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Background:

Mary-Claire King:

Research relevance;

Inspired to study genetics after losing a friend to
cancer as a teen.

Proved breast cancer can be hereditary (1990).
Discovered the BRCA1 gene and helped identify
BRCA2.

Predicted humans & chimpanzees are ~99%
genetically identical (1975).

Later confirmed by human & chimp genome
sequencing.

Shows evolution is strongly influenced by
regulatory mutations.
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https://www.washington.edu/news/2016/05/19/appeal-of-genetic-puzzles-leads-to-national-medal-of-science-for-uws-mary-claire-king/#:~:text=Based%20on%20key%20differences%2C%20King,caused%20cancer%2C%E2%80%9D%20said%20King.
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So before getting into the paper itself, I want to start with the scientist behind a major part of this work, Mary-Claire King.Her path into genetics actually began with a very personal experience. When she was a teenager, she lost a close friend to cancer, and that had a huge impact on her. In 1990, she made one of the most important discoveries in medical genetics. She was the first to prove that breast cancer can be hereditary. Through that work, she discovered BRCA1 and helped identify BRCA2. Today, these genes are the basis of genetic screening for breast and ovarian cancer risk, and they’ve changed how we approach prevention and early detection. So her research had a massive clinical impact that is still relevant right now.

In the context of this paper, she worked with Allan Wilson showing that humans and chimpanzees are about 99% genetically identical. These results are intriguing because humans and chimps look and behave so differently. There's an expectancy of a larger genetic gap, but the article proves otherwise.I think that the most important part from King’s work here is the idea that the major differences between humans and chimpanzees are not due to having completely different genes, but instead are due to how and when those genes are turned on and off, what we call gene regulation.
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Background:

Allen Charles Wilson:

Research relevance;

e Allan Wilson, professor at University of California, Berkeley.
e Co-developed the molecular clock to date evolutionary splits.

e With Mary-Claire King showed humans & chimps are >99%
genetically similar.

e Argued differences are due to gene regulation, not new
genes.

e Led mtDNA research — “Mitochondrial Eve” (African
origin of humans)
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The other key scientist behind this paper is Allan Wilson, who was a professor at the University of California, Berkeley. Before Wilson’s work, most evolutionary timelines were based almost entirely on the fossil record. Wilson helped change that by co-developing the idea of the molecular clock, which uses genetic differences between species to estimate how long ago they diverged from a common ancestor.

In this paper, his collaboration with Mary-Claire King produced the results that humans and chimpanzees are more than 99% genetically similar. The most important contribution wasn’t only the number, it was the interpretation. Wilson argued that the major biological differences between species are not mainly caused by completely different genes, but by changes in how those genes are regulated, in other words, when genes are expressed, where they are active, and how strongly they are expressed.

Later in his career, Wilson continued to reshape our understanding of human origins using mitochondrial DNA. This work led to the concept of Mitochondrial Eve, which provided strong evidence that modern humans share a relatively recent common ancestor in Africa.






Molecular Biology as a “Genetic Yardstick”

e Molecular biology allowed objective
measurement of genetic distance.

e Compare species using proteins and
DNA.

e Humans and chimpanzees are the most
completely compared pair.

e Lets us test: molecular vs organismal
differences.



Presenter Notes
Presentation Notes
Before the 1950s, there wasn’t a single consistent way to measure how genetically different two species were. Different groups of organisms were compared using completely different traits, for example, bacteria might be classified using metabolic features, while mammals were compared using anatomy. Because of that, there was no common scale, or “yardstick,” for genetic difference. The development of molecular biology changed that. New biochemical techniques, like protein electrophoresis, immunological comparisons, amino acid sequencing, and DNA hybridization, made it possible to compare species directly at the molecular level.

