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Current research focus areas are:

Genomic Research  

science for life®

including Alzheimer disease, 
Parkinson disease, ALS, 
Huntington disease, bipolar 
disorder, schizophrenia, 
autism and epilepsy

Neurological 
and Psychiatric DisordersUndiagnosed 

childhood genetic 
disorders

Multiple forms of 
cancer, including 
breast, ovarian, 
prostate, kidney, brain,
colon and pancreatic 

Pediatrics CancerBasic Research

Application of genomic 
technology to 
understand the 
immune system’s 
role in health 
and disease

Applying genomic 
knowledge to  
agriculture and 
bioenergy to create 
a more sustainable 
world

Leveraging the power 
of the human genome 
to diagnose, predict and 
prevent disease

Computational Biology 
and Bioinformatics

ImmunogenomicsAgriscienceGenomic Medicine

Deep computational analysis 
and interpretation of vast 
amounts of data, critical to the 
science of genomics

About HudsonAlpha
HudsonAlpha Institute for Biotechnology is a nonprofit institute dedicated to developing and applying 
scientific advances to health, agriculture, learning, and commercialization. Opened in 2008, HudsonAlpha’s 
vision is to leverage the synergy between discovery, education, medicine, and economic development in 
genomic sciences to improve the human condition around the globe. The HudsonAlpha biotechnology 
campus consists of 152 acres nestled within Cummings Research Park, the nation’s second largest 
research park. The state-of-the-art facilities co-locate nonprofit scientific researchers with entrepreneurs 
and educators. HudsonAlpha has become a national and international leader in genetics and genomics 
research and biotech education and includes more than 30 diverse biotech companies on campus. 

●  Earlier and/or less invasive diagnostics
● Better, more customized treatments for disease
●  Improved food, fiber and energy sources

Foundational research 
aimed at improving 
scientific theories 
and understanding

 

 

 

 

Global Footprint of 
Research Partnerships

HudsonAlpha partners with other research institutes and life 
sciences companies around the globe – and even in space –
to make genomic discoveries. 

Government support comes from: 

National Science Foundation
Department of Energy
 Joint Genome Institute
US Department of Agriculture
National Institutes of Health
 National Human Genome Research Institute
 National Institute of Arthritis and Musculoskeletal and Skin Diseases
 National Heart, Lung and Brain Institute
 National Institute of Mental Health
 National Institute of Environmental Health Sciences

Significant 
Research 
Publications
Our researchers have 
been published in more 
than 650 scientific 
publications since the 
beginning of HudsonAlpha 
in 2008 to help secure a 
global leadership position 
in genomic research. 

HudsonAlpha scientists are adding to the world’s body of knowledge about 
the basis of life, health, disease and biodiversity and seeking to enable:
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Educational Outreach

Biotech Enterprises 

HudsonAlpha’s Educational Programs
HudsonAlpha's Educational Outreach team inspires the next generation of life 
sciences researchers and workforce while building a more biotech-literate society. 
The dynamic educators at HudsonAlpha reach students, educators, medical providers, 
patients and the community through hands-on classroom modules, in-depth school and 
workshop experiences, and digital learning opportunities. HudsonAlpha also 
provides educational opportunities for healthcare providers and learning tools for 
patients who are making medical decisions using their personal genomic information. 
Additionally, the team builds genomics awareness through community outreach 
classes and events. During the 2017-2018 academic year, 1,286,617 individuals were 
impacted through HudsonAlpha Educational Outreach. Over the past decade, 
HudsonAlpha has reached nearly 5.5 million people with these programs. 

Classroom Kits and Digital Resources
HudsonAlpha has developed a module for seventh grade students matching state 
curriculum requirements related to DNA, how proteins are made and how genetic 
information is copied and segregated when cells divide. Multiple laboratory activities have 
also been crafted for students in grades 9-12. Activities highlight topics such as extracting 
DNA, exploring chromosome behavior in cells, diagnosing genetic disorders and using 
bioinformatics databases. Many of these resources are available to classrooms around the 
nation through a partnership with Carolina Biological (www.Carolina.com). HudsonAlpha 
has also crafted a suite of free digital activities available to students, educators and anyone 
who uses the Internet on a computer or mobile device.

HudsonAlpha strengthens and diversifies Alabama’s economy by fostering success in life sciences 
companies of all stages and sizes. Its 152-acre biotech campus within Cummings Research Park 
supports more than 30 tenant companies, from startups to global leaders, with space for more. 
HudsonAlpha offers turnkey and build-to-suit laboratory and office space for lease in an energizing 
environment with superior shared amenities. Bioscience enterprises on campus benefit from ac-
cess to HudsonAlpha researchers as well as strategic support through investor forums, workforce 
and business assistance, marketing resources and bioscience networking events.

Teacher Professional Development
HudsonAlpha has several opportunities for teacher professional development, ranging from single-day 
workshops to ongoing classroom support. These increase an educator’s comfort in discussing genetic 
concepts and terminology and the associated ethical, social and legal issues. 

Student Experiences
Field trips, classroom visits by industry leaders, 
summer camp sessions, in-depth internship 
opportunities and college-level laboratory courses 
engage students in biotechnology-related fields, 
increase exposure to career options, provide 
mentoring opportunities and equip students 
with a toolbox of content-specific skills.  

Clinical Applications
HudsonAlpha is empowering patients to be informed genomic healthcare 
consumers and society members. Our genetic counselors are involved 
in providing patient education and support for clinical and research 
activities across the institute. The genetic counseling team also provides 
education and training programs for healthcare providers and 
trainees to support the integration of genomics into routine and 
specialized medicine.  
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INTERESTED IN A FRESH SPIN ON GENETICS?

• How have man’s interactions with the plants 
  and animals that comprise our food supply 
  shaped both them and us?

• What is a GMO? How do you make one?

• How do I talk to my students about this?

• How is biotechnology changing agriculture?

• How can educators bring modern genomic 
  research into their classrooms using items 
  from the grocery store produce aisle?

Some questions that will be answered at 
GREAT: Genomics In the Fields include:

Register for FREE at 
hudsonalpha.org/great-in-the-fields

Great workshops are available for life science 
teachers at Alabama accredited, public high 
schools. Educators who complete the two-day 
workshop will receive substitute teacher cost 
reimbursement of up to $70 per day and return to 
the classroom with student-tested lesson plans, 
hands-on materials and classroom supplies

 

Genetic Resources to Empower Alabama Teachers—
GREAT workshops
Update high school teacher's genetics knowledge by highlighting recent scientific find-
ings. Teachers will be introduced to applications based on these discoveries through two 
days of small group concurrent sessions and talks by HudsonAlpha educators.

This fourth round of GREAT workshops, GREAT: Genomics in the Fields, focuses on modern 
agricultural genomics in the context of food and fuel. Designed to dig deeply into Alabama 
Biology Course of Study Standards 11 and 14, teachers will leave the workshop with the 
tools and materials to bring science-rich agricultural content to their classrooms. 

Dates for GREAT: 
Genomics in the Fields

Huntsville –September 2018
Birmingham – October 2018
Montgomery – Spring 2019
Mobile – Fall 2019
Tuscaloosa – Spring 2020

The GREAT workshop is made possible through support from the State of Alabama

The Educational Outreach Team
HudsonAlpha Institute for Biotechnology
www.hudsonalpha.org/education
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GTAC
Advanced
Concepts

GTAC
Essential
 Biology

GTAC

601 Genome Way, Huntsville AL 35806  I  256.327.0462
https://hudsonalpha.org/education/teachers/gtac

GTAC Essential Biology is a five-day professional development 
workshop for Alabama public high school science educators that focuses on 
the genetics content encountered in a General Biology course. Participants 
will dig deeply into modern genetics content through hands-on laboratory 
practice and content-deepening talks by leading scientists. Specific attention 
will be directed toward preparing teachers to implement the 2015 Alabama 
Course of Study: Science, Biology Standards. 
Registration opens January of each year.

GTAC: Advanced Concepts is an intensive professional development 
workshop that helps Alabama public high school science teachers delve more 
deeply into genetics content they can use in advanced life science classrooms 
like AP or IB Biology. Over the course of five days at HudsonAlpha Institute for 
Biotechnology, educators will learn from scientists involved in cutting edge 
genomic research, use modern biotech equipment and laboratories, and 
develop classroom plans with implementation support. 

GTAC: Essential Biology is not a prerequisite for GTAC: Advanced Concepts. 
Registration opens December of each year.

GTAC: National is a five day professional development academy 
that prepares life science educators to address high school level genet-
ics, genomics and biotech content in their classrooms. Take a deep dive 
into topics such as cancer and clinical genomics, common complex 
disease and agricultural genomics. Our experienced education team 
will also provide guidance for using free HudsonAlpha digital resources, 
such as iCell, videos, on-line modules, and a lesson plan library. 
Participation will also include 40 hours of professional learning credit 
and HudsonAlpha-developed kits and classroom materials. 
https://hudsonalpha.org/education/teachers/gtac

More Professional Development for Life Science Educators

 For National Educators

 For Alabama Educators

 For Alabama Educators
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In a field that pushes the boundaries of human discovery
daily, keeping the conversation current matters a great deal.
In Shareable Science, Dr. Lamb breaks down topics that show 
up everywhere from television news shows to the water  
coolers of research institutes. The blog discusses the science 
of persistent debates, like genetically engineering food. But 
it also tackles tough questions on subjects like the ethics  
of using DNA submitted to private companies for tracking 
suspects in criminal cases.

Introducing
Dr. Lamb’s blog

Teachers, students and anyone fascinated by DNA have a new tool for exploring
cutting edge conversations about genomics. The HudsonAlpha Institute for Biotechnology’s
Neil Lamb, PhD, launched a fascinating new resource with hopes of engaging learners

with some of the most important discussions in the science world.  

If you want to see how genomics plays out everywhere from grocery aisles
to crime scenes, Shareable Science can help bring topics too small to see

with the human eye into realms too big to ignore. Check back regularly for new
content, and engage your mind with the same questions that captivate

some of the world’s leading scientists.

www.shareable-science.org
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Biotechnology Discoveries 
and Applications 2018-2019

HOW THIS GUIDE IS ARRANGED

Recent research findings are grouped on pages 9 through 21 and 
provide a quick update on the genetics/genomics/biotechnology field. 
This section represents discoveries, treatments or applications that have 
been announced during the past year. Some are described in only a few 
sentences while others get a more thorough explanation. 

Each new finding connects to one of twenty-four key technologies or  
concepts described in detail on subsequent pages. Language and concepts 
are intentionally geared to a high school or public audience. 

Within each overview, linking course of study objectives  
are identified for Alabama high school courses:

Look for the          symbol in teal.

Where relevant, the experiments and activities developed 
by HudsonAlpha are also described:

These are identified by the         symbol in green.  

Where appropriate, an acknowledgment of research 
occurring at HudsonAlpha is given:

The               symbol identifies those connections.
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Neil Lamb, PhD
Vice President for Educational Outreach
HudsonAlpha Institute for Biotechnology

EXECUTIVE SUMMARY

Fifteen years ago, researchers completed the Human 
Genome Project. On that foundation, we’ve built our knowl-
edge of everything from human health to human ancestry. 
Forensics to infectious disease. We’ve started to engineer 
the fuels of the future and grow the foods of tomorrow.

Ten years ago, HudsonAlpha opened its doors as a nonprofit 
research institute. In that decade, we’ve sequenced fifteen 
quadrillion nucleotides of DNA. We’ve published 550 re-
search papers. And most importantly, we’ve made a differ-
ence — for scientists and educators, clinicians and patients.

As I reflect on these milestones, I’m struck by how much 
we’ve learned — but also how many questions remain. 
We’ve attempted to capture that balance in the pages of  
this year’s Guidebook, which summarizes more than 50 
research studies published between August 1, 2017 and 
July 31, 2018. 

Neil E. Lamb, Ph.D.
Vice President for  
Educational Outreach

HudsonAlpha Institute  
for Biotechnology

nlamb@hudsonalpha.org

On a personal note, every year my team measures the 
impact of our programs by filling a jar with brightly colored 
beads. Each one represents an individual who partici-
pated in one of our nearly 3 dozen educational initiatives. 
This year’s jar, commemorating HudsonAlpha’s ten year 
anniversary, contains more than 1.2 million beads. We’re 
so proud of that. Many of you reading this Guidebook are 
represented in this jar. You have used one of our kits, down-
loaded one of our apps, or attended a camp, talk, field trip 
or workshop. 

A sampling of these stories includes:

•  data suggesting genetic variation does not predict  
 whether certain diets will be successful (pg. 9)
•  the use of publicly-available genetic genealogy to  
 solve criminal cold cases (pg. 11)
•  the microbial environment found in airplanes and  
 ambulances (pg. 12)

•  a host of gene therapy (page 15) and cancer 
 immunotherapy (pgs. 16 – 17) clinical trials and 
 success stories
•  efforts to boost the productivity of rice crops by   
 changing the way the plant undergoes 
 photosynthesis (pg. 19)
•  The findings build on 24 foundational stories, 
  covered in detail beginning on pg. 27. As in prior  
 years, the foundational topics are linked to 

  Alabama course of study objectives for science,  
 health and career and technical education 

  courses (see the tables on pgs. 22 – 26). 
  They similarly align with course of study 
  objectives from other states.

Thank you for the trust you place in us as science 
educators. We do not take that responsibility lightly.

Lastly, I’d like to thank my HudsonAlpha colleagues 
David Kumbroch, Madelene Loftin and Cathleen Shaw 
for their assistance in crafting and assembling this year’s 
Guidebook. It is a significantly better publication because 
of their efforts and I am grateful for their support.

We’ve learned so much over the fifteen years since the 
Human Genome Project. We’ve learned so much since 
HudsonAlpha opened its doors ten years ago. But there’s 
always more, and there always will be.

So join us, for another year’s worth of mysteries 
and discoveries.
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SCIENCE SNAPSHOTS
a quick rundown of 10 genetics and biotech stories

See article references on pg. 56.

3. On average, the common cold affects adults a 
couple of times each year. Typically, these rhinovirus 
infections are a nuisance, but they can be life-threat-
ening for individuals with asthma or pulmonary dis-
orders like cystic fibrosis. Treatment for the common 
cold is challenging, as there are over 150 known  
rhinoviral strains, each evolving rapidly due to new 
mutation. By focusing on a human enzyme the virus com-
mandeers to assemble its outer protein shell, researchers 
may have identified a potential treatment pathway. In a petri 
dish, the virus was unable to replicate when the enzyme was  
chemically blocked. Because this enzyme is used by all strains of  
rhinovirus, the blocking chemicals may point the way to an effective 
treatment for individuals with a compromised pulmonary system. 

10. The koala genome was recently sequenced, 
shedding insight on several aspects of this marsu-
pial’s life story. For example, koalas primarily eat 
eucalyptus leaves, which contain high levels of toxic 
plant compounds. The koala cytochrome P450 gene 

family has been duplicated and modified, increasing 
the activity of proteins that metabolize toxic com-

pounds. Consequently, koalas survive on a diet that would 
kill most other mammals. Koalas give birth to joeys — blind, 

hairless young who complete their development inside the mother’s 
pouch. Researchers identified a set of genes that may help mother 
koalas fine-tune milk protein levels across the various stages of  
lactation, as well as genes that appear to provide antimicrobial  
support as the joey develops its own immune system.
  

2. In an attempt to stay ahead of the science, the World Anti-Doping 
Agency has banned gene editing technologies that could enhance 
athletic performance. The agency has previously banned genetically 
modified cells and other types of enhancement-based gene therapy, 
but the current guidelines didn’t address CRISPR-type editing.  
These approaches are still in their infancy — and focused on treating 
disease — but some researchers have acknowledged being ap-
proached by non-Olympic athletes looking for a performance boost. 
Since gene editing leaves no telltale DNA signature, detection 
will be challenging. Perhaps the only way to detect its 
existence will be comparing an athlete’s current genome 
sequence to one obtained in childhood.  

8. In contrast to previous research, a larger, more recent study sug-
gests that genetic variants may not affect whether someone responds 

to a particular weight loss approach. Researchers examined 609 
overweight adults, randomized to follow either a healthy 

low-fat diet or a healthy low-carbohydrate diet. After 12 
months, there was no significant difference in weight 

loss between the groups. The team also found no 
evidence that DNA variants in fat and carbohydrate 
metabolism genes could identify patients who would 
respond better to either of the diet types. These find-
ings call into question claims of using genetic testing 
to link people to an "optimized" diet.

9. Researchers have uncovered secondary findings in 
nine percent of unaffected parents who were sequenced as 

part of a study searching for the cause of a condition affecting 
their children. In those unaffected parents, the researchers assessed 
whether they harbored clinically actionable variants from a list of 
genes the American College of Medical Genetics and Genomics 
(ACMG) recommends secondary findings be returned. Variants from 
other clinically relevant genes were also studied and reported.  
Pathogenic or likely pathogenic variants were identified across 21 
genes in 25 parents, and 48 parents were found to be carriers for 

recessive disorders.  

4. Fifteen years after the human genome was sequenced, 
researchers are still working to determine the exact number of 
human genes. A recent analysis suggests prior calculations 
were too small. An analysis of the RNA from more than 30 
tissues identified more than 1,200 previously unknown 
genes. Researchers now estimate the human genome 
contains just over 21,300 protein-coding genes.  

5. The US Department of Agriculture (USDA) has  
determined it will not regulate plants modified 
through genome editing, as long as they could have 
also been developed through traditional breeding 
methods such as cross-breeding or selection. This 
stands in contrast to a recent European Court of Justice 
ruling that altering the DNA of living things through gene 
editing counts as genetic engineering. The European court deci-
sion means that gene-edited organisms will be treated and regulated in 
the same way as genetically modified organisms (GMOs) derived from 
traditional approaches that inserted foreign DNA into an organism. It 
also means that any food developed by genome editing will need to be 
labeled in Europe as genetically modified. It remains unclear whether 
gene-edited foods will require special labeling in the United States. 

7. Multiple medications treat cardiovascular disease 
by reducing cholesterol levels. A relatively new class 
of drugs inactivates PCSK9 — a liver enzyme that 

usually prevents the body from removing LDL (the 
so-called “bad” cholesterol). Inactivating the enzyme 

lowers LDL levels by increasing LDL destruction. Along 
these same lines, researchers recently used a gene editing 

tool known as meganuclease to inactivate the PCSK9 gene in the 
liver of macaque monkeys. LDL levels dropped by 30 to 60 percent, 
a therapeutically meaningful reduction. Future studies will be aimed 
at preventing off-target editing and minimizing the body’s immune 
response to the therapy. 

6.  Cockroaches are a resilient group of insects that thrive across a 
wide range of environments. A recent analysis of the genomes of three 
cockroach species yielded some surprising findings. The genome 
of the American cockroach is 3.38 gigabases large, with over 21,300 
genes (roughly equivalent to the human genome). More than 60% of 

the genome is repetitive and many genes have undergone multi-
ple rounds of duplication. For example, there are over 150 

odor-sensing receptors and more than 520 taste recep-
tors – significantly more than other cockroach species. 

Scientists believe this helps the insect more easily find 
food and avoid bitter and toxic foods.

1.  Whether they hang detached from the head or are directly 
attached to the jawline, earlobe shape is often standard dis-
cussion in introductory biology. While conventional wisdom 
suggested the feature was controlled by a single gene, 
recent research suggests this seemingly simple trait 
is more complex. Analysis of nearly 75,000 individuals 
(including more than 60,000 participants from the U.S. 
personal genomics company 23andMe®) has iden-
tified 49 genes associated with earlobe attachment. 
Understanding the genetic influence behind typical 
traits such as earlobe development will likely provide 
important insight into pathways leading to malformations 
and developmental disorders. 

The laboratories of HudsonAlpha faculty 
researchers Greg Cooper PhD, Greg Barsh MD, PhD, 
Shawn Levy PhD, and Richard Myers PhD 
contributed to this research.
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Controlling Diabetes...
with Caffeine?

Scientists are working on a promising new 
treatment for type 2 diabetes — a cup of coffee. 
However, the new “treatment” also involves 
genetic engineering of the patients themselves.

Researchers have already started on the earliest 
versions of the treatment by developing some “proof 

of concept” research with promising results. They successfully  
engineered human kidney cells that boost insulin production in 
response to caffeine.

The lab-created cells produce a molecule that prompts the release  
of insulin when it encounters caffeine in the body. 

When scientists put an implant with hundreds of the engineered cells 
into diabetic mice, they were able to control blood-sugar level using 
coffee (Nespresso® Volluto, if you’re curious), cola or even Red Bull®. 
That means patients who monitor their blood sugar constantly, often 
having to take shots to balance out levels, might be able to go buy a 
diet soda from the vending machine instead.

The mice even got to try herbal tea and chocolate milkshakes, which 
didn’t summon any response from the modified cells, showing that 
the caffeine itself is what activates the production.

This research is a long way from becoming a part of clinical care, but 
it highlights the potential of how genetics can provide simpler, more 
permanent treatments for chronic diseases. In the future, that treat-
ment might even be as easy as drinking that morning cup of coffee.

REFERENCE:  Bojar D. et al. Caffeine-inducible gene switches controlling experimental 
diabetes. Nature Communications (2018) 9:2318 doi:10.1038/s41467-018-04744-1.

Cough 
Suppressing Yeast?
Noscapine is a nonnarcotic cough 
suppressant that has been in use since 
the 1960s. Recently the drug has been 
shown to also have some anti-cancer 
properties, potentially reducing metastasis 
in certain cancers in mice. It is naturally produced by opium poppies, 
but harvesting the drug from poppies is laborious and useable yields 
are low. Each plant produces limited amounts of noscapine, which 
must be separated from the narcotic and other nonnarcotic com-
pounds under rigorous regulatory control. Additionally, poppy growth 
is subject to local environmental events and conditions and oversight.

