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Integrating advanced biological techniques into instruction at non-R1 institutions can prove to be
a challenge. Here, we report the creation of a model for the introduction of gene expression
microarray technology into a research laboratory. A student assessment tool was used to evaluate
1) technical skill development, 2) cross-disciplinary issues, 3) development of trouble-shooting
skills, and 4) career evaluation. The exposure of Saccharomyces cerevisiae yeast cells to three
plasticizers served as a template for the introduction of this technology. Cells were harvested at
mid-log phase, and RNA was extracted. The mRNA was converted to cDNA by using reverse
transcriptase primers containing a capture sequence that was later recognized by a fluorescent
dendrimer by using cyanine (Cy)3 or Cy5 dyes. cDNA was hybridized onto yeast microarray
chips provided by the Genome Consortium for Active Teaching. Exposure to phthalate plasti-
cizers revealed genes with differential gene expression. Trouble-shooting approaches were used
as learning opportunities for the evaluation of RNA extraction methods, and data analysis
highlighted the use of mathematics in a molecular biology context. This article describes a
promising model for the introduction of interdisciplinary, student-based projects involving
microarray technology at non-R1 undergraduate institutions.

INTRODUCTION

With the ever-increasing abundance of genomic informa-
tion, working with technologies that investigate gene func-
tion is becoming more prevalent in graduate experiences in
molecular biology. The advent of gene expression microar-
ray analysis has allowed researchers to move away from
traditional genetics research where one gene is studied at a
time. Instead, an entire genome can be evaluated simulta-
neously, and potential interactions among genes can be in-
vestigated.

As microarray analysis becomes more widely used, the
potential for microarray technology to become an analytical
tool that graduate students and researchers use routinely
also will increase (Fehrenbach et al., 2003; Grigoryev et al.,

2004; Arnaud, 2006). As such, the introduction of a sophis-
ticated tool such as microarray analysis into an undergrad-
uate program in molecular biology represents a valuable
learning opportunity for undergraduate students consider-
ing a career in molecular biology research or in medical
fields.

The introduction of hands-on activities involving gene
expression microarray technology into the routine labora-
tory curricula of undergraduate programs in biology can be
problematic, and it may not be practical at some non-R1
institutions. Teaching genomic concepts by introducing
gene expression microarray technology into an undergrad-
uate research environment represents an attractive alterna-
tive. The Genome Consortium for Active Teaching (GCAT)
provides valuable support for institutions wishing to intro-
duce microarray analysis concepts to undergraduate stu-
dents (Campbell et al., 2006). Examples of support provided
to undergraduate faculty by the consortium are as follows:
1) workshops on techniques in gene expression analysis, 2)
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access to significantly less expensive microarray chips, 3)
labor and equipment to scan microarray chips in a timely
manner, and 4) electronic access to the data from the
scanned chips. Undergraduate faculty wishing to use the
support offered by GCAT must ensure that all students
exposed to the microarray techniques complete an assess-
ment and report all data to assist in the evaluation of learn-
ing related to microarray analysis technology.

Longwood University in Farmville, VA, is a state-funded
liberal arts university, and it has a long tradition as a teacher
preparatory institution. The creation of a research environ-
ment that allows students to experience what research may
be like during graduate school is a vital component of the
overall mission of the university. We have created a model
for the introduction of microarray technology into a cross-
disciplinary research environment at this non-R1 under-
graduate institution. At the start of the 2007 spring semester,
of �680 undergraduate candidates for graduation, 35 were
candidates for a degree in biology, five in mathematics, and
three in chemistry.

Some aspects of laboratory work with microarray projects
require planning by both students and faculty to fit into
student class and work schedules and faculty teaching
schedules. Moreover, the mentoring nature of the research
model being presented requires that the faculty member
work closely with student researchers. To find the requisite
blocks of time, we often began experiments as early as 6 am,
and we conducted experiments over weekends or during
academic recesses. To facilitate scheduling, students were
given complete access to the laboratory and to a project-
designated computer.