Instead of just describing whether organisms looked different, scientists could now measure how different their molecules actually were and express that as a quantitative value. Humans and chimpanzees were the ideal species for this kind of comparison. They had already been studied extensively in terms of anatomy, physiology, behaviour, and ecology, so their organismal differences were very well known. That meant researchers could directly test the central question of the paper: Do the molecular differences between humans and chimpanzees match the large differences we see at the organismal level?





The Paradox: Very Similar Genes, Very Different
Organisms

All molecular methods show very
small genetic distance

Some human & ape proteins are
nearly identical

Level of similarity = sibling
species in other organisms
Paradox: big physical &
behavioural differences remain

Differences are mainly due to gene
regulation

Not large changes in protein-
coding sequences

Regulatory mutations drive major
evolutionary change
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Across multiple molecular methods, the researchers consistently found a very small genetic distance between humans and chimpanzees. This included protein sequencing, immunological comparisons, and electrophoresis, and all of these independent techniques pointed to the same conclusion. That consistency made the result much stronger scientifically. Evidence for this high similarity dates back to the early 1960s, when studies showed that some human and ape blood proteins were nearly identical in amino acid sequence. As more proteins and later DNA were compared, the pattern stayed the same. The level of genetic difference between humans and chimpanzees is about the same as the difference seen between closely related, or sibling, species in other organisms. So at the molecular level, humans and chimps are extremely close.

However, this creates a major evolutionary puzzle. Humans and chimpanzees clearly differ in anatomy, behaviour, cognition, and way of life. Yet their genes, especially their protein-coding sequences, are almost identical. To explain this paradox, the authors propose evolutionary change often comes from differences in the regulation of gene expression, meaning when genes are expressed, where they are expressed, and how strongly they are expressed. This suggests that small molecular changes in regulatory systems can produce large effects on development and overall organismal traits. So even if the proteins themselves are very similar, differences in gene expression patterns, especially during development, can lead to major biological differences.








How Human and Chimp Genes were Compared

Compared homologous proteins & DNA
Three protein methods:

Amino acid sequencing

Immunological (micro complement
fixation)

Electrophoresis

e Multiple independent methods — reliable
estimate of similarity
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Their goal was to make the comparison quantitative, not just descriptive. Instead of saying the species are “similar,” they used molecular methods to calculate how similar their genes and proteins really are. They compared homologous proteins and nucleic acids using three main protein-based methods.

First, amino acid sequencing, which directly compares the exact sequence of proteins and gives the most precise number of differences. Second, immunological techniques, specifically micro complement fixation, which measure how similar proteins are based on antibody reactions and correlate with sequence differences. Third, electrophoresis, which separates proteins by charge and size and allows comparison of allele variation across populations.

This is especially useful for closely related species like humans and chimpanzees, where many genes are shared. A key strength of the study is that it does not rely on just one method.Instead, multiple independent techniques were used, and all of them produced consistent results. That agreement is important, because it shows that the high similarity between humans and chimpanzees is not an artifact of a single method, but a robust finding supported by several different molecular approaches.
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Many Proteins are Identical or Nearly Identical

e Several proteins are identical
(e.g., hemoglobin chains,
cytochrome c)

e Others differ by only 1 amino
acid

e Differences often = single
DNA base change
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They looked at homologous proteins and compared their amino acid sequences. What they found was that several important proteins, such as hemoglobin chains and cytochrome c, are completely identical between the two species. In other cases, the proteins were not identical but differed by only a single amino acid across very long sequences. That is an extremely small difference at the molecular level. The authors also point out that a single amino acid substitution usually results from just one nucleotide change in the DNA sequence. This means that even when differences are detected, they represent very minor genetic divergence.

Overall, the sequence data show that many structural genes are either identical or nearly identical in humans and chimpanzees. This level of molecular similarity is much higher than what would be expected based on the large differences we observe in anatomy, behaviour, and lifestyle.