In response to these challenges, researchers have genetically  
engineered brewer’s yeast, Saccharomyces cerevisiae, to produce 
noscapine. The production pathway was created by incorporating  
25 genes from plant, bacterial and mammal genomes. The enzymes 
in the pathway were further tweaked by CRISPR gene editing to work 
more effectively in the acidic environment of yeast cells. This process 
allows scientists to produce substantial amounts of the drug in just 
a few days. Compared with earlier attempts to produce noscapine 
in yeast, this new genetic combination represents an 18,000-fold 
improvement in noscapine output. This type of synthetic biology rep-
resents a new way to produce biologically-based compounds — using 
our knowledge of biochemistry, genetics and natural plant processes 
to develop living factories. 

REFERENCE:  Li Y. et al. Complete biosynthesis of noscapine and halogenated alka-
loids in yeast. Proceedings Nat’l Acad Sci USA (2018); published ahead of print April 2, 
2018. doi.org/10.1073/pnas.1721469115

The Puzzle of the Human Mind
Geneticists often think about what changing a single gene could 
do to the body, but even having those thoughts requires hun-
dreds of genes working together. A series of studies has started 
to piece together the parts of the genome that contribute to the 
human mind, identifying hundreds of genetic factors that help 
determine everything from intelligence to schizophrenia.

One group of researchers linked 939 
genes to intelligence by studying the 
genetic data and neurocognitive tests 
of more than a quarter of a million 
people. These genes are most active in 
the parts of the brain used for learning 
and cognition, and they connect to the 
genetic pathways for nervous system 
development and synapse structure. 

The same group also found 599 genes 
they could implicate in depression and anxiety. By contrast, 
many developmental and intellectual disorders come down to  
a single gene.

These two projects contribute to a growing body of evidence  
that both intelligence and mental illness come from an  
extraordinarily broad mix of genes and gene expressions.

There’s also evidence that different mental illnesses may share 
genetic factors. For example, an international study of nearly 
900,000 patients found that 10 mental illnesses all shared  
genetic variants contributing to the risk of their development. 
The authors of the study believe figuring out these similarities 
could be key to diagnosing and treating patients with  
psychiatric disorders.

The work matches with up with a profile of 700 people that 
showed similar genes being over- and under-expressed in 
schizophrenia, bipolar disorder, autism and major depression.

If scientists can identify which genes get over- or under-worked 
in patients with these psychiatric disorders, doctors could 
quickly hone in on the specific characteristics of a person’s 
mental illness to guide treatment, rather than relying on broad 
classifications that can include a wide array of symptoms.  
For example, people with autism all have different behaviors 
and sensitivities that define their condition. It’s hard to imagine 
a single treatment working universally. Identifying genetic  
specifics that differentiate these patients could change the 
entire way we craft treatment plans.

Much of genetics is about finding needles in the genomic 
haystack, identifying single genetic variants with big impacts. 
The study of intelligence and mental disorders in the genome 
much more closely mirrors trying to assemble dozens of jigsaw 
puzzles that were all mixed together. Scientists first have to pick 
out which pieces match, then figure out how they fit.

REFERENCES: Savage J.E., et al. Genome-wide association meta-analysis 
in 269,867 individuals identifies new genetic and functional links to intelligence. 
Nature Genetics (2018) 50:912-919. doi:10.1038/s41588-018-0152-6.

Nagel M. et al. Meta-analysis of genome-wide association studies for neurot-
icism in 449,484 individuals identifies novel genetic loci and pathways. Nature 
Genetics (2018) 50:920-927. doi:10.1038/s41588-018-0151-7.

The Brainstorm Consortium et.al. Analysis of shared heritability in common dis-
orders of the brain. Science (2018) 360:eaap8757. doi:10.1126/science.aap8757.

NEW FINDINGS 

yeast
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Brain Freeze
A new study suggests some humans experienced a genetic trade 
off when they migrated out of Africa to the colder climates of 
Europe between 20,000 and 30,000 years ago. 

Researchers identified a change on the 
TRPM8 gene. They believe it influences 
how people feel cold temperatures, but 
the variant also brings with it a greater 
risk of migraines. Scientists still don’t 
know the advantage this particular allele 
created for the migrating population, but 
a pattern of positive selection suggests 
it must have been helpful. Researchers 
suspect the allele alters the activity of 
the gene, changing the sensation of cold 
for those who carry it. It’s still not clear 
how it links to migraines, other than the 

fact the two are associated. One theory is that the gene came  
from an increased need to adapt to cold but carried the risk of  
migraines with it. Another theory suggests migraines are a  
modern side effect.

A final mystery surrounding the allele stems from the populations 
that carry it. It appears to have become more common at higher 
latitudes, but much more in European populations than Asian 
ones. It’s still not clear why.

While genomics will certainly help us construct our future, it can 
also help us uncover our history. 

REFERENCE:  Key F.M. et al. Human local adaptation of the TRPM8 cold 
receptor along a latitudinal cline. PLOS Genetics (2018) doi:10.1371/journal.
pgen.1007298. 

Genetics Heat Up 
Cold Cases
Law enforcement have started using genetics in totally new 
ways to arrest criminals and solve cold cases, but their  
approaches raise a host of ethical questions about privacy.  
How far is too far? 

DNA from a crime scene is typically analyzed, and 
that analysis is run through a database of ex-
isting criminals’ DNA to search for a match. Up 
until recently, a major limitation of the technol-
ogy has been this: a suspect must already be in 
a criminal database in order to make a match. 
First-time or “un-caught” criminals would not 
be identified through DNA forensics.

Not anymore. 

On DNA Day — April 25, 2018 — an alleged serial killer 
was arrested after DNA analysis of materials from a crime 
scene were partially matched with a suspected relative through 
an ancestry DNA database. This led detectives to obtain DNA 
from the suspect, which matched the crime scene sample.

That case led to a slew of similar arrests, where DNA was  
used to identify a suspect through familial ties.

While most probably agree it is beneficial to catch and  
prosecute killers, bioethicists believe the approach used in  
this case raises several ethical issues for consideration.  
For example, investigators typically submit the DNA in these 
cases without the suspect's consent, potentially giving law 
enforcement an immense amount of personal and medical 
information about them before they are ever accused of a crime.

Not to mention, just because someone wants to know more 
about their ancestry from a consumer genetics service doesn’t 
necessarily mean they’re OK with their genetic data being used 
to track their relatives.

In addition, law enforcement uses DNA for more than just  
finding familial ties. Police in Texas utilized genetic data from a 
murder scene to predict the skin tone, eye color, hair color and 
facial shape of the alleged killer. They generated a sketch of 
what the suspect potentially looked like and released it to the 
public, even though there were no eyewitnesses of the crime to 
confirm the sketch was accurate. The sketch led to an arrest  
and confession.

It’s a sci-fi idea, but it carries real consequences. Much of our 
appearance, like our hair color and style, can be altered. 

Solely relying on genetic data for sketches could cre-
ate wildly inaccurate pictures that could increase 

the likelihood of arresting the wrong person.

Genomics has opened a whole new tool chest 
for investigators, but the appropriate use of 
those tools is still being decided. 

REFERENCES:  Yeager A. (2018, April 27) Genealogy 
Website Helped Crack Golden State Killer Case. Retrieved July 

5 2018, from https://www.the-scientist.com/the-nutshell/genealogy-web-
site-helped-crack-golden-state-killer-case-36328.

Lauer C. (2017, December 3) DNA Sketch Leads to Suspect Confession in Texas 
Slaying. Retrieved July 30 2018, from https://apnews.com/fdee7b3df7a84441a-
7fa1366bb7027b6.

CRISPR Caution
CRISPR makes gene editing in 
organisms more feasible than 
ever before, but the full impact 
of those edits remains unclear. 
CRISPR snips DNA at a targeted 
spot and makes changes to 
the genetic code. Many of the initial fears about the biotechnology 
focused on how often it would miss its mark and cut an unintended 
piece of the DNA. A paper published in 2017 claimed to uncover a 
number of off-target edits, but that paper was later retracted.

However, researchers at the Wellcome Sanger Institute published 
a study in the summer of 2018 arguing that even if CRISPR hits its 
mark, it may lead to large deletions or rearrangements in other  
places on a DNA strand. When they sequenced CRISPR-modified 
DNA from both mouse and human cells, they found outright deletions 
in about 20 percent of them.

CRISPR gives scientists a chance to observe what a given change in 
a particular part of the DNA would do to the cell or organism, giving 
fresh insight into dark corners of human, plant and animal genomes.  
However, before this technology becomes more widely utilized,  
scientists will need to  understand CRISPR’s impact on the entire  
set of DNA sequences.

REFERENCE:  Kosicki M., Tomberg K., Bradley A. Repair of double-strand breaks 
induced by CRISPR–Cas9 leads to large deletions and complex rearrangements. Nature 
Biotechnology (2018)  doi:10.1038/nbt.4192.

NEW FINDINGS 
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NEW FINDINGS — BACTERIA & VIRUSES

An Electric  
Bacterial Biosensor
With a unique combination of engineered 
bacteria and microelectronics, bioengineers 
have developed an ingestible sensor that can 
monitor gut health and transmit real time data 
to a nearby receiver or cell phone. The capsule, 
roughly the size of two dimes, contains E.coli 
modified to bioluminescence in the presence of 
a target biomolecule. Phototransistors lining the 
bacterial chamber detect these faint light sig-
nals and wirelessly transmit data. Pilot testing 
used bacteria engineered to detect heme from 
ruptured red blood cells. In vitro, the integrated 
systems detected heme in concentrations as 
small as 32.5 ppm. The capsules were placed 
in the stomachs of pigs who had recently been 
administered a blood containing solution. The 
tiny sensors were able to detect blood in the 
stomach and upper intestinal tract of pigs within 

an hour, could distin-
guish between blood 
and control solu-
tion and continued 
transmitting data in 
the acidic conditions 
of the gut for two 
hours before they 
were removed. The 

goal is to ultimately use these micro-bio-elec-
tronic sensors for minimally invasive, real-time 
monitoring of gastrointestinal disease.

REFERENCE:  Mimee M. et al. An ingestible bacteri-
al-electronic system to monitor gastrointestinal health. 
Science (2018) 360:915-918. doi:10.1126/science.aas9315.

 

Exploring the relationship between 
people and the microbial com-
munities found in human-con-
structed spaces is an area of 
ongoing research. Sequencing 
of swabs from public spaces 

can genetically identify the mi-
crobes present and detect chang-

es in microbial populations. Studying 
the microbiome of “built environ-
ments” has implications for disease 
transmission and public health. 

Based on concerns that air travel can 
be a channel for emerging infectious 
diseases or the spread of pandemics, 
researchers sought to characterize 
the microbial communities present in 
the air and on surfaces of an airplane. 
Although airplane cabins have some 
unique features such as very dry 
air and a constantly changing set of 
human occupants in close quarters, 
the data show their microbiomes are 
not that different from the home or 
office. The 'core microbiome’ came 
from bacteria commonly found in the 
soil or on skin, nasal and oral cavities. 
Researchers did not find significant 
differences pre- and post-flight. 

Similarly, an analysis of 137 ambu-
lances from 19 US cities found the 
vast majority contained beneficial or 
benign bacteria. However, research-
ers periodically also found DNA 
signatures from bacteria linked to 
hospital acquired infections or strains 
resistant to antimicrobial cleaning 
agents. Regional variation in ambu-
lance microbial communities was 
observed, including an increased 
presence of antimicrobial resistant 
bacteria in the southeastern US 
where warmer temperatures and 
more frequent rainfall may be a  
contributing factor. Overall, the data 
suggest ambulance cleaning regi-
mens may need to be standardized, 
similar to what exists in hospitals  
and clinics.

REFERENCES:  Weiss H. et al., 
The airplane cabin microbiome. Microbial 
Ecology (2018) https://doi.org/10.1007/s00248-
018-1191-3.

O’Hara N. et al., Metagenomic characterization 
of ambulances across the USA. Microbiome 
(2017) 5:125 doi:10.1186/s40168-017-0339-6.

The Microbiome of 
Public Spaces

Because antibiotics impact the growth of 
bacteria in the body, they have long been 
known to cause changes in the microflora 
of the human gut. However, the impact on 
the gut microbiome of other commonly 
prescribed medications, such as anti- 
inflammatories, hormones, or anticancer 
drugs, is largely unknown. A recent study 
tested the effects of 835 nonantibiotic 
medications on 38 species of human gut 
bacteria. More than one-quarter of the 
drugs designed to interact with human 
cells also inhibited growth in one or more 
species of intestinal bacteria — a great-

er than expected impact. A connection was found between bacteria that were unaffected by these 
medications and antibiotic resistant strains, suggesting that these non-antibiotic drugs could also be 
contributing to the rise of antibiotic resistance through a yet-unknown pathway. 

REFERENCE:  Maier L. et al. Extensive impact of non-antibiotic drugs on human gut bacteria. Nature (2018) 555:623-628 
doi:10.1038/nature25979.

Nonantibiotic Drugs 
Impact the Microbiome
 

The lab of HudsonAlpha 
researcher Shawn Levy, PhD, 
contributed to this research.

Containing  
Ebola’s Spread
Quick responses from local health agen-
cies helped contain an Ebola outbreak in 
the Democratic Republic of Congo. The 
disease was first detected in early May, and 
the outbreak was officially declared “over” 
at the end of July, 2018 after 53 cases, 29 of 
which were fatal. A rapid surveillance effort 
helped end the outbreak. An experimen-
tal vaccine was also extensively utilized. 
Produced by Merck, the vaccine contained 
a harmless livestock virus engineered to 
contain a gene for the Ebola virus surface 
protein. It was administered to more than 
3,200 individuals — health care workers 
and a ring of family and friends of infected 
patients. None of those vaccinated  
contracted Ebola. 

REFERENCE:  Cohen J. Congo’s Ebola outbreak 
is all but over. Did an experimental vaccine help? 
Science. 18 July 2018. Web. 25 July 2018. http://
www.sciencemag.org/news/2018/07/congo-s-ebo-
la-outbreak-all-over-did-experimental-vaccine-help  
doi:10.1126/science.aau8236.

Ebola virus

ingestible sensor
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Zika Mutation Linked to  
Brain Abnormality

Since its discovery in 1947, the Zika virus has peri-
odically caused relatively low impact human outbreaks 

with mild symptoms. However, the 2015 outbreak in Brazil 
showed an alarming link between infection during pregnancy and 
microcephaly (abnormal fetal brain development). To determine why 
Zika became more destructive, researchers examined the impact 
of several Zika strains on mouse and human neuronal progenitor 
cells (cells that can become neurons and glial cells). They found 
that the S139N viral mutation led to greater rates of Zika infection 
in both mouse and human cells, as well as severe microcephaly in 
the mouse fetus and increased death in newborn mice. This single 
base substitution replaces a serine amino acid with asparagine in 
one of the virus’s structural proteins. The mutation appears to have 
arisen before the virus spread to South America in 2013 and has been 
stable in the strains responsible for recent outbreaks in the Americas. 
Researchers are quick to caution that one mutation does not tell the 
whole story of Zika. Still, identifying S139N is an important step in un-
derstanding how the virus results in such catastrophic consequences 
for fetal brain development. 

REFERENCE:  Yuan L. et al. A single mutation in the prM protein of Zika virus 
contributes to fetal microcephaly. Science (2017) doi:10.1126/science.aam7120.

Gene Drives
Gene editing stirs controversy, but that controversy multiplies 
when the edits are designed to be preferentially passed on in wild 
populations, often with the goal of killing off pests. Scientists have 
developed genetic edits that not only get passed down, they are 
able to promote themselves so they’re almost guaranteed to be 
inherited. Researchers call these “gene drives,” and they’re one of 
the most hotly debated topics in genomics.

The scientists first select a gene, then install a CRISPR-based 
system that uses its gene-editing capabilities to copy over that 
version of the gene to both of an animal’s chromosomes during 
early development, with the aim of guaranteeing it gets passed 
along to the next generation.

Scientists recently tried this with mice, attempting to create a 
gene drive that would take a population of mixed coat color and 
turn future generations white by forcing the trait to be inherited. 
Early results, made available to other researchers pending peer 
review, show that scientists managed to get the desired allele 
to pass down to offspring 73% of the time, compared to the 50% 
you would normally see. While these results show the concept 
of a gene drive has promise, they also show the biotechnology 
remains far from perfection.

Researchers have attempted gene drives in more aggressive ways 
with insects. One set of scientists created a gene drive in an effort 
to create a tool that would reduce the amount of offspring Anophe-
les gambiae mosquitoes can produce. In this study, the gene drive 
successfully passed down to nearly all of the offspring, spreading 
through an entire captive population in just four generations. But 
in this case, the insects quickly evolved mutations that restored 
their fertility and blocked the gene drive’s spread.

Scientists believe gene drives could develop into an effective 
means of controlling pest populations from mosquitoes to rats, 
but the biotechnology still has ground to cover before it’s ready, 
and even then, it looks like Mother Nature will always be fighting 
to stay one step ahead.

REFERENCES: Grunwald H. et al. Super-Mendelian inheritance mediated by 
CRISPR/Cas9 in the female mouse germline. (2918) bioRxiv doi:10.1101/362558.

Hammond A. et al. The creation and selection of mutations resistant to a gene 
drive over multiple generations in the malaria mosquito. PLOS Genetics (2017) 
doi:10.1371/journal.pgen.1007039

Nonantibiotic Drugs 
Impact the Microbiome
 

Seek-and-Destroy Mosquitoes
Mosquitoes are sometimes called the deadliest animal in the world 
and are estimated to account for 830,000 human deaths every year. 
Now, scientists have designed a mosquito with hopes that it will help 
them eradicate wild populations of the disease-carrying insects.

The lab-developed male mosquitoes have been infected with a bac-
terium called Wolbachia pipientis. When the males released into the 
wild mate with female mosquitoes that don’t have the bacterium, the 
resulting eggs will die. 

A startup company, MosquitoMate, pioneered the effort to develop this 
potential answer to the dangerous disease vector. The specific mos-
quito in the crosshairs is the Asian tiger mosquito Aedes albopictus, 
which carries everything from Zika to dengue and yellow fever.

The US Environmental Protection Agency approved the release of 
these mosquitoes, though the details of release were kept under 
wraps. It will be limited to 20 states. However, southeastern states, 
which have high concentrations of the insect, will not see the lab-
made mosquitoes tested there immediately, as they have not been 
trialed in the climate yet.

To a degree, the effort mimics another lab-altered mosquito devel-
oped by Oxitec, which seeks to genetically modify male mosquitoes to 
pass on a lethal gene when they mate with wild females. The Oxitec 
mosquitoes target Aedes aegypti, another species that transmits a 
number of dangerous diseases, including Zika.

This approach, no matter the mosquito species, requires careful 
study and consideration.

REFERENCE:  Waltz E. (2017, November 6) US government approves 'killer' mosqui-
toes to fight disease. Retrieved July 30, 2018 from https://www.nature.com/news/us-
government-approves-killer-mosquitoes-to-fight-disease-1.22959?WT.mc_id=TWT_ 
NatureNews&sf150440825=1.



14

 
 

Sequencing for Kids
Researchers have started to put specific numbers to the  
clinical benefits of large-scale genomic sequencing for children. 
Currently doctors often recommend a chromosomal microarray 
for diagnosing genetic disease in children, but scientists can 
now show the benefits of performing a much more comprehen-
sive sequencing analysis. 

Rady Children’s Institute did an analysis of studies that included 
more than 20,000 children with suspected diseases. Compared 
to chromosomal microarray, whole genome sequencing (WGS) 
and whole exome sequencing (WES) increased the likelihood of 
diagnosis. Many undiagnosed patients will eventually have one 
of those tests; however, physicians more often first recommend 
less comprehensive genetic tests, and years go by 
before the more comprehensive test identifies the cause of 
disease. Beyond simply getting a diagnosis more quickly, the 
researchers also found earlier, molecular diagnoses helped 
kids avoid unnecessary treatment, invasive surgeries and 
hospitalization time.

Many of those same benefits carry over to neonatal intensive 
care units, where genomic sequencing is being used to identify 
genetic diseases in newborns. In a separate study, researchers 
at the Rady Children’s Institute found that of 42 babies, 43% 
got a diagnosis from genome sequencing. They extrapolate the 
early diagnoses saved more than $125,000 in healthcare costs.  
Sequencing-based tests helped these infants avoid illness and,  
in some cases, reduced the likelihood of death. What’s more, 
traditional testing would have only delivered a diagnosis in  
10% of these cases.

Genomic sequencing still has some challenges to overcome — 
 a significant one being insurance reimbursement — before it 
is the default diagnostic tool of doctors examining children with 
suspected genetic disorders. However, the research increas-
ingly suggests broad-scale sequencing provides improved 
outcomes compared to the current standard of care.

In brief

NEW FINDINGS — GENETICS & GENOMICS IN THE CLINIC

Let’s Take  
a Second Look
Researchers have demonstrated the value 
of genetic sequencing in countless ways, 
but now scientists have started to show 
reanalyzing that genetic sequence can have 
a big impact, particularly in individuals  
with an undiagnosed condition. 

Genome sequencing was performed on 494 people with developmental 
disabilities. While the initial analysis  yielded many molecular causes of 
those disabilities, a reassessment was even more fruitful.  
A reassessment three years later yielded a 16% increase in the number 
of people identified with pathogenic or potentially pathogenic genetic 
variants. 

In addition, new population frequency data allowed scientists to down-
grade nine other variants that had been identified as areas requiring 
further investigation, due to suspicion they could be causing symptoms 
in the patients. Overall, roughly 22% of individuals got new information 
on pathogenic or likely pathogenic variants from the reanalysis process. 

The rapidly evolving world of genomics means new information is 
constantly uncovered that helps with diagnosis and treatment. It also 
means reanalysis can be beneficial, even for patients whose initial 
sequencing data contained no or inconclusive results.

For the first time, gene editing has 
been used to change the DNA inside a 
person. Brian Madeux, 44, underwent a 
groundbreaking treatment targeting a 
deficient gene in his liver in November 
2017. Madeux has a genetic condition 
called Hunter syndrome. His DNA 
doesn’t produce an enzyme that breaks down polysaccharides, a key 
source of energy in the body. If those polysaccharides don’t get broken 
down, they build up in cells and wreak havoc on the body.

