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Life has been evolving in the oceans much longer than it has

on land, resulting in highly diverse ocean organisms—particularly

microbes like bacteria and archaea. Ocean microbes perform crucial

functions that influence the health of the ocean and ultimately

impact Earth’s climate. To understand the diversity and functions

of marine organisms, scientists have used a powerful technique

called metagenomics to study the DNA of all the organisms present

in an ocean-water sample at once. In our research, we combined

results frommultiple oceanmetagenomic studies, taken from various

locations and depth zones across the world’s oceans, to produce

a global ocean genome composed of 317.5 million groups of
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similar genes—approximately half of which could be categorized

by type of organism and function. This unprecedented amount of

data has much to teach us about varied ocean habitats and can

help scientists answer many questions about ocean organisms and

their functions.

THE OCEAN—THE CRADLE OF LIFE

The ocean is the world’s largest habitat. Oceans cover 71% of our
planet’s surface and contain an absolutely enormous volume of
water−1.335 billion km3, about 97% of all the water on Earth! The
ocean is also the cradle of life—Earth’s first life forms appeared in this
watery world about 3.9 billion years ago.

Many kinds of organisms live in the ocean, from plants to animals
to bacteria to viruses. While you are probably most familiar with
larger marine animals like whales, dolphins, and octopi, the ocean
actually contains a large array of animal life. Earth’s first life forms
originated in the ocean and only later evolved to conquer land. The
long evolutionary history of ocean-based life is illustrated by the fact
that, of the 34 major known animal phyla, there is only one that exists
exclusively on land (that’s Onychophora, a kind of worm that has legs
and a texture like velvet) [1]. It should not be surprising, given how long
life has been evolving there, that the ocean contains a tremendous
biodiversity—much of which remains unexplored.

All animals—those in the ocean and those on land—are classified as
eukaryotes, whichmeans that each of their cells has a distinct nucleus

EUKARYOTE

An organism whose
cells contain a nucleus
and other
membrane-bound
functional units called
organelles. Animals,
plants, and fungi are
examples
of eukaryotes.

and other membrane-bound functional units called organelles.
However, by far the most abundant organisms in the ocean are
the prokaryotes, ocean microbes that are invisible to the naked

PROKARYOTE

A single-celled
organism that does not
have a distinct nucleus
or organelles. Bacteria
and archaea
are prokaryotes.

eye. Prokaryotes, which are single-celled organisms without nuclei
or specialized organelles, include two types of organisms: bacteria,
which you have probably heard of, and archaea, which you might
be less familiar with. While bacteria and archaea have many things
in common, one important feature that sets these two groups apart
is that the cell walls of many bacteria contain a substance called
peptidoglycan, which the cell walls of archaea completely lack.

PEPTIDOGLYCAN

A substance forming
the cell walls of many
bacteria.
Peptidoglycans are not
present in the cell walls
of archaea.

Whilewe know that there aremore than twomillion species of bacteria
in the global ocean, we still do not know much about them or the
other types of oceanmicrobes. These organisms are extremely di�cult
to study because more than 99% of them have not been grown in
the lab!

WHY ARE OCEANMICROBES IMPORTANT?

Individual species of bacteria and archaea are fascinatingly varied.
Importantly, they have many unique ways of obtaining energy.
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Metabolism is the word for the energy-producing chemical reactionsMETABOLISM

Chemical reactions
within cells that change
“food” into energy.

inside most cells. These reactions use “food” sources to produce
the energy that cells need to grow, reproduce, and generally stay
alive. Some bacteria and archaea use sunlight to produce energy,
while others break down or transform compounds containing carbon,
nitrogen, or sulfur—elements that can a�ect ocean chemistry and that
also play important roles in Earth’s changing climate [2, 3].

Additionally, ocean microbes can be sources of molecules that
play key roles in biotechnology. For example, a protein called Taq
polymerase was isolated from bacteria growing in super-hot ocean
water near hydrothermal vents, which are like deep-sea geysers. This
protein is now an important part of a common laboratory test called
PCR, which is used for many scientific and medical studies including
the detection of the SARS-CoV-2 virus that causes COVID-19.