Table 1, and Overall Result: ~99% Protein Similarity

e Average difference = 7 amino
. Table 1. Differences in amino acid @ucnccs of human and chimpanzee polypeptides. Lyso-
aCIdS per 1000 —> >99°/0 zyme, carbonic anhydrase, albumin, and transferrin have been compared immunologically by

the microcomplement fixation technique, Amino acid sequepces have been determined for the
sequence identity

other proteins. Numbers in parentheses indicate references for each protein.

Protein Amino acid differences Amino acid sites
e Confirmed by electrophoretic Fibrinopeptides A and B (3) 0 30
Cytochrome ¢ (4) 0 104
= Lysozyme (13) ~0 130
allele comparisons Hemoglobin'a (4) 0 141
. . Hemoglobin g (4) 0 146
Hemoglobin 4y (3, 6) 0 146
e Applies to both intracellular & e 6 0 -
. Hemoglobin § (5, 8) 1 146
secreted proteins Myoglobin (7) ! 153
Carbonic anhydrase (4, 12) ~3 264
Serum albumin (10) ~6 580
Transferrin (1) ~8 647
Total ~19 2633

19 X 1000

2633 — 1%
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Now looking specifically at Table 1 in the article, this is where the authors present the direct quantitative comparison of protein sequences between humans and chimpanzees. Table 1 lists individual proteins and the number of amino acid differences in each. Some proteins, like hemoglobin chains and cytochrome c, show zero differences, meaning their amino acid sequences are identical in both species. This suggests that the structural genes for these proteins are essentially the same. For the proteins that do differ, the differences are extremely small, often just one amino acid change across very long sequences. When the authors combine all the proteins analyzed, they calculate an average difference of about 7 amino acid substitutions per 1000 sites. This corresponds to more than 99 percent sequence identity at the protein level. The authors also compare these results with electrophoretic allele data, which provide a population-level perspective.




Figure 1: Electrophoresis of plasma proteins

e Separates human vs chimp plasma

proteins

e Band position = different protein
forms

e Most bands align in the same
position

e Shows very high allele similarity

e
1 23 45 6778

®
Homo | | I IIIL. T]
Pan | | [ [T T}

1 23456?3‘3 10

Fig. 1. Separation of human and chimpan-
zee plasma proteins by acrylamide elec-
trophoresis at pH 8.9. The proteins are:
1, armacroglobulin; 2, third component
of complement; 3, transferrin; 4, hapto-
globin; 5, ceruloplasmin; 6, asms-glyco-
protein; 7, Ge-globulins; 8, o-antitrypsin;
9, albumin; and 10, e-acid glycoprotein.
The chimpanzee plasma has transferrin
genotype Pan CC; the human plasma has
transferrin genotype Homo CC and hap-
toglobin genotype 1-1. The direction of
migration is from left to right.
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Figure 1 shows the electrophoretic comparison of human and chimpanzee plasma proteins. Electrophoresis separates proteins based on their charge and size, so each band on the gel represents a specific protein form, or allele. If humans and chimpanzees had very different proteins, we would expect to see very different banding patterns between the two samples. However, in the figure, most of the bands from humans and chimpanzees align in nearly the same positions. This indicates that the proteins being compared are extremely similar in structure and composition. The small differences that do appear reflect minor allele variation rather than major genetic divergence. So instead of showing large molecular differences, the gel demonstrates a high probability of electrophoretic identity across many proteins. This is important because it provides a visual, population-level confirmation of the sequencing and immunological data presented earlier in the paper.




