
Dartmouth Undergraduate 
Journal of Science
FALL 2015   |   VOL. XVIII   |   NO. 1

The interconnected nature of science

SYNTHESIS AND 
SYNERGY

DUJS

v

Spotlight on 
Molecular Biology

p. 3 p. 8 p. 33

Faculty interview with  
Associate Professor Amy 

Gladfelter

An interdisciplinary discussion 
of current advancements and 

challenges

The Evolution of the 
Computer Composer

Global Health in the 
Modern Era

A look into algorithmic music 
and composition

DARTMOUTH UNDERGRADUATE JOURNAL OF SCIENCE
Hinman Box 6225
Dartmouth College
Hanover, NH 03755
USA

http://dujs.dartmouth.edu

dujs@dartmouth.edu





Note from the Editorial Board
Dear Reader,

Synthesis and synergy are essential to scientific progress. Without collaboration across various 
disciplines and countries, science, technology, engineering, and math truly would not be where 
they are today. The increasing importance of synthesis in science can be seen all around us, from 
innovations in engineering to global initiatives to improve healthcare. Recognizing the importance 
of interconnectedness in science, we examine current examples of synthesis and synergy in this 
issue of the DUJS. 

Our staff review articles discuss a range of topics. Christina Long explores the potential of new 
epigenetic cancer treatments to bolster treatments such as chemotherapy and radiation therapy. 
Anirudh Udutha delves into the complexities of algorithmic composition, discussing the use 
of computers to write music. Peter Vo takes us back to the health arena, assessing the use of 
Designer Receptors Exclusively Activated by Designer Drugs (DREADDs) to combat disease and 
control tissue growth.

Next, Nan Hu details the launch of the Hubble Space Telescope, ranging from government 
resistance to fund the project to Hubble’s structural defects. Bringing us back to Earth, Kevin 
Kang provides an overview of new materials used in coronary stents to treat the growing number 
of Americans suffering from cardiovascular disease. Krishan Canzius explains the ultimate 
synthesis: how the elements of the universe came to be over 10 billion years ago. Hae-Lin Cho 
evaluates ongoing research in artificial photosynthesis, which experts hope will move us closer 
to solving the world’s energy crisis. Taking us back in time, Ali Siddiqui examines interactions 
between humans and Neanderthals. 

In an evaluation of the interdisciplinary nature of health and medicine, Kaina Chen details global 
initiatives that aim to move us toward healthcare equality and how new, affordable technologies 
will help achieve this goal. Katie Billings reviews a recent publication regarding the use of 
biomarkers to choose specialized treatments for depression. Finally, Christine Park gives the 
reader a glimpse into new applications of synthetic biology to food production.

Our fall issue also features a faculty interview with Amy Gladfelter, Associate Professor of 
Biological Sciences, where she discusses her research regarding septin filament formation and its 
role in cell shape and structure. We also have an original undergraduate research submission from 
Miranda J. Stein, Leehi Yona, Fredrik A. A. Eriksson, and Ann M. Dunham detailing their research 
on island biogeography theory conducted during their foreign study program in Costa Rica.

We would like to thank our writers, editors, staff members, and faculty advisors for making this 
issue of the DUJS possible. Without the support of the Dartmouth community, we would not be 
able to maintain our success as an outstanding scientific outlet.

Thank you for reading the DUJS, and we hope you enjoy the issue.

Sincerely,

Stephanie Alden 
Editor-in-Chief

DUJS
Hinman Box 6225

Dartmouth College
Hanover, NH 03755

(603) 646-8714
http://dujs.dartmouth.edu

dujs@dartmouth.edu

Copyright © 2015
The Trustees of Dartmouth College

The Dartmouth Undergraduate 
Journal of  Science aims to increase

scientific awareness within the 

Dartmouth community by providing 

an interdisciplinary forum for sharing 

undergraduate research and enriching 

scientific knowledge.

EDITORIAL BOARD
President: James Howe ’17

Editor-in-Chief: Stephanie Alden ’16

Chief Copy Editor: Annie (Yi) Sun ’16
Managing Editors: Melvin King ’16, Kartikeya 

Menon ’16, Jingya Qiu ’16, Matthew Jin ’17
Assistant Editors: Hae-Lin Cho ’17, Stephen 

Ofori ’17, Ali Siddiqui ’17, Yixuan He ’18, Kevin 
Kang ’18

Lead Design Editors: Jocelyn Shyong ’16, Lily 
Xu ’18

Assistant Design Editors: Jenna Shin ’18, 
Charlotte Berry ’19

Web Development: Alexandra Dalton ’16
Director of Operations: Matthew Jin ’17

Director of ISEC: Kevin Kang ’18

STAFF WRITERS
Katie Billings ’16
Hae-Lin Cho ’17
John Gilmore ’17
Christine Park ’17

Ali Siddiqui ’17
Jennifer Yeoh-Wang ’17

Heeruk Bhatt ’18
Krishan Canzius ’18

Kaina Chen ’18
Nan Hu ’18

Kevin Kang ’18
Sam Lee ’18

Christina Long ’18
Chiemeka Njoku ’18

Jenna Shin ’18
Sumita Strander ’18
Anirudh Udutha ’18

Peter Vo ’18
Arun Hari Anand ’19
Charlotte Berry ’19

Aneeq Chaudhry ’19
Alex Ermides ’19

Rebecca Flowers ’19
Don Joo ’19

Thomas Kim ’19
Josephina Lin ’19
Brenda Miao ’19

Sam Reed ’19
Amauri Ross ’19

Arvind Suresh ’19
Cara Van Uden ’19

ADVISORY BOARD
Alex Barnett - Mathematics
David Bucci - Neuroscience

Marcelo Gleiser - Physics/Astronomy
David Glueck - Chemistry

Carey Heckman - Philosophy
David Kotz - Computer Science

Richard Kremer - History
Maria Laskaris - Undergraduate Admissions

William Lotko - Engineering
Jane Quigley - Kresge Physical Sciences Library 

Roger Sloboda - Biological Sciences
Leslie Sonder - Earth Sciences

SPECIAL THANKS
Dean of Faculty

Associate Dean of Sciences
Thayer School of Engineering

Office of the Provost
Office of the President

Undergraduate Admissions
R.C. Brayshaw & Company



DARTMOUTH UNDERGRADUATE JOURNAL OF SCIENCE2

Table of Contents
Faculty Spotlight: Amy Gladfelter     3
Heeruk Bhatt ’18

The Developing Role of Epigenetic Drugs in Cancer Therapies  5 
Christina Long ’18

The Evolution of the Computer Composer    8
Anirudh Udutha ’18

DREADDful Solutions to Dreadful Problems    13
Peter Vo ’18

The Hubble Space Telescope: A Look Behind the Lens   16
Nan Hu ’18 

Coronary Biomaterials: 
Characterizing and Synthesizing Metallic Stents   19
Kevin Kang ’18 

The Story of Stuff: Synthesis of Elements in the Universe  22
Krishan Canzius ’18 

Artificial Photosynthesis: Combining Nature and Technology  25
Hae-Lin Cho ’17 

The Genetic Footprint that Neanderthals Left on Humans  29 
Ali Siddiqui ’17

Global Health in the Modern Era: An Interdisciplinary  
Discussion of Current Advancements and Challenges   33 
Kaina Chen ’18

Neuroimaging Guides Treatment Selection for Depression:  
The Biomarker Approach      38 
Katie Billings ’16

Synthetic Food for the Better?      41
Christine Park ’17

ORIGINAL RESEARCH SUBMISSIONS
Little worlds: the island biogeography theory in bromeliad  
phytotelmata at Monteverde Cloud Forest, Costa Rica   45
Miranda J. Stein, Leehi Yona, Fredrik A. A. Eriksson, and Ann M. Dunham

5

41

  8

13

19

33



FALL 2015 3

Faculty Spotlight:
Amy Gladfelter

Associate Professor Amy Gladfelter earned 
her Bachelor of Arts in molecular biology from 
Princeton University and her Ph.D. in genetics 
from Duke University. After completing her 
thesis, she conducted postdoctoral research 
at the University of Basel Biozentrum in 
Switzerland before joining Dartmouth College 
as both a researcher and an Associate Professor 
of Biological Sciences. She teaches numerous 
biology courses, including those on cell structure 
and function, the molecular basis of cancer, and 
the cell cycle and death mechanisms. An author 
on over 40 publications, one of which has been 
cited over 200 times, Professor Gladfelter is 
a pioneer in septin research and has even lent 
her work to a chapter in the text Septin Biology. 
Guided by her curiosity and love of science, 
Professor Gladfelter continues to move forward 
as a leader in her field.

BY HEERUK BHATT ’18

A quick glance at your publications shows quite a bit 
of work on septin. What inspired you to start working 
in this field? 

About half of the lab is working on septins.  Septins 
are interesting to us in many ways.  One of the reasons is 
that septins are important in cellular organization and are 
part of the cytoskeleton, yet we do not really understand a 
lot about how they work.  The mystery starts at the level of 
the molecule and even goes to the level of cells and tissues.  
Every day we learn something new.  In fact, just before I 
came here for this interview, I spoke to a student about a 
septin-related project where we think that cells use septins 
to know their shapes and determine where these cells have 
parts sticking out.  

I actually started studying septins by accident as a 
graduate student as a few side experiments. I looked at 
mutants of the Cdc42 G-protein and found that affecting 
Cdc42 changed septins. Since then, I have been working on 
septin polymerization and feel that septins are just really 
fun to work with. 

What are septin filaments? What are their major functions 
in cells?

Septins are part of the cell’s structural cytoskeleton; they 
help cells know what shape they are.  We also think they are 
important as scaffolds in that they can recruit particular proteins 
at a particular time, which seems to be the reason they are 
important in cytokinesis, the last stage of cell division.  They 
may also play a role in organizing membranes and may affect 
what flows through these membranes because, in many cases, 
septins polymerize on the membrane itself.

What differentiates septin from the other parts of the 
cytoskeleton?  

For septin, the differences actually begin at the level of the 
subunit.  Whereas the smallest functional unit for actin is a 
monomer and for microtubules is a dimer, the smallest functional 
unit for septin is an octamer, meaning that it is composed of 
eight protein subunits.  Also, much has to be learned about the 
associated proteins for septin.  In actin, it is very clear that certain 

Image courtesy of Amy Gladfelter.
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proteins help to create straight filaments, while other proteins 
help to create branched structures.  It is known that similar 
proteins exist for septin, but the interactions between septin 
and these proteins are largely unclear.  It is also important 
to mention that septin does not act alone in the cell – it also 
interacts with other parts of the cytoskeleton, such as actin, 
and is thought to bundle actin together into filaments.  This 
idea adds to the complexity of septin function.

Many of your experiments use the Ashbya gossypii 
fungus; why did you choose this as a model organism? 
What differences exist between fungal septin and 
human septin?

Unlike humans, who express 13 different septins, Ashbya 

gossypii only express about four to five.  This makes the fungi a 
little bit simpler and easier to genetically manipulate.  Still, the 
fungus is an ideal organism because it has really neat branched 
filaments that resemble human neurons and incorporate very 
similar signaling pathways.  Human neurons are very rich 
in septin, so we are now conducting experiments with these 
neurons to test hypotheses that we used for Ashbya gossypii 

septin.  These experiments would help us understand the 
applications of our Ashbya gossypii work in the human system.

Are problems with septin linked to any diseases?
Because they are enriched in neurons especially, septins 

have been linked to a lot of neurodegenerative diseases like 
Parkinson’s disease and Alzheimer’s disease.  Faulty septins 
may not be the major cause of these conditions, but they 
probably contribute to the pathology.  Mutations in septin 
are also being associated with autism and other inherited 
neurological conditions.  

Since septin plays a major role in cell division, it is often 
misregulated in cancers, allowing tumors to grow to large 
sizes.  In fact, septin is currently being used as a diagnostic 
measure for colon cancer.  The important thing to know is that, 
because septin has such diverse functions and localization, it is 
implicated in many diseases. 

What kind of microscopy do you use to view septin?  
Everything! I mean, we really do use a lot of different 

imaging approaches.  Most of our work involves light 
microscopy and fluorescence microscopy, which we use to 
view fluorescent proteins encoded by genes that we have 
inserted near our gene of interest.  Anything with our gene 
of interest should then glow a specific color when viewed.  If 
we want a particularly high resolution, we will use electron 
microscopes to look at septins as purified proteins as well as 
in cells. We also use confocal microscopy and total internal 
reflection (TIRF) microscopy to sensitively detect septins on 
the cell membrane.  Our techniques have even helped us see 
septin at the level of filaments forming on the surface of live 
cells. 

What are the future directions and potential 
applications of your work on septin? 

The one thing I know is that I don’t know. It’s really hard 
to know where you’re going to head.  Because septins are 
related to a lot of devastating diseases like cancer, they certainly 
could be targets for treatment.  My short-term goal is to try to 
use the reconstitution of purified septin protein and build an 
organization that is as complex and life-like as possible.  This 
way, we may be able to better understand both the nature of 
polymerization and the function of septins in humans. 

 A major application of our work will probably be in the 
realm of synthetic biology, as we try to build intricate cell 
signaling scaffolds.  At the end of the day, we are going to go 
where the questions take us and do what technology enables. 
It’s actually really nice to be riding on the little discoveries that 
you make in the lab everyday. 

Image courtesy of Andrew Bridges.

Figure 1: Above are septin filaments (green) that have formed in the 
hyphae extensions (purple) of Ashbya gossypii. Prior to imaging, a gene 
for the green fluorescent protein (GFP) had been inserted near the 
septin gene.

Image courtesy of Amy Gladfelter.
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BY CHRISTINA LONG ’18

The Developing Role of Epigenetic 
Drugs in Cancer Therapies

MEDICINE

Image courtesy of Christoph Bock. 
Available at https://en.wikipedia.org/wiki/Cancer_epigenetics#/media/File:DNA_methylation.jpg

Overview
Cancer is a disease of misinformation. 

Although cell division is usually strictly 
regulated, genetic mutations can cause the 
genes that regulate this process to lose their 
effectiveness, resulting in cells that no longer 
know when to stop dividing. More recent 
research suggests that cancer may not only be a 
disease of genetics, but also of epigenetics, which 
controls gene regulation (1). 

While genes contain the coding information, 
the epigenome regulates the parts of the genome 
that are actively undergoing translation. The 
two systems work in partnership, meaning that 
changes or errors on either end can result in the 
malfunction of genes vital to cell cycle control. 
Because errors are even more likely to occur in 
the epigenome than in the genome, many cancers 
may result from epigenome malfunction (1).

The Epigenome
The human genome contains six billion base 

pairs of information which, when stretched out, 
amounts to two meters of DNA (2). To contain 
the entire genome within each cell, the DNA is 
condensed by winding the DNA around protein 
complexes called histones. However, this packing 
results in tightly-wound regions of our genome 
becoming inaccessible to transcription factors, 
which regulate gene expression. Acetyl tags 
are added to histones to loosen the chromatin, 
allowing transcription to occur (3). The presence 
or lack of acetylation contributes to whether 
the gene can or cannot be transcribed, creating 
a system of gene expression and gene silencing 
dependent upon the amount of acetylation 
around genes—an epigenetic system (2). 

The physical DNA has its own system of 
epigenetic regulation involving methyl tags. 
Highly-methylated regions of DNA become 
closed off from necessary transcription factors, 
creating an antiparallel system in comparison to 
histone acetylation. Whereas high acetylation 

activates genes, high methylation silences 
genes, and low methylation reactivates them (4). 

The pattern of DNA methylation and 
histone acetylation is usually regulated, 
maintained, and passed on to daughter cells, but 
this system is imperfect. Errors in any part of the 
epigenetic pattern can result in inappropriate 
silencing or over-expression of genes. When 
hypermethylation or hypoacetylation silences 
tumor suppressor genes, the cell may continue 
to divide well past its normal limits. Conversely, 
the hypomethylation or hyperacetylation of 
genes that promote growth can have the same 
cancerous effect (2). 

Unlike changes to DNA, changes to the 
epigenome are reversible, as various molecules 
can add or remove acetyl and methyl tags. 
Modern cancer therapies typically include 
surgery, chemotherapy, and radiation, none 
of which addresses the role of the epigenome. 
When combining traditional methods with 
epigenetic treatments, however, scientists have 
observed positive results. Several epigenetic 
drugs are already FDA approved, while hundreds 
more are in development (1).

Targeting Methylation
Enzymes called DNA methyltransferases 

(DNMTs) methylate DNA by attaching methyl 
tags to cytosines that are followed by guanines 
(1). If this cytosine to guanine pair (CpG) 
occurs in the promoter region of a gene, the 
gene is silenced (1, 4). When functioning 
normally, DNMTs play an important role in 
silencing “unnecessary” genes. When behaving 
aberrantly, they can hypermethylate a region of 
DNA that should be expressed (3). 

In the case of cancer, DNMTs can 
hypermethylate and silence tumor suppressor 
genes, preventing processes such as programmed 
cell death and DNA repair that ordinarily keep 
cell division in check (3). There is a significant 
correlation between cancer occurrence and 

Figure 1: A part of a DNA 
molecule that has methyl tags 
on two cytosines.

“Because errors 
are even more likely 
to occur in the 
epigenome than in 
the genome, many 
cancers may result 
from epigenome 
malfunction.”
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hypermethylation in tumor suppressor genes. 
By detecting and understanding 

hypermethylation, scientists have developed 
tools to combat this anomaly: DNA 
methyltransferase inhibitors (DNMTis). DNMTis 
are non-specific molecules that target DNMTs 
and prevent methylation of the DNA (3). 

DNMTis come in two forms: nucleoside 
analogues and non-nucleoside analogues 
(3, 4). Nucleoside analogues are generally 
more effective and are currently the only 
FDA-approved DNMTi treatment (1). These 
molecules integrate themselves into the DNA 
as nucleotides and bond with DNMTs that are 
already present in the body, trapping them and 
depleting the available supply of DNMTs (3, 4). In 
a recent clinical trial, application of the DNMTi 
azacitidine, an analog of the nucleoside cytidine, 
reactivated the incorrectly silenced PDLIM2 gene 
in both in vivo and in vitro experiments (5). This 
DNMTi also enhanced the chemosensitivity of 
the cancer, increasing the effectiveness of normal 
chemotherapy treatments (2).

Non-nucleoside DMNTis are small 
molecules that directly attach to DNMTs to 
inhibit them. While these  compounds are less 
understood than their nucleoside analogues, 
physicians still use them to treat various forms 
of cancer (1). One such drug, hydralazine, 
has proven to be as effective as azacitidine in 
reactivating erroneously silenced genes in both 
mouse and human trials (6). 

Targeting Acetylation
Acetyl tags work by exploiting electrostatic 

forces. Negatively-charged DNA attracts 
positively-charged histones, and acetyl tags, 
which carry a negative charge, attach to these 
histones and neutralize them, causing the DNA 

to loosen (4). As in hypermethylation, a lack of 
proper acetylation on histones will lead to gene 
silencing. When this silencing occurs on a tumor 
suppressor gene, it invites the risk of unchecked 
cell division due to the potential suppression 
of apoptosis, DNA repair, and regulation of the 
cell cycle (7). Histone deacetylases (HDACs) are 
responsible for removing acetyl tags and, therefore, 
are implicated in cases of hypoacetylation (1). 
Histone deacetylase inhibitors (HDACis) are 
analogous  to DNMTis. HDACis come in various 
forms and are generally less well-understood 
than their DNMTi counterparts (4). 