The treatment, administered in California, used zinc finger nucleases 
(ZFNs) to target the area of the genome in question. The ZFNs cut the 
DNA and slip in a new gene, which in turn, orders the cell to make the 
enzyme-producing protein the patient lacked. Only one percent of the 
liver cells need to be corrected for the treatment to be successful. 

California-based Sangamo Therapeutics developed the therapy used 
in late 2017. The treatment went so well that doctors used it a second 
time on a different patient in February 2018. The company is now 
testing the technique for two metabolic diseases and hemophilia,  
a bleeding disorder.

While many gene editing treatments are still years if not decades 
away, this zinc-finger therapy provides a glimpse into their  
potential promise.

REFERENCE: Marchione M. (2017, November 15) AP Exclusive: US scientists 
try 1st gene editing in the body. Retrieved July 30 2018, from https://www.apnews.
com/4ae98919b52e43d8a8960e0e260feb0a/AP-Exclusive:-US-scientists-try-1st-gene-
editing-in-the-body.

The labs of HudsonAlpha faculty researchers Greg Cooper PhD, 
Greg Barsh MD, PhD, Shawn Levy PhD and Richard Myers PhD  
contributed to this work.

REFERENCES:  Clark MM, et al. A meta-analysis of the diagnostic and 
clinical utility of genome and exome sequencing and chromosomal microarray 
in children with suspected genetic diseases. npj Genomic Medicine (2018) 3:16. 
doi: 10.1038/s41525-018-0053-8.

Farnaes L. et al. Rapid whole-genome sequencing decreases infant morbidity 
and cost of hospitalization. npj Genomic Medicine (2018) 3:10. doi:10.1038/
s41525-018-0049-4. 

Model of a 
pair of ZFNs 
bound to DNA

Gene Editing in Humans

REFERENCE:  Hiatt S.M. et al. Systematic reanalysis of genomic data improves quality of 
variant interpretation. Clinical Genetics (2018) 94:174-178. doi:10.1111/cge.13259.
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GENETICS & GENOMICS IN THE CLINIC — NEW FINDINGS
In Utero Genetic Treatment
Scientists have successfully treated three babies with genetic disor-
ders before they were born. Each had been prenatally diagnosed with 
XLHED, a rare genetic developmental disorder. But after a protein 
therapy in the womb, all three avoided the serious symptoms associ-
ated with the disease.

XLHED, which is short for X-linked hypohidrotic ectodermal dysplasia, 
affects one in 17,000 people worldwide. Patients with this extremely 
rare disorder don’t produce a key protein, ectodysplasin A. They wind 
up with missing and misshapen teeth, sparse hair and they cannot pro-
duce sweat. Without sweat, they can become dangerously overheated.

By introducing a recombinant protein to a pair of twins and a third 
baby, all diagnosed with XLHED, scientists seem to have stopped the 
symptoms of the disorder in their tracks. All three babies were treat-
ed in utero. Researchers do believe that the treatment may have led 
to the premature birth of the twins at 33 weeks. However, 22 months 
after delivery, all three children produce sweat normally and not one 
of them has developed XLHED-related symptoms

While in utero treatments are not wholly uncommon, they aren’t  
typically used for genetic or inherited conditions, like XLHED.  
By introducing the proteins at key stages of the pregnancy, the  
scientists helped these babies develop normally.

Researchers now want to guide the treatment through formal clinical 
trials to create a new treatment option for genetic disorders that get 
discovered before a baby is born.

REFERENCE: Schneider H. et al. Prenatal Correction of X-Linked Hypohidrotic Ecto-
dermal Dysplasia. N Engl J Med (2018) 378:1604-1610 doi:10.1056/NEJMoa1714322.

the flow of oxygen through the bloodstream, causing an array of 
extremely painful side effects. After gene therapy corrected the 
causative mutation, the number of blood transfusions required by 
the severely affected patients fell by 74%. Encouragingly, most of the 
subjects in the trial stopped needing blood transfusions altogether, 
raising hope that gene therapy could outright cure the excruciat-
ing disorder. Scientists have also made progress with hemophilia 
through gene therapy, reducing bleeding and increasing clotting in 
patients with both hemophilia A and B.

In one case, doctors were even able to repair a boy’s rare skin 
disorder, where a genetic mutation was causing blisters and painful 
chronic wounds. A working copy of the disease gene was inserted 
into skin cells, which were grown into sheets of skin in the lab and 
grafted to more than 80% of the boy’s body. Two years later, his skin 
now functions properly.

Gene therapies still have very limited uses at very high price points. 
That said, physicians are beginning to see effective and lasting 
treatments — and perhaps even cures — for ailments that have 
bested them for centuries.

REFERENCES:  U.S. Food and Drug Administration. FDA approves novel gene 
therapy to treat patients with a rare form of inherited vision loss. 19 December 2017. 
Web. 30 July 2018. https://www.fda.gov/newsevents/newsroom/pressannouncements/
ucm589467.htm.

Thompson A. et al. Gene Therapy in Patients with Transfusion-Dependent β-Thalas-
semia. N Engl. J. Med (2018) 378:1479-1493 doi:10.1056/NEJMoa1705342.

Hirsch T. et al. Regeneration of the entire human epidermis using transgenic stem 
cells. Nature (2017) 551:327-332 doi:10.1038/nature24487.

Gene Therapy  
Successes
Doctors have now successfully made 
the leap from identifying disease-causing 
genes — to fixing them. The medical field 
has started the process of trialing gene ther-
apies, where healthy genes are introduced to correct 
or improve significant genetic disorders. While these treatments 
have a long way to go before they become a go-to for clinicians, 
the successes of gene therapy do point to a promising future.

For example, the first gene therapy approved in the U.S. to correct 
a specific disease-linked gene has already improved the vision of 
dozens of patients affected by a rare form of childhood blindness. 
The vision problems come from mutations of the RPE65 gene, 
which scientists targeted by injecting billions of virus particles 
directly into the eye. The virus delivers a healthy copy of the gene. 

The treatment, called Luxturna™, improved light sensitivity and 
functional vision for 93% of the more than two dozen children and 
adults that went through clinical trials. The effects have lasted 
at least four years in the patients researchers have been able to 
follow that long. However, the treatment costs $425,000 per eye, 
raising questions about how quickly it and similar treatments 
could become mainstream options.

Gene therapies have also shown promise for serious blood disor-
ders. Researchers were able to dramatically improve the lives of 
a small cohort of patients with beta thalassemia, which reduces 

One Million Sequences
A government initiative aims to genetically 
sequence a million people and enter them 
into a database of genomics, lifestyles and 
environmental conditions relating to health. 
The “All of Us” program began volunteer 
sign-ups on May 6th, 2018.

By uniting an enormous amount of genomic 
data from genotyping and whole genome  
sequencing with the other contributing fac-
tors of health outcomes, researchers should 
gain an incredible resource for understanding 
how genetics plays into the broader picture of a person’s health.

The National Institutes of Health (NIH) project secured $1.45 billion in 
funding over the next decade. “All of Us” begins with 25,000 participants 
that enrolled in a pilot program in 2017. Enrollees share their health 
records along with blood samples and information about their lifestyles.

The effort will also aim to diversify the base of people contributing data 
and information. Different populations have different interactions with 
diseases and the treatments designed for them. Often a treatment 
proves more effective for one group of people than another. 

Generating a more inclusive dataset will allow scientists to understand 
how diversity should impact our approach to health, as doctors aim to 
create healthcare specifically tailored for each individual patient. 

REFERENCE:  National Institutes of Health. NIH announces national enrollment date 
for All of Us Research Program to advance precision medicine. 1 May 2018. Web. 31 July 
2018. https://www.nih.gov/news-events/news-releases/nih-announces-national-enroll-
ment-date-all-us-research-program-advance-precision-medicine.
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Rallying the Body to Beat Cancer
A drug to cure cancer remains a holy grail for scientists and doctors, 
but some of the most promising advancements in cancer treatment 
over the last few years come from rallying the body’s own natural 
defenses. Scientists have made major strides using genetics to  
summon a more aggressive response from the human immune  
system. They call the approach immunotherapy, and it works by 
teaching the immune system how to recognize cancerous cells and 
how to attack them.

CAR T-cell Therapies
The FDA has already approved immunotherapy treatments for acute 
lymphoblastic leukemia and lymphoma. Both treatments, called  
Kymriah and Yescarta respectively, are chimeric antigen receptor 
(CAR) T-cell therapies. T-cells help guide the body’s immune system 
in its assault on dangerous cells. Doctors remove T-cells from the  
patient’s body and then genetically engineer them to seek out a 
specific protein present on the surface of the tumor cells. This repro-
grams the T-cells to attack either the leukemia or lymphoma spe-
cifically. These “living drugs” are then infused back into the patient’s 
bloodstream. Clinical trials have shown these immunotherapies can 
offer a cure to patients who had few or no other treatment options. 
However, because the drugs must be manufactured for each individu-
al, they cost between $375,000 and $475,000 per person.

In brief

NEW FINDINGS — CANCER

Tumor Infiltrating Lymphocytes
A separate immunotherapy utilizes tumor infiltrating lym-
phocytes (TILs) which are a specific type of T-cell often found 
in tumors. Scientists first analyze the DNA of the tumor to 
identify mutations present in the cancer. They then extract 

TILs from the tumor, specifically searching for those that will react to 
the patient’s specific mutations. These are grown in the lab until billions 
of targeted cancer-destroying immune cells are present, which are then 
infused back into the patient along with additional antibody treatments. 
This therapy successfully eliminated tumors from a woman with meta-
static breast cancer, marking the first time immunotherapy has beaten 
late-stage breast cancer. The approach has now helped seven patients, 
but two other patients failed to respond. If perfected, doctors hope it can 
be used to destroy metastasized tumors in other parts of the body too.

Liquid Biopsies
One breakthrough that scientists and doc-
tors alike are eager to see is the develop-
ment of effective “liquid biopsies” that can 
detect diseases like cancer with a simple 
blood test, rather than having to draw 
tissue from an affected area or perform 

other invasive procedures. 

Liquid biopsies could change the entire field 
of oncology, because doctors could quickly and 

easily screen for a range of cancers, with the poten-
tial for finding them long before traditional medical test. 

Plus, if patients could detect cancers through a single, simple 
blood test, then being proactive might become more appealing, 
since drawing blood is much less invasive than many of the other 
current methods for cancer screening.

For example, researchers at the  
HudsonAlpha Institute for Biotechnology 
recently announced the discovery of a med-
ical indicator, cell-free RNA molecule in 
blood plasma, which could identify patients 
with colon polyps. That’s an important first 
step for developing a blood test for colon 
polyps that could become cancerous or 
even finding colon cancer itself.

Meanwhile researchers at Cleveland Clinic successfully tested a 
liquid biopsy that spotted cancers 90% of the time. Between the 

three DNA tests they tried, they were able to detect 10 different 
cancers, including colorectal, esophageal, lung, pancreatic and 
ovarian. However, there are still shortcomings. For example,  
these tests were less effective for finding stomach, uterine and 
early-stage prostate cancer.

At Johns Hopkins University, scientists developed a blood test that 
found signs of eight different types of cancer by searching out a 
specific set of protein biomarkers and genetic mutations. Each test 
is estimated at less than $500 to use. The test still has challenges. 
It’s not 100% effective, and it does return occasional false positives.

Researchers still have ground to cover before liquid biopsies  
become the default medical screen for cancers, but this  
advancement in the field shows promise for earlier, easier 
and broader detection.

The labs of HudsonAlpha faculty researchers Greg 
Cooper, PhD and Richard Myers, PhD contributed to 
the studies of colon cancer biomarkers.

REFERENCES:  Roberts B. et al. Discovery and Validation of Circulating Bio-
markers of Colorectal Adenoma by High-Depth Small RNA Sequencing. Clinical 
Cancer Research (2018) 24:2092-2099. doi:10.1158/1078-0432.CCR-17-1960.

Klein E. et al Development of a comprehensive cell-free DNA (cfDNA) assay for 
early detection of multiple tumor types: The Circulating Cell-free Genome Atlas 
(CCGA) study. Presented June 4, 2018 at the American Society of Clinical Oncolo-
gists meeting. Chicago. Retrieved July 30, 2018 from https://meetinglibrary.asco.
org/record/161733/abstract.

Cohen J. et al. Detection and localization of surgically resectable cancers with a 
multi-analyte blood test. Science (2018) eaar3247 doi:10.1126/science.aar3247.
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CANCER — NEW FINDINGS 
In brief

Using a Virus to Attack Cancer
Another radical form of immunotherapy 
doesn’t alter T-cells, but instead uses 
a modified version of poliovirus to goad 
the immune system into attacking the 
cancer cells. Researchers altered the 
virus so it can only replicate in glioma tumor cells. By stimulating 
the immune system with the poliovirus, doctors have been able to 
dramatically lengthen the lifespan of patients with recurrent glioblas-
toma. Typically once glioblastoma tumors return following treatment, 
a patient only has 12 months to live, but in a study on the poliovirus 
treatment, 21% of patients survived a full three years. Only 4% of 
patients receiving the standard treatment make it that long.

Cancer treatment advances on many fronts, but genomic-driven 
immunotherapy appears poised to offer researchers and physicians a 
roadmap, not just for introducing effective treatment into the body, but 
also for teaching the body how to fight for itself more successfully. 

REFERENCES:  U.S. Food and Drug Administration. FDA approval brings first gene 
therapy to the United States. 30 August 2017. Web. 30 July 2018. https://www.fda.gov/
newsevents/newsroom/pressannouncements/ucm574058.htm.

U.S. Food and Drug Administration. FDA approves CAR-T cell therapy to treat adults 
with certain types of large B-cell lymphoma. 18 October 2017. Web. 30 July 2018. 
https://www.fda.gov/newsevents/newsroom/pressannouncements/ucm581216.htm.

Zacharakis N. et al. Immune recognition of somatic mutations leading to complete 
durable regression in metastatic breast cancer. Nature Medicine (2018) 24:724-730. 
doi:10.1038/s41591-018-0040-8.

Desjardins A. et al. Recurrent Glioblastoma Treated with Recombinant Poliovirus. 
N. Engl J Med (2018) 379:150-161. doi:10.1056/NEHMoa1716435.

Childhood vs Adult Cancer
A pair of first-of-their kind studies of childhood cancer patients 
reveal just how different cancer is in children than adults. The 
two analyses examined the genomes of thousands of childhood 
tumors, covering more than 20 different types of cancer.

When researchers examined the results, they found childhood 
and adult cancers are primarily driven by wholly different genet-
ic changes. In one study, scientists found that only 30% of ge-
netic drivers in childhood tumors overlapped with those found 
in a similar study of adults. The second study, which covered 
fewer types of cancers, confirmed a low percentage, finding 
45% of mutated genes in pediatric cancer were also mutated in 
adult cancers.

This suggests childhood cancer must be studied differently 
than adult cancers, not just because the bodies are in different 
stages of development and are capable of withstanding different 
treatments, but also because the genetics behind the cancers 
frequently don’t look the same. In fact, one of the studies found 
that mutation rates in childhood cancers are approximately  
14 times lower than adult cancers, illustrating how differently 
the disease evolves based on the patient’s age.

This kind of knowledge could help narrow the targets of focus 
for researchers in childhood cancer and potentially even open 
up new avenues for pursuing treatment.

REFERENCE:  Grobner S.N. et al. The landscape of genomic alterations 
across childhood cancers. Nature (2018) 555:321-327. doi:10.1038/nature25480.

Ma X. et al. Pan-cancer genome and transcriptome analyses of 1,699 paediatric 
leukaemias and solid tumours. Nature (2018) 555:371-376. doi:10.1038/
nature25795.

New Resource 
Focuses on Cancer 
Researchers associated with The Cancer  
Genome Atlas (TCGA) have completed a detailed 
genomic analysis on a data set of molecular and clinical information 
from over 10,000 tumors representing 33 types of cancer. Known as 
the PanCancer Atlas, the initiative focused on the molecular processes 
governing cancer development and progression. 
 
One component of the PanCancer Atlas has provided additional insight 
into inherited mutations that may predispose a family to cancer. While 
scientists have observed that cancers sometimes run in families, the 
current set of cancer-associated genes doesn’t fully explain the find-
ing. The researchers classified 1.46 billion germline variants from the 
10,000+ TCGA dataset. Further analysis determined which of those 
actually contribute to cancer predisposition – primarily alterations 
in gene activity levels or functional variants. More than 850 inherited 
rare genetic changes were identified, many of which are common 
across multiple cancer types and potentially contribute to cancer’s 
progression. Familial predisposing mutations were identified in about 
eight percent of the cancer cases and highlight the importance of 
sequencing healthy tissue alongside tumor tissue to identify inherited 
risk-increasing mutations.
 
Since its inception in 2005, TCGA has involved nearly 150 researchers 
at more than two dozen institutions across North America. Data from 
TCGA has contributed to more than a thousand studies of cancer and 
continues to be used by researchers around the globe.

REFERENCE:  Huang K. et al. Pathogenic Germline Variants in 10,389 Adult Cancers. 
Cell (2018) 173:355-370 doi:10.1016/j.cell.2018.03.039. 
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NEW FINDINGS — AGRICULTURE
Uncovering  
Cotton Variation
Research teams from China 
have resequenced more than 
600 cotton varieties from several cultivated species, lineages and 
subgroups, uncovering more than 3.6 million single nucleotide 
polymorphisms (SNPs). This large number of samples provided data 
for genome wide association studies (GWAS) that uncovered variants 
associated with regional variation and links to economically important 
traits. The study revealed more than 7,000 variants associated with fi-
ber traits such as yield, length, strength and initiation. These variants 
fall in and around more than 4,800 cotton genes and include previ-
ously known and novel SNPs and small deletions and insertions. The 
study also revealed more than 24 gene variants and 73 non-coding 
regions linked with 11 plant traits that vary by region. These variations 
may account for how cotton plants are impacted by subtle shifts in 
conditions from one environment to the next and have implications for 
further study of pest and disease resistance and drought tolerance. 
These results provide a rich array of targets for genetic engineering 
and marker-assisted selection.

REFERENCE:  Ma Z. et al. Resequencing a core collection of upland cotton identifies 
genomic variation and loci influencing fiber quality and yield. Nature Genetics (2018) 
50:803-813 doi: 10.1038/s41588-018-0119-7.

The Tricky Sugarcane Genome
Sugarcane produces more than 80% of the world’s sugar and 
has become a leading crop for biofuel production. Cultivated 
for over 8,000 years, modern sugarcane is believed to be the 
result of deliberate hybridization more than a century ago 
between domesticated and wild cane plants to produce hardy, 
disease-resistant cultivars with high sugar contents. 

Progress in deciphering the sugarcane genome has lagged 
behind other agriculturally significant crops, despite its 
importance for sugar production and biofuels. Sugarcane’s 
genome is large (100 – 130 chromosomes), polyploid 
(8  –14 copies of each chromosome) and aneuploid (with plants 
containing differing numbers of chromosomes). The complex-
ity of the sugarcane’s genome makes the construction of a 
reference sequence incredibly challenging. 

Bioinformaticians recently developed a monoploid reference 
sequence for sugarcane using sorghum as a scaffold. The 
genome structure of sugarcane and sorghum are very similar, 
with many genes occurring in the same order. This monoploid 
reference provides a template for aligning new sequence data 
and facilitates the identification of genes responsible for key 
phenotypes. Using this draft sequence as the backbone for 
constructing a more complete sugarcane genome should 
speed up the process by providing a critical tool for research-
ers going forward. Being able to quickly identify whether a 
crossbreed of sugarcane has picked up a desired trait through 
genetic sequencing would dramatically speed up the process 
of creating valuable new versions of the crop.

GM Corn 
Shares 
the Wealth
Scientists have found that in the twenty years after the introduction 
of genetically modified corn, nearby crops have also reaped bene-
fits just by being neighbors.

Scientists first introduced what they call Bt Maize in 1996. The 
maize was engineered with genes from a bacterium called Bacillus 
thuringiensis, hence Bt. The bacterium genes code for proteins that 
poison some insects but don’t harm humans. In the years since 
its introduction, studies have shown Bt Maize increased yields and 
reduced pesticide use.

Now scientists can show that effect extends beyond the corn fields. 
In a study of sweet corn, pepper and green beans, researchers 
found that nearby fields also benefited from fewer pests and lower 
pesticide use.

The study shows that damage from the European 
corn borer to control plots of peppers dropped 
78% in the twenty years following the introduction 
of Bt Maize. Two point-in-time comparisons show 
insecticide use on sweet corn in New Jersey fell 
79% after Bt Maize.

The study shows that the impact of genetically 
modifying food must be studied broadly for its overall impact on 
agriculture, not just in the fields of the crop itself. Any impact, 
positive or negative, could also have an effect on nearby fruits, 
vegetables and other plants. 

REFERENCE: Dively G.P., et al. Regional pest suppression associated with 
widespread Bt-maize adoption benefits vegetable growers. Proceedings Nat’l 
Acad Sci USA (2018); published ahead of print March 12, 2018. doi.org/10.1073/
pnas.1720692115.

The laboratories of HudsonAlpha faculty researchers  
Jane Grimwood, PhD, Kankshita Swaminathan, PhD and 
Jeremy Schmutz contributed to this research.

REFERENCE:  Garsmeur, O., et al. (2018). A mosaic monoploid reference  
sequence for the highly complex genome of sugarcane. Nature Communica-
tions (2018). 9:2638. doi:10.1038/s41467-018-05051-5.
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AGRICULTURE — NEW FINDINGS

Boosting Herbal 
Drug Production
Artemisinin, the recommended 
treatment for malaria, is a natu-
rally occurring compound derived 
from the shrub Artemisia annua, 
also known as sweet wormwood. 
Since the discovery of its anti-
malarial properties, agricultural 
artemisinin production has lagged well behind the demand for the 
powerful drug. Only a small amount of the compound is produced 
in the sweet wormwood leaves, totaling less than 1% of dry weight. 
The complex compound is difficult to synthesize chemically making 
traditional large scale medical production impossible. Earlier 
attempts to produce the drug using engineered yeast have proved 
difficult and been unable to do more than add a small amount to 
the global supply of the drug. 