Table 2: Electrophoretic allele comparison

e Compared 44 protein-
coding loci

e Measured probability of
identical alleles (S)

e Average identity = 0.52 per
locus — Very high genetic
similarity

|
i 10
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Table 2 shifts the analysis from individual protein sequences to population-level genetic variation. The Table is quite big in the article so I didn't fit it into the slides, but I'll explain what the finding shows. Instead of only comparing single proteins, the authors examined 44 different protein-coding loci using electrophoresis. Here, they calculate the probability of identity, represented as S, which is the probability that a human and chimpanzee allele appear electrophoretically identical at a specific locus. They also refer to Sᵢ, which is the identity probability at each individual locus, based on allele frequencies in human and chimpanzee populations. This makes the comparison more rigorous because it accounts for variation within populations, not just a single sample. On average, the probability of identity across loci is about 0.52, meaning that at any given gene there is roughly a 52 percent chance that the human and chimpanzee alleles are indistinguishable on the gel. For two separate species, this is an extremely high level of similarity. If the species were genetically very different, we would expect much lower identity values and far more distinct banding patterns. The table also connects to the equations in the text, where the authors use the observed identity probability, including values like P₀ and Pᵣ, to model amino acid substitutions using a Poisson framework. This allows them to move from electrophoretic similarity to an estimate of the actual number of amino acid differences.




From electrophoresis — Number of Amino Acid

Differences

e Only charged amino
acid changes are
detectable

e Detectable proportion (c)
= 0.27

e Used Poisson model for
mutations

e Estimated 2.41
differences per protein

m— 0.65/0.27 = 2.41
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The authors here use electrophoretic data to estimate the actual number of amino acid differences between human and chimpanzee proteins. A key limitation they acknowledge is that electrophoresis does not detect all mutations. It only detects amino acid substitutions that change the net charge of a protein, because only those changes alter the band position on the gel. To account for this, they introduce the parameter c, which represents the proportion of substitutions that are electrophoretically detectable. Based on biochemical properties of amino acids, they estimate this value to be about c = 0.27, meaning only about 27 percent of substitutions would be visible using electrophoresis. They then apply a Poisson model, represented in the paper with terms like Pᵣ and P₀, to model how mutations accumulate randomly over time. Using the observed probability that proteins appear identical on gels, which is about P₀ = 0.52, they solve for the expected number of amino acid substitutions per polypeptide, denoted as m. From this calculation, they obtain m = 2.41 differences per protein. So even after correcting for undetected mutations, the estimated number of amino acid differences between human and chimpanzee proteins remains extremely small. 


Converting to % similarity

e Average protein length = 293 amino
acids

e — ~8.2 differences per 1000 amino
acids = >99% identical

e Matches Table 1 estimate

2.41 % 1000
293 - T

8.2
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After calculating the expected number of amino acid differences per protein, the authors convert this value into a standardized rate so it can be directly compared with sequencing results. They estimate the average protein length analyzed electrophoretically to be about 293 amino acids. Using the calculated value of m = 2.41 substitutions per protein, they scale this to substitutions per 1000 amino acids. This gives an estimate of roughly 8.2 amino acid differences per 1000 sites, which corresponds to more than 99 percent sequence identity between human and chimpanzee proteins. This value closely matches the earlier estimate from Table 1, which was about 7.2 differences per 1000 amino acids based on direct sequencing and immunological comparisons. The agreement between these independent methods is a key result of the paper. It shows that both direct sequence data and electrophoretic population analysis lead to the same conclusion: at the protein level, humans and chimpanzees are overwhelmingly similar, with only a very small degree of molecular divergence.




DNA hybridization results

DNA difference = ~1.1%
= 33 base changes per
1000 amino acids
More DNA change than
protein change
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The authors also compare human and chimpanzee genomes using DNA hybridization. This method measures how tightly DNA strands from two species bind together. If the sequences are very similar, the hybrid DNA will be more stable and separate at a higher temperature. A small decrease in melting temperature indicates only a small sequence difference. Using this approach, they estimate that the DNA sequence difference between humans and chimpanzees is about 1.1 percent, which corresponds to roughly 33 nucleotide differences per 1000 amino acids. Interestingly, this shows more variation at the DNA level than at the protein level. This supports the idea that many DNA changes do not alter the amino acid sequence of proteins, meaning molecular similarity at the functional protein level remains extremely high.