The goals of the work reported here include the following:
1) creating a cross-disciplinary, student-based research pro-
gram in molecular biology that incorporates genomic infor-
mation; 2) exploiting trouble-shooting methods as tools for
development of problem-solving and critical-thinking skills;
3) providing a research-based environment wherein stu-
dents can develop skills using sophisticated new techniques
in molecular biology; and 4) allowing students to evaluate
potential interest in a career in molecular biology research.

When introducing a sophisticated technique into research
at a non-R1 institution, one of the first priorities is to attract
highly motivated students. Attracting such students is es-
sential because successful completion of experiments will
occur only when proper care and attention to detail are
applied throughout the experimental process. Students
working with sophisticated new technologies will typically
be required to make commitments of time and effort beyond
the expectations of many of their peers. In large departments
where significant numbers of students are bound for grad-
uate school each year, finding students willing to participate
in learning activities in research will not likely be difficult.
At smaller universities, the task may be formidable depend-
ing upon the level of emphasis that students place on re-
search. Students at Longwood University are required to
complete only one credit of research or internship for grad-
uation.

At Longwood University, students who excel in a class
such as organic chemistry are often well suited to carry out
molecular biology research. At institutions with relatively
small chemistry departments, biology students often make
up the majority of the organic chemistry class. When the

focus in the organic chemistry classroom is on integration
and application of ideas (Uno, 1990), students who perform
well typically have superior problem-solving skills and are
more adaptable to the changing requirements that learning
in a research environment requires. Biology students who
have the ability and motivation to excel in organic chemistry
have been the strongest candidates for participating in mo-
lecular biology projects at Longwood University. Most of
these students are pursuing potential careers in a medically
related field or in a graduate program in biology, so working
on a research project using gene expression microarray tech-
nology adds an opportunity for self-evaluation related to
career options.

Many science students in their first year have only vague
ideas about potential career plans. Many aspire to careers in
health-related disciplines. Course work in a selected major
slowly helps to solidify plans for some students. An impor-
tant goal of the undergraduate research model reported here
is that it provides an environment wherein students at an
early stage in their undergraduate experience develop crit-
ical-thinking skills and creates an occasion for self-evalua-
tion. As such, this model provides students with the oppor-
tunity to 1) influence the direction of a research project, 2)
work with one or more sophisticated techniques that are
being used in graduate and professional research centers, 3)
collaborate with faculty and students in other disciplines,
and 4) evaluate and improve work they complete.

Students considering careers in medical fields or graduate
school frequently have multiple commitments outside of the
classroom that affect the amount of time they are able to
devote to work on research activities. At Longwood Univer-
sity, students work at hospitals, clinics, and pharmacies, or
with veterinarians as part of the process required for gaining
acceptance into professional programs. Other students work
to earn sufficient money to stay in school. As a result, some
highly motivated undergraduate students have limited op-
portunities to participate in meaningful research activities.
At Longwood, microarray research projects involving chem-
ical and environmental stressors that provide students with
an opportunity to gain experience in one or more techniques
are appealing.

Students investigating potential effects of chemical stres-
sors using microarray analysis techniques gain expertise in
fundamental components of several different biology classes
within typical biology programs. Because baker’s yeast is
used as a study organism, students learn how to store, grow,
and save liquid cultures and yeast plates. Furthermore,
working under sterile conditions, the students learn to op-
erate an autoclave and to sustain media and cell cultures free
of air-borne contaminants. Students also learn to monitor
cell growth by using a microscope and a spectrophotometer.
After working through the issues related to growing viable
cells, students then expose cells to the stressors of interest.
At this point, skill development related to the manipulation
of RNA and DNA begins. Obtaining quality RNA is essen-
tial, and it requires a thorough understanding of molecular
biology techniques to trouble-shoot for problems and to
alter the procedures to fit the working environment in the
laboratory. All of these aspects provide students with op-
portunities to develop critical-thinking skills and the ability
to manipulate each piece of equipment used in a modern
molecular biology environment.
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For microarray data analysis, additional skills related to
bioinformatics and statistical analysis are developed. The
incorporation of data analysis into a project provides poten-
tial additional projects for mathematics students. Collabora-
tion and teamwork skills can be developed among biology,
chemistry, and mathematics students (Tanner et al., 2003;
National Institute for Science Education, 2003). Using mi-
croarray analysis as a teaching tool in research thus provides
a platform to impact student learning related to problem
solving, critical thinking, teamwork, the relationship be-
tween theory and practice, time management in the labora-
tory, and career path evaluation.