In 2018, Chinese researchers published a high-quality genomic 
sequence for Artemisia annua. The Artemisia genome contains more 
than 63,000 protein coding regions. This initial work allowed the 
researchers to identify three key genes involved in regulating the 
artemisinin biosynthesis pathway. Researchers developed transgen-
ic Artemisia plants that over express these key genes, resulting in 
plants that produce much greater amounts of artemisinin — up to 
3.2% of dry weight. The researchers have sent their artemisinin-rich 
seeds to Madagascar for a field trial during the upcoming year.

REFERENCE: Shen, Q. et al. The genome of Artemisia annua provides insight into 
the evolution of Asteraceae family and artemisinin biosynthesis Molecular Plant 
(2018) 11:776-788  doi:10.1016/j.molp.2018.03.015. 

Genetics in Pest Control
The future of insect control may run through a single cabbage patch 
in Geneva, New York. 

Researchers are testing a genetically modified moth as a way to limit 
the insect’s destructive population. The diamondback moth feeds on 
crops with a particular affinity for cabbage, cauliflower and broccoli, 
causing billions of dollars of damage each year.

Scientists at Oxitec have genetically altered and bred male moths that 
pass along a gene that is fatal for female offspring, meaning eventu-
ally the male moths will create an ecosystem in which there are no 
female mates.

The cabbage patch in New York that is the site 
of the testing is relatively isolated, and the  
company is taking steps to make sure the 
genetically engineered moths don’t spread 
beyond it unintentionally. 

Researchers the world over are watching the 
test results closely, because this approach, 
which has been used with dangerous mos-
quitoes in Brazil, is believed to have broader 
potential for pests. Similarly, the results may 
shape public opinion on using genetically modi-
fied insects for pest control.

REFERENCE: Zhang S. (2017, September 8). Genetically Modified Moths Come to 
New York. Retrieved July 25, 2018 from https://www.theatlantic.com/science/
archive/2017/09/genetically-modified-sterile-insects-take-flight/539040/.

Pig Organs in People?
Scientists have taken a step toward making pig organs 
suitable for human transplant, using the much 
heralded CRISPR-Cas9 gene editing technique.

Pig organs are just about the same size as human 
organs, leading some doctors to think they could be an option for 
solving a shortage of human donors.

Patients with diabetes have already received pig pancreatic cells as 
part of their treatment, and burn victims have taken pig skin grafts 
without causing any issues. Porcine heart valves have been used in 
surgeries for over 40 years. However, one fear is that genetic rem-
nants of long-gone pig infections could reactivate from the pig DNA 
and affect human recipients. That’s where CRISPR-Cas9 
comes into the picture.

Scientists used the gene editing tool to disable the viral pieces of 
DNA in the pig genome, which are known as porcine endogenous 
retroviruses (PERVs). Then they took the edited DNA and put it into pig 
eggs to make embryos, successfully growing healthy pigs that lacked 
the 25 identified PERVs. Researchers working on the project hope it 
moves the field closer to transferring organs between species, a 
process called xenotransplantation. They plan to next use gene 
editing to make pigs that are even more immunologically similar to 
humans, further reducing the likelihood the organs will be rejected  
after transplantation. 

REFERENCE: Niu D. et al. Inactivation of porcine endogenous retrovirus in pigs 
using CRISPR-Cas9. Science (2017) eaan4187. doi:10.1126/science.aan4187.

C4 Rice Project
The UN Food and Agricultural Organization predicts that by the 
year 2050, we will need 70% more food than we are producing today. 
Traditional breeding leads to about a one percent rise in annual yields, 
which won’t meet the growing demand. Accordingly, scientists are 
looking to other approaches to boost overall production.

For the last several years researchers have been focusing on C4 
photosynthesis, a supercharged form of photosynthesis used by 
some plants like corn and sugarcane. Because C4 captures carbon 
dioxide and concentrates it in specialized cells inside the leaves, 
photosynthesis operates more efficiently than in plants that use the 
more common C3 form. It’s estimated that C4 strains of rice and 
wheat could increase yields by nearly 50 percent, while 
simultaneously using less water and fertilizer.

Researchers involved in the international C4 Rice Project recently 
announced they have achieved the initial step towards C4 photosyn-
thesis by engineering a corn gene (GOLDEN2-like) into rice plants. 
Activation of this gene increases the volume of chloroplasts and 
mitochondria in the cells that surround the veins of the rice leaf. 
This more closely mimics the arrangement found in C4 plants. 
Scientists believe at least two more steps are required to fully 
modify the leaf cell anatomy for C4 photosynthesis.

Additional details on the differences between C3 and C4 
photosynthesis can be found on the photosynthesis infographic 
on the next page of this year’s Guidebook.

REFERENCE:  Wang P. et al., Re-creation of a key step in the evolutionary switch from 
C3 to C4 leaf anatomy. Current Biology (2017) 23:3278-87. doi: 10.1016/j.cub.2017.09.040.
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GENETICS, PLANT GROWTH AND PHOTOSYNTHESIS

 
Photosynthesis Pigments
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Photosynthesis uses sunlight to 
assemble molecules of sugar from water and 
carbon dioxide, producing oxygen as a byprod-
uct. It incorporates the inorganic carbon from 
carbon dioxide into organic molecules like 
glucose. This allows the cell to access the carbon 
at a later time in order to build other molecules 
such as proteins and nucleic acids.

Photosynthesis is one of the most important 
activities on our planet. It occurs in green plants, 
algae and some bacteria and is the foundational 
process for life — the origin of earth’s oxygen as 
well as the source of energy for cellular function.

Photosynthesis takes place in specialized pigment-
containing compartments called chloroplasts. 
These pigments absorb different wavelengths of 
light to capture the energy required by photosyn-
thesis. The primary pigment is chlorophyll a, which 
absorbs violet-blue and orange-red light. It reflects 
green wavelengths, which is why chlorophyll-con-
taining plant cells are green. 

Other pigments capture different wavelengths of 
light energy and channel it to chlorophyll a. Many 
of these pigments also protect chlorophyll a from 
light damage. These include chlorophylls b and c 
(which absorb blue light), carotenoids (that capture 
bluish-green light) and phycobilins (found in  
cyanobacteria and red algae and absorb red,  
orange, yellow and green light). 

Scientists have recently discovered that some 
cyanobacteria use a completely different kind of 
chlorophyll (chlorophyll f) to carry out photosyn-
thesis in very shady spaces by absorbing infrared 
wavelengths of light. 

Flowering occurs in response to 
environmental factors such as 
temperature, day length and climate. 
When conditions are favorable, leaf cells 
produce one or more flower-triggering 
(FT) proteins. These enter the plant 
phloem and are transported to a part of 
the plant called the shoot apex (where 
flowers will ultimately develop). In shoot 
apex cells, FT proteins binds to specific 
transcription factors and activate the 
genes that initiate flowering.

Dormancy delays germination until 
growth conditions are favorable. During 
their formation on the mother plant, 
seeds acquire dormancy to prevent 
germination until after they have been 
dispersed. Seeds gradually lose their 
dormancy status in response to 
environmental factors such as 
light, temperature, moisture 
and soil conditions.  

Germination Seeds contain proteins 
called phytochromes that are activated 
by various wavelengths of light. Some 
phytochromes are present in dry seeds, 
while others appear after the seed 
absorbs water. In the presence of light, 
activated phytochromes travel into the 
nucleus, where they repress genes 
       associated with dormancy  
  and activate those required 
   for germination.

Biomass Production
Plants convert > 5% 
of sun energy into 
biomass

carbon 
dioxide CO2

glucose

CO2

Calvin
cycle

mesophyll
cell

  C4
              Approximately 85% of  
 green plants use the  
 “standard” C3 photo-
synthesis pathway. The first step 
of the process uses the enzyme 
rubisco to incorporate carbon 
dioxide into a three-carbon inter-
mediate. Unfortunately, rubisco 
often grabs oxygen rather than 
carbon dioxide, producing a toxic 
byproduct that the cell has to 
spend additional energy breaking 
down. This wasteful process 
is known as photorespiration 
and it happens more frequently 
when plants close their stomata 
to minimize water loss or when 
temperatures are high.

 C4 plants divide  
 photosynthesis  
 into two different 
types of leaf cells. Carbon 
dioxide is captured in meso-
phyll cells, fixed into a simple 
four-carbon molecule and 
transported to the chloro-
plasts of neighboring bundle 
sheath cells. There the car-
bon dioxide is released and 
enters the Calvin cycle, just 
as in C3 photosynthesis. The 
high concentration of carbon 
dioxide in the bundle sheath 
cells decreases the likelihood 
that rubisco will incorrectly 
incorporate oxygen.

   C3

chloroplast
anatomy
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Chromatin Remodeling Drives Gene 
Expression Across Plant Development

Folding and unfolding in 
the same DNA nucleus

Fruiting The fruit protects 
seeds and helps ensure 
their dispersal from the 
parent plant. Fruits can be 
dry (like grains) or fleshy. 
Hundreds of genes control 
the process of ripening to 
accumulate the sugars, 
acids, pigments and 
aromatic molecules that 
make fruit attractive 
to animals.

               The transitions between phases of a plant’s life cycle are triggered by environmental conditions 
such as the amount and length of sunlight, temperature and moisture levels. At the molecular level, many 
of these transitions are controlled by changing how the DNA is folded and packaged.

In order to fit within the confines of the nucleus, DNA is wound around histone proteins, forming a 
complex known as chromatin. The level of chromatin condensation varies across the genome. Transcription 
factors and RNA polymerase can access their target promoter and enhancer sequences for genes within 
loosely wound DNA. In contrast, genes located in tightly packed regions of chromatin are not transcribed.

The transition between open and packed chromatin regulates which genes are active and which are silent. 
Different cells activate different genes, controlled in large part by chromatin accessibility. For example, a 
plant’s leaf and flower cells contain the same set of genes, but activate and silence distinctive combinations 
by differentially controlling levels of chromatin packing (see figure below).

  Many plants that live in 
  hot dry environments use  
  another form of photosynthesis 
called crassulacean acid metabolism 
(CAM). This pathway minimizes photo-
respiration and water loss by keeping 
stomata completely closed during the 
day. At night, the stomata open, allowing 
carbon dioxide to enter the leaves where 
it is fixed into a four carbon molecule 
called malate and stored inside vacu-
oles. During the day the stored malate is 
transported to chloroplasts and broken 
down to release carbon dioxide, which 
enters the Calvin cycle. Similar to C4 
photosynthesis, CAM requires additional 
ATP energy. Examples include slow grow-
ing plants such as cacti, and pineapples. 

This process of chromatin modification is controlled by a set of proteins called chromatin remodelers, 
which convert the energy stored in ATP into mechanical movement to shift the positioning of histone 
proteins, exposing or hiding DNA sequences.

Researchers are still uncovering how environmental factors trigger chromatin remodelers to activate 
or silence genes required for developmental processes like germination, flowering and fruiting. Recent 
advances in sequencing technology now allow scientists to map changes in chromatin condensation and 
transcription rate over time, uncovering patterns in gene regulation. These patterns provide an opportu-
nity to better understand the environmental and genetic factors controlling the plant’s lifecycle.

bundle 
sheath

mesophyll
cell

The C4 process uses 
more ATP energy, 
but it is more than 
recovered by minimiz-
ing photorespiration 
during drought or high 
temperature. C4 plants 
can achieve high rates 
of photosynthesis with 
their stomata only 
partially open, reducing 
overall water loss. C4 
is used by about 3% of 
vascular plants, includ-
ing corn, sugarcane 
and broccoli. 

glucose
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Agriculture is currently 
facing many serious 
challenges from increasing 
scarcity of resources, yet 
as consumers, we expect 
production to continue to 
keep pace with an increas-
ing human population. At 
HudsonAlpha we are se-
quencing the genomes of 
multiple plant species, and 
then using this information 
to understand the genes 
involved in traits that make 
plants grow more efficient-
ly — increasing yields and 
drought tolerance, while 
decreasing the need for 
fertilizers and pesticides.

transcriptionally active 
flowering genes

transcriptionally 
active germination genes

DNA wrapped 
            around histone 

                                       proteins

silent
flowering genes

silent germination       
    genes

loosely wound DNA

tightly wound DNA

loosely wound DNA

tightly wound DNA
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COURSE OF STUDY CONNECTED TO GUIDEBOOK TOPICS

1 Use models to compare and contrast how the struc-
tural characteristics of carbohydrates, nucleic acids, 
proteins and lipids define their function in organisms. 

2 Obtain, evaluate and communicate information to 
describe the function and diversity of organelles and 
structures in various types of cells (e.g., muscle cells 
having a large amount of mitochondria, plasmids in 
bacteria, chloroplasts in plant cells). 

3 Formulate an evidence-based explanation regarding 
how the composition of deoxyribonucleic acid (DNA) 
determines the structural organization of proteins. 

3a Obtain and evaluate experiments of major scientists 
and communicate their contributions to the develop-
ment of the structure of DNA and to the development 
of the central dogma of molecular biology. 

3b Obtain, evaluate, and communicate information that 
explains how advancements in genetic technology 
(e.g., Human Genome Project, Encyclopedia of DNA 
Elements [ENCODE] project, 1000 Genomes Project) 
have contributed to the understanding as to how a ge-
netic change at the DNA level may affect proteins and, 
in turn, influence the appearance of traits. 

3c Obtain information to identify errors that occur during 
DNA replication (e.g., deletion, insertion, translocation, 
substitution, inversion, frame-shift, point mutations). 

4 Develop and use models to explain the role of the cell 
cycle during growth and maintenance in multicellular 
organisms (e.g., normal growth and/or uncontrolled 
growth resulting in tumors). 

10 Construct an explanation and design a real-world 
solution to address changing conditions and ecologi-
cal succession caused by density-dependent and/or  
density-independent factors.  

11 Analyze and interpret data collected from probability 
calculations to explain the variation of expressed 
traits within a population. 

11a Use mathematics and computation to predict  
phenotypic and genotypic ratios and percentages by 
constructing Punnett squares, including using both 
homozygous and heterozygous allele pairs. 

11b Develop and use models to demonstrate  
co-dominance, incomplete dominance and Mendel’s 
laws of segregation and independent assortment. 

DNA Sequencing, RNA and Protein Analyses,  
Recombinant DNA and Genetic Engineering,  
Synthetic Biology, Pharmacogenomics

See HudsonAlpha iCell® (pg. 56) 
RNA and Protein Analysis, Gene Therapy and RNAi, 
Stem Cells

DNA Sequencing, RNA and Protein Analyses, Bioinfor-
matics, Application, Recombinant DNA and Genetic  
Engineering, Synthetic Biology, Therapeutic  
Approaches: Gene Therapy, Copy Number  
Variation, Personal Genome Analysis, Genome Editing

DNA Sequencing, Bioinformatics, Genetic Informa-
tion Nondiscrimination Act, Personalized Medicine, 
Pharmacogenomics, Genome Editing. See also The 
Progress of Science Timeline (pg. 56) 

DNA Sequencing, RNA and Protein Analyses,  
Bioinformatics, Copy Number Variation, Genetics 
of Eye Color, Personalized Medicine, Personal 
Genome Analysis, Studying the Genome to Under-
stand the Sequence, Synthetic Biology, Therapeutic 
Approaches: RNAi, Genome Editing

Diagnosing Chromosome Disorders, Personal  
Genome Analysis, Noninvasive Prenatal  
Diagnosis 

Cancer, Stem Cells, Diagnosing Chromosome 
Disorders

Agriculture - Sequencing Plant Genomes for Food and 
Bioenergy Needs, Genetically Modified Crops (biofuels 
and GM crops may play in a role in student developed 
real world solutions to ecological problems)

Copy Number Variation, Criminal Justice and  
Forensics, Epigenetics, Genetics of Eye Color,  
Noninvasive Prenatal Diagnosis, Therapeutic 
Approaches: Gene Therapy and RNAi, Noninvasive 
Prenatal Diagnosis, Diagnosing Chromosome  
Disorders, Epigenetics

Genetics of Eye Color, Agriculture, Criminal Justice 
and Forensics, Identifying Genetic Influence on  
Disease, Epigenetics

Genetics of Eye Color, Diagnosing Chromosome 
Disorders, Identifying Genetic Influence on Disease, 
Epigenetics

Objective and Applicable Subheading Linking Scientific ConceptCourse

Biology
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COURSE OF STUDY CONNECTED TO GUIDEBOOK TOPICS Objective and Applicable Subheading Linking Scientific ConceptCourse

Biology Copy Number Variation, Criminal Justice and  
Forensics, Genetic Information Nondiscrimination 
Act, Identifying Genetic Influence on Disease,  
Infectious Disease, Personal Genome Analysis,  
Personalized Medicine, Pharmacogenomics,  
Epigenetics, Genetics of Eye Color, Studying the  
Genome to Understand the Sequence

Diagnosing Chromosome Disorders, Epigenetics, 
Noninvasive Prenatal Diagnosis

Diagnosing Chromosome Disorders, Non-invasive 
Prenatal Diagnosis, Personal Genome Analysis,  
Therapeutic Approaches: Gene Therapy and RNAi, 
Copy Number Variation, Personalized Medicine,  
Pharmacogenomics

Infectious Disease

Comparative Genomics, Infectious Disease

Comparative Genomics

Comparative Genomics, Studying the Genome to 
Understand the Sequence

Cancer, Infectious Disease, Diagnosing Chromosome 
Disorders, Identifying Genetic Influence on Disease, 
Studying the Genome to Understand the Sequence

Personal Genome Analysis, Personalized Medicine, 
Identifying Genetic Influence on Disease, 
Pharmacogenomics

Personalized Medicine, Identifying Genetic Influence 
on Disease, Pharmacogenomics

Cancer, Personal Genome Analysis, Identifying  
Genetic Influence on Disease, Personalized Medicine, 
Studying the Genome to Understand the Sequence

11c  Analyze and interpret data (e.g., pedigree charts, fami-
ly and population studies) regarding Mendelian and 
complex genetic disorders (e.g., sickle-cell anemia, 
cystic fibrosis, Type 2 diabetes) to determine patterns 
of genetic inheritance and disease risks from both 
genetic and environmental factors. 

12  Develop and use a model to analyze the structure of 
chromosomes and how new genetic combinations 
occur through the process of meiosis. 

12a  Analyze data to draw conclusions about genetic 
disorders caused by errors in meiosis (e.g., Down 
syndrome, Turner syndrome). 

13a  Engage in argument to justify the grouping of viruses 
in a category separate form living things.

14  Analyze and interpret data to evaluate adaptations 
resulting from natural and artificial selection that may 
cause changes in populations over time (e.g., antibi-
otic-resistant bacteria, beak types, peppered moths, 
pest-resistant crops). 

15  Engage in argument from evidence (e.g., mathemat-
ical models such as distribution graphs) to explain 
how the diversity of organisms is affected by overpop-
ulation of species, variation due to genetic mutations, 
and competition for limited resources. 

16  Analyze scientific evidence (e.g., DNA, fossil records, 
cladograms, biogeography) to support hypotheses of 
common ancestry and biological evolution. 

3a  Analyze the effects of pathological conditions (e.g. 
burns, skin cancer, bacterial and viral infections, 
chemical dermatitis) to determine the body’s attempt 
to maintain homeostasis. 

6a  Use scientific evidence to evaluate the effects of 
pathology on the nervous system (e.g., Parkinson dis-
ease, Alzheimer disease, cerebral palsy, head trauma) 
and argue possible prevention and treatment options. 

6b  Design a medication to treat a disorder associated 
with neurotransmission, including mode of entry into 
the body, form of medication, and desired effects.  

9a  Engage in argument from evidence describing how 
environmental (e.g., cigarette smoke, polluted air) 
and genetic factors may affect the respiratory system, 
possibly leading to pathological conditions  
(e.g., cystic fibrosis). 

Anatomy 
and 
Physiology
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COURSE OF STUDY CONNECTED TO GUIDEBOOK TOPICS

1  Investigate and analyze the use of nonrenewable energy 
source (e.g., fossil fuels, nuclear, natural gas) and re-
newable energy sources (e.g., solar, wind, hydroelectric, 
geothermal) and propose solutions for their impact on 
the environment. 

6  Obtain, evaluate and communicate information to 
describe how human activity may affect biodiversity and 
genetic variation of organisms, including threated and 
endangered species. 

Agriculture: Sequencing Plant Genomes for Food 
and Bioenergy Needs

Comparative Genomics, Recombinant DNA and 
Genetic Engineering, Agriculture

DNA Sequencing, RNA and Protein Analyses,  
Bioinformatics, Comparative Genomics

Cancer, Identifying Genetic Influence on Disease, 
Studying the Genome to Understand the Sequence

DNA Sequencing, RNA and Protein Analyses,  
Pharmacogenomics, Noninvasive Prenatal Diag-
nosis, Genetic Information Nondiscrimination Act, 
Identifying Genetic Influence on Disease,  
Recombinant DNA and Genetic Engineering, 
Studying the Genome to Understand the Sequence, 
Copy Number Variation, Epigenetics, Stem Cells, 
Synthetic Biology, Therapeutic Approaches: RNAi,
Genome Editing

Identifying the Genetic Influence on Disease

Objective and Applicable Subheading Linking Scientific ConceptCourse

Environmental 
Science

AP
Biology

Big Idea 1 
Evolution

Big Idea 2 
Free 
Energy 
and 
Molecular 
Building 
Blocks

Big Idea 3 
Informa-
tion

Big Idea 4
Biological 
Systems
 

The process of evolution drives the diversity and 
unity of life 

Enduring Understanding 1.A. Change in the genetic 
make-up of a population over time is evolution.

Enduring Understanding 1.C Organisms are linked by 
lines of descent from common ancestry.

Biological systems utilize free energy and molecular build-
ing blocks to grow, to reproduce, and to maintain dynamic 
homeostasis 

Enduring Understanding 2C. Organisms use feedback 
mechanisms to regulate growth and reproduction, and to 
maintain dynamic homeostasis.