-

Figure 2: Distribution of allele similarity across loci

e Shows probability of identity (S)
for 43 proteins

e Most loci have high similarity
values

e Few loci show low similarity

e Overall - humans & chimps
genetically very close

10

Number of loci

0 I'-i

V] 0.2 0.4 0.6 0.8 1.0

Probability of identity (S;)

Fig. 2. Electrophoretic comparison of 43
proteins from humans and chimpanzees.
The probability of identity (5:) represents
the likelihood that at locus i/, human and
chimpanzee alleles will appear electro-

e | | 1denitical.
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Figure 2 shows the distribution of allele similarity across 43 different protein loci using the probability of identity, labeled as S in the paper. On the x-axis is the probability that human and chimpanzee alleles are electrophoretically identical at a given locus. Values closer to 1 indicate very high similarity, while values closer to 0 indicate greater differences. What the figure shows is that most loci cluster toward the higher similarity values. This means that for the majority of genes examined, human and chimpanzee proteins appear very similar or even indistinguishable using electrophoretic methods. Only a small number of loci show lower similarity values, indicating slightly more divergence, but these are the minority. This is important because it demonstrates that the high similarity is not limited to just a few specific proteins.
Instead, it is a genome-wide pattern across many different loci.
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Why DNA shows more differences and the big takeaways

Many changes in non-coding DNA
Functional proteins are more conserved
Independent math — same 99% result
Humans & chimps = molecularly
extremely close

Difference too small to explain anatomy

15
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Here, the authors explain why DNA appears to show more differences than proteins, even though humans and chimpanzees are extremely similar at the functional level. One key reason is the redundancy of the genetic code. Multiple codons can code for the same amino acid, so a DNA mutation does not always change the resulting protein. Additionally, many mutations occur in non-coding or non-transcribed regions of DNA, which do not directly affect protein structure. Because of this, DNA sequences can accumulate more changes without producing major functional differences. In contrast, functional proteins are under stronger natural selection, so their amino acid sequences tend to be more conserved over evolutionary time. When we step back and look at the overall evidence, three independent approaches all converge on the same conclusion: direct protein sequencing, electrophoresis with population-level analysis, and DNA hybridization. All of these methods produce consistent estimates showing that humans and chimpanzees are molecularly extremely close, with roughly 99 percent similarity at the protein level.
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Closer Than “Siblings”!!

e Human—chimp genetic distance is very
small (Nei's D = 0.62) compared to
other sibling species.

e Human populations are nearly identical
genetically (Nei’'s D = 0.01).

e Human—chimp distance is still low for
separate species.

e All humans are equally related to

chimpanzees.

Figure 3. Comparative Genetic Distance (D)

Human-Chimp

Sibling Species
(Drosophila)

Sibling Species
(Mammals)

0.5 1.8 1.5

Genetic Distance (D)

Black African

European
Japanese

o- Chimpanzee ——e»
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First, we start with the bar chart at the top, which shows genetic distance, labeled as D. You can think of genetic distance as a kind of ruler that measures how chemically different two species are at the molecular level. The red bar represents the genetic distance between humans and chimpanzees, which is about 0.62. Below that, the grey bars represent comparisons between so-called sibling species, like certain fruit flies or mice that are extremely similar in appearance and often difficult to distinguish. What’s surprising is that those sibling species can have genetic distances greater than 1.5, which is much larger than the human–chimpanzee value. This means that, at the molecular level, humans and chimpanzees are actually more similar to each other than some species that look almost identical are to their own close relatives.

Next, looking at the tree diagram on the slide, it shows variation within human populations, such as Black African, European, and Japanese groups. Here, the genetic distance is around 0.01, which is extremely small. This highlights that humans are genetically very uniform as a species. Even when comparing different human populations across the world, the molecular differences remain minimal. But when the comparison extends from humans to chimpanzees, the value only increases to about 0.62, which is still relatively small in evolutionary terms. 

