
 

Scientists generate the first complete
chromosome sequences from non-human
primates
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Complete X and Y chromosome sequences from six primate species reveal
species diversity and insights into evolution. Credit: Ernesto Del Aguila III,
National Human Genome Research Institute
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A team of researchers have generated the first complete chromosome
sequences from non-human primates. Published in Nature, these
sequences uncover remarkable variation between the Y chromosomes of
different species, showing rapid evolution, in addition to revealing
previously unstudied regions of great ape genomes. Since these primate
species are the closest living relatives to humans, the new sequences can
provide insights into human evolution.

The researchers focused on the X and Y chromosomes, which play roles
in sexual development and fertility, among many other biological
functions. They sequenced chromosomes from five great ape species,
chimpanzee, bonobo, gorilla and Bornean and Sumatran orangutans, as
well as one other primate species that is more distantly related to
humans, the siamang gibbon.

"These chromosome sequences add a significant amount of new
information," said Brandon Pickett, Ph.D., a postdoctoral fellow at the
National Human Genome Research Institute (NHGRI), part of NIH, and
an author of the study. "Only the chimpanzee genome sequence was
fairly complete before this, but even that still had large gaps, especially
in regions of repetitive DNA."

Analyzing these new sequences, the researchers estimated that 62 to 66%
of the X chromosomes and 75 to 82% of the Y chromosomes are
composed of repetitive DNA sequences. These sequences are much
more challenging for scientists to characterize, and studying repetitive
DNA has only become possible in recent years due to new DNA
sequencing technologies and analysis methods.

The researchers compared the sequences of the ape chromosomes to the
human X and Y chromosomes to understand their evolutionary histories.
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Like the human X and Y, the great ape Y chromosomes have far fewer 
genes compared to the X chromosomes.

The researchers also used a computational method called alignment,
which indicates regions of the chromosome that have stayed relatively
the same over the course of evolution, revealing the effects of different
evolutionary pressures on different parts of the genome.

The researchers found that over 90% of the ape X chromosome
sequences aligned to the human X chromosome, showing that the X
chromosomes have remained relatively unchanged over millions of years
of evolution. However, only 14% to 27% of the ape Y chromosome
sequences aligned to the human Y chromosome.

"The extent of the differences between the Y chromosomes of these
species was very surprising," said Kateryna Makova, Ph.D., a professor
at Pennsylvania State University and leader of the study. "Some of these
species diverged from the human lineage only seven million years ago,
which is not a lot of time in terms of evolution. This shows that the Y
chromosomes are evolving very fast."

A notable difference among the primate Y chromosomes is their length.
For example, the Y chromosome from the Sumatran orangutan is twice
as long as the gibbon's Y chromosome. Variation in the number and
types of DNA repeats accounts for some of the differences in
chromosome lengths.

One type of repeat is called a palindrome, a DNA sequence which
contains inverted DNA repeats. DNA palindromes are similar to
language palindromes such as "racecar" or "kayak," in which the letters
in the first half of the word repeat in reverse in the second half of the
word, so the sequence of the letters is the same forwards and backwards.
However, the DNA palindromes can be over one hundred thousand
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letters long.

The researchers found that the DNA palindromes on the primate X and
Y chromosomes almost always contain genes, which repeat in many
copies along the length of the chromosome. Most genes in primate
genomes have only two copies, one on each chromosome in a pair.

Researchers suspect that having many copies in these palindromes helps
to protect genes, especially on the Y chromosome. Since there is
typically only one Y chromosome per cell, if a gene on the Y
chromosome is damaged, there is not another chromosome with a copy
of the gene that can be used as a template to repair the damage.

"Having these genes in palindromes is like keeping a backup copy," said
Adam Phillippy, Ph.D., a senior investigator at NHGRI and senior
author of the study. "We know that many of these genes are performing
important functions, and so we expected to see the same genes in
palindromes across different species, but this doesn't seem to be the
case."

The researchers studied several groups of genes contained within the
palindromes, many of which play roles in sperm production and are thus
important for fertility. While palindromes were found on all the primate
Y chromosomes studied, the specific palindrome sequences and the
genes contained in these palindromes were often distinct for each
species.

"There may be even more variation we're not yet seeing," said Dr.
Phillippy. "On the human Y chromosome, some genes can vary in
number between individuals. For each of these other primate species,
we're only looking at a single individual. We don't know what the rest of
the population looks like yet and what other variations we might find."
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"However, we have some insights from prior work by our group that
suggests extensive variation in the number of copies of Y chromosome
genes in humans and other apes," Dr. Makova added.

These great ape chromosome sequences also resolve the sequences of
another type of repeat called a DNA satellite, which is a large stretch of
repeating sequence. Among the great ape chromosomes, the researchers
identified several previously unknown, species-specific satellite
sequences.

These sequences provide important insights into great ape genomes, as
DNA satellites are present across the genome. Specifically, they are
concentrated near the ends of chromosomes, called telomeres, and in
another region called a centromere, which helps the chromosomes
organize during cell division. The centromere sequences of these species
were completely unknown before this study and another recent research
effort conducted by many of the same researchers.

"Having these satellite sequences from great apes open up new territory
to explore," said Dr. Makova, "and similar to our other findings about
the Y chromosome, we can see that the centromere of the Y
chromosome is highly dynamic."

These chromosome sequences can help researchers study the evolution
of great apes, including humans. The researchers are currently working
to describe the entire genomes of these great ape species, but even alone,
the X and Y chromosome sequences offer many insights, especially
about the evolutionary forces on the Y chromosome that contribute to its
rapid evolution.

One factor is that there is typically only one Y chromosome per cell,
which leads to accumulating changes to the DNA sequence. Another
evolutionary force, Dr. Makova said, is a phenomenon known as male
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mutation bias. Compared to egg production, sperm production involves
more DNA replication. With each replication, there is a chance that the
DNA sequence changes. This affects all chromosomes but is particularly
impactful for the Y chromosome.

Another potential factor is having a small population size, which can
influence evolutionary rates. Not only do these ape species have limited
populations in the wild, but the Y chromosomes are only present in half
the population, further limiting the effective population size of this
particular part of the genome.

"It's important to remember that these great ape species are all
endangered," said Dr. Makova. "Not only can we learn about human
evolution from these sequences, but we can apply what we know about
their genomes and human genomes to better understand the biology and
reproduction of these endangered species."

  More information: Kateryna Makova, The complete sequence and
comparative analysis of ape sex chromosomes, Nature (2024). DOI:
10.1038/s41586-024-07473-2. 
www.nature.com/articles/s41586-024-07473-2
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