Despite an incomplete understanding of 
HDACi drugs, researchers and physicians have 
effectively developed and used these compounds 
to combat cancer. The HDACi butyrate effectively 
reactivates silenced tumor suppressor genes, 
including those responsible for the inhibition 
of cell growth and the induction of apoptosis. 
The drug also increases cancer’s receptivity to 
radiation treatment (3). When paired with more 
traditional radiation therapy, HDACis bolster 
the radiation therapy’s overall effectiveness (3, 
4). Valporic acid, another HDACi, helps increase 
the efficacy of both endocrine therapy and 
chemotherapy. The combination of HDACis and 
DNMTis with traditional therapies yields better 
results than any one individual treatment (3).

Drawbacks
There are several points of concern in 

epigenetic therapies for cancer, the most 
dangerous being the nonspecific nature of most 
of the treatments. The majority of DNMTi and 
HDACi treatments do not target specific tumor 
suppressor genes specifically, but rather act on 
a more general scale (2).

For example, DNMTis demethylate 
CpG pairs across the genome. While this 
demethylation affects silenced genes that may 
cause cancer, it also runs the risk of incorrectly 
demethylating third-party genes (2). There 
is global hypomethylation in the genome of 
cancer cells and local hypermethylation at 
the promoters of tumor suppressor genes (4). 
DNMTis may work to free up hypermethylated 
regions, but they also run the risk of 
exacerbating the hypomethylated nature of 
the cell on the whole, meaning DNMTis could 
activate genes previously kept silent. If these 
genes are oncogenes, which have a role in 
promoting cell growth and division, the effects 
could be dangerous. The same can be said for 
HDACis, which may be even more detrimental, 
as we do not fully understand their mechanism 
of action (4).

Epigenetic therapies are also not stand-
alone solutions. Instead, they work to bolster 
existing therapies and create a treatment that 

Figure 2:  A rendering from the 
Protein Data Bank depicting 

DNA wound around a complex 
of four histones. This winding 
is done in order to compress 

DNA, allowing it to fit inside a 
cell’s nucleus.

Image courtesy of Wikimedia Commons. 
Available at https://en.wikipedia.org/wiki/Histone#/media/File:Protein_H2AFJ_PDB_1aoi.png
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is greater than the sum of its parts (2). Current 
therapies involving epigenetics have also shown 
no effectiveness against solid tumors, although 
more trials are underway (1, 2, 4). Additionally, 
DNMTis may only be effective so long as 
physicians continually administer the drug. This 
fact poses a serious problem, as it is possible that 
continuous administration of DNMTis could 
result in detrimental long-term impacts on the 
chromatin. When treatment stops, however, 
the next generation of cells will revert to the 
old pattern of methylation present prior to the 
drug’s introduction (4). 

Moving Forward
Not all of these drawbacks are dead ends. 

There are epigenetic therapy trials in solid 
tumor patients currently underway that may 
show positive results with time (2). In addition, 
there are ongoing efforts to create epigenetic 
therapies directed at specific genes. A study 
using breast cancer cells showed that DNMTi 
molecules could be paired with targeting 
molecules to latch onto a specific gene. In this 
case, DNMT3B was successfully directed to the 
over-expressed oncogene SOX2, silencing it 
through additional methylation of the gene (8).

More innovative ideas are also breaking 
the surface. Certain existing breast cancer 
therapies only work on cells that are receptive 
to estrogen (ER positive). Epigenetic therapies 
can be used not to directly treat the cancer, 
but instead to indirectly treat the disease by 
spurring estrogen receptiveness in ER negative 
patients, opening up a wider range of treatment 
options (6). Even more ambitious projects lie in 
the future. Some scientists hope to map out a 
“healthy” epigenome and then use this genome 
as a prognostic and diagnostic tool to compare 
the epigenetic states of possible cancer patients 
to those of healthy patients (9). 

The epigenome is still new territory. 
Scientists do not have a concrete understanding 
of all of the epigenome’s components, but 

its role in gene activation and suppression 
remains undeniable. The medical manipulation 
of epigenetic tags can both silence oncogenes 
and reactivate tumor suppressor genes. Existing 
successes suggest that the pairing of epigenetic 
and traditional therapies may one day become 
the default approach in cancer treatment. 

CONTACT CHRISTINA LONG AT 
CHRISTINA.R.LONG.18@DARTMOUTH.EDU
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Figure 3: Unrestrained growth 
and division that occurs in 
tumorous tissues can result 
from changes in the pattern of 
DNA methylation and histone 
modification.

Image courtesy of Wikimedia Commons. 
Available at https://commons.wikimedia.org/wiki/File:Epigenetic_alterations_in_tumour_progression.svg

“The epigenome is 
still new territory. 
Scientists do not 
have a concrete 
understanding of all 
of the epigenome’s 
components, but 
its role in gene 
activation and 
suppression remains 
undeniable.”
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Figure 1: Neural networks 
have been a major advance in 

algorithmic composition.

Introduction
In 2012, Francisco Vico and other 

researchers from the University of Málaga in 
Spain released Iamus, a music album completely 
composed by a computer of the same name. 
Professional musicians played all of the songs 
on the album, including orchestral pieces 
performed by the London Symphony Orchestra. 
The “stimulating” and “expressive” music had 
come a long way from earlier attempts at 
computer-generated music, but Iamus was still 
met with mixed reception (1). Nevertheless, 
this album is a landmark achievement for the 
field of algorithmic composition, as Iamus, the 
computer, developed its own style of music 
rather than attempting to imitate another style, 
as many previous ‘computer composers’ have 
done. 

From Pythagoras to Mozart: 
Early Algorithmic Applications in 
Composing

Although many people associate the term 
‘algorithm’ with the relatively recent arrival 
of the computer, the concept of algorithmic 
composition, or the use of a formal procedure 
to develop a musical work with limited human 
intervention, has existed at least since the 
time of the Ancient Greeks, if not longer (2, 3). 
Pythagoras, the Greek philosopher, believed 

that numbers were the basis of music, and 
many credit him with the discovery of the 
numerical ratios of musical intervals. Such 
mathematical descriptions of musical intervals 
appear in a number of Ancient Greek texts on 
music theory; however, there is little evidence 
to suggest that this formulaic approach was 
applied to actual Greek musical compositions, 
which were likely improvised (3). 

There is no evidence of an algorithmic 
approach to actual music composition until 
the work of the Italian music theorist Guido 
D’Arezzo in the 11th century (4). D’Arezzo used 
a simple algorithm to develop a correspondence 
between the vowels of a short text and musical 
pitches. This method produced a large number 
of possible melodies; the composer could 
then select one that followed certain stylistic 
guidelines (4).

A similar method called soggetto cavato 
arose during the Middle Ages. This method 
produced a one-to-one correspondence 
between letters in a text and musical notes. 
Bach employed this technique on his own name 
(B-A-C-H) in The Art of Fugue, and Maurice 
Ravel converted “Haydn” into the BADDG 
motif featured in his minuet commemorating 
Haydn. In the late 1700s, Mozart used a 
dice game and a table of various possible 
music measures to construct a full musical 
composition in Musikalisches Würfelspiel (4). 

BY ANIRUDH UDUTHA ’18

COMPUTER SCIENCE

Image courtesy of Simon Cockell. 
Available at https://www.flickr.com/photos/sjcockell/4398929160/

The Evolution of the 
Computer Composer
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Along similar lines, John Cage, a 20th 
century American composer, employed chance 
in a variety of ways in his compositions. 
One piece was performed by playing chess 
on a special chessboard such that each 
move triggered a sound, while he composed 
another piece by overlaying score paper 
on astronomical maps and placing notes 
wherever stars appeared. These chance-based, 
or aleatoric, algorithms differ from other 
algorithms used for music composition, as 
they are not specified and are thus played 
differently every performance (2).

Early Computer Composers
With the invention of the computer, 

composers were able to use much more complex 
algorithms in their music. Ada Lovelace, the 
19th century inventor of the calculating engine, 
a precursor to the modern computer, predicted 
that the computer could potentially “compose 
elaborate and scientific pieces of music of any 
degree of complexity” (5). While algorithmic 
composition continued to progress without 
the use of computers, in 1957, Lejaren Hiller 
and Leonard Isaacson programmed the Illinois 
Automatic Computer (ILLIAC) to produce 
the first known computer-generated music. 
To compose a piece for a string quartet, 
ILLIAC first generated musical pieces and 
then modified them with various functions. 
Next, the program selected certain modified 
pieces according to preprogrammed rules (2). 
Hiller and Robert Baker used this generate-
modify-select structure in the late 1950s and 

early 1960s to write the MUSICOMP software 
program, which aided in music composition. 
MUSICOMP was especially important because 
Hiller and Baker used multiple “small, well-
defined compositional functions” called 
subroutines that generalized the compositional 
process, allowing composers to more easily 
shape the resulting music (2).

Around the same time, Iannis Xenakis 
was taking a probabilistic approach to 
music, creating ‘stochastic’ music. Xenakis 
used computers to produce material given 
probabilistic weights for various musical 
parameters (3). Probability theory allowed 
Xenakis to control the overall behavior and 
density of sound masses while leaving the 
exact sequence of the individual pitches in the 
sound mass to be randomly generated (4). This 
method differed from Hiller’s in that it used 
probability theory, while Hiller’s method used 
a more strictly ‘rule-based’ program. Xenakis’s 
methods are also better characterized as 
computer-assisted composition, while Hiller’s 
computer programs actually generated their 
own musical compositions (4). 

Since the 1960s, advances in artificial 
intelligence and mathematical modeling have 
led contemporary algorithmic composers 
to use a number of different approaches to 
execute computer-generated music.

Contemporary Approaches to 
Algorithmic Composition

Stochastic approaches to composition, 
like that of Xenakis, are generally more 

Figure 2 (left): John Cage, 
a 20th century composer, is 
recognized for his unique use 
of chance-based algorithms in 
composing music.

Figure 3 (right): Ada Lovelace 
was a British mathematician 
most well-known for her work 
on an early computer called the 
Analytical Engine.

Image courtesy of Wikimedia Commons.
Available at https://en.wikipedia.org/wiki/File:Ada_Lovelace_portrait.jpg

Image courtesy of Paul Bergen/Redferns.
Available at http://www.npr.org/2012/08/30/160327305/33-musicians-on-what-john-cage-communicates
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straightforward. They not only rely on random 
number generators, but also employ statistical 
theory to add mathematical complexity. 
More recently, chaos theory and nonlinear 
dynamical systems have been used to introduce 
chaotic behavior that mirrors fractals and 
natural phenomena such as weather. From a 
compositional perspective, dynamical systems 
can combine the unpredictability of random 
systems with the characteristic ‘self-similarity’ 
of fractals (6). 

In the 1960s, John von Neumann created 
the cellular automata, a discrete dynamical 
system of cells in an n-dimensional grid; each 
cell could only assume a finite number of states, 
which were updated according to predefined 
transition rules that took the current states of 
the cell and its surrounding cells into account 
(4). Although many cellular automata can 
produce and sustain fractal-like patterns, 
they are likewise susceptible to producing 
‘unmusical’ patterns. Many researchers have 
tried to add complexity to these automata by 
changing the transition rules every generation 
according to dynamical systems or metarules. 
More recent work has examined more complex 
ways of mapping automata states to musical 
events, even using multiple multidimensional 
automata (7).

Although many researchers continue 
to use computational methods modeled on 
automata or dynamical systems to generate 
music that is independent of existing human 
compositions, artificial intelligence (AI) 
research has offered a wealth of approaches 
for algorithmic composition. These approaches 
can be subdivided into symbolic AI, rule-based 
systems, machine learning, and optimization 
methods (7).

Symbolic AI Approaches
Of the symbolic AI, many are knowledge-

based systems, which refer to rule-based 
systems that symbolically represent musical 
knowledge. A major subset includes formal 
grammars, defined as a rule system for 
iteratively expanding symbols into longer 
sequences of symbols. For music composition, 
grammar rules usually have multiple subsets, 
representing tasks in the compositional 
process ranging from general themes to 
specific note progressions (7). These rules 
are usually developed using music theory to 
examine an existing body of compositions or 
using evolutionary algorithms, which will be 
discussed later. 

A special form of grammar called an 
L-system features simultaneous application 
of all rules and is more easily implemented 
than other grammars. There are many ways 
to map the symbols of the L-system within its 
applications for composition. Some methods 
render the results of L-systems as images and 
then convert various mathematical qualities 
of these images such as coordinates or angles 
into music, while other methods map symbols 
to pre-composed musical fragments (7). 

Machine Learning: Markov Chains
Of the machine learning approaches to 

algorithmic composition, Markov chains and 
artificial neural networks form the bases 
of the two major methods. Markov chains 
are used to represent a stochastic process 
that transitions between a finite number of 
states in discrete time steps. The transition 
probabilities depend only on the current state 
of the process and, thus, simple Markov chains 
are memoryless. For the purpose of musical 
composition, these states usually correspond 
to short sequences of notes, while transition 
probabilities are either derived from training 
with pre-existing compositions, a method 
common for researchers, or from musical 

Image courtesy of Wikimedia Commons. 
Available at https://commons.wikimedia.org/wiki/File:Multi-Layer_Neural_Network-Vector-Blank.svg

Figure 5:  An example of 
a basic multi-layer neural 

network.

Figure 4:  A simple Markov 
chain with two states, A and 
B, with its probability matrix 

below.
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Graphic courtesy of Lily Xu.
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“From a 
compositional 
perspective, 
dynamical systems 
can combine the 
unpredictability of 
random systems with 
the characteristic 
‘self-similarity’ of 
fractals.”

Figure 6:  The Iamus computer, 
shown here housed in a 
custom shell, is located at the 
University of Málaga.

Image courtesy of Wikimedia Commons. Available at http://en.wikipedia.org/wiki/Kismet_%28robot%29#/media/File:Kismet_robot_20051016.jpg

theory, which is more often used in software 
aids for composers (7). 

Unfortunately, these memoryless 
Markov chains often produce unmusical note 
sequences with little real-life application. 
Researchers found that Markov chains that 
took into account too many of the most 
recent notes ended up simply reusing musical 
excerpts from the training material. Thus, 
Markov chains are now predominantly used 
for generating raw musical material rather 
than independent compositions (7).

Machine Learning: Neural 
Networks

Artificial neural networks (ANNs) 
are models consisting of interconnected 
artificial ‘neurons’ that receive input signals 
and output a function of these inputs, 
imitating the structure of the human brain. 
Due the ability of ANNs to learn, they have 
been successful in pattern recognition and 
language modeling, among other problems 
(8). Given a set of musical works composed in 
a similar style, ANNs can learn an appropriate 
set of neuronal connection weights, allowing 
the network to recognize and imitate this 
musical style (7). For this very reason, ANNs 
are limited to reproducing existing musical 
styles. 

Most ANNs for composition are 
feedforward networks, meaning that the 
ANN produces the next note given only the 
most recent note. As a result, information 
moves unidirectionally without cycles; this 
method is memoryless, however, producing 
the same unmusical sequences made by the 
memoryless simple Markov chains previously 
discussed (8). To remedy this memorylessness, 
some researchers have turned to recurrent 
neural networks (RNNs), which use feedback 
loops to maintain information on temporal 
relationships between notes. This method, 
however, still faces a ‘vanishing gradient’ 
problem. The information sent back as an 
‘error’ to earlier neurons tends to either 
exponentially grow or shrink, impairing the 
learning of relationships between temporally 
distant notes that is critical for understanding 
complex musical structures (8). 

One solution to this problem is the 
“long short term memory (LSTM) algorithm,” 
first developed in 1997. LSTM essentially 
keeps the error constant as it is sent back 
through the network. In RNNs, computers 
have successfully used LSTM to learn and 
compose simple jazz and blues music. LSTM 
shows promise because of its enhanced 
ability to maintain information regarding 
different segments of a musical composition, 

better allowing networks to account for the 
complex interdependencies evident in real 
music (8).

Optimization: Evolutionary 
Algorithms

Optimization methods used for 
algorithmic composition usually fall under the 
category of evolutionary algorithms (EAs). In 
EAs, computers generate a large population 
of candidate sequences, which are then 
evaluated by a ‘fitness’ function and copied 
in proportion to each candidate’s fitness. 
To maintain variation in the population, 
the algorithms introduce mutations into a 
random fraction of these copies. Thus, over 
many iterations, the overall fitness of the 
population tends to increase, imitating natural 
selection and evolution. The fitness function 
determines how fitness is defined and, 
thus, the direction of the ‘evolution’ of the 
population. Due to the difficulty in defining 
fitness functions, early EA research has been 
limited to simple cases. Current research is 
diverse in fitness function design, but two of 
the main approaches include using weighted 
sums of musical parameters or the difference 
from a target composition (7).

EAs naturally lend themselves to 
hybridization with the other AI approaches 
discussed here. Iamus, the computer mentioned 
in the first section of this article, used a 
modified EA approach. Aesthetic principles 
guided the evolution of its compositions as 

Image courtesy of Wikimedia Commons.
Available at https://commons.wikimedia.org/wiki/File:Iamus_side.jpg
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in traditional EAs; however, Iamus’s program 
also modeled embryological development, 
“providing high structural complexity at 
a relatively low computational cost” (7). 
Although Lennox Mackenzie, chairman of the 
LSO, has said that Iamus’s music was “going 
nowhere,” the quality of music generated 
by Iamus still impressed many (1). Iamus, 
which composes contemporary classical 
music, is especially important for the field 
of algorithmic composition because of its 
acceptance by accomplished musicians and 
novices alike (Melomics, the computational 
system behind Iamus, sells computer-
composed musical fragments online). 

Taking Stock of Current 
Approaches and Future Directions

In general, algorithmic composition 
methods either produce music that imitates a 
given body of preexisting works or automate 
a specific compositional task with limited 
to no human intervention. A significant 
portion of algorithmic composition research 
has been devoted to the first problem, and 
researchers have developed a number of 
successful programs. These programs include 
the Continuator, which uses Markov chains, 
and OMax, which uses statistical modeling 
and machine learning; these programs 
learn a musician’s style and generate an 
accompaniment in real time (7, 9, 10).

The lack of a formalized method of 
measuring creativity hinders efforts to 
objectively assess music composed by 
computers. In some instances, researchers 
use a musical form of the Turing test, where 
human listeners attempt to distinguish 
between human-composed and computer-
composed music. However, this test measures 
imitation of existing styles rather than true 

creativity on the part of computers (7).
Of the various methodologies of 

algorithmic composition, symbolic AI systems 
appear to be more successful in automating 
composition tasks, as have EAs, neural 
networks, and Markov chains to some extent. 
Stochastic approaches are largely methods 
of generating raw musical material rather 
than complete compositions, while much 
machine learning and optimization research 
focuses on imitation rather than autonomous 
composition (7). 

Generating acceptably complex and 
realistic music poses a challenge, although 
imitation of certain styles, real-time 
accompaniment, and cases such as Iamus 
have succeeded (7). In the future, it seems that 
improved computational capability and more 
efficient algorithmic design may yield better 
results for techniques such as neural networks 
and other machine learning algorithms. 
In addition, hybrid approaches such as 
combining algorithms that generate raw 
music with other systems that can generate 
more ‘musical’ pieces will likely become more 
important in future research in algorithmic 
composition.

CONTACT ANIRUDH UDUTHA AT 
ANIRUDH.K.UDUTHA.18@DARTMOUTH.EDU
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“The lack of a formalized method 
of measuring creativity hinders 
efforts to objectively assess music 
composed by computers. In some 
instances, researchers use a 
musical form of the Turing test, 
where human listeners attempt 
to distinguish between human-
composed and computer-composed 
music. However, this test measures 
imitation of existing styles rather 
than true creativity on the part of 
computers.”