Just from these examples, you can see that, despite their tiny
size, ocean microbes—particularly bacteria and archaea—are critically
important ocean-dwellers. What is even more intriguing is that many
ocean organisms and their associated functions have not yet been
discovered. How can we get a picture of all the organisms that live
in the ocean—from eukaryotes to the smallest and hardest-to-study
prokaryotes? It would be great, would it not, if we could simply take
samples of water or sediment from the ocean and quickly analyze
them in the lab to find out what kinds of organisms are living there
and which functions they perform? Well, thanks to a powerful new
technique called metagenomics, researchers can do this!

STUDYING GENES TO UNDERSTANDORGANISMS

Every living organism contains DNA, which holds the
instructions—genes—that code for the structure and function of
that organism. Collectively, all of an organism’s genes are called
its genome.GENOME

The collection of all the
genes of an organism. One of the main ways that scientists study the genomes of organisms

(a field called genomics) is by sequencing their DNA. Sequencing is a
SEQUENCING

A laboratory technique
that allows scientists to
“read” the DNA code,
either small segments
or the entire genome
of an organism.

laboratory technique that allows scientists to “read” the DNA code. For
many years, DNA sequencing was an error-prone, time-consuming
process and scientists could only sequence short stretches of DNA in
each experiment—it took an awfully long time to read the genome of
an organism. For example, sequencing of the entire human genome,
called the Human Genome Project, took 13 years of work by many
scientists spread across 20 institutions worldwide [4].

However, in the past decades, some amazing technical advances in
the field of DNA sequencing have not only made whole-genome
sequencing faster, easier, and cheaper, but have enabled the field of
metagenomics to explode. “Meta-” means “higher” or “beyond,” so,

METAGENOMICS

The study of the
genomes of all the
organisms in a sample,
such as a sample of
ocean water or those
on the human skin.
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metagenomics is “beyond” the study of one organism’s genome—it is
the study of the pooled genetic information from all the organisms
contained in a sample from the environment, like water or soil. Using
metagenomics techniques, scientists can sequence all the DNA in a
sample of ocean water to figure out the global ocean genome—all
the genes from all the organisms in that sample. This information
can tell scientists which types of organisms are present and what
kinds of ecologically important functions they are performing in ocean
habitats [5]!

THE POWER OFMETAGENOMICS: WHO LIVES IN THE

OCEAN ANDWHAT ARE THEY DOING?

The first metagenomic study of the ocean was performed by the
Sorcerer II Global Ocean Sampling Expedition, back in 2003–2004,
which analyzed a marine plankton community. Over the past 10
years, other expeditions have occurred, including the TARA Ocean
Expedition, which collected 243 samples from 68 sampling sites
between 2009 and 2013, mostly from the upper ocean. Metagenomics
analysis of these samples identified 33.3million genes! (In contrast, the
human genome contains approximately 30,000 genes—see here for
more info.) Additional studies, including the Malaspina Expedition, the
Ocean Sampling Day Program [6], and the Hawaii Ocean Time Series,
have expanded on these results, sampling other oceans, specific
marine habitats, and water from various depths.

It is important to recognize that the ocean environment is not the same
from the surface to the ocean floor—we can divide it into four unique
zones, as shown in Figure 1A. In our research, we combined the vast
amount of metagenome data from 2,112 ocean samples collected
from multiple past studies (Figures 1B, C), to create a full “catalog” of
the global ocean genome, called KMAP Global Ocean Gene Catalog
1.0. This catalog contains an amazing amount of information−317.5
million gene clusters (collections of similar genes grouped together
according to function), approximately half of which are annotated,

ANNOTATED

Classified according to
the type of organism
the genes belong to
and the functions of the
proteins they code for.

meaning they have been classified according to the type of organism
they belong to and the functions of the proteins they code for.

BACTERIA: THE OCEAN’S MAJOR PLAYERS

Focusing on the annotated gene clusters—those that we can link
to a particular type of organism and for which we have functional
information—we found that, across all ocean samples, 78.34% of
the annotated genes were from bacteria, followed by eukaryotes
(12.16%), archaea (6.05%), and viruses (3.44%) (Figure 2A). While genes
from bacteria were dominant in every depth zone, genes from these
four major types of ocean organisms were not evenly distributed
throughout all zones—the benthic realm and the various depth
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Figure 1

Figure 1

Samples compiled for
our study. (A) Ocean
zones and depths. (B)
Locations and depth
zones of the samples
used for our research.
You can see that
certain oceans, like the
Southern Ocean, and
certain depth zones,
like the dark ocean and
the benthic realm, are
underrepresented in
these samples. (C)
Locations from which
the metagenomes used
in our research were
obtained across the
benthic and pelagic
realms. Depth zones
are shown by the
colors of the circles.

zones of the pelagic realm contained di�ering proportions of each
organism type (Figure 2B). This is not surprising because conditions
across depth zones vary—particularly in the amount of light that is
available—creating a variety of unique ecological niches in which
specific types of organisms can thrive.

