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INTRODUCTION: UNLOCKING EVOLUTIONARY SECRETS THROUGH MOLECULAR
COMPARISON

In the study of molecular biology and evolutionary genetics, few experiments are as illuminating as
the  Cytochrome  C  Comparison  Lab.  This  classic  laboratory  exercise  allows  students  and
researchers to delve into the molecular underpinnings of evolution by analyzing a highly conserved
protein found in virtually all eukaryotic organisms. Cytochrome c is a small, mitochondrial protein
that plays a critical role in the electron transport chain, facilitating cellular respiration. Because its
function is essential, many of its amino acid sequences are preserved across species; yet subtle
variations accumulate over evolutionary time, providing a molecular clock for tracing divergence. A
well-designed  cytochrome  c  comparison  lab  not  only  reinforces  concepts  of  homology  and
phylogenetics  but  also  offers  hands-on  experience  with  bioinformatics  tools,  sequence  alignment,
and  phylogenetic  tree  construction.  Whether  you  are  an  undergraduate  embarking  on  your  first
molecular lab or an educator seeking a robust teaching module, understanding the nuances of this
comparison is vital for appreciating how life’s diversity is written in the language of proteins.

What is Cytochrome c and Why Compare
It?
Cytochrome c is a heme-containing protein that shuttles electrons between Complex III and Complex
IV of the mitochondrial electron transport chain. Its small size (approximately 104 amino acids in
mammals) and widespread distribution make it an ideal candidate for comparative studies. The
cytochrome c  comparison lab  typically  involves  obtaining  amino  acid  sequences  from different
organisms—ranging  from  bacteria  to  plants  to  animals—and  then  aligning  them  to  identify
similarities and differences. The underlying premise is that species sharing a more recent common
ancestor will have more similar cytochrome c sequences. For instance, human and chimpanzee
cytochrome c sequences are nearly identical, whereas human and yeast sequences show many
more  differences.  This  laboratory  approach  provides  tangible  evidence  for  the  theory  of  common
descent and demonstrates how molecular data can corroborate morphological and fossil evidence.

Setting Up the Lab: Materials and
Methodology
To  conduct  a  successful  cytochrome c  comparison lab,  you  will  need  access  to  sequence
databases  (such  as  NCBI  or  UniProt),  alignment  software  (like  Clustal  Omega  or  T-Coffee),  and
phylogenetic tree-building tools (e.g., MEGA, PhyML, or simple online platforms). The methodology
typically follows these steps:

Select representative organisms – Choose species from different taxonomic groups (e.g.,
human, cow, chicken, frog, fish, fruit fly, yeast, and a plant like wheat or rice).
Retrieve cytochrome c sequences – Download the amino acid sequences in FASTA format
from public databases.
Perform multiple sequence alignment – Use software to align the sequences, highlighting
conserved regions and variations.
Analyze differences – Count the number of amino acid differences between each pair of
organisms and calculate percentage identity or similarity.
Construct a phylogenetic tree – Use the alignment data to infer evolutionary relationships,
often using neighbor-joining or maximum likelihood methods.

The  lab  can  be  adapted  for  different  levels.  For  high  school  or  introductory  college  courses,  a
simplified  version  might  use  pre-aligned  sequences  and  focus  on  interpreting  the  pattern  of
differences. Advanced classes can incorporate statistical analysis, bootstrap values, and discussion
of molecular clock assumptions.

Interpreting the Results: What Do the
Differences Mean?
Once  the  alignment  is  complete,  students  typically  observe  that  the  number  of  amino  acid
differences  correlates  with  evolutionary  distance.  For  example,  the  cytochrome  c  sequences  of
humans  and  rhesus  monkeys  differ  by  only  about  1-2  residues,  while  humans  and  tuna  differ  by
roughly 20 residues. Such findings highlight the degree of conservation—some regions, particularly
those involved in heme binding and electron transfer, remain virtually unchanged across billions of
years.  In  contrast,  surface  loops  and  regions  not  crucial  for  function  might  accumulate  more
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substitutions. A thorough cytochrome c comparison lab report should discuss both the conserved
and variable positions, and relate them to structural and functional constraints. Students can also
calculate  substitution  rates  and explore  the concept  of  neutral  versus  adaptive  evolution.  For
instance, the cytochrome c of primates has evolved relatively slowly, while that of some yeast
strains might show more rapid change due to different selective pressures.

Beyond Simple Alignment: Advanced
Analyses
An  enriched  cytochrome  c  comparison  lab  goes  beyond  counting  differences.  Educators  can
incorporate  the  following  advanced  analyses:

Calculation of evolutionary distances – Using models like PAM or JTT (Jones-Taylor-1.
Thornton) to convert observed differences into expected substitutions.
Construction of rooted vs. unrooted trees – Introducing an outgroup (e.g., plant or2.
bacterial sequence) to determine the direction of evolution.
Analysis of synonymous (silent) vs. non-synonymous substitutions – Though more3.
relevant for nucleotide sequences, this can be extended to examine the ratio of dN/dS to infer
selection.
Comparison with cytochrome c oxidase (COX) or other components – To see how4.
different proteins evolve at different rates.
Use of 3D structural models – Mapping amino acid changes onto the known three-5.
dimensional structure of cytochrome c to visualize functional implications.

These extensions deepen the learning experience and bridge molecular biology with computational
biology and bioinformatics.