Figure 7:  A young Alan Turing, 
inventor of the Turing test, 

designed to test a machine’s 
ability to generate human-like 

responses.

Image courtesy of Wikimedia Commons.
Available at https://en.wikipedia.org/wiki/Alan_Turing#/

media/File:Alan_Turing_Aged_16.jpg
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That is, the role of the receptor is to interact 
with G-proteins and control whether these 
G-proteins activate a particular signaling 
pathway. G-proteins can bind the nucleotides 
guanosine triphosphate (GTP) and guanosine 
disphosphate (GDP), both of which provide 
the receptor with energy and can cause 
conformational changes in the receptor (1). 
Other external signaling molecules can bind 
GPCRs and cause conformational changes in 
GPCRs, turning their respective pathways on or 
off. 

Using Directed Mutagenesis to 
Make RASSLs

The first attempt at making a designer 
GPCR involved the development of a series of 
compounds to selectively activate a mutant 
version of a beta2-adrenergic receptor, which 
causes smooth muscle relaxation, that was 
unresponsive to its natural hormone (2). 
Scientists focused on the receptor’s aspartic 
acid residue at position 113 (D113) due to its role 
in the facilitation of receptor-ligand binding. 
Mutating D113 greatly reduced the activation 
of the adrenergic receptor by biogenic stimuli; 
however, a compensatory mutation made in a 
newly synthesized butanone agonist selectively 
activated this mutant receptor (2). This first 
generation of synthetic receptors via directed 
mutagenesis was known as Receptors Activated 
Solely by Synthetic Ligands (RASSLs). The 
results were inspiring, but these receptors 
did not have a high enough affinity for the 

How the Body Works 
Our cells make all of our thoughts and 

actions possible. To regulate our cells’ work in 
protein synthesis, a series of receptors sends 
signals down a cell-signaling pathway. When 
molecules bind these receptors, they determine 
the end result of cell-signaling pathways, 
controlling whether a cell performs a certain 
action, continues a cellular process, or halts that 
action or process. 

The human body naturally makes these 
receptors, but what if it were possible to 
synthesize these receptors in a laboratory 
setting? What if it were possible to control cell-
signaling pathways to either amplify or reduce 
the end product of cellular processes? These 
questions are the basis of Designer Receptors 
Exclusively Activated by Designer Drugs 
(DREADDs).

GPCRs
DREADDs allow scientists to use their 

own synthetic signaling molecules to activate 
or inhibit specific pathways and to control 
the production of certain proteins. Together, 
these regulatory capabilities allow scientists 
to control the expression of human traits and 
disorders. The first DREADDs were artificial 
G-protein-coupled receptors (GPCRs) developed 
in 1990. GPCRs naturally compose the largest 
and most diverse group of membrane receptors 
in eukaryotes (1). In humans alone, there are 
over 1,000 GPCRs, and each GPCR is highly 
specialized for a particular signaling pathway. 

Image courtesy of Wikimedia Commons. 
Available at https://en.wikipedia.org/wiki/Melanoma#/media/File:Metastatic_Melanoma_Cells_Nci-vol-9872-300.jpg

DREADDful Solutions to 
Dreadful Problems

MEDICINE

BY PETER VO ’18

Figure 1: Staining reveals cell 
receptors and and regulation 
patterns in melanoma cells. 
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synthesized butanone and, therefore, were not 
very potent.

In their next attempt, scientists looked to 
the opioid receptor (KOR), whose downstream 
activity inhibits GPCRs. Researchers mutated 
KOR to inactivate signaling via natural 
peptide ligands but simultaneously preserve 
stimulation by the synthetic drug spiradoline 
(3). They expressed this engineered receptor 
in six different tissues in transgenic animals. 
Diverse phenotypes included ligand heart-rate 
modulation and new bitter and sweet taste 
sensations (3). These experiments demonstrated 
that, by mutating the binding site of natural 
ligands, one could alter receptors to make them 
responsive only to synthetic compounds. 

Creating the Next Generation via 
Directed Molecular Evolution

Despite great advances in the regulation 
of cell-signaling pathways, the first generation 
of synthetic receptors was not ideal for 
experimentation. The synthetic ligands had 
low affinities for mutated receptors, and 
researchers experienced difficulty in controlling 
the intensity of pathway expression, causing 

overexpression of some phenotypes (3). The 
development of receptors via repeated cycles of 
site-directed mutagenesis was labor intensive 
and neither consistently yielded receptors with 
ideal agonist affinities nor adequately controlled 
levels of cell-signaling (3). 

To overcome such difficulties, researchers 
created a generic approach based on a yeast 
mutagenesis system. Hundreds of thousands of 
mutant receptors were produced and screened 
for the signaling characteristics of an “ideal” 
receptor (3). Researchers wanted receptors 
that had high affinities for easily obtainable 
synthetic ligands and expressed pathways at the 
appropriate intensities. After many rounds of 
mutagenesis and iterative screening, researchers 
isolated mutants that had lost the ability to 
respond to natural stimuli but had gained the 
ability to respond to synthetic compounds. This 
new generation of receptors is now known as 
DREADDs. 

The first DREADD was hRMD-q, a receptor 
that activates the Gq-pathway. This pathway 
uses the signal enhancing Gq-protein to induce 
calcium mobilization in the body and activate 
phospholipase C, both of which serve to activate 
proteins involved in certain cell-signaling 
cascades (3). Further mutations led to the 
creation of the hRMD-I receptor, which targets Gi-
pathways that inhibit the accumulation of cyclic 
AMP (cAMP), a common secondary messenger. 
Through these Gi-pathways and their effect on 
cAMP, hRMD-I can silence hippocampal neurons 
(4). Doing so allows scientists to either reduce 
or shut down a particular signal pathway and, 
in turn, prevent cells from performing certain 
actions. Therefore, Gq-pathways and their 
associated receptors can amplify cell-signaling 
pathways, while Gi-pathways and receptors can 
inhibit cell-signaling pathways (4).

Uses for DREADDs
Because cell-signaling pathways play a 

crucial role throughout the body, it is possible 
that the use of DREADDs to regulate these 
pathways can control tissue growth and 
development (4). For example, the 5-HT2B 
serotonin receptor regulates signaling pathways 
involved in cardiac development and cell-cycle 
progression. Replacing the 5-HT2B receptor with 
a DREADD would allow for control of cardiac 
tissue growth and prevent underdevelopment 
of cardiac tissue (3). At times, the 5-HT2B 
receptor can be overexpressed and induce the 
proliferation of cardiac fibroblast cells (3). These 
cells secrete collagen to provide structural 
support for the heart. Too much collagen can 
cause the cardiac tissue to stiffen, lose flexibility, 
and lead to heart failure. The DREADD in that 
pathway would prevent excessive proliferation 

Figure 2:  A visual 
representation of a GPCR 

using GTP and ATP to 
produce cAMP.

Image courtesy of Wikimedia Commons.
 Available at  https://commons.wikimedia.org/wiki/File:GPCR_mechanism.png

“Because cell-
signalling pathways 

play a crucial role 
throughout the body, 

it is possible that 
the use of DREADDs 

to regulate these 
pathways can 
control tissue 

growth and 
development.” 
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(2). The use of DREADDs to regulate bone 
metabolism and avoid bone decay could help 
treat or even prevent osteoporosis (6). Finally, 
DREADDs that have the ability to alter the 
growth, development, and function of insulin-
secreting pancreatic cells could aid in diabetes 
management. DREADDs may also be a valuable 
tool in uncovering the secrets of signaling 
pathways within the body and determining 
the true physiological role of certain signals. 
Given time, DREADDS may become incredibly 
versatile instruments in treating diseases and 
furthering cell-signaling research.
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of cardiac fibroblasts and avoid heart failure 
altogether (3).

As mentioned above, hRMD-I silences 
neurons in the hippocampus, while hRMD-q 
induces neuronal excitation. Therefore, 
DREADDs may allow scientists to gain control 
of specific neurons and their resulting functions 
(3). One such example would be the bidirectional 
control of neuronal firing in cardiac pacemaker 
cells: Gq stimulation would accelerate heart rate, 
while Gi stimulation would slow it down. 

Jaime Becnel of the department of 
pharmacology and experimental therapeutics at 
the Louisiana State University Health Sciences 
Center attempted to put these principles 
into action. His group evaluated the ability 
of DREADDs to regulate the heart rate of 
Drosophila melanogaster, a widely studied fruit 
fly species (5). Becnel introduced the DREADD 
hM4Di, which, when activated by the small 
synthetic biomolecule clozapine-N-oxide 
(CNO), weakens neuronal signaling. In muscles 
expressing hM4Di, 500 nM of CNO caused 
dramatic drops in heart rate (5). Upon washing 
out the CNO with a saline solution, the fruit fly 
hearts were revitalized. As expected, CNO did 
not affect heart rate in flies that did not have the 
artificial hM4Di receptors.

Becnel also attempted to control fruit flies’ 
sense of smell through the DREADD hM4Di. The 
chemical ethyl acetate appears to activate the 
flies’ Gαq signaling pathway, attracting the flies 
to the chemical. To manipulate this pathway, 
Becnel introduced hM4Di and used CNO to 
produce a dose-dependent reduction in the flies’ 
attraction to ethyl acetate (5). 

The Future
DREADDs have certainly made many 

advances in the field of cell-signaling and 
regulation, but there remains room for 
improvement. Scientists would ideally like 
these designer receptors to respond to clinically 
approved, biologically inert drugs that have no 
intrinsic effect on human cells. This selectivity 
would allow for the introduction of DREADDs 
into the body without harming the body. The 
ideal DREADDs would selectively couple 
with each of the GPCR pathways and have 
different constitutive responses, desensitizing 
properties, and subcellular targeting that 
could be fine-tuned through simple mutations. 
With further improvements, scientists hope 
to be able to use DREADDs in humans to 
treat neurological diseases, diabetes, and 
osteoporosis. Neurological diseases such 
as Parkinson’s disease could be treated by 
introducing DREADDs and synthetic ligands 
that either increase dopamine production 
or regulate neurons found in muscle tissue 

Figure 3: A side view of 
Drosophila melanogaster, 
the model organism used in 
DREADD experiments related 
to heart rate regulation.

Image courtesy of Wikimedia Commons.
 Available at https://en.wikipedia.org/wiki/Drosophila#/media/File:Drosophila_repleta_lateral.jpg



DARTMOUTH UNDERGRADUATE JOURNAL OF SCIENCE16

Figure 1:  The Hubble Space 
Telescope seen from the space 

shuttle Discovery.

BY NAN HU ’18

The Hubble Space Telescope: 
A Look Behind the Lens

PHYSICS AND ASTRONOMY

Preface
Since prehistoric times, the objects in 

the night sky have been a source of human 
fascination. The moon, with its constant waxing 
and waning, has been associated with madmen 
and werewolves. The stars, with their distinctive 
“twinkle,” have been the subject of many poems, 
stories, and even pieces of music. In addition 
to their influence on literature and the arts, the 
moon and the stars have been used for another, 
arguably more important, purpose - navigation. 
Using only their eyes, ancient humans observed 
the night sky, saw patterns in the thousands 
of stars twinkling above, and then used these 
patterns to locate their positions on both land 
and sea. 

Impressively, all of this was done with 
the naked eye. The telescope, the tool most 
closely associated with the field of astronomy, 
is a relatively recent invention. Compared to the 
many millennia of eye-based observations, the 
telescope has only been in existence for around 
four hundred years. However, the invention 
of the telescope in the early 17th century has 
allowed astronomers to gain a great amount 
of knowledge regarding the solar system and 
the universe (1). Since Galileo first pointed a 
telescope to the night sky, astronomers have 
discovered new planets in the solar system 
and beyond, found other galaxies, and made 
observations of stars light-years away. Yet 
regardless of how powerful ground-based 
telescopes have become, they will always have 
an inherent weakness, one that comes from 
being located on land and situated behind 
the Earth’s atmosphere. Telescopes work by 
gathering light, and the Earth’s atmosphere 
distorts that light. Due to the same distortion 
that causes stars to twinkle, ground-based 

telescopes have limited resolution (1). In the 20th 
century, as rocket technology matured and space 
exploration became more reality than fantasy, 
a plan was proposed to solve the distortion 
problem. If the atmosphere was the cause of the 
trouble, why not just bypass it entirely and put 
a telescope in space?

Precursors
Initially conceived in the late 1960s and 

launched on April 24th, 1990, the Hubble 
Space Telescope’s history can be traced back 
to 1946, when the astronomer Lyman Spitzer 
published his paper “Astronomical advantages 
of an extraterrestrial observatory.” In his 
paper, Spitzer outlined two main advantages 
of space-based observatories over ground-
based observatories: improved resolution and a 
broader range of observable light. As mentioned 
above, the atmosphere affects the angular 
resolution, or smallest distance at which objects 
can clearly be distinguished from one another, of 
ground-based telescopes. In space, the angular 
resolution is limited by diffraction, a process by 
which light spreads after hitting an obstacle. The 
atmosphere also absorbs infrared and ultraviolet 
light, limiting the range of wavelengths ground-
based telescopes can see to the visible range (1).

Although the Hubble Space Telescope is the 
most well known of its kind, it is far from the 
first space-based observatory to be launched by 
NASA. In 1962, NASA launched a series of eight 
Orbiting Space Observatories (OSO) tasked with 
measuring electromagnetic radiation from the 
sun in the ultraviolet, X-ray, and gamma-ray 
ranges (2). From 1966 to 1972, NASA launched 
four Orbiting Astronomical Observatories 
(OAO) to carry out ultraviolent observations of 

Image courtesy of Wikimedia Commons. 
Available at https://commons.wikimedia.org/wiki/Hubble_Space_Telescope#/media/File:Hubble_01.jpg
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nova and supernova. Although OAOs only had 
a 50 percent success rate, the program increased 
awareness of the importance of orbital telescopes 
in astronomy (3). In 1968, NASA developed 
plans for a space-based telescope with a mirror 
three meters in diameter, slated for launch in 
1979. Provisionally known as the Large Space 
Telescope, the plans emphasized the need for 
manned maintenance missions to ensure a long 
service term, and the parallel proposal for a 
reusable space shuttle provided the necessary 
mechanism for such long-term maintenance (4). 
The Large Space Telescope would eventually 
become the Hubble Space Telescope.

Getting Above Ground
While the plans for the Hubble Space 

Telescope were presented in the late 1960s, the 
telescope itself was not put into service until 
1990, more than 20 years later. The original plan, 
as mentioned above, was to put the telescope 
into orbit in 1979, but difficulties associated with 
funding and telescope assembly, as well as the 
Challenger disaster, all put the project behind 
schedule (5).

The Hubble Space Telescope would cost 
more than any ground-based telescope, so an 
important step was to obtain the necessary 
funding. Congress questioned many aspects of 
NASA’s proposed budget for the telescope and 
forced cuts for the planning stages. In 1974, 
Congress cut all funding for the project, sparking 
a nationwide lobbying effort among astronomers 
to restore funding (4). Many astronomers 
met with congressmen and senators, and the 
National Academy of Sciences published a 
report emphasizing the benefits of a space 
telescope (6). Eventually, Congress approved 
half of the original budget; unfortunately, the 
budget reduction forced a similar reduction in 
the size of the project (4). Project leaders cut 
the mirror diameter from three meters to 2.4 
meters and dropped a smaller scale 1.5-meter 
telescope to be used for testing from the plans 
(7). In addition, budget concerns prompted 
NASA to collaborate with the European Space 
Agency, which agreed to provide funding and 
instruments for the telescope in exchange for 
observing time (8).

After securing funding, the project began 
in earnest, with an estimated launch date in 
1983. However, delays in the construction of the 
optical telescope assembly (OTA) pushed this 
date back even further. At first, polishing of the 
mirror for the telescope fell behind schedule, 
and NASA moved the launch date to 1984. 
NASA completed mirror polishing by 1981, but 
production of the rest of the OTA continued to 
fall behind, slipping at a rate of one month per 
quarter. By the end, NASA put the launch date 

in late 1986 (9). 
While the planned launch date looked 

feasible, the Challenger disaster that occurred on 
January 28th, 1986, grounded the space shuttle 
fleet and the Hubble Space Telescope. After 
space shuttle flights resumed, NASA scheduled 
the telescope to be launched with Discovery in 
April 1990. After more than 20 years and $2.5 
billion, the Hubble Space Telescope was finally 
operational (10).

Initial Flaw 
Unfortunately, operational did not mean 

fully functional. In the first few weeks that the 
telescope sent images back to Earth, it became 
apparent that, although the images taken by 
Hubble were sharper than those taken by 
ground-based telescopes, their quality was much 
lower than expected (11). As it turned out, the 
primary mirror of the telescope had been ground 
to the wrong shape. In the space environment, 
diffraction is the only limiting factor, meaning 
that the Hubble Space Telescope’s mirrors 
needed to be polished to within an accuracy of 
10 nm. (12) The perimeter was too flat by 2200 
nm, however, causing spherical aberration, a 
phenomenon where light reflecting off of the 
edge of a mirror focuses on a different point 
than the center (9).  

This flaw in the primary mirror impaired 
Hubble’s ability to complete its tasked 
missions. Observations of bright objects 
could be completed with minimal impact, but 
observations of faint and distant objects were 
all but impossible. Nonetheless, in the first three 
years of Hubble’s service, astronomers carried 
out useful observations of closer, well-lit objects 
(13). Luckily, the error was consistent, and 
astronomers were able to compensate for the 

Figure 2:  Grinding the Hubble 
Space Telescope’s primary 
mirror before its release into 
space.

Image courtesy of Wikimedia Commons.
 Available at http://upload.wikimedia.org/wikipedia/commons/2/23/Apoptosis_DU145_cells_mosaic.jpg

“After more than 
20 years and $2.5 
billion, the Hubble 
Space Telescope 
was finally 
operational.”
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defective mirror.
Researchers designed the Hubble Space 

Telescope to include service missions for 
maintenance and upgrades; they sent a solution 
to correct for the problematic mirror with the 
first service mission in 1993. Kodak had ground 
a backup mirror for the telescope, but it would 
have been impossible to replace in space and too 
costly to retrieve Hubble from space and refit 
it back on Earth. Instead, because the mirror’s 
error was so precise, NASA designed new 
components for the telescope that incorporated 
the same but exactly opposite error, effectively 
giving Hubble glasses to correct for the spherical 
aberration (14). Future components for the 
Hubble Space Telescope would all be designed 
taking the spherical aberration into account.

Hubble and the Public
Because taxpayers funded the Hubble 

Space Telescope, NASA has made it a goal 
to have the public see the benefits of the 
Hubble program. The Space Telescope Science 
Institute (STScI), the agency that operates 
Hubble, initially announced that it would allow 
amateur astronomers to use the telescope 
(15). A committee of peers reviewed proposals 
made by amateur astronomers and awarded 
time to proposals that had scientific merit, did 
not duplicate proposals by professionals, and 
required use of Hubble. Between 1990 and 1997, 
a total of 13 amateur astronomers received 
time for observations (16). Budget cuts made 
the program unsustainable, however, and, as 
a result, the STScI has not pursued any other 
amateur observation programs. 

The STScI Office for Public Outreach also 
operates hubblesite.org, a website that details 
the history, missions, and discoveries of the 
Hubble Space Telescope (17). The Hubble 
Heritage Project, part of the STScI, provides  the 
public with images of interesting and striking 
observations (18).