In the context of this research model, students involved
with microarray analysis are involved in the decision-mak-
ing process regarding areas to investigate and in analysis of
the results from all experiments. The enthusiasm of a pre-
dental biology major for organic chemistry, an organic
chemist’s interest in learning about ways to investigate the
impact of plasticizers on health, and a biochemist’s interest
in introducing hands-on microarray technology to Long-
wood University students led to the creation of this project
investigating the effects of plasticizers on gene expression by
using microarray analysis.

A plasticizer is any molecule that, when added to a poly-
mer, aids in keeping the polymer soft, pliable, or both.
Plasticizers are used by the millions of tons, and they are
components of a vast number of everyday plastic items
ranging from car parts to medical supplies to children’s toys.
The potential effect of plasticizers on health is a topic that is
debated in public forums. Fear continues to be expressed
that one class, phthalate esters, can function as hormone
mimics (Soto et al., 1995). Some investigations of phthalate
ester plasticizers focus on identifying statistical differences
in the health of workers in industries where phthalate ester
plasticizers are used or are produced (Roberts, 1983; Fra-
casso et al., 1999). Other research has attempted to quantify
exposure to phthalate ester plasticizers in the general pop-
ulation (Caldwell et al., 1998; Chan and Meek, 1994; Meek
and Chan, 1994; Molhave et al., 2000; Mikula et al., 2005). Still
other investigations are involved with testing the effects of
phthalate ester plasticizers on plant or animal development
(Kambia et al., 2004; Mahood et al., 2005; Huang et al., 2006;
Saillenfait et al., 2006; Sobarzo et al., 2006). A project using
microarray techniques to evaluate the effects of potentially
harmful chemicals on cell function can create a research
environment wherein students feel enthusiastic about work-
ing on a project that is socially and scientifically relevant.

In 1977, Shahin and Von Borstel tested the survival rates
of exposed yeast cells to phthalates esters for different peri-
ods (Shahin and Von Borstel, 1977). Their results revealed
62–67% survival rates in 6 h of exposure. However, their
work was not a molecular study; thus, further learning using
microarray techniques may lead to an identification of spe-
cific genes involved in cell repair systems. Based on the
hypothesis that stressed cells will activate repair systems
and that activation of repair systems will potentially alter
gene expression, exposure of cells to phthalate esters at the
levels of Shahin and Von Borstel’s investigation is likely to
produce changes in gene expression in our study.

Once data are successfully obtained from the laboratory
work associated with such a microarray project, the scope of
the project can be easily broadened to incorporate students

and faculty in mathematics. Projects related to mathematical
evaluation methods of microarray data will be a focus area
for our future work.

MATERIALS AND METHODS
All plasticizers were obtained from commercial sources. Di-(2-eth-
ylhexyl)-phthalate (DEHP), also known as dioctyl phthalate because
a 2-ethylhexyl group has eight carbon atoms in the chain, was
obtained from Sigma-Aldrich (St. Louis, MO; catalog no. 525154);
dibutyl phthalate (DBP) was obtained from Fisher Scientific (Pitts-
burgh, PA; catalog no. AC16660-0010); and the epoxidized soybean
oil (ESBO) was obtained from Fluka (St. Louis, MO; catalog no.
43956). All plasticizers were used as obtained from the distributor
without further purification. MasterPure Yeast RNA Purification kit
was obtained from Epicenter Technologies (EPI; Madison, WI; cat-
alog no. MPY03100). The 3DNA 350 kit was obtained from Geni-
sphere (Hatfield, PA; catalog no. W300180).