Enduring Understanding 2.D. Growth and dynamic 
homeostasis of a biological system are influenced by 
changes in the system’s environment.

Enduring Understanding 2.E. Many biological processes 
involved in growth, reproduction and dynamic homeosta-
sis include temporal regulation and coordination.

Living systems store, retrieve, transmit and respond 
to information essential to life processes. 

Enduring Understanding 3.A. Heritable information  
provides for continuity of life.

Enduring Understanding 3.B Expression of genetic  
information involves cellular and molecular mechanisms. 

Enduring Understanding 3.C. The processing of genetic 
information is imperfect and is a source of genetic  
variation. 

Enduring Understanding 3.D. Cells communicate by  
generating, transmitting and receiving chemical signals.

Enduring Understanding 3.E. Transmission of information 
results in changes within and between biological systems. 

Biological systems interact and these systems and their 
interactions possess complex properties 

Enduring Understanding 4.A. Interactions within  
biological systems lead to complex properties.
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COURSE OF STUDY CONNECTED TO GUIDEBOOK TOPICS Objective and Applicable Subheading Linking Scientific ConceptCourse

Health 5   Evaluate negative and positive impacts of technology  
on health.

6   Discuss valid and essential information for the safe use  
of consumer goods and health products.

10  Determine the causes of disability and premature loss  
of life across life stages.

26  Explain uses and advantages of databases.

27  Apply appropriate techniques for producing databases.

10  Determine characteristics and functions of plants.
  Explain how agricultural crops can be utilized as  alter-

native fuel sources.

7  Describe presumptive and confirmatory forensic tests. 
Examples: blood type comparison, DNA testing

8  Describe the importance of genetic information to  
forensics Using the process of gel electrophoresis for 
deoxyribonucleic acid (DNA) fingerprinting.

10  Recognize legal responsibilities, limitations, and  
implications within the health care delivery setting.

  Examples: Patients’ Bill of Rights, legal documentation  
requirements, Health Insurance Portability and  
Accountability Act (HIPAA)

5  Describe legal and ethical regulations as they relate 
to health informatics. Examples: Patients’ Bill of Rights, 
legal documentation requirements, Health Insurance 
Portability and Accountability Act (HIPAA)

16  Analyze biotechnology to determine benefits to the  
agriculture industry. Examples: improved productivity, 
medical advancements, environmental benefits

9  Identify classifications of selected drugs. Examples:  
analgesic, antibiotic, antiemetic

11  Differentiate among drug interactions, drug reactions, 
and side effects.

1  Trace the history of biotechnology. 
  Describing both scientific and non-scientific careers, 

roles, and responsibilities of individuals working in  
biotechnology.

4  Correlate key cellular components to function.

5  Describe the process of meiosis and the cell cycle,  
including the hereditary significance of each.

8  Describe occurrences and effects of sex linkage, 
  autosomal linkage, crossover, multiple alleles, 
  and polygenes.
  

Agricultural, Cancer, Identifying Genetic Influence  
on Disease, Noninvasive Prenatal Diagnosis,  
Personalized Medicine, Pharmacogenomics,  
Recombinant DNA and Genetic Engineering,  
Stem Cells, Synthetic Biology

Agricultural, Cancer, Noninvasive Prenatal Diagnosis, 
Personal Genomic Analysis, Pharmacogenomics

Cancer, Identifying Genetic Influence on Disease

Bioinformatics

Bioinformatics

Agricultural Applications

Criminal Justice and Forensics

Bioinformatics, Criminal Justice and Forensics

Genetic Information Nondiscrimination Act,  
Personal Genome Analysis

Genetic Information Nondiscrimination Act,  
Personal Genome Analysis

Agricultural Applications, Bioinformatics,  
Recombinant DNA and Genetic Engineering, Genome 
Editing

Personalized Medicine, Pharmacogenomics

Personalized Medicine, Pharmacogenomics

Agricultural Applications, Bioinformatics, Criminal 
Justice and Forensics, Diagnosing Chromosome  
Disorders, DNA Sequencing, Pharmacogenomics,  
Genome Editing. See The Progress of Science (pg. 56)

See HudsonAlpha iCell® (pg. 56) 

Cancer, Diagnosing Chromosome Disorders,  
Noninvasive Prenatal Diagnosis, Stem Cells

Cancer, Copy Number Variation, Genetics of Eye  
Color, Identifying Genetic Influence on Disease

Technology 
Education

Agriscience

Forensic and 
Criminal  
Investigations

Foundations of 
Health  
Sciences

Health 
Informatics

Introduction to 
Agriscience

Introduction to 
Pharmacy

Introduction to 
Biotechnology

continued on pg. 26
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COURSE OF STUDY CONNECTED TO GUIDEBOOK TOPICS

9  Describe the structure and function of  
deoxyribonucleic acid (DNA), including replication, 
translation and transcription.

 
  Applying the genetic code to predict amino  

acid sequence

  Describe methods cells use to regulate  
gene expression.

  Defining the role of ribonucleic acid (RNA) in  
protein synthesis

11  Describe factors such as radiation, chemicals and 
chance.

13  Differentiate among major areas in modern  
biotechnology, including plant, animal, microbial,  
forensic, and marine.

 
  Describing techniques used with recombinant DNA

14  Explain the development, purpose, findings,  
and applications of the Human Genome Project.

 

  Analyzing results of the Human Genome project to 
predict ethical, social and legal implications

 

  Describing medical uses of gene therapy, including 
vaccines and tissue and antibody engineering.

 
 
  Using computer bioinformatics resources to provide 

information regarding DNA, protein, and human 
genetic diseases

15  Describe the replication of DNA and RNA viruses, 
including lytic and lysogenic cycle.

1  Identify career opportunities associated with plant  
biotechnology.

14  Describe the ecological and economic importance  
of plants.

 
16   Explain the historical significance of plant  

biotechnology.

17  Describe methods of genetic engineering.

Recombinant DNA and Genetic Engineering,  
Studying the Genome to Understand the Sequence

Bioinformatics

Cancer, Comparative Genomics, Epigenetics, RNA 
and Protein Analyses, Therapeutic Approaches

Recombinant DNA and Genetic Engineering, RNA 
and Protein Analyses, Therapeutic Approaches

Cancer, Infectious Disease, Genome Editing

Agricultural Applications, Bioinformatics, Criminal 
Justice and Forensics, DNA Sequencing,  
Infectious Disease

Agricultural Applications, DNA Sequencing, 
Synthetic Biology

Comparative Genomics, Copy Number Variation, 
DNA Sequencing, Identifying Genetic Influence in 
Disease, Personalized Medicine, Pharmacogenom-
ics, Studying the Genome to Understand  
the Sequence

Criminal Justice and Forensics, Genetic Information 
Nondiscrimination Act, Personalized  
Genomic Analysis

Cancer, DNA Sequencing, Infectious Disease,  
Recombinant DNA and Genetic Engineering,  
RNA and Protein Analysis, Genome Editing

Bioinformatics, Cancer, Comparative Genomics, 
Copy Number Variation

Infectious Disease

Agricultural Applications

Agricultural Applications

Agricultural Applications, Comparative Genomics; 
See also The Progress of Science Timeline (pg. 56)

Agricultural Applications, Genome Editing

Objective and Applicable Subheading Linking Scientific ConceptCourse

Introduction to 
Biotechnology

Plant 
Biotechnology
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COURSE OF STUDY CONNECTED TO GUIDEBOOK TOPICS

FOUNDATIONAL CONCEPTS 
AND APPLICATIONS
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KEY TECHNOLOGIES

Second and third generation sequencing technologies should be 
briefly discussed in Biology courses as part of course of study (COS) 
standard 1 as the structure of DNA plays a role in modern sequencing 
techniques. DNA sequencing should be more thoroughly explored in 
COS standard 3 and related substandards (3a, 3b) particularly as it 
relates to how advancements in DNA technology have contributed to 
our understanding of the impacts of DNA change. This topic would 
also be appropriate for discussion in the Career/Tech Intro to 
Biotechnology course as part of objectives 1,13 and 15 and in AP 
Biology during investigation of Big Idea 3: Information. 

The HudsonAlpha-developed, high school lab activity Genes & 
ConSEQUENCES® connects information produced by a type of DNA 
sequencing system to genes, mutations and human disease. The 
activity incorporates biological databases used by genetic research-
ers on a daily basis and links changes in DNA sequence to common 
genetic disorders (see the “Bioinformatics” article for more details). 
The activity has been incorporated into the Laying the Foundation 
curriculum for A+ College Ready and is available through the AMSTI/
ASIM high school program across the state. The kit is available for 
purchase through a partnership with Carolina Biological Supply. 
More information can be found at www.hudsonalpha.org/ 
available-educational-kits.

DNA Sequencing   

In 1977, Fred Sanger and Alan Coulson published a 
method to rapidly determine the specific order of the 
adenine, thymine, cytosine and guanine nucleotides in 
any DNA sequence. This technology ultimately trans-
formed biology by providing a tool for deciphering 
complete genes and later entire genomes. Improve-
ments in process parallelization (running hundreds 
or thousands of samples simultaneously), automation 
and analysis led to the establishment of factory-like 
enterprises, called sequencing centers. These facili-
ties spearheaded the effort to sequence the genomes 
of many organisms, including humans. 

Today, the need for even greater sequencing capability 
at a more economical price has led to the develop-
ment of new technologies based on different chem-
istries and refined for accuracy and speed. These 
“second generation” approaches reduce the necessary 
volume of reagents while dramatically increasing the 
number of simultaneous sequencing reactions in a 
single experiment. They are capable of producing 
nearly 150 times more sequence than the first gener-
ation systems, at 1/150th the cost. For example, the 
cost of sequencing all three billion letters in the 
human genome has dropped from $15,000,000 to 
something that is approaching $1,000.

The ability to quickly and economically  
decipher large swaths of DNA has 
opened doors to research previously 
deemed out of reach. Many of  
the discoveries outlined in this 
guide are in part due to this  
new technology. 

The first so-called “third generation” sequencing 
system debuted in 2009, producing an entire human 
sequence. Based on the analysis of a single mole-
cule of DNA, a major technological improvement, it is 
believed that these systems will become widespread 
within the next two to three years, further decreasing 
sequencing costs.
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RNA- and protein-based technologies should be noted in Biology  
relating to standards 1 and 3 as students strive to identify the  
relationship between structure and function of proteins and nucleic  
acids in cellular activities. These technologies can be examined in 
greater detail in an AP biology course as students investigate the oc-
currence and effects of genetic variability on populations, and meth-
ods used to regulate gene expression (Enduring Understanding 1.A 
and 3.B). These are also useful technologies to cover in the Career/
Tech Intro to Biotechnology course, linking to COS objectives 9 and 14.

RNA and Protein Analyses   

As sequencing techniques identify the genetic  
recipes of an organism, understanding the function of 
those genes becomes increasingly important. Many of 
the fundamental measurements used by molecular 
biologists seek to determine the presence, absence or 
relative amounts of RNA produced by a gene.  
Initially, these approaches examined one or only a 
handful of RNA sequences at a time. During the last 
decade, researchers developed techniques to study 
tens of thousands of RNA fragments simultaneously 
arrayed on a glass slide. Called microarrays, these 
could be used to identify which genes are active or 
silent in a given cell type, classifying, for example, the 
genes that distinguish a liver cell from a neuron or 
the set of genes activated or silenced across different 
types of cancer.

Second-generation sequencing technology has re-
cently been extended to also identify RNA expression 
across cells. Scientists have shown that this approach, 
known as RNA-seq, yields more precise results than 
microarray analysis. It is expected that RNA-seq will 
become the standard tool for measuring genome-wide 
gene expression.

Large-scale, high-throughput technologies have also 
been developed to identify protein activity and 
interactions. This represents part of the 
emerging field of proteomics, which 
seeks to understand the entire 
protein complement (amounts, 
locations, interactions and even 
activities) of an organism’s 
cells. For example, tissue 
microarrays, tiny slices of tis-
sue from a single or multiple 

samples, can be tested with antibodies to identify the 
locations of proteins within the cell and their relative 
amounts. Building on these methods, efforts are con-
tinuing towards a Human Proteome Project that would 
systematically catalog all the proteins manufactured 
in the body. The scale and complexity of this project 
is much greater than the Human Genome Project as 
a single gene can direct the production of multiple 
different versions of a protein and each protein can in 
turn be modified in a number of different ways. 

Many of the fundamental 
measurements used by molecular 
biologists seek to determine the 
presence, absence or relative amounts 
of RNA produced by a gene.

KEY TECHNOLOGIES
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The concept of bioinformatics is a critical component to understand-
ing modern genomic discoveries. It provides software tools capable of 
exploring the structure of chromosomes and predicting the likelihood 
of a genetic match in a forensics case. Bioinformatics databases also 
manage, search and store the data produced by the human genome 
project and more recent large-scale studies such ENCODE and the 
1,000 Genome Project (Biology Standard 3b). This topic could be 
incorporated in an AP Biology class under Enduring Understanding 
1. A and to support the Science Practices of data analysis and math-
ematical modeling. Lastly, the creation, management and utilization 
of bioinformatics databases can be incorporated into the Technology 
Education course (COS objectives 26 and 27).

The HudsonAlpha-developed high school lab activity Genes &  
ConSEQUENCES® connects information produced by a DNA 
sequencing system to genes, mutations and human disease. The 
activity incorporates biological databases used by genetic research-
ers on a daily basis. Students access a portion of the NCBI (National 
Center for Biotechnology Information) database known as BLAST. 
This program compares student entered sequence data to known 
sequences from a number of organisms, including humans, to identify 
genetic matches. The dataset allows students to determine chro-
mosomal location of key genes, investigate their role in disease, and 
compare sequence in healthy individuals to patients experiencing 
symptoms. The activity has been incorporated into the Laying the 
Foundation curriculum for A+ College Ready and is available through 
the AMSTI/ASIM high school program across the state. The kit is 
available for purchase through a partnership with Carolina Biological 
Supply. More information can be found at www.hudsonalpha.org/
available-educational-kits.

Bioinformatics 

Acquiring DNA sequence has now become routine, 
and new technologies can sequence a bacterial 
genome in a single day. Similarly, microarray experi-
ments shed light on the RNA levels produced by tens 
of thousands of genes. Current analysis platforms are 
capable of generating terabytes of data in a single run. 
For reference, one terabyte is equal to 1,000 gigabytes 
.
Understanding the meaning of all that information is 
a daunting challenge. Deciphering the data requires 
a biological knowledge of what to look for, algorithms 
(computer programs) capable of detecting interesting 
features and computers powerful enough to perform 
complex analyses efficiently and rapidly. Fortunately, 
advances in all three areas have kept pace, and the 
resulting field of bioinformatics seeks to characterize 
functional sequences in genes and genomes through 
computational models. In addition, the data must 
be managed – stored in a form that is useful to the 
researcher and readily accessible. This has led to the 
development of many databases that store and provide 
data and analytical tools for researchers. The primary 
mission of all these databases is to provide unlimited  
free access to anyone, including Alabama students, 
interested in studying genomic sequences. It is no  
exaggeration to say that these databases and the im-
mediate access to them through the  
Internet have changed the way that  
nearly all biological research is done.

Many bioinformatics experts,  
particularly in the early days  
of the genome sequencing  
efforts, were computer  
scientists who formed partner-
ships with biologists. With the 
growth of the field of genomics, 
it is not unusual today for a 
student to be trained in a truly 
interdisciplinary way by develop-
ing deep expertise in both biology 
and computational science. 

KEY TECHNOLOGIES
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APPLICATIONS

This application of genetic information and genetically modified  
organisms to increase agricultural yields, improve nutritional content, 
craft insect resistance or increase bioenergy yields provides topics 
of discussion for AP Biology as part of Big Ideas: (1) Evolution and (3) 
Information. In Biology, this topic can provide additional evidence as 
students develop an explanation of the impact of alterations of DNA to 
traits (COS standard 3). Environmental science classes may investi-
gate the role of genome sequencing in selecting plants for sources of 
biofuels (COS standard 1). It also has a direct connection to Career/
Tech courses in Agriscience (COS objectives 1 and 13) and Plant 
Biotechnology (COS objectives 1, 14, 16, and 17).

Agriculture  
The demand for crop production is rising due to in-
creased human population, greater worldwide meat 
and dairy consumption and the expanding role of biofu-
els. Studies suggest that agricultural production must 
double between 2005 and 2050 to meet this growing 
need. Increasing crop yields, rather than clearing 
additional farmland, is believed to be the more sus-
tainable path. However, crop yields are not increasing 
fast enough to keep up with projected demands. The 
additional challenges of drought, temperature change 
and poor soil quality further strain the productivity of 
agricultural systems.

Developing new high-yield seeds adapted for our envi-
ronmental conditions is a cornerstone of increased food 
production. This begins with the ability to locate and 
characterize agriculturally important versions of spe-
cific genes. These discoveries can then be shared with 
the farmers and commercial plant breeders who are 
developing new varieties of crops. Such a collaborative 
approach blends the emerging field of genomics with 
the ancient practice of agriculture, increasing yields and 
ensuring global food security. 

Sequencing Plant Genomes 
for Food and Bioenergy Needs
Over the last decade, genome sequencing projects 
have been completed for a number of plants, including 
rice, corn, soybean, canola and orange. These ef-
forts provide a better understanding of the genes that 
contribute to growth rate, seed and fruit characteris-
tics and susceptibility to climate change or infectious 
agents. In addition, a number of plants have 
been or are being sequenced for their 
potential contribution to bioenergy. 
These include corn, soybean and 
switchgrass. For example, soybean 
not only accounts for 70% of the 
world’s edible protein, but soy-
bean oil is the principle source 
of biodiesel. Detailed knowledge 
of the soybean genome,  
published in December 2008,  
allows for crop improvements 
and better applications of this 
plant to the generation of clean 
energy. Knowing which genes con-
trol specific traits allows researchers 
to select for specific type high-yield strain 
as well as develop soybean plants that are more 
resistant to drought or disease.

Genetically Modified (GM) Crops
More than 13 million farmers across 25 countries 

currently plant biotech crops (also known as genetically 
modified organisms or GMOs). To date, over two billion 
acres of biotech crops have been harvested globally. At 
least 57 different plants have been the focus of biotech 
research over the last two decades. Of this number, 
eight are in commercial production and 15 have received 
regulatory approval in the United States. Currently, bio-
tech soybean is the principal genetically modified crop 
worldwide, followed by corn, cotton and canola. Herbi-
cide tolerance has consistently been the primary trait 
introduced into the crops, followed by insect resistance 

and the combination of both traits. Biotechnol-
ogy crops reduce the need for plowing to 

control weeds, leading to better conser-
vation of soil and water and decrease 

in soil erosion and soil compaction. 
A reduction in plowing also allows 
farmers to significantly reduce the 
consumption of fuel and decrease 
greenhouse gas emissions. 

Researchers are also developing 
biofortified food plants to boost 

the levels of nutrients, vitamins and 
minerals in foods such as rice, cas-

sava, carrots and tomatoes. It is hoped 
that these fortified foods will reduce the 

incidence of global hunger and micronutri-
ent malnutrition (taking in adequate calories, 

but lacking appropriate vitamins and minerals) which, 
according to a 2004 United Nations report, impacts up to 
half of the world’s population.

Analyzing genomic data for agriculturally important plants is a  
rich field of study. HudsonAlpha has created Aluminum Tolerant Corn™ 
an activity designed to introduce students to genome analysis and copy 
number variation. Students analyze a section of the corn genome, 
using the bioinformatics website DNA Subway (developed by the DNA 
Learning Center). Students use NCBI’s BLAST program to identify 
and explore the genes that are located within this region. Throughout 
the process, students link an aluminum-tolerant growth phenotype to 
structural variants that alter the copy number of key genes. This kit 
is currently undergoing pilot testing. For more information, contact 
edoutreach@hudsonalpha.org.
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The idea that all cancers are genetic in nature and occur as a  
step-wise accumulation of additional of mutations, many of which are 
initiated by environmental factors, is a natural addition to investigation 
of the cell cycle control mechanisms  (Biology COS standard 4, AP Bi-
ology Enduring Understanding 2.C). In Anatomy and Physiology class-
es, cancers of various body systems are examined (COS standards 
3a and 9a). There are also several points of linkage with the Career/
Tech Intro to Biotechnology course (COS objectives 5, 11 and 14). In 
all cases, the distinction should be made between a relatively small 
number of cancer types with strong inherited risks and most forms of 
cancer that are primarily due to mutations acquired throughout the 
life of the individual.  

Hereditary Nonpolyposis Colorectal Cancer (HNPCC®) is a high 
school lab, developed at HudsonAlpha, which focuses on inherited 
cancer risk and detection. Students complete a family pedigree and 
interpret the pedigree to determine individual family member’s risk 
for developing HNPCC. Students then complete a gel electrophore-
sis-based DNA analysis to diagnose family members with the HNPCC 
linked mutation. The lab introduces students to a genetic counselor 
and laboratory technician for career exploration. The HNPCC lab has 
been incorporated in the AMSTI Science in Motion program for high 
school life science classes across Alabama. The kit is available for 
purchase through a partnership with Carolina Biological Supply.  
More information can be found at www.hudsonalpha.org/available- 
educational-kits.

Cancer   
 
Cancer is a collection of diseases that are character-
ized by uncontrolled growth of cells and their spread 
to surrounding tissues. All cancers are genetic dis-
eases because changes in the genes that control cell 
growth and division are involved. However, only about 
5% of cancers are strongly hereditary – primarily 
caused by mutations that are inherited from parent to 
child. Therefore, most cancers do not result from in-
herited mutations, but instead develop from an accu-
mulation of DNA damage acquired during our lifetime. 
These cancers begin with a single normal cell that be-
comes genetically damaged. The transformation from 
that initial cell into a tumor is a stepwise progression. 
The number of genetic mutations that are required to 
convert a genetically normal cell into an invasive tu-
mor is not known but most likely varies among cancer 
types. These genetic changes may involve single letter 
or base substitutions, large deletions or duplications, 
or chromosomal rearrangements impacting vast sec-
tions of the genome. Most cancer cells have a number 
of both large-scale chromosome abnormalities and 
single letter mutations.