Future
The last service mission to the Hubble 

Space Telescope occurred in 2009, and, since 
then, the space shuttle program has stopped, 
making future service missions impossible. 
Without maintenance, all instruments will 
eventually fail, meaning that it is only a matter 
of time before the telescope’s functionality is 
compromised (19).

There is also no direct successor to the 
Hubble Space Telescope as an ultraviolet and 
visible-light telescope, as other space telescopes 
focus on infrared light to study objects farther 
away in the universe. Formally, the Hubble’s 
successor is the James Webb Space Telescope, 
set to be launched in 2018. Unlike Hubble, 

researchers have designed the James Webb 
Space Telescope to operate farther away from 
the Earth and will use the telescope to observe 
distant objects in the universe (20).

From Hubble’s initial blunder to its present-
day acceptance, Hubble has provided us with 
beautiful images of the universe and a wealth 
of research data. It has proven itself to be an 
invaluable resource in the field of astronomy.
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Coronary Biomaterials: 
Characterizing and 
Synthesizing Metallic Stents

MEDICINE

BY KEVIN KANG ’18

Image courtesy of Wikimedia Commons. 
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Introduction to Coronary Artery 
Disease

Coronary artery disease, the most common 
type of adult heart disease, affects more than 13 
million Americans every year (1). The buildup 
of fat, cholesterol, macrophages, smooth muscle 
cells, and connective tissue, a collection known 
as plaque, in the arteries that supply blood to the 
heart causes this disease. When plaque builds 
up in the coronary arteries, the heart becomes 
starved of the vital oxygen and nutrients it 
needs to pump blood to the rest of the body, 
leading to various heart diseases. In the 1960s, 
cardiothoracic surgeons developed coronary 
bypass surgery, a procedure that involves 
sowing a piece of artery or vein past the area of 
blockage, to treat coronary artery disease (1, 2). 

Ten years later, cardiologists started to 
use balloon angioplasty, in which a balloon is 
inflated inside the blocked artery. This procedure 
expands the area surrounding the blockage and 
restores adequate blood supply to the heart (Fig. 
1). However, the angioplasty technique has two 
major shortcomings. First, the inflated balloon 
can tear the innermost and middle layers of the 
wall of the artery, called the intima and medial 
layer, respectively, creating a flap that obstructs 
blood flow, resulting in stagnant blood that may 
lead to clot formation (2). Experts refer to this 
type of obstruction as acute closure, and this 
closure can completely block the blood supply 
to cardiac muscle, resulting in a heart attack. 
The second major shortcoming of balloon 
angioplasty is that the artery may slowly re-

narrow at the site of balloon inflation after 
removal of the balloon, a phenomenon called 
restenosis (2). Restenosis occurs as a result of 
two separate processes: elastic recoil of the 
outer layer of the arterial wall and scar tissue 
proliferation in the inner layers of the artery. 
Historically, balloon angioplasty resulted in 
an overall restenosis rate of about 35 percent 
within nine months of the initial procedure. 
Despite its shortcomings, balloon angioplasty is 
effective in pushing plaque away from the inner 
lumen of the arterial tube, and physicians still 
use the technique today (1, 2).

The Emergence of Metallic Stents
In the mid-1980s, physicians corrected the 

two major problems of balloon angioplasty by 
introducing the bare metal coronary stent, a 
cylindrical wire mesh that is placed at the area 
of blockage immediately after the procedure. 
Stents provide a metallic framework that tacks 
up tears in the arterial wall and prevents acute 
closure (2). Unfortunately, stents present a new 
problem: stent thrombosis, a process in which 
platelets stick to the stent struts and initiate 
the coagulation pathway that leads to clot 
formation. Luckily, stent thrombosis is much 
rarer than clot formation resulting from acute 
closure (2).

Stents also prevent restenosis from elastic 
recoil by providing sufficient radial force to deter 
arterial narrowing (2). Scar tissue formation 
persists with bare metal coronary stents, 
however, occurring even more frequently than 

Figure 1:  A micrograph 
of an artery affected by 
atherosclerosis, the most 
common form of coronary 
artery disease.



DARTMOUTH UNDERGRADUATE JOURNAL OF SCIENCE20

in balloon angioplasty. Introducing a foreign 
material like the bare metal stent into the artery 
incites a strong inflammatory reaction, leading 
to the formation of a circular layer of scar tissue 
inside the stent (3). Nevertheless, because stents 
completely eliminate elastic recoil, they still 
lower the overall risk of restenosis to about 25 
percent from balloon angioplasty’s 35 percent 
(2, 3).  

There are two types of bare metal stents: 
balloon-expanding stents and self-expanding 
stents. Balloon-expanding stents are crimped 
or compressed on balloons and deploy upon 
balloon expansion (Fig. 2). Self-expanding stents 
are confined within a tube, and these stents 
expand to their predetermined sizes upon tube 
removal (Fig. 3) (1, 2). Self-expanding stents 
have super-elasticity (the material’s tendency 
to resist deformation), allowing them to first 
be compressed inside a small tube and then 
expand in the target artery when deployed (3). 
On the other hand, balloon-expanding stents 
have plasticity (a material’s ability to undergo 
permanent deformation), allowing the stent to 
be crimped on the balloon and then maintain 
its required size once deployed in a blood vessel 
(3).

The ideal stent should have a small 
diameter to navigate narrow arteries and a 
high expandability ratio to expand from its 
crimped size (4). The stent also needs to provide 
sufficient radial force to prevent elastic recoil (3, 
4). Flexibility is another important feature, as 
the stent may need to navigate tortuous arteries 
before reaching its target site. Additionally, it 
is advantageous for the stent to be radiopaque 
so physicians can view it under X-ray imaging. 
Finally, the stent should be thrombus resistant, 
meaning its outer surface should be resistant 
to platelet adhesion. Covering the stent with 
nickel, for example, prevents platelet adhesion 
(3, 4).

Typifying and Designing Stents
Among the materials used for stent 

manufacturing are stainless steel, cobalt-
chromium, platinum, and nitinol (an Ni-Ti 
alloy). The type of stainless steel (SS) used in 
commercial stents is called 316L stainless steel, 
or 316L SS (3). 316L SS has a small percentage of 
nickel, molybdenum, and chromium, conferring 
both high resistance to deformation and tensile 
strength, the maximum stress a material can 
undergo before it breaks. The “L” in 316L SS 
stands for low carbon content, which makes the 
material less susceptible to corrosion in the high 
chloride environment of the body. However, 
316L SS is strongly magnetic; if exposed to 
magnetic resonance imaging (MRI), it will 
experience magnetic forces and potentially 

cause damage to the body. The material also has 
a low density, so it is not visible under X-ray 
(3, 4).

Initially, 316L SS was stent manufacturers’ 
metal of choice. In recent years, however, 
many manufacturers have shifted to cobalt-
chromium (CoCr) due to its greater tensile 
strength, which allows manufacturers to use 
thinner stent struts (3, 4). These thinner struts 
result in lower scarring and, therefore, lower 
restenosis rates. Additionally, thinner struts lead 
to a smaller stent diameter, allowing the stent 
to pass through narrow channels. CoCr is also 
less corrosive and more radiopaque than 316L 
SS (3, 4).

Some stent manufacturers choose to 
make stents out of platinum chromium (PtCr), 
a compound with increased strength and 
excellent radiopacity in comparison to the other 
two previously mentioned biomaterials (3). PtCr 
also has high corrosion resistance and tensile 
strength, allowing for even thinner stent struts. 
Out of the three major stent manufacturers in 
the United States—Medtronic, Boston Scientific, 
and Abbot—two of them use CoCr, and one uses 
PtCr (2).  

While PtCr, CoCr, and 316L SS are the most 
popular biomaterials for balloon-expanding 
stents, self-expanding stents are primarily made 
out of nitinol, a nickel-titanium alloy (2, 3). Self-
expanding stents need mechanical properties 
such as shape memory and super-elasticity. 
Shape memory allows a deformed material to 
return to its original shape when exposed to 
heat, which is provided by the human body (3). 
Super-elasticity refers to a material’s ability to 
return to its original shape after the release of 
an external load. Nitinol provides both of these 
properties and more, but it also has drawbacks; 
nitinol has low radiopacity and, in some cases, 
can release toxic nickel into the body (3). 
Nonetheless, all of the major self-expanding 
stents in the United States are nitinol-based.

Another important feature that impacts 
stent performance is its design. The first FDA-
approved stent was made of a single coil 
wrapped around a long metal rod (2, 3). This 
stent, called Gianturco-Roubin, was extremely 
flexible, but its very high restenosis rate caused 
physicians to abandon the design. The second 
FDA-approved stent was called Palmaz-Schatz; 
this stent used the slotted tube design, which 
is by far the most widely-used design today 
(2). Palmaz-Schatz is very rigid, but its design 
provides low restenosis rates (2). Since the 
invention of Palmaz-Schatz, newer stent designs 
have adhered to the same basic slotted tube 
structure while becoming much more flexible. 
Stent makers have increased stent flexibility 
by using thinner stent struts and smaller stent 
diameters (2).

Image courtesy of Frank Müller. 
Available at https://commons.wikimedia.org/wiki/

File:Stent4_fcm.jpg

Figure 2:  Above are expanded 
(left) and compressed (right) 

peripheral artery stents, 
commonly used in peripheral 

artery angioplasty.

“The ideal stent 
should have a small 
diameter to navigate 

arteries and a high 
expandability ratio 
to expand from its 

crimped size.”
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The process of stent manufacturing is called 
stent fabrication and includes laser machining, 
photoetching, electroforming, and micro electro-
discharge machining. All of these techniques are 
forms of cutting a finished product out of a solid 
metal tube (5). Slotted tube stent manufacturing 
involves subjecting a thin-walled metal tube 
or metal sheet to laser cutting, leaving behind 
the desired stent design (5). In addition to 
the slotted tube design, manufacturers like 
Medtronic use the “modular ring” design, which 
involves twisting a single wire into a sinusoidal 
shape and wrapping it around a cylinder (Fig. 
4). The procedure results in sinusoidal rings, 
which are fused at specific locations to achieve 
high stent flexibility and conformability in order 
to navigate tortuous arteries. According to 
current research, there are no clear advantages 
or disadvantages of the modular ring design 
compared to the slotted tube stent design (Fig. 
4) (2, 4).

New Directions in Coronary 
Biomaterials

To combat arterial scarring, biomedical 
engineers have recently begun to coat stents 
with cell division inhibiting drugs, also called 
cytostatic drugs, that are released from stents 
into the arterial wall (2). Termed drug-eluting 
stents, these stents reduce the thickness of the 
scar tissue layer inside the stented artery from 
about 1 mm to 0.1 mm (1, 2). Drug-eluting stents 
have reduced the rate of restenosis from about 
25 percent to approximately five percent, but 
the risk of thrombosis remains the same as that 
of bare metal stents. Commercially available 
drug-eluting stents have a very thin coating of a 
synthetic polymer on top of the stent wires (2). 
The polymer holds the drugs and then releases 
them slowly into the surrounding tissue, 
blocking cell division and, thus, preventing 
scarring (1, 2). 

Drug-eluting stents dominate the 
contemporary stent market in the U.S. (1, 2). 

These stents slowly release drugs over a one-to-
three-month period, when scar tissue is mostly 
likely to form.  One issue with drug-eluting 
stents is that the human body can consider 
the stent’s polymer coating a foreign body. 
Hence, the polymer itself can increase the risk 
of inflammation. To eliminate the polymer, 
scientists are trying to store the drug in tiny 
wells in stent struts instead of binding the drug 
in a polymer coating (2). 

At the cutting edge of stent research, clinical 
trials of bioabsorbable and biodegradable stents 
are ongoing (2). In theory, these stents would 
gradually degrade over one year, eliminating 
foreign bodies from the artery and restoring 
arterial function to near normalcy. While 
researchers are still determining the efficiency 
of these stents, modern physicians and 
engineers are experimenting with biomaterials 
to craft an ideal stent. Researchers hope to 
create an ideal stent that will be able to navigate 
arteries, provide sufficient radial force, limit 
arterial scarring, and offer radiopacity for X-ray 
visibility (2). 
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Figure 3:  A balloon-expanding 
stent, one of the two types of 
bare metal stents.

Image courtesy of A.M.D. 
Available at https://www.flickr.com/photos/116782478@N08/19046885523/
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bodies from the 
artery and restoring 
arterial function to 
near normalcy.”
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BY KRISHAN CANZIUS ’18

Introduction
The proton, the neutron, and the electron 

are three simple particles that form the 
basis of the world with which we interact. 
Rearrangements of these particles create a 
literal universe of diversity. This article will 
explain the processes by which different types 
of matter were created, from the particle soup 
immediately following the Big Bang to the 
formation of ancient stars.

Particle Soup
Scientists can model events that occurred 

as far back as 10-35 seconds after the Big Bang, 
a point when the universe was very hot and 
flooded with radiation. Quarks, the building 
blocks of protons and neutrons, and leptons, 
which are electron-like particles, were 
beginning to form due to pair production, 
a process by which a photon with sufficient 
energy can transform into a particle-
antiparticle pair in accordance with mass-
energy equivalence. By 10-7 seconds after the 
Big Bang, the universe had cooled enough that 
quarks could come together to form protons 

and neutrons, the building blocks of atomic 
matter. After a few minutes, the creation of 
new particles from energy had mostly stopped. 
Particle interactions with their corresponding 
antiparticles annihilated the vast majority 
of the particles initially formed during the 
Big Bang. Slightly more regular matter than 
antimatter was created, however, and this 
unexplained asymmetry is the reason there is 
matter in the universe today (4).

At this point, the universe was cool 
enough that some of the surviving particles 
could come together in a set of reactions 
called the proton-proton process (pp process). 
In the pp process, two protons combine to 
form deuterium (2H) in the reaction: p + p à 
2H + e+ + ν. Then the deuterium reacts with an 
additional free proton to form helium: 2H + p 
à 3He + γ. After the Big Bang, these reactions 
eventually reached an equilibrium with 
approximately 75 percent hydrogen nuclei 
and 25 percent helium nuclei. Almost all of 
the universe’s helium was created within its 
first hour. In fact, none of the helium produced 
in stars since this time has had a significant 
effect on this hydrogen to helium ratio (5).

Figure 1:  Heavier elements 
catalyze the hydrogen to 

helium reaction in the CNO 
cycle.

PHYSICS AND ASTRONOMY

Image courtesy of Wikimedia Commons. 
Available at https://en.wikipedia.org/wiki/CNO_cycle#/media/File:CNO_Cycle.svg
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About 700,000 years after the Big Bang, 
matter and energy had equal densities, and, 
near the one million mark, the universe was 
cool enough in certain places that ions could 
begin to capture electrons to form neutral 
atoms. After roughly 10 million years, galaxies 
began to form. These galaxies contained the 
stars that would eventually create the heavier 
elements (6).

Overview of Fusion Reactions
Starting with just protons and neutrons, 

stars can create all of the elements found in 
nature. The nuclear reactions that underlie 
these transformations are governed by two 
basic laws: the conservation of energy and the 
conservation of momentum. Conservation of 
energy requires that the total energy before 
and after a reaction be the same. Reactions 
generally move “downhill” in mass, meaning 
that the mass of the reactants is greater than 
that of the products. This law, combined with 
the conservation of momentum, prevents 
reactions from having only one product. To 
illustrate this phenomenon, imagine a reaction 
of two particles whose summed momenta 
are zero before their interaction. Since their 
product is lighter than the reactants, some of 
their combined mass energy must have been 
converted into kinetic energy. This would give 
the product non-zero momentum, violating 
the law of conservation of momentum (3).

The reactions discussed in the following 
sections take place inside of stars, so the 
reactants and products are ionized; this means 
that the isotopes in question do not have 
electrons. Additionally, in order for a fusion 
reaction to take place, the ions involved 
must come very close to one another. They 
must overcome their mutual electromagnetic 
repulsion, a repulsive force called the Coulomb 
barrier (5).

Fusion in Stars 
Stars start their lives by burning hydrogen 

to form helium, and there are two paths that 
this reaction can take (2). The first path is the 
pp process. Pp reactions occur readily because 
protons have little charge and, therefore, 
low Coulomb barriers. However, there is an 
interaction mediated by the weak nuclear 
force that serves as an intermediate step. As 
the name suggests, this interaction is quite 
weak, and the resulting average lifetime of 
unbound hydrogen in a star is approximately 
1010 years. If not for this rate-limiting step, 
pp reactions would occur so quickly that the 
sun would have burned through its hydrogen 
long ago. The other path for helium creation 
is the CNO cycle, in which carbon, nitrogen, 

and oxygen act as catalysts in a reaction 
with the same net result as the pp process. 
The CNO cycle only occurs to a significant 
extent in stars that are warmer than the Sun. 
The process was nonexistent in early stars, as 
carbon, oxygen, and nitrogen did not yet exist 
in the universe. Deuterium created by either 
of these processes can react with a previously 
created helium nucleus to form lithium, but 
the scarcity of helium nuclei relative to that 
of protons means that this reaction does not 
occur often. Most of the 3He created will fuse 
with each other in the following reaction: 2 
3He à 2p + 4He, making the net reaction at 
this stage in a star’s life: 4p à 4He (5).

After a star burns through all of its 
hydrogen, its helium core contracts. The 
core becomes hotter as its internal kinetic 
energy increases to counteract the decrease 
in gravitational potential energy caused by 
the collapse. The star will eventually reach a 
temperature of 108 K and a density between 
102 and 105 g/cm3. At this point, it begins to 
burn 4He stably through the triple-α process 
to produce 12C (4He nuclei are often referred to 
as alpha particles). First, two alpha particles 
come together to form 8Be, a radioactive 
isotope of beryllium with a half-life of just 
10-16 seconds. Due to the high temperature, at 
this point the alpha particles in the star are 
moving very quickly, so a third alpha particle 
will often come close enough to the 8Be ion 
to react with it before it decays. The resulting 
12C nucleus can capture an additional alpha 
particle to become 16O, but this is the furthest 
the reaction will go. Another conservation 
law prevents oxygen from reacting further to 
form neon. The end result is that hydrogen, 
helium, oxygen, and carbon, in that order, 
are the four most abundant elements in the 
universe (5).

Eventually, the star consists of a mixture 
of carbon and oxygen, having exhausted its 
supply of helium. The star’s gravity then 
causes it to contract until it either becomes 
hot enough to burn carbon or reaches its 
electron degeneracy pressure. The electron 
degeneracy pressure results from the Pauli 
exclusion principle, which essentially states 

“In order for a fusion reaction to 
take place, the ions involved must 
come very close to one another. 
They must overcome their mutual 
electromagnetic repulsion, a 
repulsive force called the Coulomb 
barrier.”
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that two electrons, more generally fermions, 
can have the same quantum state. This means 
that when many electrons are confined to 
a small volume, some of them must have 
high momenta. This increase in momentum 
results in a buildup of pressure, which can 
counteract the effects of gravity at sufficient 
densities (5).

Stars above 10 solar masses will eventually 
reach temperatures of approximately 5 x 
108 K and pressures on the order of 106 g/
cm3. A spoonful of matter from such a star 
would weigh more than the Hubble Space 
Telescope! Due to these extreme conditions, 
such stars begin to burn carbon, producing 
neon, sodium, or magnesium as a result. 
Laboratory experiments show that the 
magnesium-producing reaction occurs much 
less frequently than the neon- and sodium-
producing reactions. These three reactions 
also produce alpha particles, which allow for 
an alternate method of production of 20Ne, 
24Mg, and 28Si through the same alpha capture 
process by which carbon is formed (5).