This contrast leads directly into the central puzzle of the article: if the molecular similarity is so high, why are the organismal differences between humans and chimpanzees so large?





The Decoupling of Evolution

Organismal change (y) >>> Macromolecular change (w, z).

A HOMO A
PAN HOMO
g PAN g
= y =
w Z
X
Organismal change Macromolecular sequence change

Humans (Homo) and chimpanzees (Pan) have experienced very different levels of organismal
(physical/anatomical) change since their split.

Humans show much greater visible evolutionary change, while chimps changed less in body form.

Molecular level (DNA and proteins), both lineages have changed at similar rates over time.

Morphological evolution and molecular evolution are independent, with major physical differences
arising from small genetic or regulatory changes.
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This concept refers to the idea that different aspects of evolution can occur at different rates, rather than all changing together at the same speed. Looking first at the graph showing organismal change, the vertical axis represents time, while the arrows represent the degree of physical or anatomical change. The arrow for humans extends much farther, indicating that since the divergence from the common ancestor, humans have undergone substantial changes in anatomy and behaviour. In contrast, the chimpanzee lineage shows less visible organismal change and remains more similar in overall body plan to the ancestral form. Now, if we compare this to the graph showing macromolecular change, which refers to changes in DNA and proteins, the pattern is very different. Here, both the human and chimpanzee lineages show similar rates of molecular change, with arrows that are roughly equal in magnitude. The key point the authors are making is that these two processes are not tightly linked. Large organismal differences do not necessarily require large differences in protein sequences or overall molecular evolution.What this means is that as concluded by the authors, major evolutionary differences between humans and chimpanzees are not primarily due to massive changes in protein-coding genes, but instead reflect differences in how genetic information is regulated and expressed over time.





The Regulatory Hypothesis

The "Missing Link"

e The Paradox: Humans and chimps have high biochemical similarity (>99%) but massive organismal
differences.

e Structural Limitation: Structural genes are too similar to account for differences in anatomy and behavior.

e The Conclusion: Human uniqueness arises from how genes are used, not the creation of entirely new

genes.

Regulatory Mutations

e Function: They control the timing, location, and levels of gene expression.

e Location: Changes occur in non-coding DNA like promoters and enhancers.

e Flexibility: These mutations are less likely to be lethal than protein-altering ones.
e Amplification: Small shifts in embryonic expression lead to major body and brain changes.
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This slide introduces what the authors describe as the solution to the central paradox of the paper. If humans and chimpanzees are about 99 percent similar at the molecular level, how can their anatomy and behavior be so different? The authors propose what is known as the regulatory hypothesis. The key idea is that evolutionary change is not mainly about creating entirely new genes, but about differences in how existing genes are used. In other words, humans and chimpanzees largely share the same structural genes, meaning the proteins themselves are very similar. However, the major differences arise from changes in gene regulation, specifically when genes are expressed, where they are expressed in the body, and how strongly they are expressed during development.

This reframes the paradox presented earlier. Instead of needing large changes in protein sequences to produce major organismal differences, small regulatory changes can alter developmental pathways and lead to significant anatomical and behavioral divergence. So, the “missing link” the authors are proposing is not new genes, but changes in the regulation of gene expression.




Chromosomal Rearrangements

e Inversions: Humans and chimpanzees differ

by 10 chromosomal inversions. Promoter/ AN
. e o \
e Fusion: Humans have 46 chromosomes due ¢ .

\
ANRNY 4
to a fusion, while chimps have 48. ’\\\\\// 'e‘(

Increased Gene
Expression

—

>

e Requlatory Impact: Large-scale

rearrangements can shift how gene networks

are organized.
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The structural gene can be thought of as the functional unit that produces a protein, and in humans and chimpanzees these are largely the same. Regulatory elements, such as promoters and enhancers, control how those genes are expressed. The authors argue that mutations in these regulatory regions can change the timing, location, or level of gene expression without altering the protein itself. Importantly, these types of mutations are less likely to be lethal than mutations that directly disrupt a protein’s function, which makes them more likely to persist through evolution.