Historically, the diagnosis and staging of cancers has 
been based on the appearance of the cancer cells 
under a microscope and the spread to surrounding or 
distant tissues. Treatment decisions and options are 
often based upon this information. However, in many 
cases, individuals with similar-appearing tumors 
will show markedly different responses to 
treatment. We now know that differenc-
es at the molecular level, not visible 
under a microscope, are responsi-
ble for the varying outcomes. 

Microarray-based expression 
studies can be used to identify 
which genes are activated or 
silenced in the formation of 
cancer. Expression patterns can 
classify patients into groups that 
correlate with cancer subtypes 
and responses to a specific drug or 
clinical outcome. If validated, these 
differences can be used to predict out-
comes for new patients, helping physicians 
identify the most optimal treatment or course  
of action.

Microarray experiments are currently too cumber-
some to perform in a clinic, so they are not likely to be 
used routinely to diagnosis patients. 

However, once a small subset of the genes most 
relevant to predicting disease or treatment outcome 

is discovered, it becomes possible to detect the 
corresponding protein levels in the cancer 

cells using specially labeled antibod-
ies. For example, some of these 

proteins have been identified for 
breast cancer. Detecting wheth-
er each protein is present and 
at what level is useful in deter-
mining which therapy will be 
most effective for treatment. 

In the 2008 Annual Report 
to the Nation, the National 

Cancer Institute noted that both 
the incidence and death rate for 

all cancers combined is decreasing. 
While cancer death rates have been 

declining for several years, this marks the 
first decline in cancer incidence, the rate 

at which new cancers are diagnosed.

APPLICATIONS
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Comparative genomics provides evidence for the molecular  
process that underlies evolutionary theory and explains the nature  
and diversity of organisms, as outlined in Biology COS Standard 15.  
Biology Standard 16 specifically tasks students with analyzing DNA  
evidence to support the hypotheses of common ancestry.  Compar-
ative genomics and its relationship to evolution intersect AP Biology 
in the Big Idea: Evolution and Enduring Understandings 1.A and 1B. 
Career/ Tech courses will also benefit from a discussion of compar-
ative genomics in Veterinary Science (COS objective 3) and Intro to 
Biotechnology (COS objectives 9,11, and 14). 

Comparative Genomics 

Although the human genome is perhaps the most 
famous sequencing project, scientists have  
assembled a genomic library of over 200 different  
organisms. Knowing the genome of each species 
provides insight into the function of its DNA; however, 
there is additional information gained by comparing 
genomes across organisms. This field of comparative 
genomics helps discover previously undetected genes, 
identify the regulatory regions that control gene activ-
ity and determine gene function as it relates to health 
and disease.

While humans may seem to have little in common with 
organisms such as fruit flies, roundworms or mice, 
they are all composed of cells that must take in nutri-
ents and remove waste, interact with neighboring cells 
and the outside environment, and grow and divide in 
response to specific signals. To varying degrees, each 
of these organisms contains a digestive, circulatory, 
nervous and reproductive system and is impacted by 
disorders that impair these systems. During the evolu-
tionary process, as organisms diverged and gave rise 
to new species, many key proteins such as enzymes 
underwent little change. In general, the nucleotide 
and amino acid sequences of these key proteins have 
similarly been conserved across the species.

Scientists directly compare the DNA sequence of 
these organisms using sophisticated computer 
programs that line up multiple genome 
sequences and look for regions of sim-
ilarity. These similar segments, or 
conserved sequences, suggest the 
DNA sequence has an important 
functional role – for example, a 
gene or a regulatory element 
that controls the activity of a 
gene.  Less critical DNA seg-
ments would accept sequence 
changes without clinical con-
sequence: subsequently, these 
segments would vary among 
species. Genes that have relatively 
high sequence similarity are referred  
to as homologous genes  
or homologues. 

Comparative genomics provides a powerful tool for 
studying evolutionary changes among organisms, 
identifying genes that are conserved among species 
as well as gene and genetic changes that give each 
organism its unique characteristics. 

Genomic comparison also extends to genes involved 
in disease. If we examine the current list of human 
disease genes, approximately 20% have a homolog 
in yeast and nearly two-thirds have one in flies and 
worms. Initial studies suggest these counterparts 
may function in nearly identical ways, meaning these 
organisms can serve as models for understanding 
human disease and potential treatment. For exam-
ple, studying genes involved in DNA repair in yeast or 
bacteria has offered valuable insight into this process 
in humans and the role that mutations of these genes 
play in the development of some cancers.

APPLICATIONS
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Relating genetic variation to human disease and inheritance is 
identified in the Biology COS in standard 3 and 12a. Genetic variation 
is also highlighted under standard 3b, which explores the ongoing im-
pacts from the Human Genome Project and subsequent large-scale 
research projects. The impact of copy number variation intersects AP 
Biology in Enduring Understanding 3.B with discussions of gene reg-
ulation. Career/Tech Intro to Biotechnology should include discussion 
of copy number variation (COS objective 8).

Copy Number Variation

For years, single nucleotide polymorphisms (SNPs) 
were thought to be responsible for the majority of 
human variation. Until recently, larger scale changes 
(1,000+ nucleotides in length), known as copy num-
ber variants (CNV), were thought to be relatively rare. 
However, scientists have discovered that CNVs occur 
much more frequently than was suspected. These 
structural changes alter the number of copies of a 
specific DNA segment.

It came as a surprise to many scientists just how 
much DNA variation is due to copy number changes. 
Previous studies based primarily on SNPs suggest-
ed that any two randomly selected human genomes 
would differ by 0.1%. CNVs revise that estimate: the 
two genomes differ by at least 1.0%. While this may 
not seem like a major increase, remember that the 
human genome is composed of approximately three 
billion nucleotides, so the estimated number of nucle-
otides that vary between two random individuals has 
increased from three million to 30 million. Humans 
are still nearly 99% identical at the DNA sequence 
level, but the CNV research has broadened our under-
standing of how and where we differ.

It has been suggested that CNV regions influence 
gene activity by directly increasing or decreasing the 
number of copies of that gene, leading to a concurrent 
change in the amount of protein. Alternately,  
CNVs may alter the performance of nearby 
regulatory signals that activate or  
silence genes without directly  
impacting the copy number of  
the gene itself. 

Preliminary studies have linked CNVs to lupus, 
Crohn’s disease, autism spectrum disorders,  
Alzheimer disease, HIV-1/AIDS susceptibility, rheuma-
toid arthritis and Parkinson disease. In some cases 
the associated CNV is rare, but in other diseases, the 
identified risk variant is quite common. It is also likely 
that CNVs may influence individual drug response and 
susceptibility to infection or cancer.

Preliminary studies have 
linked copy number 

variation to lupus, 
Crohn’s disease, 
autism spectrum 
disorders, Alzheimer 
disease, HIV-1/
AIDS susceptibility, 

rheumatoid arthritis 
and Parkinson disease.

Scientists are just beginning to understand the impact of structural  
genomic variation on plant, animal and human phenotypes.  
HudsonAlpha has created Aluminum Tolerant Corn™ an activity  
designed to introduce students to genome analysis and copy number 
variation. Students analyze a section of the corn genome, using the 
bioinformatics website DNA Subway (developed by the DNA Learning 
Center). Students use NCBI’s BLAST program to identify and explore 
the genes that are located within this region. Throughout the process, 
students link an aluminum-tolerant growth phenotype to structural 
variants that alter the copy number of key genes. This kit is currently 
undergoing pilot testing. For more information, contact edoutreach@
hudsonalpha.org.

APPLICATIONS
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DNA profiling is a critical component of the Career/Tech course  
Forensic and Criminal Investigation (COS objectives 7 and 8) and Intro 
to Biotech (COS objectives 1,13 and 14). It can also be explored in 
AP Biology as part of the Big Idea 3: Information. DNA phenotyping 
should be an extension of the discussion in all three of these classes, 
highlighting the concepts and technological challenges still facing the 
field. The ethical complications of phenotyping should be incorporated 
into these discussions. 

Criminal Justice and Forensics

DNA profiling, popularly known as DNA fingerprinting, 
has transformed personal identification, whether in 
forensic cases, missing persons, mass disasters or 
paternity disputes. It has become ubiquitous in law 
enforcement. It is used to exclude individuals suspect-
ed of crimes, help convince a jury of an individual’s 
guilt and in some cases, set free individuals wrongly 
convicted of crimes. 

DNA analysis is also used to suggest ancestral  
origins; there are several companies offering Y-chro-
mosome and mitochondrial DNA studies to determine, 
for example, to which of the ancient tribes of  
Britain a man belongs or whether a man or woman 
has African, Native American or Celtic DNA markers. 
It is possible to use forensic DNA profiling in the same 
way to determine the ethnic or geographical origin 
of the individual from whom the DNA sample came, 
providing additional information that could be used to 
narrow the number of potential suspects. For exam-
ple, in 2007, a DNA test based on genetic biomarkers 
indicated that one of the suspects associated with a 
bombing in Madrid was of North African origin. Using 
other evidence, police confirmed the suspect was an 
Algerian, confirming the test result.

It has been suggested that this testing could be 
extended to identify external and behavioral features 
as well. Scientists have recently identified the 
genetic variants related to hair, skin and 
eye color and are exploring other genes 
that influence traits, such as facial 
height and width as well as nose 
and lip shape. This “forensic 
molecular photo fitting” may 
one day serve as a genetical-
ly-based police sketch. Today, 
this approach is still primarily 
theoretical and currently has 
little concrete value. As noted 
throughout this guide, it will take 
years before the genetic markers 
associated with all physical and 
behavioral traits are known. 

Legislatively, forensic phenotyping is allowed on a 
limited basis in some countries (such as the UK) and 
forbidden in others (Germany). However, for most of 
the world, legislation that addresses DNA forensic 
methods is silent about the ability to infer ethnicity or 
physical traits.

APPLICATIONS

This “forensic molecular photo fitting” 
may one day serve as a genetically-
based police sketch.
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Chromosome studies, their behavior in cell division, the formation of 
egg and sperm and the concept of karyotyping are regularly discussed 
in Biology classes (standards 4, 11, 12 and related sub-standards). 
Karyotyping to diagnose chromosomal disorders is examined in the 
Career/Tech course Intro to Biotechnology (COS objectives 1 and 5). 
The techniques of FISH and aCGH should also be discussed with 
students in these classes, although many of the technical details may 
be outside the scope of the high school classroom. It is important for 
students to realize that there are a number of genetic disorders that 
cannot be identified at the karyotype level, but the newer technologies 
bridge the gap between studies of stained chromosomes and DNA 
sequencing. 

The HudsonAlpha team has crafted Disorder Detectives®, a kit  
that allows students to take on the role of a cytogeneticist working in 
a hospital or clinic. Students are given a case study and set of human 
chromosome clings and must arrange the chromosomes into a com-
pleted karyotype, analyze the karyotype and diagnose their patient. 
Many types of typical and atypical karyotypes are presented. Students 
explore technologies such as FISH, aCGH and sequencing to learn 
how laboratories can diagnose even the smallest genetic structural 
changes. Geneticists, genetic counselors and laboratory technicians 
are highlighted as careers that utilize these types of technologies. 
The activity is available from AMSTI/ASIM and can be purchased from 
Carolina Biological Supply. More information can be found at 
www.hudsonalpha.org/available-educational-kits.

Diagnosing Chromosome Disorders   

Although scientists have been able to microscopically 
observe chromosomes since the mid-1800’s, a century 
passed before staining techniques were developed to 
examine them on a specific and individual basis. The 
chromosomes could then be arranged according to 
size and banding pattern for detailed examination –  
a display called a karyotype. Once it became possible 
to accurately identify individual chromosomes, ab-
normalities in chromosome number (such as trisomy 
21, also known as Down syndrome) were discovered. 
Karyotypes can also identify deletions, duplications, 
and inversions of chromosomal segments. 

Although abnormalities on the order of millions of 
base pairs can be detected using the basic chromo-
somal banding techniques, smaller alterations can-
not be discerned. More recent technologies, such as 
fluorescence in situ hybridization (FISH) and array 
comparative genome hybridization (aCGH), allow a 
finer level of resolution, with the ability to identify sub-
microscopic chromosome changes. 

Array CHG has replaced karyotyping as the standard 
chromosome diagnostic tool to detect abnormalities in 
chromosome number, microdeletions and other  
chromosome imbalances. It is used in both prenatal 
and postnatal settings. Depending on the specific 
array, it can detect chromosomal imbalances as small 
as 1,000 bp in size. The use of array CGH has  
significantly increased the diagnosis of 
chromosomal imbalances among  
individual with clinical anomalies. 

ChromoSock® kits, developed at HudsonAlpha, use custom- 
made socks as models for chromosomes to examine the  
movement of chromosomes during cell division. Providing a physical 
manipulative allows students to investigate the impacts of errors in 
cell division. ChromoSock Meiosis and Modeling Mendel’s Laws® are 
available through AMSTI/ASIM and for purchase through Carolina 

Biological Supply. More information can be found at 
www.hudsonalpha.org/available-educational-kits.

APPLICATIONS
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Epigenetic changes in DNA often lead to unusual patterns of  
inheritance for specific disorders. This could be discussed as part of  
a lesson examining exceptions to standard Mendelian inheritance,  
for Biology COS standard 11 (and it’s sub-standards) as well as  
Intro to Biotech COS objective 9. The relationship between methyl 
modifications on the DNA and the silencing of genes links epigenetics 
to AP Biology Enduring Understanding: 3B, during discussions of  
gene regulation. 

Epigenetics   

While identical twins (twins who share the same 
genetic information) generally look alike when young, 
obvious differences often emerge as they age. The 
differences may be due to the varied environment 
of each twin – for example, one may lift weights and 
become very muscular while the other never exercises 
and gains weight. Recent advances in the relatively 
new field of epigenetics suggest an additional role for 
the environment in health and disease by altering the 
activity of particular genes. Activating genes to begin 
the protein-making process is a key area of study. 
By identifying the signals that turn genes on and off, 
investigators hope to understand not only gene func-
tion under normal conditions but also how improper 
on/off signaling may lead to disorders such as cancer, 
diabetes, heart disease and obesity.

Epigenetics encompasses modification to DNA, 
including the addition of small chemical tags called 
methyl groups. These modifications alter the patterns 
of gene activity, but do not change the actual DNA 
sequence. The modifications are not permanent but 
can be remembered across thousands of cell divisions 
and at times from parent to child. This field includes 
some of the most fascinating biological phenome-
na, including X-chromosome inactivation, imprinting 
(when the DNA copy inherited from a particular parent 
is silenced, while the other copy remains active) and 
cellular differentiation (see the article on stem 
cells, pg 48). 

Studies of identical twins 
suggest that at birth, twins share 
similar patterns of epigenetic 
modification. As they age and 
are exposed to different diets 
and environments, the twins' 
patterns become markedly 
different, leading to altered ac-
tivation and silencing patterns. 

Current research suggests 
environment alterations to these 
epigenetic patterns can change an 
individual’s risk for disease. 

For many mammals (humans included), differences 
in diet and level of stress during fetal development 
and shortly after birth alter the pattern of on/off gene 
activity, leading to higher risk of obesity, Type 
2 diabetes and cardiovascular problems. These 
observations have a number of clinical and public 
health implications.

Epigenetics involves DNA 
modifications that alter the patterns 
of gene activity, but do not change 
the actual DNA sequence. This field 
includes some of the most fascinating 
biological phenomena, including 
X-chromosome inactivation, imprinting 
and cellular differentiation.

APPLICATIONS
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Genetic discrimination has historical, legal and social implications 
and is often discussed in life science classrooms. In biology classes, 
this discussion often coincides with discussions of the impacts of the 
Human Genome Project and subsequent large-scale genomic re-
search initiatives (COS standard 3b). Discussion of current legislation 
related to genetic discrimination should be included Career/ Tech 
courses Foundations of Health Science (COS objective 10), Health 
Informatics (COS objective 5) and Intro to Biotechnology (COS  
objective 14). Exploration of genetic discrimination occurs in AP  
Biology courses as part of Enduring Understanding 3.A.

Genetic Information 
Nondiscrimination Act  (GINA)

While most Americans are optimistic about the use 
of genetic information to improve health, many have 
been concerned that genetic information may be used 
by insurers to deny, limit or cancel health insurance 
and by employers to discriminate in the workplace. 
There has also been concern that some insurers may 
choose to not insure healthy individuals who are  
genetically pre-disposed to future disease onset:  
such people incur more health-related costs for the  
insurance company than individuals who are not pre-
disposed. A similar fear is that some employers might 
only employ or retain individuals who are not pre- 
disposed to future disease onset, since healthy  
individuals are more productive. Consequently, for 
many years lawmakers, scientists and health advocacy 
groups have argued for federal legislation to prevent 
genetic discrimination.

In 2009, the Genetic Information Nondiscrimination 
Act (GINA) took effect across America, paving the way 
for people to take full advantage of the promise of 
personalized medicine without fear of discrimination. 
The act had been debated in Congress for 13 years 
and was signed into law in 2008. GINA protects Amer-
icans against discrimination based on their genetic 
information when it comes to health insurance and 
employment. The law, together with existing nondis-
crimination provisions from other laws, prohib-
its health insurers or health plan admin-
istrators from requesting or requiring 
genetic information of an individual 
or the individual’s family members 
or using it for decisions regard-
ing coverage, rates or preex-
isting conditions. The law also 
prohibits most employers from 
using genetic information  
for hiring, firing or  
promotion decisions. 

GINA’s protection does not extend to life, disability or 
long-term care insurance. In addition, GINA does not 
prohibit a health insurer from determining eligibility or 
premium rates for an individual who is already exhibit-
ing clinical symptoms of a disease or disorder.

In 2009, the Genetic Information 
Nondiscrimination Act (GINA) took 
effect across America, paving the way 
for people to take full advantage of 
the promise of personalized medicine 
without fear of discrimination.

APPLICATIONS
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The multifactorial genetics of eye color should be discussed in  
Biology courses as part of COS standard 11c, especially since most 
text books still explain this trait in terms of a single gene effect. It 
could also be explored in AP Biology courses Enduring Understanding 
3B alongside discussion of cellular and molecular processes involved 
in translating genetic information into phenotype. In the Career/Tech 
Intro to Biotechnology courses, eye color genetics could be explored 
under COS objectives 8 and 11. 

Genetics of Eye Color 
 
In 1907, Charles and Gertrude Davenport developed 
a model for the genetics of eye color. They suggested 
that brown eye color is dominant over blue eye color. 
This would mean that two blue-eyed parents would 
always produce blue-eyed children but never ones 
with brown eyes.  For most of the past 100 years, 
this version of eye color genetics has been taught in 
classrooms around the world. It is one of the few ge-
netic concepts that adults often recall from their high 
school or college biology classes. Unfortunately, this 
model is overly simplistic and incorrect – eye color is 
actually controlled by several genes.

In humans, eye color depends on the level of a pig-
ment called melanin present in the iris. Melanin is 
produced and stored inside specialized cells known as 
melanocytes. Blue eyes contain minimal amounts of 
melanin. Irises from green–hazel eyes show moderate 
pigment levels, while brown eyes are the result of high 
melanin concentrations.

To date, eight genes that impact eye color have been 
identified. The OCA2 gene, located on chromosome 
15, appears to play the major role in controlling the 
brown/blue color spectrum. OCA2 produces a pro-
tein called P-protein that is involved in the formation 
and processing of melanin. OCA2 alleles (versions of 
the gene) related to eye color alter P-protein levels 
by controlling the amount of OCA2 RNA that is 
generated. The allele that results in high 
levels of P-protein is linked to brown 
eyes. Another allele, associated with 
blue eye color, dramatically reduc-
es the P-protein concentration. 

While studies suggest that about three-fourths of 
the eye color variation can be explained by genetic 
changes in and around OCA2, it is not the only genet-
ic influence on color. A recent study that compared 
eye color to OCA2 status showed that only 62% of 
individuals with two copies of the blue eyed OCA2 
allele actually had blue eyes. Blue eye color was also 
found among 7.5% of the individuals with the brown-
eyed OCA2 alleles. A number of other genes (such as 
TYRP1, ASIP and SLC45A2) also function in the melanin 
pathway and shift the total amount of melanin present 
in the iris. The combined efforts of these genes may 
boost melanin levels to produce hazel or brown eyes 
or reduce total melanin resulting in blue eyes. This ex-
plains how two parents with blue eyes can have green 
or brown eyed children (an impossible situation under 
the Davenport single gene model). The combination  
of color alleles received by the child resulted in a 
greater amount of melanin than either parent  
individually possessed.

APPLICATIONS
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Genome Editing

Tools that directly modify genetic sequences allow scientists 
to explore the functional impact of DNA mutations as well as 
engineer changes that create drug-producing bacteria, dis-
ease-resistant crops or life-saving genetic therapies. These 
approaches are analogous to the “find and replace” feature in 
word processing software – they scan the genome for a spe-
cific sequence and then make a targeted modification within 
that sequence.

All genome editing tools rely on some sort of programmable 
nuclease – an enzyme guided to a DNA sequence of interest 
in order to cut across the DNA strand. This cut triggers a 
DNA repair process that can knockout (disrupt) the genetic 
instructions or replace them with a different set of infor-
mation. There are three programmable nucleases – zinc 
finger nucleases (ZFNs), transcription activator-like effector 
nucleases (TALENs) and the clustered regularly interspaced 
short palindromic repeat Cas-9 system (CRISPR-Cas9). The 
CRISPR-Cas9 system has proven especially powerful and has 
quickly become a mainstay of genome editing protocols in 
microbes, plants and animals. 

Genome editing tools have provided researchers with an 
unprecedented ability to modify cells. This leads to appli-
cations in basic research, agriculture and human disease 
therapy. However, programmable nucleases are not without 
their challenges. They can be difficult to correctly deliver to 
the appropriate cells, the frequency of DNA modification can 
be very low, and they occasionally cut DNA at “off target” 
sites. Techniques that increase specificity and efficiency have 
been developed to address these challenges, but additional 
tweaking is still needed.