Once a star burns through its carbon, it 
contracts once again until its temperature 
is on the order of 109 K. At this point, some 
photons in the star will have enough energy 
to dissociate neon in the following reaction: 
20Ne + γ à 16O + 4He. Once the star reaches 
1.5x109 K, photodissociation occurs at a high 
enough rate to outpace the reverse alpha-
capture reaction, resulting in excess 4He. 
The extra helium can then be captured by 
surviving neon ions to form magnesium, 
making the net reaction of neon burning 
220Ne à 16O + 24Mg (5).

After the brief neon-burning phase, 
the star contracts even further until its 
temperature reaches approximately 2x109 K. 
At this point, oxygen begins to react with 
itself to produce sulfur and silicon in addition 
to trace amounts of other elements including 
chlorine and scandium. At approximately 

3x109 K, the star enters its silicon-burning 
phase. Despite the phase’s name, silicon ions 
do not fuse directly during this phase, as 
their Coulomb barrier is too high. Instead, 
the capture of alpha particles, protons, and 
neutrons creates new elements. The silicon-
burning process creates isotopes with an 
atomic mass between 28 and 65 atomic mass 
units (amu). The products tend to be in the 
vicinity of 56Fe, because its binding energy is 
at a maximum, meaning that reactions that 
move away from 56Fe require more energy 
than those that do not (5).

Heavier elements are formed through 
a combination of what are called “r” and “s” 
processes. The s-process, also called the slow 
neutron capture process, occurs when the 
expected time for an ion to capture a neutron 
(tn) is much less than the time expected for it 
to decay into a proton (tb). As a result, small 
atoms are built into their successively heavier 
counterparts. On the other hand, the r-process, 
also called the rapid neutron capture process, 
takes place in very neutron-rich environments 
where tb >> tn. This process tends to produce 
very unstable, neutron-rich nuclei whose 
properties are not well studied (5).

Conclusion
The properties of the three main particles 

that come together to form our world are 
well-documented. However, the Standard 
Model of particle physics includes at least 
14 other particles, as well as the potential 
for undiscovered particles like those that 
constitute dark matter. Scientists hope that 
future research into particle physics will 
produce a more complete picture of how the 
modern universe developed. 
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Combating a Man-Made Problem
In spite of our best efforts to locate new 

sources of fossil fuels, such as oil, gas, and coal, 
the limited supply of these resources, not to 
mention the pollution that accompanies them, 
presents a pressing problem in the face of our 
population growth and increasing  dependence 
on non-renewable energy sources.

The untapped potential of the sun seems 
like an attractive answer to our problems. Solar 
energy is clean, reliable, and virtually unlimited. 
Furthermore, there is real-life evidence of 
the sun’s effectiveness: photosynthesis, most 
commonly written as the chemical reaction 
6CO2 + 6H2O à C6H12O6 + 6O2. By simulating 
the natural process of photosynthesis in plants 
and certain bacteria, scientists and engineers 
hope to harness the energy of the sun to replace 
our dwindling fossil fuels. A single hour of 
sunlight could provide enough energy to power 
all human needs for an entire year (1).

Unfortunately, the considerable challenges 
and limitations of “artificial photosynthesis” 
have, until now, prevented the process from 
reaching the needed efficiency (1). Recent 
developments in materials and chemical 
sciences and engineering, however, suggest that 
artificial photosynthesis may soon be useful in 
harvesting solar energy for human consumption 
(1).

Natural Photosynthesis 
Plants, algae, and bacteria can use solar 

energy to convert carbon dioxide and water 
into carbohydrates in the form of glucose, 
meanwhile releasing oxygen (1). This natural 

photosynthesis occurs in the thylakoid 
membranes of chloroplasts, organelles found in 
organisms able to perform photosynthesis (1).

The process, complex in nature, is often 
simplified into a “Z-scheme,” which involves 
photosystems I and II (PSI, PSII) and the 
connecting electron transport chain (ETC) 
(1). In essence, PSII absorbs photons of light, 
allowing it to split water into oxygen, hydrogen, 
and electrons (1). The excited electrons travel 
down the ETC via electron acceptors, including 
plastoquinone, cytochrome b6f complex, and 
plastocyanin, to PSI. ATP synthesis occurs 
during this electron transport (1). PSI also 
absorbs photons of light and provides the energy 
to reduce dinucleotide phosphate (NADP+) to 
NADPH. Photosynthetic organisms use the 
energy stored in the generated ATP and the 
reducing species NADPH to drive the synthesis 
of glucose from CO2 (1).

The “reverse” process, the conversion of 
oxygen and carbohydrates into carbon dioxide 
and water, is known as cellular respiration (1). 
Humans use respiration not only when we 
break down our internal glycogen stores, but 
also when we burn fossil fuels to power factories 
and machinery (1).

Currently, 85 percent of our energy comes 
from fossil fuels (1). While the Earth has been 
able to keep up with humans’ energy demands 
thus far, energy consumption is expected to 
double by 2050 and triple by 2100 (1). Even 
without the added strain of population and 
economic growth, experts predict that burning 
the remainder of Earth’s fossil fuels will result 
in CO2 and ocean levels equal to prehuman 
conditions, making it essential to find other 

Figure 1: Researchers 
at Berkeley genetically 
engineered E. coli to 
convert acetate produced 
by their nanowire-bacteria 
hybrid system of artificial 
photosynthesis into fuel-like 
products.

Artificial Photosynthesis: 
Combining Nature and Technology

Image courtesy of Wikimedia Commons. 
Available at https://upload.wikimedia.org/wikipedia/commons/3/32/EscherichiaColi_NIAID.jpg
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sources of clean, renewable energy (1). Because 
the burning of fossil fuels is essentially the 
reverse of photosynthesis, if one could create 
the end products of photosynthesis using a 
renewable source, the need for fossil fuels would 
be greatly reduced, decreasing the amount of 
strain on the environment.

For such a process to be viable, scientists 
agree that it must function with at least 10 
percent efficiency. Unfortunately, natural 
photosynthesis does not reach 10 percent 
efficiency. In fact, of the 100,000 Terawatts 
of solar energy delivered to Earth annually, 
photosynthetic organisms capture only 100 to 
130 TW – a measly 0.1 to 0.13 percent of total 
solar energy (1, 2). 

Theoretically, photosynthesis could 
function with 30 percent efficiency when 
considering only the number of photons 
required to produce one molecule of glucose; in 
reality, however, natural photosynthesis occurs 
with a maximum of 4.5 percent efficiency (1). 
This reduction in efficiency is partially due to 
the loss of energy during the conversion of 
light to the “correct” wavelengths for excitation 
of PSI and PSII (1). Although photosynthetic 
organisms can capture energy from a wide range 
of wavelengths (i.e. the visible light spectrum), 
they can only use light from the red wavelength 
region. Therefore, shorter wavelength light, such 
as blue light, must be degraded, which results 
in energy loss (1). In addition, photosynthetic 
organisms inherently use energy in performing 
photosynthesis and other metabolic processes.

When combined with the environmental 

limitations of light, nutrient, and water 
availability, photosynthesis occurs with an 
average of only one to two percent efficiency in 
nature, making it an impractical way to obtain 
energy (1, 2).

Artificial Photosynthesis: Current 
Developments

Although natural photosynthesis is not 
efficient enough to solve our energy needs, 
scientists and engineers believe that a similar 
process through artificial photosynthesis can 
eventually harness solar energy. Research 
labs around the world seek to develop a man-
made system that can capture solar energy in 
chemical bonds, such as those in H2, and then 
use that energy to produce useful end products 
like alcohol and methane by mimicking the 
process seen in photosynthetic organisms (1).

In principle, electrocatalysts in the form 
of dyes or inorganic semiconductors could be 
used to drive part of photosynthesis with higher 
efficiency than that of natural photosynthesis. 
Once water is split to generate hydrogen and 
electrons, engineered photosynthetic organisms 
could convert these products into carbon 
compounds for fuel sources. Some commonly 
used electrocatalysts include titanium oxide 
(TiO2), graphitic carbon nitride (g-C3N4), and 
copper oxide (Cu2O) (1).

Though artificial photosynthesis appears to 
be an ideal solution, it has yet to reach 10 percent 
efficiency (1). The metal oxides, sulfides, and 
chalcopyrite used as inorganic semiconductors 

Figure 2: U.S. Department 
of Energy Secretary Steve 

Chu visits the Joint Center 
for Artificial Photosynthesis 

(JCAP), an organization 
currently working on eight 
different projects involving 

artificial photosynthesis.

Image courtesy of Sasha Wolf.  Available at http://commons.wikimedia.org/wiki/File:Throbbing_migraine_headache.gif

Image courtesy of Wikimedia Commons. 
Available at https://commons.wikimedia.org/wiki/File:Secretary_Chu_Visits_Joint_Center_for_Artificial_Photosynthesis.pngv
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Figure 3: Cyanobacteria 
form algal blooms that are 
more efficient at natural 
photosynthesis than individual 
photosynthetic organisms. 
However, these blooms 
still do not achieve the 10 
percent efficiency target when 
harvesting solar energy.

are limited either in the range of wavelengths 
they can absorb or in their ability to generate 
both O2 and H2, the end products of the first step 
of photosynthesis (1). 

While the goal of 10 percent efficiency 
remains far off, large breakthroughs such as the 
bionic leaf and nanowire-bacteria hybrid have 
already been made in artificial photosynthesis, 
and the field remains one of high interest. 
For example, the Joint Center for Artificial 
Photosynthesis (JCAP) has eight different 
programs that conduct research regarding 
artificial photosynthesis (Fig. 2) (3).

A Bionic Leaf 
In 2014, a team of scientists and engineers 

from Harvard University developed a “bionic 
leaf” that could store solar energy in the 
form of liquid fuel (4). Using the principles of 
artificial photosynthesis, the scientists used a 
cobalt phosphate anode resembling PSII and a 
NiMoZn or stainless steel mesh cathode to split 
water and generate O2 and H2 via sunlight (4, 
5). All of these metals are relatively abundant 
and common on Earth (5). The cobalt phosphate 
acts as an oxygen-evolution reaction catalyst, 
gaining electrons to allow for the oxidation of 
water and generating O2 and protons (4, 5). The 
NiMoZn acts as a hydrogen-evolution reaction 
catalyst, reducing the protons generated at the 
cobalt phosphate anode to H2 (4, 5). 

To complete the bionic leaf, the scientists 
cultured genetically engineered Ralstonia 

eutropha bacteria (H16) in the cell containing 
the metal anode and cathode. The R. eutropha 
combine the H2 produced byproducts from 
the anode/cathode with CO2 to produce 
isopropanol, a potential fuel source for human 
consumption (4). In this way, the bacteria carries 
out the Calvin cycle, which produces glucose 
and other sugars in natural photosynthesis (4). 
The team also measured the growth of the R. 

eutropha H16 as a result of proton, electron, 
and CO2 driven replication (4, 5). The relatively 
high efficiency of this system arises from the 
lower cell voltages of the cobalt phosphate 
and NiMoZn metals (5). Metals usually work 
at 4.0 to 5.5 V, much higher than the minimal 
requirement of 1.23 V. In this bionic leaf, the 
cell functioned with an overall cell potential 
of 2.5 V (5). In constrast to previous artificial 
photosynthetic cells, the anaerobic bacteria did 
not have to be separated from the anode, which 
can be difficult to achieve without reducing 
efficiency (4).

While this system is a positive step and a 
“proof of concept” for artificial photosynthesis, 
it only had around one percent efficiency when 
first published, matching that of most naturally 
occurring photosynthetic organisms (4, 5). As 

the team makes changes and improvements, 
it hopes to reach five percent efficiency, the 
efficiency of photosynthesis in many species 
of algae, by optimizing the bacteria and the 
metal catalysts (4). The scientists claimed that 
part of the reason for this low efficiency was 
the generation of toxic reactive oxygen species 
(ROS) at lower potentials, which results in 
death of the R. eutropha (4).

A Nanowire-Bacteria Hybrid 
More recently, in 2015, a team of scientists 

and engineers from the US Department of 
Energy’s Lawrence Berkeley National Laboratory 
and University of California, Berkeley revealed 
another system of artificial photosynthesis 
that coupled semiconducting nanowires with 
anaerobic bacteria that mimic the Z-scheme of 
photosynthesis. Researchers divided the system 
into two chambers: a photoelectrochemistry 
chamber and a biosynthesis chamber. In the 
first chamber, silicon nanowires with a 30 
nm titanium dioxide protective layer absorb 
sunlight, generating photo-excited electron-
hole pairs.  The pairs then absorb light and 
excite electrons in the silicon and oxygen 
of the TiO2 by splitting water (2). Unlike the 
bionic leaf, the nanowire-bacteria hybrid uses 
the bacterial species Sporomusa ovata, which 
produces acetate from the nanowire-generated 
products, namely electrons (2).

In the biosynthesis chamber, researchers 
used genetically engineered Escherichia coli and 
the enzyme acetyl-CoA to convert acetate into 

Image courtesy of Flickr

Image courtesy of Wikimedia Commons. 
Available at https://commons.wikimedia.org/wiki/Algal_bloom#/media/File:CyanobacteriaInPool.jpg
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useful end products such as butanol, which acts 
like gasoline (2, 6). According to researchers, the 
two chambers could theoretically be combined 
into one in the future (6).

The researchers claim that this system is 
one of the first, if not the first, to allow direct 
interaction of the microbe (bacteria) with 
the “light-absorbing device” (nanowires). 
By using a platinum electrocatalyst, the S. 

ovata can continue to reduce CO2 under the 
normal aerobic conditions of 21 percent O2. 
While most anaerobic bacteria cannot tolerate 
high concentrations of O2, the nanowire-
bacteria hybrid system addresses this issue 
while allowing for increased effectiveness and 
flexibility of the microbial species. The system 
also expands the number of end products to 
n-butanol, amorphadiene, epi-aristolochene, 
cadinene, and polyhydroxybutyrate generated 
at 25.6 percent, 25.1 percent, 10.6 percent, 
4.7 percent, and 51.8 percent efficiency from 
acetate, respectively, via the use of different E. 

coli strains (2).
In its first release, the nanowire-bacteria 

hybrid system functioned at around 0.38 percent 
efficiency, around that of a leaf, but researchers 
are currently working on a second-generation 
system that functions at three percent efficiency 
(2).

Conclusion
Significant hurdles remain before 

artificial photosynthesis can reduce human 

dependence on fossil fuels. Despite encouraging 
developments, artificial photosynthesis has 
a long way to go before it can achieve 10 
percent efficiency. Nevertheless, both the sound 
foundation on which artificial photosynthesis 
is founded and ongoing research suggest that it 
is a viable option as a clean, renewable energy 
source.
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“Despite 
encouraging 

developments, 
artificial 

photosynthesis 
has a long way to 

go before it can 
achieve 10 percent 

efficiency.”

Figure 4: The green spherical 
bodies below are responsible 
for photosynthesis. The light 

independent reactions occur in 
the stroma of chloroplasts, and 

the light dependent reactions 
occur on the thylakoid 

membrane.
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Humans and Neanderthals:  
A Short History

Like most species, modern humans have 
many ancestral cousin species. Questions of 
what set humans apart from these other species, 
allowing them to populate the rest of the world, 
have been of great interest, especially since 
Darwin’s introduction of natural selection and 
subsequent fossil evidence of ancient beings 
similar to ourselves. Remains of different human 
subspecies have been found both in Africa and 
on other continents, one such species being 
the Neanderthals (1). Modern humans and the 
Neanderthals split from a common ancestor 
between 400,000 and 800,000 years ago (1). After 
this split, the Neanderthals occupied Europe and 
West Asia from around 300,000 to 30,000 years ago. 
Modern humans are believed to have exited Africa 
approximately 70,000 to 60,000 years ago (2). 

Because the Neanderthals are thought to 
have gone extinct between 45,000 and 30,000 
years ago, there was a long period of time in 
which humans and Neanderthals could have 
met each other and interacted (1). Modern 
humans may have contributed to the demise 
of the Neanderthals by bringing infecting, 
outcompeting, or fighting with them. However, 
pitting the two species against one another to 
explain the Neanderthals’ extinction ignores the 
fact that the Neanderthals survive today in our 
very own DNA. Genetic analyses over the past 
decade suggest that Neanderthals and modern 
humans interbred, leaving a host of good and bad 
genes that continue to affect a large proportion 
of mankind.

The Evidence
In 2010, Green et al. found that modern 

non-African populations shared between one 
and four percent of their genome with the 
Neanderthals. Using a measure of genetic 
similarity called D-statistics, they found that 
French, Han Chinese, and Papua New Guinean 
genomes were more similar to each other than 
sequences from San people, hunter-gatherers 
from Southern Africa, and Yoruba people, a 
group from Western Africa (2). They performed 
further analyses and found that Europeans 
and Neanderthals, but no African populations, 
shared certain haplotypes, or groups of genes, in 
low frequencies. Additionally, these sequences 
in European subjects showed lesser divergence 
from Neanderthal sequences than did related 
sequences from Africans (2). Taken together, the 
scientists hypothesized that these results were 
due to interbreeding between Neanderthals and 
the ancestors of modern non-Africans (2).

As Neanderthal remains have only been 
found outside of Africa, any genetic remnants of 
interbreeding should, in theory, be present only 
in non-African populations, such as Europeans 
and East Asians. Among Europeans and East 
Asians analyzed in a study by Vernot and Akey, 
about 20 percent of the Neanderthal genome, or 
600 megabase pairs (Mb), was present across all 
individuals (3). Meanwhile, native populations 
in sub-Saharan Africa have no Neanderthal 
input (1). Given this study and the fact that 
all non-African populations have Neanderthal 
genes, Neanderthals and humans would have 
had to meet outside of Africa early on, soon 

Figure 1: Changes in keratin 
and hair thickness helped keep 
Neanderthals warm in cold 
climates.
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after humans migrated out of Africa. Many 
experts theorize that the two met in the Middle 
East. Humans coming out of Africa would have 
encountered Neanderthal populations already 
established in the area around 50,000 to 80,000 
years ago before spreading to both Europe and 
Asia (2).

Second Time’s the Charm
Of the total 600 Mb of Neanderthal DNA 

present in European and Asian genomes, the 
two populations only share about 149 Mb, or 25 
percent (3). What could account for the other 
75 percent? Recent studies have found that 
Asians have about 20 percent more Neanderthal 
DNA than Europeans (4). One explanation 
for this observation is that intermingling 
with Neanderthals may not have been a one-
time event. Asians could have interbred with 
Neanderthals a second time after they split from 
Europeans. However, this two-pulse theory 
raises more questions; Neanderthals went 
extinct around 30,000 to 40,000 years ago, so 
they disappeared before Europeans and Asians 
could diverge genetically (2). 

Theories to circumvent this problem include 
later extinction of Neanderthals in Asia and 
ancestral Asians breeding with pre-existing 
humans in Asia who had already interbred 
with Neanderthals in the area (4). Fossil records 

have yet to show evidence of Neanderthals 
present farther east in Asia during such times, 
although experts have found fossils of modern 
humans in China that date back 40,000 to 50,000 
years, implying that Asians and Europeans had 
already physically split at this point in history 
(2). Another theory behind the European-
Asian difference is that the Asian population 
remained smaller than the European population 
for some time after they split, making the Asian 
population less efficient in diluting Neanderthal 
genes (5).

To further the mystery, South Asians appear 
to have amounts of Neanderthal DNA between 
those of Europeans and East Asians, suggesting 
a gradient across Eurasia (2). Furthermore, the 
Maasai people from East Africa have a significant 
amount of Neanderthal DNA. As there is neither 
evidence that Neanderthals were in Africa nor 
that the predecessors of the Maasai left Africa, the 
most likely explanation that remains is that the 
Maasai intermingled with a human population 
that had interbred with the Neanderthals and 
then returned to East Africa (2).

