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Ideally a scientist is an unbiased investigator of the natural world.  But this creates inner conflict since 
the mind is strongly affected by a combination of genetics and environment, nature and nurture, and to 
achieve the level of logic and level-headed clinical thinking required to gain new insights can be 
extraordinarily difficult in practice, regardless of how one views one's own abilities in that regard.  

New discoveries come about through a variety of circumstance.  In biology, the 21st century era of 
molecular level engineering and analysis affords the means to dissect and manipulate the genome in 
extraordinary ways leading to both an encyclopedia of terms, so-to-speak, and a road map for achieving
ends such as curing medical conditions by altering genes or focusing the immune system.  CRISPR-
CAS9 technology, for example, has opened a wide window for this and is fundamentally changing the 
scientific approach to medical innovation.  Other than approaches that rely on technology to muscle in 
on nature's secrets, there is a state of mind that is required to make new discoveries - an ability to make 
observations and let them rattle around without being discarded out of hand, and an openness to ideas 
that contravene existing dogma.  The reason Gregor Mendel is considered a great scientist despite his 
failings as a communicator was in both experimental design and in his willingness to use mathematical 
modeling to attempt to explain his data on the passing of traits in pea plants.  There was no precedent 
for this in the 1880s, yet he forged an original path that led to the first picture of the granular nature of 
inheritance.  This defied the theories of the time and his discouragement ultimately led him to 
abandonment of his own ideas, only to have these same ideas independently replicated well after his 
death.  

Discovery
There is a reason why graduate students are often the arbiters of discovery - they have nothing to lose.  
At least in those circumstances where they are allowed to explore ideas or do experiments that are 
considered risky or even obvious, sometimes the unusual comes into play.  In my own experience as a 
microbiology student  I was encouraged to do an experiment that my advisor Pat Cleary explained was 
only meant to get my "feet wet" in the lab before deciding on a thesis project.  We knew the answer in 
our heads but he thought it would be interesting to confirm it.  Specifically, Group A Streptococci are 
bacteria that cause potentially deadly infections in people, and it had been known since the 1920s that 
their coat includes a protein (called "M protein") that allows the organism to resist killing in the body 
by the host's defenses.  It was known that the M protein is responsible for preventing engulfment by 
circulating white blood cells called PMNs (polymorphonuclear leukocytes).  This was under active 
investigation in our lab, since the exact mechanism for this was unknown.  Other groups had 
discovered that these bacteria activate the ACP (alternate complement pathway) that produces small 
physiologically active protein fragments.  Two of these are of note: C3b, which attaches to the bacteria 
and is recognized by PMNs to facilitate engulfment, and C5a, which diffuses through the tissues and 
chemotactically directs nearby PMNs to the source of infection.  Our idea was to assess complement 
activation in two ways - by looking at complement through the ability of bacteria-treated human serum 
to lyse sensitized sheep red blood cells, and at the same time look for the generation of C5a-related 
chemotactic activity using a preparation of white blood cells.  The bottom line is we expected 
chemotactic activity to increase as complement was activated by the bacteria.  I had some difficulty 
initially with the chemotaxis assay, which was mysteriously fussy.  The controls did not work, so I 
altered various features of the procedure in an attempt to shake it loose.  After a number of attempts 
over several months I was despairing, and my advisor gave me one more chance before we had to cut 



our losses.  Fortunately the controls behaved and we were in business.  We were perplexed, however, 
when I discovered that the white blood cells failed to migrate towards complement-activated serum 
treated with bacteria.  I repeated the experiment over and over, until finally we looked at each other and
realized with a chill: the bacteria themselves are interfering with chemotaxis, and we were staring at an 
original and potentially important discovery.  

Over the next five years I found that group A streptococci have on their surface, right alongside the 
famous M-protein, another protein that enables them to cause infection by evading phagocytosis.  
Called SCP (streptococcal C5a peptidase), it acts specifically to cleave C5a, inactivating it (although 
very recently it has been found to cleave C3b as well, and so it acts at multiple levels to prevent 
phagocytosis).   There is now a substantial literature on SCP that continues to grow 37 years after my 
first paper on the subject.  This protein is expressed in multiple streptococcal species, their versions 
nearly identical, and foundational work has been done on the use of this protein as the basis for a 
vaccine against this bacterium.  In the age of Covid-19 coronavirus, which has caused worldwide panic 
because it is so easily spread and has a high preliminary mortality rate of over 3% compared to 
seasonal influenza (0.1%) and the 1918 flu (2%), we are reminded that there are other serious 
pathogens.  Group A streptococci  have a fatality rate of 15-20% in serious cases of infection, and even 
relatively minor cases cause extreme discomfort (sore throat or surface skin infection) and sequelae 
such as kidney inflammation and rheumatic heart disease.  Unfortunately, this is mostly regarded as a 
third world disease since it is widespread mostly in heavily populated areas in which the inhabitants are
crowded with poor sanitation.  Over 600,000 people die every year from infection by this bacterium, 
yet the pharmaceutical industry has failed to seriously pursue a vaccine.  Fortunately it is curable with 
penicillin still, but increasingly drug-resistant strains have been observed and the potential exists in the 
long term for disaster.  The vaccine candidate furthest along in development is an M-protein vaccine, 
but the choice seems to be whatever molecule a particular research group has been studying and 
therefore has patented for this purpose.  SCP has been shown to be effective in animal studies and has 
certain critical advantages over M-protein.  Nevertheless, Pat Cleary, after many years trying to 
stimulate research towards an SCP-based vaccine, retired and shuttered his research group.  