MICROBEMETABOLISM CAN INFLUENCE EARTH’S

CLIMATE

Microbial metabolism keeps the oceans healthy by controlling
the flow of nutrients and energy. As we mentioned earlier,
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Figure 2

Figure 2

(A) Overall abundance
of genes from the four
major types of
organisms across all
ocean samples. (B) The
abundance of genes
from each type of
organism di�ers
between depth zones
of the pelagic realm
(upper, mesopelagic,
and dark ocean) and
the benthic realm. This
tells us that each region
of the ocean forms a
unique habitat with
specific growth
conditions, in which
certain organisms can
thrive.

some microbial metabolic processes influence the cycling of
elements—like carbon—that can influence Earth’s climate. Given the
importance of microbial metabolism, we took an in-depth look at
the metabolism-related genes in our catalog. In samples from the
benthic realm, 41.3% of the annotated gene clusters were involved in
metabolic processes, compared to just 25% of the gene clusters from
the pelagic communities. This tells us that there is a lot going on in this
commonly neglected and understudied region of the ocean!

When we sorted the annotated metabolism-related genes found
across all ocean samples by the substances being metabolized, we
found that that 50% of those genes took part in some form of
carbon-related metabolism (Figure 3). Carbon-containing molecules,
like carbon dioxide (CO2) and methane (CH4) are greenhouse gases

GREENHOUSE

GASES

Gases in the Earth’s
atmosphere that trap
the sun’s heat,
preventing it from
escaping back
into space.

that contribute to global warming. Some bacteria and algae can
GLOBAL WARMING

The rising of Earth’s
average temperature
caused by greenhouse
gases in
the atmosphere.

use photosynthesis to turn CO2 into carbohydrates, with help from
sunlight, thus removing CO2 from the atmosphere. But photosynthesis
is not the only pathway that ocean organisms use to metabolize
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carbon! Methane-metabolizing pathways, for example, do not require
light and can function in the deep ocean and benthic realm,
where light does not penetrate. Some of these pathways have been
discovered quite recently and scientists still have much to learn
about them.

Figure 3

Figure 3

Across all ocean
samples, more than
50% of the annotated
metabolism genes
identified in our
metagenomic analysis
were related to some
form of carbon
metabolism (CO2 or
CH4). Genes involved
in the metabolism of
nitrogen and sulfur
were also present.

METAGENOMICS: THE FUTURE OF OCEAN RESEARCH?

The KMAP Ocean Gene Catalog 1.0 consists of approximately 163
million annotated gene clusters, providing us with an extraordinary
amount of information about the types of organisms living at various
depths of the ocean and the functions they perform. The global
ocean genome is much more than just a simple catalog of the
many organisms living there and their functions—it can deepen our
understanding of the ocean and provide us with a “baseline” from
which to evaluate the e�ects of human disturbances that can upset
the ocean’s delicate balance, including pollution, overfishing, and
ocean mining.

While sequencing and studying the global ocean genome has
been occurring for some time, two factors have limited the size
of those studies: technology and cost. Recent breakthroughs in
sequencing technologies have resulted in systems that are faster, more
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accurate, and portable [7]. Portability is especially important to marine
scientists because portable systems can be used onboard oceangoing
research vessels. These advances in sequencing technology have also
dramatically reduced its cost. In the past, scientists had to ask smaller
questions and carefully choose which sequencing experiments to
perform because this research was extremely expensive. Today,
modern, inexpensive sequencing technology allows relatively simple
collection of genome data on an unprecedented scale. These
data can help scientists answer questions about the vast array of
ecosystem services that ocean organisms provide to keep our entire
planet—and us—healthy.

Do you have questions about ocean organisms and their functions?
Maybe future metagenomic studies of the global ocean genome will
provide answers!
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a huge yard with a tree house.

SEBASTIAN, AGE: 13

I like sports, reading, math, physics, and all things space!
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