Natural Selection
While there are questions as to when and 

where Neanderthals interbred with modern 
human populations, why would these populations 
retain Neanderthal genes in the first place, 
and why at such low percentages? The small 
amounts of Neanderthal DNA are not uniformly 
distributed in modern human genomes, implying 
that natural selection has occurred. Natural 
selection would weed out most deleterious genes 
and make beneficial genes more common. 

Sankararaman et al. (2014) analyzed 
introgression maps of certain genes and found 
that the upper ranges of Neanderthal ancestry 
in genes were 62 percent for East Asians and 
64 percent for Europeans (5). They did not find 
tissue-specific expression patterns, but they did 
find that genes for keratin, a protein found in skin, 
hair, and nails, filament formation, had higher 
percentages of Neanderthal DNA (6). Europeans 
and Asians shared some of the Neanderthal 
gene sequences related to keratin, while others 
were unique to either group (5). A parallel study 
found that the Neanderthal form of the skin gene 
POU2F3, which directs keratinocyte proliferation 
and differentiation, was present in 66 percent of 
East Asians studied and less than one percent of 
Europeans (3). Meanwhile, researchers found the 
Neanderthal form of BNC2, a gene expressed in 
keratinocytes for skin pigmentation and other 
traits, in 70 percent of Europeans studied (3, 6). 
Due to the high proportions seen here, these 
genes likely benefited humans in environments 
outside of Africa. Neanderthals had already lived 
in these colder areas for thousands of years, so 

Figure 2: Neanderthals are 
believed to have gone extinct 

30,000 years ago.

Image courtesy of Wikimedia Commons. 
Available at https://en.wikipedia.org/wiki/File:Homo_neanderthalensis_anagoria.jpg
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these genes were well-suited for the Ice Age 
environments before humans arrived.

Negative selection accompanies this positive 
selection. Certain regions of the human genome 
seem to lack Neanderthal input. One such region 
is the FOXP2 locus, which encodes a transcription 
factor critical to motor coordination, speech, and 
language (3, 6). This region has negative selection 
in both Europeans and Asians, highlighting 
advantages that the human form of the gene 
had over the Neanderthal form. The lack of 
Neanderthal DNA in this region may highlight 
differences in language use between the species, 
a facility that the Neanderthals are believed to 
have had. 

Another region of low Neanderthal density 
is the X chromosome, which, compared to other 
autosomes, contains only a fifth of the amount 
of Neanderthal ancestry (5). One selection 
pressure that could have driven this occurrence 
is male hybrid sterility, a phenomenon where 
the offspring of two subspecies have low or no 
fertility (7). Similarly, Neanderthal DNA lacked 
in genes specifically expressed in the testes (6). 
Both of these findings indicate that modern 
human offspring from this cross would have 
reduced fertility, but it is unlikely that these 
offspring were always sterile, given that there 
is some admixture. The reduced fertility would 
have only become apparent over hundreds of 
generations (6). The lack of fertility also hints 
at a degree of biological incompatibility of the 
two species. Both were seemingly on the verge 
of incompatibility after only 500,000 years of 
separation, a relatively short period of time in 
terms of evolution (7). Among modern humans 
today, populations separated by 100,000 years 
appear to be fully compatible, with no apparent 
increases in male hybrid infertility (7).

Relevance Today
While natural selection appears to have 

eliminated most of the negative consequences 
of interbreeding, some harmful genes may have 
managed to weasel their way into the modern 
world. Neanderthal alleles are associated 
with lupus, biliary cirrhosis, Crohn’s disease, 
depression, autism, schizophrenia, Down’s 
syndrome, smoking addiction, and type 2 
diabetes (5, 8, 9). 

In the case of Crohn’s disease, researchers 
found different Neanderthal genes associated 
with increased and decreased risk for the 
disease (8). One of the factors related to type 
two diabetes is the SLC16A11 gene (10). Carriers 
of a mutation in this gene are 25 percent more 
likely to develop diabetes, while those with two 
mutant copies are 50 percent more likely. The 
mutant form is present in up to half of those 
with Native American ancestry, including many 

Latin Americans (10). The high proportion 
of the gene itself could account for about 20 
percent of the increased risk of diabetes in 
Latin Americans (10). Studies have also found 
that the mutant form of SLC16A11 is in 20 
percent of East Asians but only two percent of 
Europeans and is completely absent in African 
populations (10). However, the mutation can be 
found in Neanderthal DNA. Much like the genes 
associated with smoking addiction or autism, it 
is difficult to tell if SLC16A11 had any negative 
impacts in earlier human populations; other 
functions of these genes could have led positive 
selection to conserve them (8, 9). Alternately, 
not enough time may have passed to eliminate 
these deleterious genes. Previously unnoticed 
in diabetes research, genes like SLC16A11 could 
provide insight as to how and why different 
populations have varying risks for different 
diseases.

Neanderthals also impacted human 
immunity. Human leukocyte antigen (HLA) class 
I genes of major histocompatibility complexes 
enhance the body’s ability to recognize and 
destroy pathogens (11). Some variants of HLA 
genes are only found in Eurasian populations 
(11). These genes were selected for, as the 
Neanderthals would already have been 
established in these areas and gained immunity 
to a host of pathogens, meaning that human 
newcomers would have benefited from these 
preadapted genes. 

However, not all of this HLA gene exchange 
may have been for the better. Since these genes 
were preadapted for certain pathogens, some 
may have had targets similar to human cell 
types, leading to autoimmune diseases. One such 
example is the HLA-B51 gene variant, which 
appears to be inherited from Neanderthals but is 
associated with Behcet’s disease, a rare, chronic 
inflammatory condition of blood vessels (11). 
The differences in HLA genes could explain 
why certain subsets of the global population are 

“The small 
amounts of 
Neanderthal DNA 
are not uniformly 
distributed in 
modern human 
genomes, implying 
that natural 
selection has 
occurred.”

Figure 3: Neanderthals are 
known to have inhabited 
Europe and Central Asia, 
though they may have spread 
further east.

Image courtesy of Wikimedia Commons. 
Available at https://en.wikipedia.org/wiki/File:Range_of_Homo_neanderthalensis.png
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immune to some diseases, while other subsets 
are more susceptible to other autoimmune 
conditions.

Another aspect of human biology that has 
been both negatively and positively affected by 
Neanderthals is lipid metabolism. Genes for lipid 
catabolism in Europeans are more Neanderthal 
rich than those in Asians and Africans, and they 
also demonstrate a larger degree of divergence 
from either human population, as well as from 
chimpanzees (1). 

Tests of lipid composition of the prefrontal 
cortex of the brain found that Europeans had 
concentrations of various lipid metabolites 
that differed from those found in other human 
populations, indicating that differences at the 
gene level translate to differences in enzyme 
activity (1). European populations may have 
retained these Neanderthal genes due to the 
boost in lipid metabolism they provided, 
supplying energy in the cold environment 
(12). Some of the metabolites found in these 
European brain samples are implicated in 
hypertriglyceridemia and coronary heart 
disease, however, and could contribute to 
“metabolic syndromes,” a group of conditions 
including obesity, diabetes, high blood pressure, 
and cardiovascular disease (1, 12).

Conclusion
From skin to immunity to diabetes, 

Neanderthal DNA seems to play an active role 
in humans today, despite the Neanderthals’ 
extinction over 30,000 years ago. Although 
certain details regarding when and how often 
modern humans and Neanderthals interbred 
still need to be resolved, the consequences of 
these interactions have left a genetic mark on 
the human population.

Figure 4: This comparison 
of modern human (left) and 

Neanderthal (right) skulls 
highlights morphological 

differences between the two 
species.

Image courtesy of Wikimedia Commons. 
Available at https://commons.wikimedia.org/wiki/File:Left_facing_Neanderthal_human_cropped_black_background.png
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An Interdisciplinary Approach 
Concerns regarding global health issues 

have gained momentum in the millennial 
generation. Armed with experiences abroad 
and international headlines at their fingertips, 
young people are at the forefront of this hub of 
potential change. Global health encompasses 
a wide breadth of disciplines, and, as such, 
discerning the interconnected nature of 
various health issues has become increasingly 
challenging. 

The United Nations Millennium 
Development Goals (MDGs) are useful for 
contextualizing current efforts. The U.N. 
created eight interdependent goals at the turn 
of the century to address pressing global issues: 
1) to eradicate extreme poverty and hunger; 
2) to achieve universal primary education; 
3) to promote gender equality and empower 
women; 4) to reduce child mortality; 5) to 
improve maternal health; 6) to combat HIV/
AIDS, malaria, and other diseases; 7) to ensure 
environmental sustainability; and, finally, 8) to 
develop a global partnership for development. 
Although these goals are broad in scope, their 
core aim is a commitment for equality on a 
global scale (1).  

The disciplines involved can be split 
into two groups: that of ‘solution’ and that 
of ‘implementation.’ Directly tackling the 
causes of death in the field of global health 

includes necessary ‘solution’ disciplines such 
as medicine and engineering, but solutions 
cannot create change without appropriate 
implementation. In the field of global health, 
‘implementation’ solutions must overcome 
cultural and religious barriers in order to make 
application possible.  In many cases, the politics 
of international health and development dictate 
the response to health crises in marginalized, 
underdeveloped societies, emphasizing the 
need for an interdisciplinary approach to 
achieve equality on a global scale (2). 

Case Study: The HIV/AIDS 
Pandemic  

According to the World Health 
Organization (WHO), HIV/AIDS is among the 
top 10 leading causes of death in the world, 
accounting for 1.2 million deaths worldwide in 
2014, with a majority of these deaths occurring 
in Sub-Saharan Africa. In that same year, two 
million new cases were confirmed, and it is 
estimated that only 51 percent of infected 
individuals know of their infected status (3, 4). 
Given these facts, two focus areas are evident: 
diagnostics and monitoring therapy.

Current Practices
Current tests that best adhere to the 

ASSURED (affordable, sensitive, specific, user-

Global Health in the Modern Era: 
An Interdisciplinary Discussion of 
Current Advancements and Challenges

Figure 1:  One of the 
traditional methods for blood 
testing is the enzyme-linked 
immunosorbent assay (ELISA), 
which can be used to detect 
anti-nuclear antibodies as 
shown.
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friendly, rapid and robust, equipment-free, 
and deliverable to end users) criteria, a set 
of guidelines used to evaluate the efficacy of 
point-of-care devices, include single rapid 
tests, enzyme linked immunosorbent assays 
(ELISAs), agglutination tests, and Western 
blots, all of which test for HIV antibodies (5, 
6). Virologic assays such as DNA polymerase 
chain reaction (PCR) tests are needed for 
infants, as maternal antibodies remain present 
in an infant from birth to 18 months (7). These 
tests use a blood or oral fluid sample, with 
time-to-result as low as 20 minutes (8).

With the exception of single rapid tests, 
other diagnostic methods require highly skilled 
technicians, expensive equipment, and sterile 
facilities. These resources are often unavailable 
or unattainable in rural settings, creating a 
need for inexpensive, individualized, and easy-
to-use point-of-care (POC) diagnostic devices 
(9). 

Bringing the Lab to Peripheral 
Healthcare Systems

In the past decade, biomedical 
microelectromechanical systems (BioMEMS) 
and “lab-on-a-chip” fields of biomedical 
engineering have converged to create 
promising microfluidic technology intended 
to restructure diagnostic devices for infectious 
diseases (9). Microfluidic technology takes 
advantage of the unique flow of fluids when 
they are present in small-scale systems. On 
the 100 nm to micrometer scale, liquid flow 
properties such as surface tension, fluidic 
resistance, and viscosity change. Microfluidic 

technology uses the same assay procedures as 
traditional tests but reduces sample need to a 
drop of blood and eliminates the need for bulky 
and expensive equipment. This technology is 
easy to use by untrained individuals but still 
has the same reliability as complex laboratory 
procedures (9). 

Successful microfluidic devices that 
miniaturize complex laboratory tests and can 
be used in low-resource settings have three 
primary parameters of concern: production 
of microfluidic cassettes, automation of multi-
step reactions, and final signal detection. 

Microfluidic cassettes made of 
polydimethylsiloxane (PDMS) that has 
been mixed and poured into molds detailed 
with grooves for fluid flow can be used for 
prototype testing, but the mixing, pouring, 
and curing process for prototypes makes these 
tools inefficient, as they have low throughput 
and high cost. For practical application, Chin 
et al. (2011) optimized the cost of microfluidic 
cassettes to $0.10 per cassette using an injection 
molding made of polystyrene and cyclic olefin 
copolymers. Microfluidic cassettes fabricated 
with this method are highly precise, with 
channels of one μm to one mm resolution; they 
also are high-throughput, with one cassette 
every 40 seconds (10). Another option for 
assured microfluidic fabrication is the use of 
paper to create microfluidic paper analytical 
devices (μPADs). These biosensors are relatively 
equipment-free, inexpensive to produce, and 
allow for results to be read visually (11).  

In traditional ELISAs, researchers 
integrate multiple washings and reagents 
into the procedure to ensure accuracy and 
signal detection. Chin et al. (2011) combined 
multiple washings and reagent additions by 
incorporating all solutions, separated by an air 
bubble, into a single line, which is then injected 
into the inlet of the microfluidic cassette. This 
technique eliminates the costs and waste 
associated with handling multiple reagents 
and buffers, requires no electricity or complex 
equipment, and simplifies the procedure for 
POC diagnosis (10).

The substrate surface can be optimized to 
ensure signal detection and enhance sensitivity 
of microfluidic devices by increasing the surface 
area available for adsorption and reaction. 
Yang et al. (2008) have applied polycarbonate 
electrospun nanofibers, which are created by 
drawing solution through an electric field, in 
between the bottom surface of the microfluidic 
device and the glass slide to provide a roughened 
surface on which patient serum and antigen 
solution can interact. This approach is a high-
throughput and cost-effective enhancement of 
the existing PDMS microfluidic devices (12). 
Other PDMS device enhancement focused on 

“PULL QUOTE.”

Image courtesy of Wikimedia Commons. 
Available at https://upload.wikimedia.org/wikipedia/commons/6/64/HIV-infected_H9_T_cell_%286813396647%29.jpg

Figure 2:  A scanning electron 
micrograph image of a T-cell 

infected with HIV.
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enhancing sensitivity includes integration of 
microbeads in channels, the use of porous films 
on substrate, and addition of nanopillars and 
other nanostructures (13, 14, 15). 

 While microfluidic devices have been 
discussed in the context of global health thus 
far, the application of microfluidic devices 
extends beyond HIV diagnostics and therapy 
monitoring. Devices that test for blood type, 
pathogenic microorganisms, specific cancer 
cells, pregnancy status, sexually transmitted 
infections, and glucose have all been developed 
(16). These innovations provide insight into 
the extensive applications of microfluidic 
devices and their effect on global public health. 
POC microfluidic technologies have been 
successfully tested in Rwanda, Uganda, and 
Zambia, but the research and on-site testing 
in these areas also inadvertently restructures 
their healthcare systems, a change that poses 
significant challenges (10, 17). 

A Gap in Health Equality
Financial stability remains a relevant 

cause of health inequality, as the majority of 
deaths in the world’s lowest-income countries 
can be attributed to infectious diseases, while 
less than five percent of the world’s highest-
income countries have infection-related deaths. 
Baker et al. (2012) carried out a systematic 
method for monitoring the incidence of serious 
infectious diseases among ethnic groups and 
socioeconomic status distributions in New 
Zealand from 1989 to 2008. Although New 
Zealand is a developed country with a managed 

infectious disease burden, the study noted 
clear correlations between socioeconomic 
status and risk for infectious disease. For 
example, the ratio of disease incidence for the 
most socioeconomically privileged quintile to 
the most socioeconomically deprived was 2.81 
(18). The findings from this study suggest that 
similar trends may occur in other countries as 
well. 

A Need for Systemic Change 
A common denominator in the discussion 

thus far is a need to replace the cost and skill 
of diagnostic procedures with easy-to-use 
POC devices. However, developing these new 
devices would shift the chain of operations to 
on-site community outreach workers instead 
of centralized healthcare facilities, a divergence 
from current models for international aid and 
medical infrastructure. 

International Aid 
In 2009, the total net official development 

assistance (ODA) was close to $120 billion. 
Commitment to international aid often 
exhibits patterns of detailed specification and 
is often project-centric, directed at one illness 
or issue (19). For example, in the 2014 fiscal 
year, officials split the United States Agency 
for International Development (USAID) 
commitment of $234 million into development, 
education, social services, environment, health, 
humanitarian assistance, peace, security, and 
democracy and governance aid. Each section 
is further divided into specified projects, with 

Figure 3:  A digital microfluidic 
biochip can miniaturize 
laboratory tests while still 
being as reliable as traditional 
testing methods.

Image courtesy of Wikimedia Commons. 
Available at https://upload.wikimedia.org/wikipedia/commons/0/08/Biochip.jpg
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the HIV/AIDS spending specified under the 
health section governed by the United States 
President’s Emergency Plan for AIDS Relief 
and a separate two year plan known as the 
Accelerating Children’s HIV/AIDS Treatment 
(ACT) Initiative (20). 

Ulrich Lasser argues in his editorial for 
the Journal of Public Health Policy that this 
approach fails to recognize that much of the 
disease burden in developing countries can 
be attributed to health systems as a whole. 
Disease-centric initiatives are often drafted 
without consideration for existing health 
plans and healthcare systems in countries 
receiving aid. Furthermore, these projects 
often do not collaborate with other aid projects 
focused on sectors interconnected to the 
global health crisis. Lasser emphasizes a need 
for collaboration among aid agencies and 
receiving countries on the governance level, as 
well as cooperation among new and existing 
programs (21). 

Medical Infrastructure
Yager et al. (2006) identifies the three 

tiers of medical care in low-income countries: 
city-level hospitals, district-level healthcare 
providers, and village-level healthcare 
workers. The study notes that the level of care, 
facilities, and training of healthcare providers 
at each of these tiers varies. Clean water and 
electricity may only be available at intervals or 
not at all, temperatures may range from 10-40 
°C, instruments may be poorly maintained, and 
training of healthcare staff may be insufficient 
(9). More specifically, Hsia et al. (2011) found 

that, in hospitals and healthcare centers 
located in Ghana, Kenya, Rwanda, Tanzania 
and Uganda, 22 to 46 percent had consistent 
running water, 18 to 41 percent had unexpired 
drugs and current inventories, and less than 50 
percent had resources to control infection and 
disposal of hazardous waste (22).

As the inherent nature of POC devices 
favors policies directed toward marginalized 
communities, implementation of POC 
diagnostics and therapeutic devices would 
seem to call for decentralization of current 
medical care models. However, Richard 
C. Crook, an expert from the Institute of 
Development Studies, found that ruling central 
elites are generally unwilling to distribute 
power, and any sustainable change in favor 
of marginalized communities is unlikely if 
there is no reinforcement of accountability 
mechanisms at both local and national 
levels. In several nations, Crook found 
misdirected decentralization reforms and 
that decentralization had a minimal effect on 
poverty alleviation when a weak relationship 
existed between central and local ruling parties 
(23).

West Bengal and Brazil, however, have 
found success. In these instances, termed the 
‘West Bengal’ model, decentralization led to 
successful pro-poor polices when there was 
sufficient synthesis and collaboration between 
central and local powers. A combination 
of support from the central governance 
and organizational efforts from the local 
governance made it possible for pro-poor 
policies to succeed (23). Furthermore, by 
analyzing empirical evidence from rural India, 
Asfaw et al. (2007) found that rural fiscal 
decentralization has a significant and negative 
impact on infant mortality rate, but only in 
states with high political participation (24).

