Santa Barbara is a leading research institution that also
provides a comprehensive liberal arts learning experience. Our academic community
of faculty, students, and staff is characterized by a culture of interdisciplinary
collaboration that is responsive to the needs of our multicultural and global society.
All of this takes place within a living and learning environment like no other, as we
draw inspiration from the beauty and resources of our extraordinary location at the
edge of the Pacific Ocean.
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