For example, humans have 46 chromosomes while chimpanzees have 48, which is explained by a chromosomal fusion event in the human lineage. There are also chromosomal inversions that rearrange segments of DNA. These structural changes do not necessarily create new genes, but they can reorganize regulatory landscapes and influence which genes are expressed and how they are controlled.




A ‘Tweaked’ Developmental Program

Infant Stage

Chimp Human
Infant Skull Infant Skull
Neoteny

Retention of Juvenile Traits)

Chimp
Adult Skull

Regulatory mutations act strongly during embryogenesis.

Small inputs in timing results into massive output in anatomy.
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Looking first at the skull comparisons, the key observation is the similarity between chimpanzee and human infant skulls.
Both show relatively flat faces, smaller jaws, and rounded brain cases, indicating that early developmental stages are quite similar between the two species.However, the major differences appear during later development. As chimpanzees mature, their skulls undergo substantial changes, especially in jaw growth and facial projection. In contrast, the adult human skull retains many features that resemble the infant form, particularly a flatter face and larger cranial vault.

This concept is often described as neoteny, or the retention of juvenile characteristics into adulthood. In the context of the article, this supports the idea that evolutionary differences can result from changes in developmental timing rather than entirely new genes. The authors argument is that small regulatory changes during development, especially during early growth and embryogenesis, can produce large anatomical differences over time. Instead of altering structural genes, evolution may modify the timing and level of gene expression that control growth patterns.




A Landmark in Genomics

1975 2005 Today
@, O @
King & Wilson publish Chimpanzee Modern Evo-Devo
“Evolution at Two Levels” Genome Sequenced ~ Biology

e The Facts: Humans and chimps are > 99% genetically identical in structural genes.

e The Insight: Molecular and Organismal evolution happens at different rates.

e The Legacy: Biological complexities arises from “How” genes are used, not just

which genes are present.
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In 1975, King and Wilson published Evolution at Two Levels, where they proposed that humans and chimpanzees are extremely similar at the molecular level and that the major differences between them are mainly due to gene regulation rather than new protein-coding genes. At the time, this was a bold claim because full genome sequencing technology did not yet exist. 

Their conclusions were based entirely on protein comparisons, electrophoresis, and DNA hybridization data.
Despite these technological limitations, they predicted that the overall genetic similarity between humans and chimpanzees would be extremely high. Decades later, when the chimpanzee genome was sequenced, the results strongly supported their original prediction, confirming that humans and chimpanzees are indeed about 98–99 percent genetically similar.




Conclusion

e The Regqulatory Driver: Human uniqueness is primarily the result of regulatory

evolution, which alters how genes are expressed rather than changing the proteins
themselves.

e Evolutionary Disconnect: Macromolecular evolution at the protein level does not

account for the dramatic morphological and behavioral divergence between the
species.

e Developmental Impact: These regulatory shifts are amplified during embryonic

development, leading to complex traits like advanced cognition and brain

connectivity.
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To summarize the main conclusions of the article, there are three core takeaways.

First, the regulatory driver.
The paper argues that human uniqueness is primarily due to differences in gene regulation rather than major differences in protein-coding genes. Humans and chimpanzees share very similar structural genes, but differ in how those genes are expressed during development.

Second, the evolutionary disconnect.
The study demonstrates that organismal evolution and molecular evolution do not necessarily occur at the same rate. Humans show large anatomical and behavioural changes, while molecular changes in proteins remain relatively small.

Third, the developmental impact.
Small regulatory changes during embryonic development can produce large effects on anatomy, cognition, and behaviour over time. This explains how minor molecular differences can lead to major organismal divergence.

Overall, the central message of the paper is that humans and chimpanzees are molecularly extremely close, and that the major biological differences between the two species are best explained by changes in gene regulation and development, rather than the creation of entirely new genes.
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