Alternatively, in the cases where central 
authorities decentralize power, as Romania’s 
public administration did following the 
removal of a Communist regime in 1989, 
Andrei et al. (2009) found that public health 
sectors are unlikely to benefit. They studied 
the changes in infant mortality rate and life 
expectancy as the public health infrastructure 
evolved over the course of the decentralization 
process. They found that the infant mortality 
rate was negatively correlated with GDP per 
capita, a measure of development, while life 
expectancy was positively correlated with 
GDP per capita. These opposing trends led 
researchers to conclude that a decentralization 
process does not have a strong positive effect 
on public health (25). 

By analyzing case studies, Crook 
found that, combined with cooperation, 
decentralization led to more pro-poor policies 

Figure 4:  A fluorescence in 
situ hybridization (FISH)-based 
microfluidic chip platform can 

be used for rapid diagnosis.

Image courtesy of Wikimedia Commons.
Available at https://upload.wikimedia.org/wikipedia/commons/a/ab/FISHchip.jpg
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in West Bengal and Brazil. Asfaw et al. (2007) 
supports this finding with empirical evidence 
from rural India. On the other hand, through 
an applied economics lense, Andrei et al. (2009) 
found that, even with the implementation of 
decentralized policies, public health measures 
did not consistently improve in Romania. These 
inconsistent findings demonstrate that, given 
different regional conditions, decentralization 
may affect public health infrastructures 
differently.

Synthesis and Synergy 
The previous discussion shows that 

technological innovation in biomedical 
engineering has both improved diagnostic 
techniques for infectious diseases and 
made them accessible for underdeveloped 
populations. By combining the expertise of 
several fields of research, fabrication of easy-
to-use POC microfluidic devices is possible and 
has in fact succeeded in on-site trials.  

Advances in medicine have made treatment 
for many infectious diseases possible, allowing 
individuals to live healthy, productive lives. 
However, poverty, gender inequality, racism, 
and sexual oppression continue to marginalize 
communities and prevent equal healthcare 
for all, making the synergy of components 
relevant to international aid and healthcare 
infrastructure a necessity. Progress in combating 
infectious disease burden cannot occur without 
movement toward a collaborative approach in 
other fields of development and research in 
aid-giving and aid-receiving parties. 
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Among patients with major depressive 
disorder (MDD), fewer than 40 percent achieve 
remission with initial treatment, which generally 
consists of evidence-based psychotherapy or 
antidepressant medication (1). While these 
treatments are effective for many patients with 
MDD, 30 to 40 percent of MDD patients develop 
chronic, unremitting depression that does not 
respond to initial antidepressant treatments 
(2). Treatment-resistant depression (TRD) has 
significant individual and societal costs, as 
failed antidepressant treatments result in an 
increased risk of suicide, loss of productivity, and 
continued distress (3). Given the public health 
costs of untreated MDD, identifying the most 
effective antidepressant treatment is of paramount 
importance.   

Researchers have identified biomarkers of 
depression in the blood, brain, and cerebrospinal 
fluid (4). While these biomarkers demonstrate 
the physiological aspects of depression that 
differentiate patients with MDD from healthy 
patients, researchers have not yet utilized them to 
improve MDD treatment. In synthesizing recent 
research on biomarkers, scientists have concluded 
that neurological biomarkers of depression may be 
the key to improved treatment selection for MDD 
patients. Understanding which neurobiological 
dysfunction characterizes a patient’s depressive 
episode may allow clinicians to determine the 
most effective antidepressant treatment (5). 

The Biomarker Approach
The biomarker approach to treating 

depression acknowledges that the diagnosis 
of depression is insufficient to select the most 
effective treatment for a given MDD patient. 
Given that depression manifests itself in many 
different ways, physicians should consider 
different forms, and therefore different causes, of 

depression when selecting treatments for MDD 
patients. For example, if one patient suffers from 
weight gain and increased sleep, while another 
patient experiences weight loss and decreased 
sleep, the patients’ depressions may be caused, 
or at least characterized, by different underlying 
neurological dysfunctions. The biomarker 
approach to depression treatment accounts for 
differing underlying neurological dysfunctions 
with the hope that such consideration will lead to 
more effective initial depression treatment (5). 

Researchers at Emory University have 
identified biomarkers that predict the differential 
efficacies of antidepressant treatment and cognitive 
behavioral therapy (CBT). McGrath, Kelley, 
and Holtzheimer (2013) identified two specific 
biomarkers that predict efficacy of psychotherapy 
versus pharmacotherapy in MDD patients. This 
article will review their findings and discuss the 
future direction of biomarkers research.

Biomarkers to Predict Efficacy of 
Antidepressant Medication versus 
Psychotherapy
Objective

McGrath, Kelly, and Holtzheimer (2013) 
aimed to identify a biomarker(s) that would 
predict differential outcomes of either medication 
or psychotherapy. In order to achieve this goal, the 
research team explicitly defined the qualities that 
such a biomarker would possess. Prior research 
has identified biomarkers that differentiate 
the depressed population from the healthy 
population and indicate the likelihood of response 
to antidepressant treatment. In order to utilize 
biomarkers for treatment selection, however, 
biomarkers would need to identify more than 
the chances of remission. A clinically meaningful 
biomarker would: (1) predict a patient’s 

Figure 1:  The insula of the 
right side can be seen by 

removing the opercula.
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improvement from a specific antidepressant 
treatment and (2) predict a patient’s nonresponse 
to an alternative antidepressant treatment. A 
treatment-specific biomarker would then guide 
clinicians toward the most effective antidepressant 
treatment for a given patient. Without 
differentiation, a biomarker for depression would 
not facilitate treatment selection. 

Methods
Subjects

Eligible participants included adult 
outpatients with a primary diagnosis of MDD aged 
18 to 60 years. The Mood and Anxiety Disorders 
Program at Emory University recruited all subjects 
via clinical referrals and advertisements. Severity 
of depression was determined using the 17-item 
Hamilton Depression Rating Scale (HDRS), and 
patients were required to score 18 or higher to 
qualify for the study. Such a score would signify 
moderate to severe depression symptoms. 
Exclusion criteria included a current diagnosis of 
a primary psychiatric disorder other than MDD, 
a medical or neurological condition that would 
contribute to MDD, suicidal ideation requiring 
immediate clinical intervention, comorbid 
substance abuse within the previous three months, 
pregnancy or intended pregnancy, antidepressant 
treatment within seven days of screening, and 
psychotherapy at the time of screening. Written 
informed consent was obtained from all research 
participants (5).

Treatment Protocol
Researchers carried out treatment in two 

phases. The first phase was a short-term, 12-
week treatment phase used to gather data for the 
research study. Patients were randomly assigned 
to a 12-week treatment of either the antidepressant 
medication escitalopram oxalate (10-20 mg/d) or 
manual-based CBT, which involved 16 one-hour 
sessions. Escitalopram oxalate was prescribed at 
10 mg/d and could be increased to 20 mg/d on or 
following week three if the patient had an HDRS 
score higher than seven and was tolerating the 
medication. An escitalopram oxalate dose of 10 
mg/d was the lowest allowed dose for the study. 
CBT sessions were scheduled biweekly for the first 
four weeks and then decreased to once weekly for 
the following eight weeks (5). 

A third party with no knowledge of treatment 
group placement measured depressive symptoms 
using the HDRS. Ratings of symptom severity 
were collected weekly for the first eight weeks 
of treatment and then biweekly for the following 
four weeks. Patients with unremitted depression 
following the 12-week treatment were offered 
enrollment in phase two, which consisted of 12 
more weeks of treatment combining escitalopram 
and CBT (5).

Remission Metrics
Clinical outcomes were defined according 

to scores on the HDRS, with remission defined as 
an HDRS score of seven or less, partial response 
defined as an HDRS score decrease of more than 
30% but not achieving the criteria for remission, 
and nonresponse defined as an HDRS score 
decrease of 30% or less. In order to attain remission, 
the patient’s HDRS score of seven or less needed 
to remain stable between weeks 10 and 12 of 
treatment. Researchers required remission stability 
to rule out patients who were not truly in remission 
but instead simply having a good week. The study 
did not include partial responders or dropouts in 
its analysis to prevent the findings of the remission 
and nonresponse groups from being skewed (5). 

Procedure
Before randomly assigning participants to a 

treatment group, researchers measured brain glucose 
metabolism using positron emission tomography 
(PET). A 370-MBq dose of fludeoxyglucose F18 
was administered intravenously before each scan, 
and, 40 minutes after the tracer injection, patients 
began a 20-minute image acquisition. Patients were 
supine, awake, and resting with eyes closed and 
ears uncovered during the 40-minute uptake period. 
Patients did not receive cognitive instructions 
during the scan but were asked not to ruminate 
about any one topic during the uptake period. Raw 
emission images were corrected for injected dose 
and attenuation, reconstructed, and then smoothed 
for maximal resolution. In addition, researchers 
acquired a high-resolution T1-weighted structural 
magnetic resonance imaging scan for anatomical 
reference and spatial normalization procedures (5).

Patients who still met the inclusion criteria for 
the study were randomly assigned to a 12-week 
treatment of either escitalopram oxalate or manual-
based CBT (refer to Treatment Protocol). Throughout 

Figure 2:  Schematic 
representation of the PET 
acquisition process.

Image courtesy of Wikimedia Commons. 
Available at https://en.wikipedia.org/wiki/Positron_emission_tomography#/media/File:PET-schema.png
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(r = -0.31, df =28, P = 0.09) (5). 

Discussion
McGrath, Kelly, and Holtzheimer’s (2013) study 

found two brain pattern subtypes that differentially 
predicted response and remission after either CBT or 
escitalopram oxalate. Of the six potential biomarker 
regions identified, anterior insula metabolism 
best predicted treatment outcomes. Insula 
hypometabolism was associated with escitalopram 
oxalate remission and nonresponse to CBT; 
insula hypermetabolism was associated with CBT 
remission and nonresponse to escitalopram oxalate. 
These findings suggest that insula metabolism could 
be the pretreatment biomarker to guide clinicians in 
selecting antidepressant treatments (5). 

Several limitations of this research should be 
addressed in future studies. The most prominent 
limitation being the proportion of patients in 
which neither of the two antidepressant treatments 
succeeded. As investigators only tested two 
treatments, researchers should consider this study 
the first of many investigations into the biomarker 
approach to treatment selection. Future studies 
should present designs that identify patients who 
are resistant to these two first-line treatments and 
offer alternative treatments that are most effective 
for said patients (5).   

While replication and further research are 
required to determine the insula’s role in the 
treatment of depression, these findings suggest 
that psychiatry needs to delve further into the 
biomarker method for treatment selection. If 
biomarkers are effective in guiding treatment 
selection for depression, the biomarker approach 
may be the answer to improving treatments for 
other psychiatric disorders as well. 
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the treatment process, researchers collected ratings 
of depressive symptoms on the HDRS. After the 12-
week treatment phase, patients who had unremitted 
depression were offered enrollment into the second 
phase of the study where both escitalopram oxalate 
and CBT were administered (5). 

Analysis
To analyze the relationship between treatment 

(escitalopram oxalate or CBT) and outcome 
(remission or nonresponse), researchers used a 
two-way analysis of variance (ANOVA). The two-
way ANOVA allowed researchers to identify brain 
regions associated with remission independent of 
treatment group, meaning they were able to see 
the main effect(s) of remission. In addition, the 
“treatment x” outcome interaction identified brain 
regions where CBT remission was distinguished 
from escitalopram oxalate remission. Average 
normalized glucose metabolism values were 
calculated for each cluster identified by the ANOVA 
for post hoc testing (5).

To calculate effect sizes of the clusters identified 
by the two-way ANOVA, investigators used 
average normalized glucose metabolism values. 
These effect size comparisons allowed researchers 
to identify treatment-specific biomarkers, as said 
biomarkers would differentiate both the remission 
and nonresponse differences and the escitalopram 
oxalate and CBT differences. Consequently, the 
study considered four comparisons of effect sizes to 
identify a treatment-specific biomarker. The limited 
sample sizes led researchers to use effect sizes rather 
than statistical significance (5). 

Results
Remission rates were similar for both 

treatments. Of the 33 participants receiving CBT, 
12 (36.3%) achieved remission; similarly, 12 of the 
30 (40.0%) participants receiving escitalopram 
oxalate achieved remission. Nonresponse rates 
were similar for both treatments. Nine of the 33 
(27.3%) did not respond to CBT, while six of the 
30 (20.0%) did not respond to escitalopram oxalate. 
There were no baseline demographic differences 
between the treatment-specific outcome groups. 
For the “treatment x” outcome ANOVA, there was 
no significant main effect of remission. Significant 
“treatment x” outcome interaction effects were 
present for six regions: right anterior insula, 
right inferior temporal cortex, left amygdala, left 
premotor cortex, right motor cortex, and precuneus 
(5). 

Of the six brain regions identified, the most 
significant correlations existed between baseline 
insula activity and percentage of change in the 
HDRS scores for both the CBT and escitalopram 
oxalate groups. The correlation for the CBT group 
was positive (r = 0.55, df = 31, P = 0.001), while the 
correlation for the escitalopram group was negative 

Figure 3:  PET image of the 
human brain.

Image courtesy of Wikimedia Commons. 
Available at https://en.wikipedia.org/wiki/Human_brain#/media/

File:PET-image.jpg
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Why Synthetic Biology?
Many fields of science, ranging from biofuel 

to medicine, now use biotechnology. With the 
rise of the world population comes more mouths 
to feed. Synthetic biology is proving useful in 
providing safe and healthy alternatives to natural 
food products, and it is to the advantage of 
humans to manipulate life forms to provide for 
our needs and extend our lifetime on earth.

Synthetic Meat
Roughly seven percent of Americans define 

themselves as vegetarians (1). For reasons ranging 
from animal welfare to health, more people are 
looking into changing their dietary habits to avoid 
meat. Although some people have maintained 
this plant-based lifestyle for religious and cultural 
reasons without much difficulty, it is not so easy 
for others who choose to join the trend. 

Many factors make this shift to vegetarianism 
difficult. First, the transition from meat to 
vegetables is often too quick, and many converts 
lose motivation quickly (2). Second, the price 
of meat has fallen as a result of factory farms 
that mass produce meat, making meat a more 
financially viable option (3). Third, meat contains 
important nutrients that plants lack, such as 
creatine, vitamin B12, vitamin D3, and carnosine 
(4). These factors, among others, have led to a 
steady increase in the rate of meat consumption, 
with researchers predicting that the average 
person will consume about 100 kg of meat per 
year by 2030 (5).

Despite the predicted rise in meat 
consumption, the quarreling amongst people 
about animal welfare and environmental 
degradation caused by meat production persists. 

For example, scientists have genetically modified 
many animals so that they reproduce more often, 
and the livestock industry is responsible for most 
of the current water and air pollution, erosion, 
and greenhouse gas emissions (6, 7).

While concerns around the meat industry 
remain, Dr. Mark Post, a professor at Maastricht 
University in the Netherlands, has made advances 
in settling the issues faced by the meat industry. 
Post successfully produced the first five-ounce, 
lab-grown meat in 2013. This man-made meat 
had the same texture, color, and taste as the meat 
currently sold in supermarkets (8).

So how does cultured meat work? Post and 
his team first take a small sample of muscle tissue 
from the animal. They cut the tissue to separate 
the muscle fibers from muscle cells, which they 
then place in cultures containing fetal calf serum 
for division. The cells merge into myotubes, 
which are grown around gel hubs to allow them 
to contract and bulk up to form a small ring of 
tissue. This ring of tissue grows into strands 
consisting of many cells. Next, Post’s team 
combines approximately 20,000 of these strands 
to produce a patty (8).

Due to the complex process involved, 
Post’s lab-grown meat costs about $325,000 to 
produce (8). Dr. Johannes Tramper, a professor 
at Wageningen University in the Netherlands, 
designed an alternative method to the one 
proposed by Post, one that would enable mass 
production of cultured meat at a reduced price (9). 

When researchers take a small sample of 
muscle tissue from the animal, it goes into a large 
wave bioreactor so the cells can multiply. The 
fed-batch bioreactor then separates the growth 
medium from cells via binding enzymes and 
presses the cells into meat cake (9, 10). Such a 

Synthetic Food for the Better?

Figure 1:  Synthetic milk may 
soon replace the natural milk 
we get dairy cows.
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method might bring down the price of lab-grown 
meat, making it competitive with meat sold in 
supermarkets today (9).

Synthetic Dairy
Consumption of dairy products is also 

on the rise, as shown by the decreasing gap in 
milk consumption among developing countries 
(11). Focused on resolving animal welfare and 
environmental issues that led to the development 
of synthetic meat, bioengineers are now moving 
forward in making synthetic milk. Permuth 
Gandhi, co-founder of the biotech start-up 
Muufri, claims that a synthetic cow-free milk 
product will help reduce intensive industrial dairy 
farming, minimizing inhumane animal treatment 
and environmental pollution (12).

Artificial milk has a relatively simple 
composition: six key proteins for function and 
structure and eight fatty acids for flavor (12). 
Production is also simple: researchers insert DNA 
sequences derived from a cow into yeast cells that 
have been grown at an appropriate temperature 
and concentration (13). After a few days, the milk 
proteins are collected. By applying different ratios 
of proteins and fatty acids, scientists can make a 
variety of milk including cow, goat, and buffalo 
milk (13). In the final stage of synthetic milk 
production, researchers add vegetable fat that has 
been altered to mimic milk fat to the mix, along 
with essential minerals such as potassium and 
calcium (12). Scientists can also play around with 
ingredients to produce lactose-free or cholesterol-
free milk (14).

Muufri’s team hopes to put synthetic milk on 
the market by 2017, if not before (14). However, 
projections put the initial cost at twice that of 
natural milk, making the product impractical for 
many consumers (12). With the success of cow-
free milk, we may soon see cow-free cheese and 
yogurt on the shelves.

Synthetic Flavors and Spices
Vanilla and saffron are two of the most labor-

intensive crops in the world (15). In the case of 
vanilla, the flower blooms just once a year and 
must be hand-pollinated. Cultivators grow the 

flower in tropical regions such as Madagascar and 
Indonesia (16). For saffron, the key components 
responsible for its sweet taste come in less than 
one percent per plant (17). As a result, the costs of 
these two food products are, no doubt, high.

Vanillin is the important ingredient in 
vanilla, as it makes the largest contribution to its 
distinct aroma and flavor. Consumers commonly 
use vanillin as a flavoring agent in foods like 
chocolate and cookies (18). As a result of vanilla’s 
dependence on warm tropical conditions for 
growth, natural disasters affect its availability. 
Difficulties associated with its cultivation result 
in a low supply of and high demand for vanilla, 
causing spikes in its price (16). To make vanilla 
more accessible to consumers, Evolva, a Swiss 
synthetic biology company, partnered with 
International Flavors & Fragrances, an American 
synthetic biology company in the, to produce 
synthetic vanillin composed of petrochemicals and 
paper byproducts (17). In terms of composition, 
the artificial version is not completely identical to 
real vanilla, which has at least 250 different flavors 
and aromas; however, its taste matches or even 
exceeds that of the real one (17).

Artificial vanillin can be called “natural” 
because its production involves yeast 
fermentation, although its synthesis involves 
composing new DNA sequences using computers. 
The resulting DNA consists of an amalgam of 
sequences from known and invented genes 
(19). In this way, synthetic biology can make 
organisms perform novel tasks, such as making 
yeast produce vanillin.