Common Challenges and How to
Overcome Them
Students often encounter a few hurdles during a cytochrome c comparison lab.  One major
challenge is ensuring that sequences are correctly annotated—some database entries may have
partial  sequences or incorporate non-standard residues. It  is  crucial  to use curated sequences,
preferably from the Swiss-Prot section of UniProt. Another common issue is ambiguity in alignment
when  sequences  diverge  significantly.  Using  a  progressive  alignment  method  with  high  gap
penalties can help, but for very distantly related species (e.g., yeast vs. human), the alignment may
be less reliable. Instructors should emphasize the importance of using validated tools and checking
alignment  manually  for  obvious  errors.  Additionally,  phylogenetic  tree  interpretation  can  be
confusing: students may misinterpret bootstrap values or branch lengths. Providing clear guidelines

on tree reading (e.g., that branch length indicates evolutionary distance, not time) is essential.

Real-World Applications and Research
Context
The principles learned in a cytochrome c comparison lab have real-world applications beyond the
classroom. Cytochrome c sequences are used in molecular systematics to resolve phylogenetic
relationships among groups where morphological data is ambiguous. For instance, the classification
of  fungi,  protists,  and  certain  animals  has  been  refined  using  such  molecular  markers.  Moreover,
cytochrome c is often used as a model in studies of protein folding, apoptosis (programmed cell
death), and mitochondrial dysfunction in diseases. Understanding how the protein evolves and how
changes  affect  function  is  relevant  to  drug  development,  especially  for  targeting  mitochondrial
processes in cancer or neurodegenerative disorders. Thus, the lab serves as a gateway to broader
scientific inquiry.

Integrating the Lab with Broader
Curriculum
An  effective  cytochrome  c  comparison  lab  does  not  stand  alone;  it  integrates  seamlessly  into
lectures on molecular evolution, genetics, bioinformatics, and protein structure. Pre-lab assignments
might include reading classic papers by Margoliash and Fitch, who pioneered the use of cytochrome
c in evolutionary studies. Post-lab discussions can tie into topics such as molecular clocks, co-
evolution of interacting proteins, and the limits of phylogenetic inference. Furthermore, the lab can
be adapted for distance learning: students can perform all analyses using web-based tools and
submit a digital report. By linking the cytochrome c comparison to issues of conservation, drug
discovery, and technology, educators can maintain high engagement.

Writing the Lab Report: Key Elements
When conducting a cytochrome c comparison lab, a well-structured report is critical. It should
include:

Title and objective – Clearly state that you are comparing cytochrome c sequences to infer
evolutionary relationships.
Introduction – Provide background on cytochrome c and its role in evolution.
Methods – Describe sequence retrieval, alignment software, tree-building parameters.
Results – Present tables of sequence identities, alignment figures (optional), and the
phylogenetic tree with bootstrap values.
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Discussion – Interpret the tree, explain conserved vs. variable residues, and address any
anomalies (e.g., unexpected clustering).
Conclusion – Summarize the main evolutionary insights.
References – Cite sources.

Students  should  be  encouraged  to  include  high-quality  figures,  such  as  an  annotated  alignment
showing  key  functional  regions.  Using  color  coding  for  residues  with  similar  properties  (e.g.,
hydrophobic, polar) makes the analysis more visual.

Sample Data and Expected Observations
To give you a concrete example, consider a typical dataset used in a cytochrome c comparison
lab:  human (Homo sapiens),  chimpanzee (Pan troglodytes),  cow (Bos  taurus),  chicken (Gallus
gallus),  carp  (Cyprinus  carpio),  fruit  fly  (Drosophila  melanogaster),  bread  yeast  (Saccharomyces
cerevisiae),  and  wheat  (Triticum  aestivum).  After  alignment,  you  will  likely  find  that  human  and
chimpanzee sequences are 100% identical (or differ by 1-2 residues depending on variant). Human
vs.  cow might  show ~10 differences,  human vs.  chicken ~14,  human vs.  carp ~20,  human vs.  fly
~25, human vs. yeast ~50, and human vs. wheat ~60 differences. These numbers are approximate
but illustrate the classic pattern of decreasing similarity with increasing taxonomic distance. The
phylogenetic tree will place humans and chimpanzees as sister groups, then cow, then chicken, fish,
etc., with yeast and wheat as outgroups. Bootstrap support is usually high for closely related groups
but may drop for deeper branches.

Ethical and Scientific Considerations
While a cytochrome c comparison lab does not involve live specimens or physical samples (all
data is from databases), it is important to discuss the ethical context of molecular databases: proper
attribution,  avoiding  fabrication  of  data,  and  understanding  the  limitations  of  computational
methods. Additionally, the lab can be used to discuss open-access science and the value of sharing
sequences publicly. Some educators may also choose to incorporate a discussion of the creationism-
evolution debate, though the evidence from cytochrome c alignment strongly supports evolutionary
theory. It is advisable to treat such discussions with scientific rigor and respect.

Conclusion
The cytochrome c comparison lab  remains  a  cornerstone of  molecular  evolution  education
because it elegantly demonstrates how a single, essential protein can reveal the history of life on
Earth. By analyzing amino acid sequences from diverse species, students gain direct insight into the
processes of mutation, selection, and divergence that drive evolutionary change. The lab is highly
adaptable—from a simple counting exercise to a complex bioinformatics project—making it suitable
for  a  wide  range  of  educational  settings.  Moreover,  the  skills  acquired  (sequence  retrieval,
alignment, phylogenetic inference) are directly transferable to modern genomics and proteomics
research. As technology evolves, the cytochrome c comparison lab will continue to be a powerful
tool for connecting molecular data with the grand narrative of evolution. Whether you are a student,
teacher, or lifelong learner, exploring this lab offers a unique window into the unity and diversity of
life.