This episode provides a good example of the discovery process and how important it is not to make 
hard and fast assumptions about what you think will happen in any given experiment.   The willingness
to explore with an open mind is key, but unfortunately in the world of "publish or perish" for many this 
is a luxury and many scientists fail to examine all the little cubbyholes that may be hiding the next 
unexpected discovery.  That it took over 30 years to find that the C5a peptidase also acts on C3b (and 
therefore would have been named the C3b peptidase if that had been discovered first) is instructive and 
helps cement SCP's reputation as perhaps the single most important virulence factor for this organism.  

  
The Scientific Mind
People who have a scientific mind are not all scientists.  After all, any type of investigator carries the 
same toolbelt with its mix of logic, open-mindedness, and wariness of  assumptions.  Police detectives, 
investigative accountants, computer hackers, and so on also rely on the fact that some facts cannot be 
relied on.  Although high school science teachers teach "the scientific method" to their students as a 
matter of course, the 6 step procedure is didactic and does not come close to the order and complexity 
of the actual scientific process.   As a teacher I made it a point to tell students to forget what their 
previous science teachers made them memorize in this regard.  In my class, if they learned the 
scientific process it was through guided investigations, the analysis of data, and relating findings to real
world problems.  The chair of the science department at our high school was firmly didactic, whereas 
(at least for biology)  I shunned textbook knowledge due to its shallow rigidity.   The contrast in 



thinking between us was nowhere more evident than what happened one day during and after a 
department meeting.  While we were waiting for everyone to arrive, I was talking idly with another 
teacher about cultural evolution.  Suddenly the chairperson popped up behind us and, clearly showing 
she only heard part of our conversation, firmly stated that there was no such thing as "evolution of the 
individual", and then quoted the textbook definition of evolution in no uncertain terms as if she thought
that I should know better.  I immediately realized that she had misconstrued the gist of our topic, and 
although I should have felt insulted, instead I felt a little bit peckish.  We should recognize that many 
teachers don't fully appreciate that textbooks skim the surface of what is known and in the effort to 
distill information causes it to lose nuance.  Since she started it, I thought it would be interesting to 
pursue the idea of individual evolution from a genetic, rather than cultural, standpoint.   
Communicating with her by text, I defined individual evolution as the change in allele structure of an 
organism in its lifetime, resulting in progressive adaptation to changes in its environment.  This is in 
contrast to Darwinian evolution which entails such changes in populations over many generations.  Of 
course, our understanding of evolution is continually, well, evolving as evolutionary biologists become 
more sophisticated in their theories and data analysis.  The first example I gave regarded a soil fungus 
that occupied many square miles of land.  Technically a single individual because all parts were shown 
through genetic analysis to be identical, I hypothesized that over such a large area different 
microenvironments might select for localized genetic variation in something that is arguably immortal. 
Scanning through the literature, however, I was unable to find any research findings to bear this out.  I 
did find a study on bacteria found in a deep sea trench that were under such extreme conditions that 
they were unable to reproduce and effectively immortal (at least centuries old).  The researchers 
discovered genetic differences between bacteria presumed to be clones, supporting the existence of a 
class of evolution that involves genetic change in a long-lived organism over time.  Perhaps this could 
be classified as random mutation as well, but we could also think of such mutations themselves as 
evolutionary events pertaining to individuals especially if they result in phenotypic changes that may or
may not be adaptive.  In fact, as we are seeing from recent research, some evolutionary changes are 
random or selfish (such as the movement of transposable elements in maize) and not in themselves 
adaptive to the environment.  Perhaps the strongest case for individual evolution is the human immune 
system.  During the early development of the immune system a large number of DNA rearrangements 
occur leading to a highly diverse population of lymphocytic cells responsive to environmental cues in 
the form of antigens.  Specific populations of cells expand according to the nature of the person's 
environment, resulting in an antigen reactivity set that changes over time as exposures alter.  Thus, the 
individual adapts genetically to his/her surroundings by adjusting the population sizes of responsive 
lymphocytes.  The upshot of this story is that after a number of back and forths, the science chair wrote,
"I don't care what you say, you will never convince me that individuals evolve".  And that was that.  
But this story does exemplify a rigid manner of thinking that is more conducive to rote, dogmatic 
education than to the kind of independent thinking that leads to fresh insights and discoveries and even 
scientific revolutions.

   