Saffron serves many purposes in our world as 
a flavoring and coloring agent and as a component 
of fragrances, in addition to various medical 
applications (20). Saffron is mostly cultivated in 
Iran, with an irregular supply and composition 
due to varying seasons and inconsistent farming 
techniques. Synthetic saffron follows a synthesis 
pathway similar to that of vanillin, but its genes 
are expressed in microbes instead of in yeast. So 
far, Evolva has identified the three key chemicals 
responsible for the color and flavor of saffron. 
The company’s next task is to develop a new 
metabolic pathway that signals cells to produce 
these chemicals, which can then be put into 
microbes for mass production in bioreactors (21).

Implications
In addition to using less energy and land, 

cultured meat produces fewer greenhouse gas 
emissions than regular beef, sheep, pork, and 
poultry production (22). Furthermore, because 
the production of synthetic meat only requires 
a small sample of tissue and growth medium 
obtained from animals, fewer animals will have to 
be slaughtered to feed humans. Lab-grown meat 
may also be a healthier alternative to conventional 

Image courtesy of Wikimedia Commons. 
Available at https://upload.wikimedia.org/wikipedia/

commons/f/fb/Vanilla_spec._-_Flickr_003.jpg

Figure 2:  Artificial vanillin may 
serve as a good alternative 
to labor-intensive, natural 

vanilla. (a) β-D-glucoside of 
vanilla that forms naturally in 

harvested seed pods; (b) the 
structure of vanillin; (c) green 

vanilla seed pods.
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Images courtesy of Wikimedia Commons. 
Available at (a) https://upload.wikimedia.org/wikipedia/commons/thumb/6/6b/Glucovanillin.svg/620px-Glucovanillin.svg.png 

and (b) https://upload.wikimedia.org/wikipedia/commons/c/c7/Vanillin2.svg
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meat, as researchers can control its contents, such 
as fat (23).

Experts claim that synthetic milk production 
is safe, as it employs the same process used to 
manufacture insulin (11). However, in exchange 
for the lactose-free and cholesterol-free nutritional 
benefits, consumers may have to compromise a bit 
on taste and texture (13). The prospect of synthetic 
dairy products is encouraging, as they have the 
potential to reduce environmental degradation 
caused by industrial farming.

Synthetic vanillin will reduce the price of 
vanilla, as its production will no longer depend 
solely on land cultivation. With the demand 
for vanilla rising, its synthetic version will be 
an adequate alternative. However, the large 
quantity of sugar needed to feed the yeast used 
for fermentation means that synthetic vanillin 
will increase land usage and the number of sugar 
plantations (17). Because supplements are not 
required to get FDA approval before production 
and sales, there is not enough data to determine 
the effects of the chemicals in synthetic vanilla, 
meaning its safety is still up for debate (24). 
Companies such as Borregaard, a biorefinery in 
Norway, are developing vanillin that is derived 
only from wood, and researchers are making 
consistent efforts to minimize the environmental 
damage synthetic vanillin may cause (25).

Because microbes can be used to mass 
produce synthetic saffron, this compound will be 
much more affordable. Saffron production will 
also be more sustainable, as it will require less 
space and create less waste. Finally, researchers 
can specifically alter saffron to emphasize certain 
aromas and flavors for different cultures and 
regions (21).

Ethics
As with all fields involving technology, 

synthetic biology has its supporters and its 
opponents. Supporters acclaim the success of 
the incorporation of biotechnology into food 
production, as they envision a future in which 
synthetic food will help manage the demands 
of the increasing population (26). In addition, 
the creation of organisms with novel functions 
reflects the progress humans have made in 
technology; we can now manipulate nature to 
aid our survival and well-being (13, 23). Finally, 
as mentioned previously, cultured food products 
reduce the detrimental impact that intensive 
industrial farming has on the environment (22).

The opponents of synthetic biology, however, 
have a very different view. Many consumers are 
confused as to what food products are considered 
“natural” and “synthetic” (17). Adversaries say 
that artificial vanillin cannot be deemed “natural” 
just because it uses fermentation in its synthesis 
(27). Second, there is the risk of the release of 
artificial organisms used for synthetic biology 
into the environment, which could lead to genetic 
contamination. Artificial organisms can act as 
invasive species that bring disaster to existing 
ecosystems by disrupting the gene pool and 
driving out wild species (28). 

In addition to the complaints mentioned 
above, farmers in developing countries will face 
an unemployment crisis as the world becomes 
less dependent on agriculture for food (29). A 
reduction in crop diversity may also result from 
an increasing need to support the yeast used in 
synthetic biology (29). For example, the fall of 
the natural vanilla market could lead cultivators 

Image courtesy of Wikimedia Commons. 
Available at https://upload.wikimedia.org/wikipedia/commons/3/30/Grocery_store_in_Rome.jpg

Figure 3:  With new 
advancements in the field 
of synthetic biology, we may 
soon see synthetic meat on 
supermarket shelves at a 
competitive price.
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“Synthetic 
organisms pose a 
risk to ecosystem 

diversity due to the 
potential of genetic 

contamination. 
Synthetic food 

products may also 
outcompete natural 

food markets 
and eliminate 

specialized crops.”

to clear rainforests that once produced vanilla, 
creating space to grow cash crops that support 
synthetic food production (29, 30).

Conclusion
Synthetic biology has come a long way in 

allowing humans to live sustainably. It has allowed 
us to create synthetic food products, reduced 
the impact of humans on the environment, 
and provided an alternative method to feed the 
growing population. 

However, synthetic organisms pose a risk to 
ecosystem diversity due to the potential of genetic 
contamination. Synthetic food products may also 
outcompete natural food markets and eliminate 
specialized crops.

No innovation can instantly satisfy the 
cravings of the world. Instead, researchers will 
have to tweak and refine the recipe one ingredient 
at a time.

CONTACT CHRISTINE PARK AT
CHRISTINE.PARK.17@DARTMOUTH.EDU
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Little worlds: the island biogeography theory in 
bromeliad phytotelmata at Monteverde Cloud  
Forest, Costa Rica

ORIGINAL RESEARCH

MIRANDA J. STEIN1, LEEHI YONA1, FREDRIK A. A. ERIKSSON1, AND ANN M. DUNHAM1

Introduction
Half a century ago, MacArthur and Wilson (1963) proposed 

that the number of species present on an island is determined 
by an equilibrium between colonization rate from the mainland 
and stochastic extinction on the island. This model, named the 
island biogeography theory, predicts that species richness on a 
given island will be proportional to the area of the island and 
negatively proportional to the distance from the mainland from 
which colonization occurs.

Phytotelmata (from the greek phyto-, meaning plant and 
telma-, meaning pond) are essentially “tiny islands of habitat” 
created by water collection in the leaves of plants such as 
bromeliads. These “islands” form when rainwater is collected and 
becomes trapped in the leaves of the plants, which form tubular 
or cup-like structures that hold water. The stagnant freshwater in 
phytotelmata creates an ideal, isolated habitat for many aquatic 
organisms such as amphibians and macroinvertebrates. In 
particular, the habitats formed are good for small or developing 
animals, as the phytotelmata are inaccessible to many predators. 
However, little is known about these micro-ecosystems since 
the epiphytes that house them are usually situated high in the 
canopy, making access logistically challenging. In addition, they 
are well concealed and can be easily overlooked. 

How much biodiversity can a phytotelmata support, both in 
terms of species richness and relative abundance? If phytotelmata 
volume is analogous to island size, island biogeography theory 
predicts that the species richness will increase as volume 
increases, and species richness will decrease with increasing 
distance from the source – “the mainland.” The mainland in this 
case may be either a nearby plant with phytotelmata or a far-
away forest location from which all plants in the study site are 
effectively equally distant. The former is likely to be applicable 
to non-flying taxa (e.g. crustaceans) and the latter to flying taxa 

What determines biodiversity? We tested the island biogeography theory in bromeliad phytotelmata of 

Monteverde, Costa Rica. We sampled 53 phytotelmata from 25 individual bromeliads, identified and quantified 
the organisms within, and collected physical data on the plants. We identified eight different types of organisms, 
including at least two taxa of Ostracoda. This suggests there may be a hitherto unknown interspecies interaction 
facilitating ostracod colonization in phytotelmata, as crustaceans could not access phytotelmata on their own. 

Our results suggest that volume is the driving factor in community composition; phytotelmata volume was 
positively correlated with organism abundance, species richness, and biodiversity.

Abstract

(e.g. mosquitoes that live their adult lives in the forest). 
In addition to volume, phytotelmata “island size” may be a 

function of surface area or size of the host bromeliad. Distance 
to other phytotelmata may also influence the abundance and 
composition of organisms within a phytotelmata. The spatial 
distribution of phytotelmata could influence an egg-laying 
mosquito. For example, if a female oviposits on several plants, 
she may avoid ovipositing on plants near one she has already 
visited, or she may choose the first appropriate plant she finds.

We evaluated the applicability of island biogeography 
theory in phytotelmata by extracting samples and analyzing the 
community composition. Do larger phytotelmata have higher 
species diversity? Do “islands” closer to one another have higher 
species diversity? 

Methods
We extracted 53 phytotelmata from 25 bromeliads in the 

research garden at Monteverde Biological Station, Costa Rica on 
21 and 22 January, 2015. Multiple phytotelmata were sometimes 
present on one plant, in which case we took a subsample of 
these approximately proportional to the total number present on 
the plant. Water was completely extracted using a turkey baster 
and was subsequently examined under a dissecting scope. We 
counted and identified all organisms visible under the scope at 
120x magnification. 

Before extracting phytotelmata from the plants, we 
calculated the surface area of each phytotelmata, measured the 
height, diameter, and distance to the ground of the bromeliads, 
and measured the distance in each cardinal direction to the next 
nearest phytotelmata. After extraction, we measured the volume 
of water present in each phytotelmata. 

Organism Identification
We consulted Lehmkuhl (1979) and Resh and Cardé (2001) 

to identify the taxa present. Organisms were identified to the 
lowest possible taxonomical level, ranging from order to species.

1 Department of Biology, Dartmouth College, Hanover, NH
Faculty editor: Matthew P. Ayres
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Statistical Analysis
All statistical analyses were performed in JMP 11.0.0. For 

biodiversity measurements, we used the Shannon-Weiner Index 
, where R is the total number of species 

and pi is the proportion of species of the ith type) and species 
richness (number of species) for each phytotelmata. Principal 
Components Analysis (PCA) on number of organisms by species 
was used to quantify community structure. We used the first 
two Principal Components axes in our interpretations. We log10 
transformed volume to normalize data for linear regression.

Results
We identified a total of 3096 organisms from at least 

three phyla, five orders and seven families (Table 1). Some 
phytotelmata samples had significant detritus present (nine 
sites), while one site contained roseate water. 

 We discovered at least two species of crustaceans, order 
Ostracoda, in our samples. The first of these two ostracods, 
likely family Limnocytheridae and perhaps genus Elpidium, 
were small, seed-like, and brown. From the superior view, the 
organism is circular to ovate and the shell is split down the 
middle with a gap between the two sides. From the lateral view, 
it is irregularly ovate with a rounded peak and a wide, rounded 

base. The organisms appear to have eight jointed legs and small 
antennae protruding from one end.  

The second ostracod may have been a member of the family 
Candonidae. They were irregularly ellipsoid. The organisms 
were translucent to opaque white in color and often had visibly 
orange viscera. Because we are not confident in the classification 
of these two taxa, we will henceforth refer to them as Ostracoda 
A and B, respectively. Ostracoda were observed eating dead 
organic matter (DOM) while under the dissecting scope.

We also observed numerous individuals from the genus 
Scirtes (Coleoptera: Scirtidae). Some of the largest organisms 
visible, but with a wide range in size, the Scirtes were white 
and had flattened heads and hairy bodies. From the lateral 
and ventral view, the body is extremely thin and shell-like. 
These organisms tended to stay near the walls of the petri 
dishes, flattening against the surface and moving rapidly when 
disturbed.   

A fourth organism which was not common among samples 
but occurred within one sample nearly 100 times, appears to 
be within the phylum Rotifera, perhaps class Bdelloidea. They 
were transparent to translucent and segmented, with a tapered 
tail, a round body, and an indistinct head with two protrusions. 
They were about half the size of Ostracoda B and were observed 
eating detritus. 

Taxa Total Number of Individuals Found Number of Phytotelmata Containing Organisms

Diptera, Culcidae 201 41
Diptera, Chironomidae 290 42
Coleoptera, Scirtidae Scirtes 74 21
Arachnida 82 15
Ostracoda, type A 1328 28
Ostracoda, type B 793 27
Annelida, Hirunidae 42 16
Rotifera 99 2
Eggs (unidentified) 29 6

Table 1: Number of individual organisms found and number of phytotelmata containing organisms.

Parameter Estimate Std. Error P

Plant Diameter 0.01 0.01 0.52
Surface Area -0.06 0.06 0.25
Log (Nearest Neighbor Distance) 0.25 0.92 0.79
Log (Volume) 2.31 0.58 0.01

Table 2: Parameter estimates for species richness multiple 
regression.

Table 3: Loading values (eigenvectors) for PC-1 and PC-2. 
Particularly strong (> 0.35) loading values in bold.

Taxa PC-1 PC-2

Diptera, Culcidae 0.11 0.39
Diptera, Chironomidae 0.46 0.01
Coleoptera, Scirtidae Scirtes 0.39 -0.02
Arachnida 0.19 0.49
Ostracoda, type A 0.32 -0.51
Ostracoda, type B 0.46 -0.34
Annelida, Hirunidae 0.33 0.29
Rotifera 0.35 0.03
Eggs (unidentified) 0.22 0.39
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Plant diameter, surface area, and nearest neighbor distance 
were all significantly related to volume (r = 0.83, P < 0.0001, 
df = 35; r = 0.71, P < 0.0001, df = 35; r = 0.62, P < 0.0001, df = 
35). Collinearity between predictor variables makes it difficult 
to discern exactly which factors drive relationships in species 
richness and biodiversity. However, a multiple regression model 
using all four factors to predict species richness showed that 
volume was the only significant predictor (Table 2). From this 
point on, we used only volume as an explanatory variable for 
measures of species composition. 

Volume was a significant predictor of the number of 
organisms (slope = 0.81 ± 0.13, P < 0.0001, r2 = 0.43), species 
richness, and biodiversity (Fig. 1) among phytotelmata.

Variation in species composition with volume is 
determined by the relative loading values of each species along 
PC-1 and PC-2 (Table 3). PC-1 of community composition was 
positively related to volume (Fig. 2), indicating an increase in 
the abundance of all taxa with greater volume, especially for 
Chironomidae, Scirtes, and Ostracoda type B (Table 3). The lack 
of a relationship between PC-2 and volume, however, reveals 
that volume does not explain variation in Culcidae, Arachnida, 
Ostracoda type B, or eggs (Fig. 3, Table 3). Together PC-1 and 
PC-2 explain 46.9% of the variation in species composition. 

Nearest neighbor distance was a statistically significant 

predictor of ostracod presence (slope = 0.05 ± 0.01, chi-square = 
19.78, P < 0.001, df = 1) but was not a significant predictor of the 
presence of flying taxa (Culcidae, Chironomidae, and Scirtes; 
slope = 0.03 ± 0.03, chi-square = 2.40, P = 0.12, df = 1).

Discussion
As predicted by island biogeography theory, larger 

“islands,” meaning phytotelmata with higher volume, have more 
organisms, higher species richness, and higher biodiversity. 
Many other factors also correlated with species richness, but 
all of these were in turn highly correlated with volume, and 
a multivariate analysis suggests that volume was the driving 
factor. We also found a correlation indicating the expected 
species-specific effects of distance to nearest neighboring 
phytotelmata plants: it did not matter for flying insects, but 
there was a negative correlation between nearest neighbor 
distance and presence of ostracods. Certain organisms, such as 
Culcidae, are found in similar abundances across the range of 
volumes, while others, particularly the two Ostracoda taxa were 
more likely to occur in phytotelmata with more water. 

There are still questions that remain regarding the mechanics 
of the island biogeography model in phytotelmata that we could 
not assess in this study. As phytotelmata are typically inhabited 

Figure 1: Species richness (left) and biodiversity (as measured by the Shannon-Weiner index, right) of individual phytotelmata were positively correlated 
with phytotelmata volume (left: slope ± SE = 0.018 ± 0.003, P < 0.001, r2 = 0.39, n = 53; right: slope ± SE = 0.47 ± 0.08, P < 0.001, r2 = 0.42, n=53).

10

8

6

4

2

0

Sp
ec

ie
s 

Ri
ch

ne
ss

Figure 2: The first principal components axis (of species composition) 
was significantly related to volume (slope = 0.019 ± 0.002, P < 0.001, r2 = 
0.59, n=53). See Table 2 for factor loadings.
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Figure 3: The second principal components axis (of species composition) 
was not significantly correlated with volume (slope = -0.004 ± 0.003, P = 
0.14, r2 = 0.04, n=53). See Table 2 for factor loadings.
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in part by insect larvae that mature and leave their temporary 
bromeliad home relatively quickly, it may be harder to evaluate 
the possibility of extinction. Colonization may thus be a more 
powerful mechanism than extinction, and what is considered 
the “mainland” differs among species. Although distance from 
the ground and distance to nearest neighboring phytotelmata 
were artificially correlated with volume in our study due to 
landscaping decisions, these factors may affect species richness 
in a more natural forest environment. Phytotelmata further 
from the ground may be inaccessible to non-flying organisms. 
Clustered phytotelmata may influence egg-laying distributions 
because females may choose to lay some of their eggs within 
one plant from separate clusters or may only lay eggs within a 
cluster.

It is possible that phytotelmata biodiversity is primarily 
influenced by the accessibility of the phytotelmata amongst 
taxa, rather than following a colonization-extinction 
equilibrium model. For example, although volume is positively 
correlated with biodiversity, phytotelmata with high water 
volume tended to occur in larger plants, which represent larger 
targets for dispersing organisms. Perhaps some of the physical 
characteristics that correlate with volume are themselves 
drivers of biodiversity. For example, the non-flying taxa, 
Ostracoda, was more common in plants located close to another 
phytotelmata-housing plant. Furthermore, there may be active 
selection by egg-laying females for larger plants because of the 
increased probability of survival of their offspring in a larger, 
more resource-abundant habitat. Lastly, larger bromeliads 
that typically house the higher-volume phytotelmata are 
generally older than the smaller bromeliads that house smaller-
volume phytotelmata. Longer-lived bromeliads have been 
available for colonization longer than smaller bromeliads and 
thus have a higher probability of having received organisms 
requiring external vectors for dispersal, such as Ostracoda. 
This is consistent with the higher incidence of Ostracoda in 
phytotelmata of larger volume.

How and why Ostracoda evolved the interspecial 
relationships necessary for phytotelmata dispersal remains 
to be discovered and could potentially reveal interesting new 
information about the function of phytotelmata. The evolutionary 

function of phytotelmata in bromeliads remains unknown, and 
it is unclear whether the presence of phytotelmata is adaptive 
or commensal to the host bromeliad. Determining the effect of 
phytotelmata on host bromeliads could shed light on the role of 
crustaceans in the micro-ecosystem.

It remains clear, however, that volume is a strong predictor 
of species diversity and faunal composition, as shown by 
the strong correlation between PC-1 and volume (Fig. 3). 
Experimental studies would be required to determine whether 
volume is the mechanistic driving force behind biodiversity or a 
symptom of some other variable.
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