Genome editing has shown immense promise –
the first wave of modified crops and human therapies 
are moving from the laboratory to the field and clinic. 
A number of regulatory and safety hurdles must still be 
cleared, and there are many ethical, social and policy 
implications waiting to be addressed.

There are four key components of a CRISPR-Cas9 system:

1. Target DNA: This is the region of the genome to  
be modified. 

2. Cas9: This bacterial enzyme unzips and cuts the  
target DNA. To date, most approaches use the Cas9 protein 
found in the bacteria Streptococcus pyogenes. 

3. PAM sequence:  PAM stands for Protospacer  
Adjacent Motif. It is part of the target sequence DNA and is 
one of the factors that is required to define the cutting site.  

4. Guide RNA: A short fragment of RNA binds to Cas9 and 
contains a recognition sequence that matches the target. 
With different guide RNA sequences, the Cas9 enzyme can be 
directed to recognize almost any DNA sequence. The guide 
RNA leads Cas9 to the desired location in the genome, binds 
the target sequence and triggers Cas9 to cut both strands of 
target DNA. This double stranded break provides the oppor-
tunity to edit the genome.

How CRISPR works
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The CRISPR-Cas9 method has 
many applications in basic research, 
agriculture, drug development and 
eventually treating humans with 
genetic diseases.

The concept of genome editing can be explored as part of  
Biology standards 3, 3a and 3b, showcasing how a change in the DNA 
sequence impacts the corresponding protein and trait. This would also 
be an appropriate conversation in AP Biology (Enduring Understand-
ings 3.B, 3.C and 3E). Lastly, the impact of genome editing has a place 
in classroom conversations for Introduction to Agriscience (standard 
16), Introduction to Biotechnology (standards 1, 9, 13 and 14) and 
Plant Biotechnology (standard 17).
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Relating genetic variation to human disease and inheritance is  
identified in Biology COS standard 11c during investigation of disease 
risks from both genetic and environmental factors. This would also 
be appropriate discussion in AP Biology (Enduring Understandings 2e 
and d, 3a, b, c and 4a), Health (COS objectives 5 and 10) and the 
Career/Tech Intro to Biotechnology course (COS objective 14).

Identifying Genetic Influence on Disease

Much progress has been made in identifying the genetic 
causes of single gene diseases such as cystic fibrosis,  
phenylketonuria and Huntington disease. This has led to 
more accurate risk analysis, better testing approaches and, 
in some instances, more effective methods of treatment. 
Even though there are thousands of single gene disorders, 
they are rare, affecting less than 3% of the population. 

In contrast, other diseases, including cleft lip, cardiovascular 
disease, psychiatric disorders and cancer, affect much of the 
world’s population. While these diseases have a strong genet-
ic component, they arise from a combination of genetic risk 
factors that are also influenced by the environment. Few of the 
contributing genes are believed to make more than a modest 
contribution to overall risk, perhaps increasing it by 5 or 10%. 
It is the specific combination of multiple predisposing  
alleles (DNA changes) and environments that leads to physi-
cal symptoms. For this reason, they are often called complex 
or multifactorial disorders. Identifying the factors that influ-
ence disease is a major goal for biomedical research. 

Traditional methods of determining the genes responsi-
ble for single-gene disorders do not work well for complex 
diseases. Fortunately, thanks to the advent of second-gener-
ation technology to cheaply analyze DNA changes, scientists 
have used a process known as genome-wide association 
(GWA) to identify the genetic factors involved in  
complex disease. 

The premise behind GWA studies: if a specific genetic vari-
ation increases the risk of developing a disease, 
that variation will occur more frequently – and 
hold up under rigid tests for statistical 
significance – in individuals who have 
the disease compared to those not 
affected. Basically, there is an associ-
ation between the specific allele and 
the incidence of disease.

Until recently, researchers knew of almost no genetic  
variants involved in complex diseases. As of 2010, over 800 
genetic single nucleotide polymorphisms have been associ-
ated with more than 150 complex diseases or traits. Most of  
the newly associated genes had not previously been linked 
to the disease of interest. Intriguingly, some genetic regions 
have been associated with multiple disorders, suggesting 
common chemical pathways that influence a number of  
different processes.

Even with these successes, the majority of the genetic risk 
for common disease remains undiscovered and the contri-

bution by a single genetic variant to the overall clinical 
picture is often small. As a result, scientists 

believe that many of the genetic risks for 
disease are caused by a number of so-

called rare variants, genetic changes 
that are each present in less than 
1% of the population. This view 
represents a shift from previous 
beliefs that complex diseases 
were caused by variants that were 
much more common. Projects 
aimed at sequencing the genomes 

of a larger number of individuals 
will hopefully identify many of these 

rare variants, allowing this hypothesis 
to be tested. In addition, as emerging 

technologies in DNA sequencing continue 
to drive down costs, many believe GWA studies 

will shift from examining specific sites of known 
genetic variation towards full sequencing of the entire  
genome. At that point, identifying even the rarest of  
variation becomes feasible.

Touching Triton® is a serious game that has been developed by  
HudsonAlpha through a National Institutes of Health Science Education 
Partnership Award, with additional support from Lockheed Martin. This 
free web-based game challenges students to analyze and interpret data 
related to the risks for developing common complex disease. Through 
the storyline of long-term space flight, students learn about the com-
plexity of risk for common disease such as diabetes, colon cancer and 
Parkinson disease. Students analyze data from crew members’ medical 
record, family history and genomic report to make medical packing 
decisions for a 20-year space mission. More information can be found 
at www.triton.hudsonalpha.org. 

Scientists believe that 
many of the genetic risks 
for disease are caused by 
a number of so-called rare 
variants, genetic changes 
that are each present in less 
than 1% of the population.

APPLICATIONS
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Discussions of pathogens occur in biology classes as part of standard 
13a (viral classification), and as examples of rapidly evolving organ-
isms (antibiotic resistance) and during discussions about co-evolution 
among host and pathogen as part of standard 14. In Career/Tech Intro 
to Biotechnology courses, infectious disease could be explored under 
COS objectives 11,13,14 and 15.

Infectious Disease   
 
The impact of infectious disease is a major healthcare 
challenge. Antibiotic resistant strains of pneumonia 
and staph infections are surfacing in hospitals, nursing 
homes and locker rooms. The 2009 H1N1 virus con-
firms long-held concerns about a pandemic influenza 
virus spreading unchecked across the globe. In both 
cases, the infectious agents seem to evolve with speed, 
evading treatment methods. What are we facing and 
how do these organisms change so quickly?

Infectious disease can be classified into two broad cat-
egories based on the infectious agent: bacterial or viral. 
Bacteria are single-celled organisms that live in nearly 
every environment on the planet, including in and on 
the human body. Most bacteria associated with humans 
are beneficial and help with daily functions like diges-
tion and protection. Other versions (strains) of bacteria 
are pathogenic, meaning they can cause illness or 
harm. If pathogenic bacteria enter the body, they may 
temporarily escape the body’s immune system. Once 
recognized, the body’s immune response attacks invad-
ing bacterial cells. Most healthy individuals will be able 
to fight off a bacterial infection, often with the help of an 
antibiotic. Antibiotics weaken the bacteria by interfering 
with its ability to carry out functions like protein synthe-
sis and cell division. 

In recent years there has been an increase in bacteria 
that are resistant to the effects of antibiotics, 
such as the antibiotic-resistant form of 
Staphylococcus aureus, better known as 
MRSA. Bacteria reproduce quickly, 
copying their DNA before each cell 
division. In some cases, the copy-
ing process introduces small 
DNA changes. By chance, these 
changes may make the bacteria 
more resistant to a particular 
antibiotic. If these bacteria 
spread to other individuals, then 
a strain with antibiotic resistance 
has formed. As additional chang-
es occur, the bacteria may become 
resistant to a wide range of antibiot-
ics (a super-bug), becoming difficult to 
effectively treat.

In contrast to bacteria, viruses are small packages of  
genetic material that infect and take over a cell, con-
verting it to a virus-producing factory. The takeover may 
occur immediately after the individual is exposed, as 
happens with the flu, leading quickly to symptoms. 
Other viruses (e.g. the herpes simplex virus 1 that 
leads to cold sores) cause a delayed infection with 
symptoms appearing weeks, months or even years  
after exposure. Delayed infection viruses hide their 
genetic material in the cell until conditions are opti-
mal for the virus to reproduce itself. Unlike bacteria, 
viral infections cannot be treated with antibiotics, 
although antiviral medications, such as Tamiflu®, may 
be helpful in certain instances.

Viruses reproduce very quickly once activated and  
like bacteria randomly change their genetic material,  
often leading to new strains. In addition, if two  
viruses simultaneously infect the same organism, 
their genetic information may mix, leading to a  
completely new strain. This is what occurred with the  
2009 novel H1N1 influenza virus. Studies have shown 
that 2009 H1N1 contains genetic material from 

pig- bird- and human-based flu viruses. 

Understanding the genetic and 
molecular basis of these organisms 

allows scientists to develop bet-
ter diagnostic tests, treatments 
and preventatives. Although the 
genomes of pathogens have the 
capability to change rapidly, the 
genomes are small and often 
change in semi-predictable 
ways. Scientists may never be 

able to cure the flu or common 
cold, but through genetics and 

biotechnology, more accurate and 
faster diagnostics can be made.

APPLICATIONS
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Prenatal diagnosis is a standard part of discussion around egg and 
sperm formation and abnormalities that can occur during meiosis. 
The advent of non-invasive techniques is an exciting addition for 
Biology (COS standards 12, 12a, 11, 3c). The application of this new 
technology to health and society links to classroom conversation in AP 
Biology (Big Idea: Information) and Health (COS objectives 5 and 6). 
Clearly there are a number of ethical concerns related to non-invasive 
prenatal testing. Depending on the context of the conversation and the 
maturity of the class, these questions may be appropriate for explora-
tion and detailed discussion. 

Non-Invasive Prenatal Testing   

Prenatal diagnosis involves the use of tests during 
pregnancy to determine whether a fetus is affected 
with a particular disorder. These tests have been a 
part of prenatal medicine for over 30 years. Testing 
methods vary both in level of invasiveness to the fetus 
as well as the degree of accuracy. Generally, a set of 
non-invasive screening methods — such as maternal 
serum analysis or ultrasound — are initially per-
formed. Suspicious results are followed up with more 
invasive diagnostic testing e.g. amniocentesis or  
chorionic villus sampling (CVS). These invasive  
approaches obtain amniotic fluid and/or fetal cells 
that are then biochemically or genetically analyzed. 
Genetic tests may be genome wide — such as karyo-
typing or array comparative genome hybridization  
(see pg. 36) – or more narrow in scope, such as testing 
a single gene. Both amniocentesis and CVS carry a 
small but significant risk of miscarriage.

Scientists have recently developed a novel, non-inva-
sive testing method. In the 1990s, it was discovered 
that fetal DNA crosses the placenta into the maternal 
bloodstream. Today, relatively straightforward tech-
niques can isolate and analyze this DNA, beginning 
as early as seven weeks gestation. This test can be 
performed several weeks earlier than conventional 
techniques and carries no risk to the health of the 
fetus. As a result, a larger number of pregnant women 
may chose to undergo prenatal testing. In 2012, 
three companies introduced this form of 
non-invasive prenatal testing into  
the clinic. 

Non-invasive prenatal testing is 
currently classified as a screen-
ing, rather than a diagnostic 
test. It signals whether further, 
often more invasive forms of 
testing should be considered. 

Whether this will ultimately replace CVS and  
amniocentesis as a diagnostic test will depend upon 
improvements in the sensitivity and specificity of the 
testing. However a number of significant ethical issues 
are associated with safer, earlier prenatal diagnosis. 
For example, by offering early non-invasive diagnosis, 
will there be increased social pressure to have the test 
and terminate an “abnormal” pregnancy? What or who 
decides the definition of “abnormal”? As the genetic 
components of many disorders become better un-
derstood, would non-invasive diagnostic testing allow 
parents – with only a blood test — to identify mild, 
adult-onset disorders as well as nonmedical traits 
such as eye color?

APPLICATIONS
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Personal Genome Analysis   

As sequencing costs drop, it has become feasible to 
analyze large portions of a human genome relatively 
quickly and comparatively inexpensively. This has most 
often been performed in either a research setting to 
better understand the functional impact of genet-
ic variation or in the clinic to identify the molecular 
cause of a suspected genetic disease. However, there 
is a growing market for providing genomic information 
to what are sometimes termed “ostensibly healthy 
participants” — individuals without visible disease 
or health complications but who want to know their 
genomic information and understand how it informs 
their ancestry, personal traits and potential future 
risks for developing certain diseases. 

An initial step towards personal genome analysis 
has been direct to consumer genotyping – a targeted 
analysis of between 500,000 and 1,000,000 variable re-
gions from across the genome. A small but increasing 
proportion of these variants is connected to ancestry, 
physical traits or disease risk, although the predic-
tive value of medical decisions of these risks is often 
unclear. The FDA ordered the health-related versions 
of these tests halted in 2013, although it has recent-
ly allowed a limited number of direct to consumer 
genetic tests back onto the market. Consumer geno-
typing is also available for individual genes such as 
the ACTN3 genetic variant involved in muscle strength 
and spring ability. These genetic differences are 
poor predictors of athletic skill as well as 
musical or artistic talent and overall 
intelligence, as most of the genetic 
and environmental influences on 
these traits are still unknown.

Today, predispositional (or 
presymptomatic) genomic 
screening — PPGS — analyzing 
the exome or entire genome of 
an ostensibly healthy individ-
ual — is controversial. There is 
little data about the response of 
people who have received genom-
ic information about their trait and 
disease risk factors. At the same time, 
there is a powerful and growing recogni-
tion among personal genomic stakeholders that 
such information may provide a positive benefit on an 
individual’s life and actions, even if the direct health 
benefit is uncertain or marginal. A number of research 

projects have been initiated to inform our understand-
ing of these impacts, collectively involving more than 
1,000 individuals. Common motivations for partici-
pating in PPGS initiatives include the desire to learn 
health-related information, a sense of general curi-

osity about personal genomic information and 
the desire to contribute to research that 

may benefit others. In keeping with the 
early adopter status of these stud-

ies, current participants tend to be 
highly educated, technically savvy 
and from a high socio-economic 
status. There have been few 
published studies of the impact 
of PPGS on the participants and 
the short and long-term bene-
fits and concerns are primarily 

speculative. A long-term anal-
ysis of this sort of information is 

being conducted by the PeopleSeq 
Consortium, a collaboration between 

multiple PPGS projects using a com-
mon set of questions and techniques.

Personal genome studies offered direct-to-consumer should be a 
component of students’ efforts to obtain, evaluate and communicate 
information about advancements in genetic technology. This provides 
fertile ground for a discussion of the implications of genetic infor-
mation. (Biology COS standard 3) These topics can also be incorpo-
rated into an AP Biology course in Big Idea 3: Information. Personal 
Genome Analysis provides modern content and context for students 
in Health (COS objective 6) and the Career/Tech course Foundation 
of Health Sciences (COS objective 10) and Health Informatics (COS 
objective 5) outlining valid and essential information for the safe use 
of consumer goods and health products. 

Determining the significance of a particular variant identified 
through genome sequencing is still in its infancy. Classifying a 
variant as benign or pathogenic requires multiple lines of support-
ing evidence, curated by a team of researchers and clinicians. 
For many variants, such supporting evidence either doesn’t exist, 
or is contradictory, resulting in a classification of "variant of un-
certain significance (VUS)." Currently in pilot testing, HudsonAlpha 
has developed a card-based kit that brings the process of variant 
analysis to high school classrooms. Making Sense of Uncertainty 
provides opportunities for students to classify variants and argue 
from evidence to justify their classification. A pilot version of this kit 
was available to Alabama high school life science educators who 
attend the two-day GREAT workshops scheduled across the state 
during the 2016-17 school year. 

 

APPLICATIONS
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The implication of personalized medicine impacts biology-based 
science courses, Health Education and pre-healthcare options at the 
high school level. Biology COS 3b addresses modern understandings 
of the central dogma and the research projects that have enhanced 
those understandings. Biology COS standard 11c and 12a, as well as 
AP biology Big Idea: Information, involve the impacts of genetic varia-
tion on human disease.  In a Health course, COS objective 5 asks stu-
dents to evaluate negative and positive impacts of technology health. 
Personalized medicine is an excellent candidate for this discussion, as 
well as showing application to the Career/ Tech courses Introduction 
to Pharmacy (COS objective 9 and 11) and Intro to Biotechnology (COS 
objectives 11 and 14). 

Personalized Medicine   

At its core, personalized medicine uses information 
about a person’s genetic background to tailor strat-
egies for the detection, treatment or prevention of 
disease. This may include genetic screening tests to 
identify susceptibility to disease or more precisely 
pinpoint existing conditions. It may also be used to 
guide pharmaceutical choices, highlighting the brand 
and dose of medication best suited for a patient. The 
goal of personalized medicine is to help physicians 
and their patients identify the best course of action to 
prevent or manage a disease based upon the patient’s 
genetic and environmental profile.

Drawing an analogy from the world of fashion,  
personalized medicine is the equivalent of a cus-
tom-made suit or outfit, designed with an individual’s 
unique body measurements. This type of tailored 
approach provides a much better fit than purchasing 
something off the rack.

As has already been noted in this guide, people vary 
from one another in many ways – what they eat, their 
lifestyle, the environmental factors to which they are 
exposed and variations in their DNA. Some portion 
of this genetic variation influences our risk of getting 
or avoiding specific diseases. Certain changes in the 
DNA code influence the course of disease, impacting 
the age of onset for symptoms or the speed of pro-
gression. Genetic variation also contributes to 
differences in how drugs are absorbed and 
used by the body (see the section on 
pharmacogenomics on pg 46).

This newfound knowledge is 
rapidly moving into the clinical 
setting. At the forefront are a 
series of drugs such as  
Gleevec®, Herceptin® and  
Iressa® known to be most  
effective in people with a  
specific genetic profile (set of 
genetic variants). 

Straightforward genetic tests are performed to identify 
who will benefit from these medications. More precise 
diagnostic tests are in development that better  
classify disease subtypes or progression. The infor-
mation identified in our genome will help develop a 
lifelong plan of health maintenance tailored to our 
genetic profile. 

One of the holy grails in personalized medicine is the 
so-called $1,000 genome — the ability to sequence 
a human’s genetic information at an economically 
feasible price. Recent advances in sequencing tech-
nology have moved the field closer to this figure. In 
addition to issues of cost, there are other challenges 
to personalized medicine, including concerns about 
patient privacy, confidentiality and insurability after 
taking a genetic test. Will the knowledge that specific 
genetic variation increases disease risk lead to great-

er or reduced prejudice or discrimination? How 
will access to genetic testing and person-

alized medicine be equitable? Does 
our current healthcare system need 

to change in light of this genetic 
approach, and if so, which new 
model will be best? 

APPLICATIONS
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The implications of pharmacogenomics as a part of personalized 
medicine impact health education as well as biology-based courses. 
Biology COS 3b addresses modern understandings of the central dog-
ma and the research projects that have enhanced those understand-
ings. Biology COS standard 11c and 12a, as well as AP Biology Big 
Idea: Information, involve the impacts of genetic variation on human 
disease. In a Health course, COS objective 5 asks students to evaluate 
negative and positive impacts of technology health. Pharmacogenom-
ics, as part of personalized medicine, is an excellent candidate for 
this discussion, as well as showing application to the Career/Tech 
courses Introduction to Pharmacy (COS objective 9 and 11) and Intro 
to Biotechnology (COS objectives 11 and 14). 

Pharmacogenomics  

Pharmacogenomics deals with how a patient’s specific 
genetic variation affects the response to certain drugs. 
In part, the genetic variation among individuals helps 
explain why one drug may work spectacularly in one 
person, not at all for another and produce harmful 
side effects in a third. For example, variation in the  
CYP2C9 and VKORC1 genes impact whether someone 
is likely to develop a dangerous reaction to Warfarin®, 
a blood-thinning medication often prescribed for  
people at risk for blood clots or heart attacks. 

A genetic test that identifies those susceptible to that 
reaction has now been developed to help doctors 
adjust Warfarin doses based on each patient’s genetic 
profile. More than 200 pharmaceutical products either 
recommend genetic testing or point to the influence of 
genetic variability on the drug’s response. 

Pharmacogenomics has most rapidly developed in the 
field of cancer. For example, the HER2 receptor, often 
found on the surface of a cell, helps regulate when the 
cell divides and grows. In many instances of breast 
cancer, the HER2 receptor is present at very high 
levels, leading to increased cell growth and tumor  
formation. In these cases, the anti-cancer drug  
Herceptin® is added to the patient’s treatment plan 
where it increases the efficacy of chemotherapy. 

Molecular testing is needed because only 25% of 
breast cancer patients will see any benefit 
from Herceptin – the rest should be 
given another treatment. In a similar 
manner, Gleevac® and Erbitux® 
may be respectively prescribed 
for specific forms of chronic 
myeloid leukemia and colorec-
tal cancer. Both medications 
prevent tumor cells from  
continuing growth but each  
operates in a very path-
way-specific process that 
is unique to a subset of each 
cancer type. This type of therapy 
based on molecular targets is slowly 
but surely gaining in success as  
additional genetic pathways for disease  
are identified.

More than 200 pharmaceutical 
products either recommend genetic 
testing or point to the influence  
of genetic variability on the  
drug’s response.

APPLICATIONS
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Investigating recombinant DNA offer a way to re-emphasize  
central dogma (the information in DNA is transcribed into RNA and 
then translated into protein) which is a central feature of Biology COS 
standard 3 and AP Biology Enduring Understanding 3.A, and clearly 
links biological concepts to real-world application.  This approach of 
combining concept with application can be successfully incorporated 
into a number of life science as well as career/tech courses, many 
of which mention genetic engineering by name. This includes Health 
(COS objective 5) Introduction to Agriscience (COS objective 16) and 
Introduction to Biotechnology (COS objectives 9, 13 and 14).

Recombinant DNA and  
Genetic Engineering   

For centuries, humans have used selective breeding 
techniques to modify the characteristics of both plants 
and animals. Typically, organisms with desired traits 
like a high grain count, specific petal color or fragrance, 
consistent milk production or ability to herd livestock 
have been chosen to pass those traits to the next gen-
eration. These breeding practices, while very success-
ful, require a large number of generations to yield the 
desired results. In addition, only traits that are naturally 
expressed in a species can be selected. For example, 
traditional breeding methods do not allow characteris-
tics to be transferred from a plant to an animal.

Research during the last 100 years has identified the 
relationship that exists between physically observed 
traits and the genetic information that codes for those 
traits. This understanding has been coupled with modern 
molecular laboratory techniques to transfer certain traits 
expressed in one species into a different (and maybe 
very distant) species. Scientists can modify the DNA of 
bacteria, plants and animals to add genetic information 
(and the associated characteristics) from a different or-
ganism. This process has historically been called genetic 
engineering but more recently is referred to as recombi-
nant DNA technology or genetic modification. 

To make a recombinant organism, the 
gene of interest must first be isolated 
from the initial donor organism. To 
isolate the gene, scientists use 
restriction enzymes, proteins 
that can be thought of as mo-
lecular scissors that cut DNA 
at specific nucleotide sequenc-
es. The restriction enzymes 
cut the DNA on either side of 
the gene of interest. The DNA 
fragment containing the gene is 
then ligated (fused) into a different 
piece of DNA called a vector. The 
vector serves as a mechanism to carry 
the gene of interest into the host. It often 
includes additional genetic information such 
as selectable markers and genetic signals that control 
when and where it will be expressed. The vector is then 
introduced into a single host cell. From this cell, an 
entire organism, plant or animal is grown.

The organism must be tested to make sure the gene 
is functioning correctly and the organism is exhibiting 
the desired trait. Multiple generations are grown and 
tested before the crop, therapeutic drug or sensor is 
made commercially available.

Since the first recombinant DNA molecule was cre-
ated in 1973, the technology has been used across a 
wide variety of fields: 

•  amending crops such as corn or soybean, adding    
pest or herbicide resistance, or increasing nutrient 
content (see Agricultural Applications, pg. 31)

•  modifying bacteria by adding genes that produce 
enzymes used in industry (Chymosin — used for 
making cheese)

•  producing therapeutic products such as human  
insulin (Humulin®), blood clotting factors (rFVII) 

and components of the immune system 
(Enbrel®)

• developing biosensors to identify 
toxins in the water, soil or air

Recombinant DNA forms the 
core of many key biotechnology 
applications and continues to 
result in new approaches that 
impact agriculture, healthcare 

and the environment. The tech-
nology is also at the core of gene 

therapy, a series of techniques 
aimed at introducing the correct 

version of a gene into the cells of a 
patient. Gene therapy is a complicated 

process with only limited success to date.  
Silencing an overactive gene is a related form of 
therapy that at times utilizes recombinant DNA.  
More information about this approach, known as 
RNAi, can be found on pg. 51.

APPLICATIONS
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The concept of stem cells connects to several components of the 
standard Biology Course. It can be highlighted during modeling of the 
cell cycle (COS standard 4). In addition, exploring the similarities and 
differences between stem cells and differentiated cells would rein-
force concepts about structure and function of cells and how specific 
functions are performed (COS standard 2). The role of biotechnology in 
the development of induced Pluripotent Stem cells connects to Intro-
duction to Biotechnology (COS objective 5) and AP Biology (Enduring 
Understanding 3.B).

Stem Cells

Stem cells can be thought of as master cells, the raw 
materials from which a complete individual is crafted. 
The power of a stem cell lies in its pluriopotency – the 
ability to divide and develop (differentiate) into any one 
of the 220 various types of cells found in the body. As 
cells differentiate, they lose this ability: a liver cell, for 
example, can only renew itself to form more liver cells – 
it cannot become a lung or brain cell. 

Because of this pluripotency, stem cells have great 
medical potential. They could be used to recreate 
insulin-producing cells in the pancreas to treat 
Type I diabetes, to repopulate neurons destroyed due 
to Parkinson disease or to replace cells lost in 
spinal cord injuries. In the laboratory, stem cells 
have been used to successfully treat animals 
affected with paralysis, muscular dystrophy, 
Parkinson disease and sickle cell anemia.

Multiple types of stem cells have been identified or  
developed. Embryonic stem cells (ES cells) were the 
first category discovered. These cells are fully plurip-
otent, but only found in young embryos (the stage of 
human development from conception to eight weeks 
gestation). Because the process to collect ES cells 
destroys the embryo, some groups are opposed to 
their use. 

In the tissues of many developed organs, 
scientists have identified so-called 
adult stem cells that retain a por-
tion of the ability to differentiate 
into other cell types. The pri-
mary role of adult stem cells 
is to maintain and repair the 
tissue in which it is found. For 
example, bone marrow con-
tains adult stem cells, which 
can give rise to all the types of 
blood cells. This is why a bone 
marrow transplant can repopu-
late the blood and immune cells in 
a patient. It appears that adult stem 

cells may not have the full range of pluripotency found 
in ES cells, although researchers are exploring tech-
niques to use adult stem cells for certain forms  
of therapy.

Recent genetic discoveries have identified key genes 
that are active only in ES cells. Working in the labo-
ratory, scientists have used this information to mod-
ify differentiated cells to reactivate these genes, in 
effect regressing the cells into pluripotent stem cells. 
These cells are known as induced pluripotent stem 
(iPS) cells, and early research suggests they behave 
in much the same way as ES cells. Because iPS cells 
could be created by reprogramming a patient’s own 
tissues, they lack the ethical concerns posed by ES 
cells. In addition, because they are a genetic match, 
therapies using iPS cells would not be rejected by the 
patient’s immune system. While there are a number 
of technical hurdles that must be overcome before iPS 

cells are ready for clinical applications, several 
companies are beginning to explore treat-

ment possibilities.

APPLICATIONS
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The history of and findings of the Human Genome Project,  
ENCODE, 1000 Genome Project and other large scale genomic 
research projects that have shaped our understanding of how DNA 
influences traits are the specific focus of Biology COS standard 3b. 
These projects have shed light on structure of eukaryotic chromo-
somes, the influence of genetic change on human diversity and the 
functionality of non-coding regions of DNA. The annual Biotechnology 
Guidebook provides a resource for information about these projects 
that students evaluate to meet the standard. These topics also have 
merit for discussion in the Career/Tech Veterinary Science (COS 
objective 3) and Intro to Biotechnology (COS 9 and 14) courses. 

HudsonAlpha has recently revised their Exploring DNA Extraction lab 
available through AMSTI Science in Motion. Students choose from a 
variety of plant and animal samples and common household reagents. 
Given their knowledge of DNA and the biochemical nature of cell 
structures, they are tasked with creating a lysis buffer that maximizes 
the amount of DNA extracted. Students explain how their lysis solu-
tion impacts the extraction process through text, diagrams or models.

This lab could be incorporated in multiple places throughout a 
curriculum and supports a deeper grasp of the structure of DNA. 
It is a useful activity prior to discussing recent advances such as 
HapMap, ENCODE or the 1,000 Genomes project. The freely available 
Progress of Science timeline (timeline.hudsonalpha.org) provides 
information about these and other discoveries associated with the 
development of genomic sciences.

Studying the Genome to  
Understand the Sequence 

In 2001 the completion of the Human Genome Project 
and the publication of the DNA sequence found inside 
every human cell were announced with much fanfare. 
Although it may have seemed like the end of an era, 
in reality it was only the beginning. Little was known 
about how cells used DNA information to function and 
interact. There was not a clear understanding of how 
genes maintain human health or predispose to dis-
ease. A representative genome had been sequenced, 
but how many differences in the genetic information 
were present from person to person? How did the se-
quence compare to other organisms? Sequencing the 
human genome raised far more questions than
it answered.

Since that time, several large-scale projects have 
expanded our understanding of the human genome. 
The International HapMap Project identified common 
genetic variants and compared them across world 
populations. This was followed by the 1,000 Genomes 
Project, which sought to categorize rare genetic 
changes across an even larger number of global com-
munities. Collectively, these two projects identified 
more than 88 million DNA changes. 

ENCODE, the Encyclopedia of DNA Elements, was 
launched to determine the functional significance of 
every nucleotide in the genome. This project 
is working to detect and classify those 
sequences that stimulate or silence 
the transcriptional activity of all 
genes. Data published in 2012 
suggest that as much as 80% of 
the genome is involved in some 
sort of "biochemical function." 
This includes those regions 
of the DNA that are bound by 
proteins necessary to regulate 
transcription or DNA folding, but 
also includes DNA sequences 
that correspond to evolutionarily 
ancient mechanisms not used by 
human cells. Additional analyses sug-
gest that 8-20% of the genome is func-
tionally important for human life.

Just like the Human Genome Project, 
information generated by 
HapMap, 1,000 Genomes 

and ENCODE are freely 
accessible to scientists 

and the public around 
the world.
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Synthetic Biology
The concepts behind synthetic biology link to Biology COS standard  
3, particularly as it relates to understanding of the elements of 
DNA code necessary for biological function. Discussion of synthetic 
biology also connects to AP Biology (Enduring Understanding 3.A and 
3.E) and the CTE Intro to Biotechnology (COS objective 13). This is a 
natural connection to synthetic biology, which uses recombinant DNA 
techniques as the cornerstone to creating artificial bioparts, systems 
and devices. 

Synthetic biology seeks to apply engineering principles 
to biology. It has an ultimate goal of designing and 
building biological systems for specified tasks (e.g. 
drug development, material fabrication and energy 
production). The field is a collaborative effort between 
not only engineers and biologists, but also chemists 
and physicists. 

Synthetic biology aims to use engineering methods to 
build novel and artificial biological tools. This is done 
using an established engineering approach – defining 
the specification for a device or system and then using 
a set of standard parts to create a model that meets 
that specification. The basic building block is a biopart 
– a fragment of DNA with a specific function such as 
producing a protein or activating a “start/stop” switch. 
Bioparts are combined into devices that carry out a 
desired activity, like producing fluorescent protein 
under a given condition. Multiple devices can be con-
nected into a system, which performs more complex, 
higher-level tasks. 

Powerful computers offer in-depth modeling and 
simulation to predict the behavior of the part, de-
vice or system before it is assembled. The relevant 
DNA instructions are then artificially synthesized and 
inserted into a biological cell, such as bacteria. The 
bacterial cell is the “chassis” or vehicle that 
interprets the DNA instructions. If the 
synthesized information is read and 
processed correctly, then the speci-
fication and design were appropri-
ately crafted. If not, the original 
design is modified, continuing 
the design-modeling-testing 
cycle. Once complete, the de-
vice or system becomes a com-
ponent created from standard 
bioparts, rather than construct-
ed each time from scratch.

The rise of synthetic biology has 
been compared to that of synthetic 
chemistry, a field that developed and 
matured during the past century as chemists 
learned how to synthesize compounds that previously 

only existed in nature. Early examples such as  
dyes and medicines like aspirin gave way to the  
creation of plastics, semiconductors and  
complex pharmaceuticals. 

Many supporters believe that synthetic biology has 
the potential to achieve equally important results 
such as producing inexpensive new drugs, develop-
ing environmental biosensors and more efficiently 
producing biofuels from biomass.

Given that synthetic biology involves creating novel 
living organisms, it isn’t surprising that security, 
safety and ethical concerns have been raised. Like 
many other “dual use technologies,” synthetic biol-
ogy offers the potential for great good, but also for 
harm. There are concerns that the increasing acces-
sibility of this technology may spawn a new era of 
“biohackers” leading to the accidental or deliberate 
creation of pathogenic biological components. Safety 

measures taken by the research community 
include incorporating genetic signals that 

prevent uncontrolled spreading out-
side the lab environment. It is worth 

noting that in many ways, these 
mechanisms are already in 
place as part of the guidelines 
developed for recombinant 
DNA techniques that are cur-
rently in use worldwide. From 
this perspective, the advances 
in synthetic biology may be 

viewed as a natural extension 
of this research, rather than 

a great leap into unchartered 
scientific territory.
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Gene therapy, RNAi and their role in altering or silencing protein  
synthesis could be included in a Biology course (COS standard 3) 
during the gathering of evidence to explain how DNA determines the 
structure of proteins and the relationships between DNA, RNA and 
protein. In an AP Biology course, these approaches provide addi-
tional insight into how living systems store and transmit essential 
information (Enduring Understanding 3.A and 3.B). The role of these 
approaches in treating human disease would be discussed in the 
Career/Tech Intro to Biology course (COS objective 9).

Gene Therapy

Gene therapy is defined as the correction of a non-
functioning gene responsible for causing a disease.  
For example, a normal (functioning) copy of the gene 
could be inserted into a cell to replace a nonfunc-
tioning gene. As genes will not enter cells on their 
own, there must be a mechanism in place to carry the 
corrected gene into the body’s cells. The most com-
mon mechanism (vector) is an altered form of a virus.  
Viruses have the capability of infecting and inserting 
their genetic information into cells. Researchers are 
able to exploit this capability of viruses while removing 
the viral genes responsible for causing illness.  

Although the concept of gene therapy is simple in  
theory, there are several technical roadblocks that 
have to be overcome for these treatments to become 
a reality. For gene therapy to cure a disorder, the 
inserted gene must remain active in the body’s cells 
long-term. Currently it is difficult to retain the added 
gene through multiple rounds of cell division, making 
it hard to achieve successful gene therapy in actively 
dividing cells. In addition, it is difficult to ensure that 
the vector containing the therapeutic gene reaches 
the organs and body tissues where symptoms occur.  
Some of the recent successes in gene therapy  
research have been in ocular (eye) diseases in  
which the targeted body area is easily accessible.   

One of the major setbacks in gene therapy  
research occurred in 1999 with the death of  
18-year-old Jesse Gelsinger. Jesse had a 
rare genetic condition called ornithine 
transcarboxylase deficiency (OTCD) in 
which a gene mutation causes an 
enzyme important for the remov-
al of nitrogen from the body to 
be absent. Jesse enrolled in a 
clinical trial for gene therapy 
of OTCD aimed at determining 
a safe dose for treatment and 
documenting potential side 
effects. Four days after start-
ing the treatment, Jesse passed 
away from multiple organ failure 
thought to have been triggered by an 
immune response to the viral vector.   

THERAPEUTIC APPROACHES

Researchers are working to overcome many of the 
roadblocks described above and are making promising 
strides in developing safe and effective methods for 
introducing functional genes into the body.  

RNAi

Another type of gene therapy currently being  
researched is RNAi. Much like turning off a light 
switch, RNA interference (RNAi) offers the ability to 
selectively silence or “turn off” the activity of a single 
gene. This technology has the potential to revolution-
ize our understanding of how genes work and offers 
new promise in therapy and treatment. 

In addition to mRNA and tRNA found in cells,  
researchers in the 1990s noted an additional form of 
RNA composed of small double-stranded molecules.  
These fragments could effectively stop protein pro-
duction by coordinating the destruction of the single 
stranded mRNA. In other words, the double stranded 
RNA interfered with the mRNA, effectively silencing 

the activity of the gene. Researchers have 
utilized the RNAi pathway to explore 

the effects of systematically silenc-
ing genes. Short synthetic dou-

ble-stranded RNA molecules can 
be created in the laboratory and 
delivered into cells, leading to 
partial or complete cessation of 
protein production for specif-
ic targeted genes. The ability 
to target and deplete specific 
proteins has identified RNAi as 

a potential therapeutic pathway.  
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EDUCATION
PROGRAMS

The HudsonAlpha Educational Outreach team 
inspires and prepares society to embrace and use 
genomic information. The team nurtures the 
workforce for tomorrow’s life science laboratories 
and companies. 

HudsonAlpha provides educational programs for 
students, teachers, health professionals and the 
community at large. This graphic highlights the 
various outreach opportunities. 

Code of Life, I Want to Work in a Lab Coat,  
UDSO Challenge: summer camp series

Digital applications*

Middle School StudentsHigh School Students

Medical Professionals

      
  

Elementary  Students

Lifelong Learners

High School Educators

Middle School Educators

Undergraduate and

       
 Graduate Students

BioTrain®: summer student internship
Genetic Counseling mini rotation 

PORTALS: biotech skills course 
CODE: DNA variant modeling

Nursing student training
Digital applications*
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Biotech 101 & 201: public seminar series 
DNA Day GeneChat: social media event
Digital applications*

Genomics & Your Practice: healthcare provider continuing education
Genome Gateway®: patient communications and education

Community events and activities

APPLE: scientists on site with AP Biology classes
Biotech Academy: summer intensive experience
Summer Short Course: themed science camp 
LABS: after-school lab skills program 
Digital applications *

Visit www.hudsonalpha.org/education to find out 
more about the programs offered at HudsonAlpha.

Medical Professionals

      
  

Elementary  Students

High School Educators

Middle School Educators

Undergraduate and

       
 Graduate Students

Alabama Science in Motion: classroom kits
Annual Guidebook: recent biotechnology discoveries and applications
Compendium: a Biology teacher's field guide
GREAT: genetic content updates for Alabama educators
GTAC®: summer educator professional learning academies
Bicentennial Barcoding: cataloging Alabama's native plants
Field trips to biotech campus

* Digital applications (see pg. 56 for application details)

Alabama Math, Science and Technology Initiative: 
     genetics and biotechnology classroom module
Middle School GPS: genetics content updates for Alabama educators
Field trips to biotech campus 
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STATUTES AND SESSION LAW

Code of Alabama

Section 40-9-34 
HudsonAlpha Institute for Biotechnology.

(a) The following is hereby found and declared by the Legislature of Alabama:

(1) The lack of content in natural and bio-science education offered to students in kindergarten through high 
school is a nationwide problem.

(2) Such lack in curricular offerings to students will be detrimental in the long-term to the economy of the 
state and the welfare of the citizens during the scientific revolution now engulfing the world.

(3) The biotechnology institute can provide to education leaders of the distance learning program of the state 
cutting edge biotechnology curriculum recommendations and content for Alabama high schools, by providing 
information about cutting edge biotechnology curriculum and content to students in kindergarten through 
high school pursuant to the distance learning program of the state, the state course of study, and state
textbooks.

(4) By educating Alabama high school students in the field of biotechnology, such students are more likely to 
pursue careers in the biological sciences, thereby providing the state with a better educated workforce able 
to support the growing biotechnology industry, in turn attracting and encouraging biotechnology companies 
to locate in the state and create additional challenging and rewarding job opportunities for the citizens of the 
state.

(5) The reputation, economic status, and educational system of the state will be further enhanced by the 
addition of an internationally renowned biotechnology institute that will support internationally recognized 
scientists and researchers, with a focus on scientific discoveries that are intended, when possible, to be prov-
en in the state and provided by companies in the state to patients suffering from diseases.

(6) By establishing a biotechnology campus, the biotechnology institute will be in a better position to join with 
the economic development leaders of the state to attract biotechnology companies to the campus and to the 
state, thereby creating additional job opportunities for the citizens of the state.

(b) The HudsonAlpha Institute for Biotechnology, a nonprofit corporation, and any real and personal property owned 
by the corporation, shall be exempt from the payment of any and all state, county, and municipal taxes, licenses, 
fees, and charges of any nature whatsoever, including any privilege or excise tax heretofore or hereafter levied by 
the State of Alabama or any county or municipality thereof.

(c)(1) In exchange for the tax exemption granted in subsection (b), beginning October 1, 2008, and for each year 
thereafter, the HudsonAlpha Institute for Biotechnology shall make a report to the State Board of Education detail-
ing the curricular content in biotechnology which could enhance the state distance learning program. This subdi-
vision shall not apply in the event that the distance learning program is discontinued, or is no longer in existence. 
Further, the HudsonAlpha Institute for Biotechnology shall report annually to the State Board of Education, the State 
Course of Study Committee, and the State Textbook Committee all new developments in the field of biotechnology 
which could be integrated into the curriculum for high school courses in science and health.
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HudsonAlpha iCell, one of Apple’s featured biology apps on the 
iTunes® Education market, allows students to explore representa-

tive plant, animal and bacteria cells with vivid 3D models. 
iCell is available on multiple platforms and has been 
downloaded over 3 million times by students and educators 
around the world.

Why use flat images from a textbook when your students can 
explore cell structure in 3D?

iCell is available on Apple® and Android® devices, Windows 8® tablets, as a
downloadable program for Mac® and Windows®, and at icell.hudsonalpha.org.

The Progress of Science™

The Progress of Science is an online timeline that details over 200 major accomplish-
ments and milestones in genetics and biotechnology during the past 10,000 years.  
The digital timeline is an interactive navigation tool that offers details on each major 
event and links out to other online resources where available. The timeline is  
frequently updated, keeping the content current for classroom discovery. 

Build your own genome, or walk ours. Genome-
Cache combines the challenge of a scavenger 
hunt with the human genome. It allows anyone to 
create up to 20 walkable paths that explore the 
human genome with over 150 challenging ques-
tions, a leaderboard and themed paths. Genome-
Cache combines clues, fun facts and trivia ques-
tions to create an engaging learning experience. 

GenomeCache® is available on iPad®, iPhone®, through GooglePlay™ and at genomecache.hudsonalpha.org.

With this online interactive game, your students 
work together to ensure the health and safety of 
a deep space crew while learning the genomics 
of common disease. Touching Triton teaches the 
complexity of common disease risks from family 
history, environment and individual genomic profiles. 
Students begin to understand how genetics and 
lifestyle choices affect their health. 

Want to enhance the way 
your students learn about 
the genetics of disease? 

®

Made possible by:  

®

triton.hudsonalpha.org

Grant Number 8R25 OD010981-02

Touching Triton engages students in a long-term 
space flight storyline while helping them build an 
understanding of common complex disease risk. 

* Digital applications:  iCell®, GenomeCache®, The Progress of Science Timeline, 
Touching Triton®, the HudsonAlpha Vimeo® channel: vimeo.com/hudsonalpha

The Progress of Science 
can be accessed at timeline.hudsonalpha.org.
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