Cell Preparation
The Saccharomyces cerevisiae yeast strain X2180-1A was kindly provided
by Dr. Kirk Anders (Department of Genetics, Stanford University
School of Medicine). A full loop of cells (from a sample stored at
�80°C) was inoculated in a 5.0-ml aliquot of sterile liquid media, and
cells were allowed to grow at 30°C in a shaking water bath. The liquid
media is made up of 10 g of yeast extract, 20 g of yeast peptone, and
20 g of dextrose for a 1-liter volume (YPD media). Once a cell culture
reached an optical density of 2 at 600 nm (usually overnight, �12 h), a
300-�l sample was diluted to a total volume of 5 ml with fresh YPD
media and incubated overnight to obtain a cell culture with an optical
density of approximately 0.2–0.3. For the investigation of DEHP and
DBP, three separate samples were used: a control not exposed to
plasticizer, a “low plasticizer” sample to which 25 �l of plasticizer was
added (final concentration 5 ng/ml), and a “high plasticizer” sample
with 50 �l of plasticizer (final concentration 10 ng/ml) (Shahin and
Von Borstel, 1977). For the ESBO plasticizer, only control and low
plasticizer samples were used. All samples were grown at 30°C in a
shaking water bath until the control sample attained an optical density
at 600 nm of 1.1, �5.0 h.

Total RNA Extraction
Total RNA was isolated by using a modified version of the Master-
Pure Yeast RNA Purification kit (EPI). The modified version of the
procedure is provided in Supplemental Material A. In the RNA
Purification section of the protocol, the initial amount of yeast cells
used for RNA extraction was increased. The volume was changed
from 1.0 to 1.5 ml to 2 ml. In addition, the length of the incubation
period was increased from 10 to 15 min to 30 min. The optional
Removal of Contaminating DNA from RNA Preparations section of
the protocol was always used, and the incubation period was in-
creased to 30 min. RNA sample integrity was assessed by running
0.3–0.5 �l of each sample in a 0.8% agarose gel prepared with
Tris-acetate-EDTA buffer with � HindIII DNA molecular weight
markers. The RNA concentration, 1.0–1.5 �g/�l, is estimated by
staining with ethidium bromide and comparing the result with
standards produced with known quantities of molecular markers.
The remaining aqueous RNA suspension (�12 �l) was stored at
�20°C until use the next day for cDNA preparation.

cDNA Preparation and Hybridization
The Genisphere 3DNA 350 kit protocol was used without modifi-
cation. The option of using vial 7 (2X formamide-based hybridiza-
tion buffer) was always chosen. The complete protocol can be found
on the GCAT website (http://www.bio.davidson.edu/projects/
gcat/protocols/3DNAmethod.doc).
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Yeast Microarray Chips: Source and Scanning
Microarray chips were purchased from GCAT. All microarray chips
are 70mer oligonucleotides printed on epoxy slides. Chip 06185
used for DBP was produced by the Institute for Systems Biology
(ISB) at Seattle, WA, and contains 27,648 potential gene locations
(including all of the controls). All other chips used were produced
by Washington University at St. Louis, MO. The identification num-
bers of the chips from Washington University are as follows: 1, 4, 5,
7, and 8 for DBP; 12, 13, 14, and 15 for DEHP; and 43 and 871 for
ESBO. All of these chips contain 14,784 potential gene locations
(locations for all of the controls are included). Scans of the DNA
chips after completion of the exposure experiments were performed
at the Biology Department of Davidson College at Davidson, NC, by
using the scanner model ArrayWoRxe manufactured by Applied
Precision (Issaquah, WA). For details related to sending chips and
retrieval of data, refer to GCAT (2006a).

Data Analysis
The computer program MAGIC Tool (Heyer et al., 2005) was used to
obtain the data from the scanned chips. The program, tutorial, and
instruction manual are available free of charge at http://www.bio.
davidson.edu/projects/magic/magic.html.

MAGIC Tool retrieves the scanned images and the gene list that
contains the order in which the genes are printed on a chip. For
Gene List information, refer to GCAT (2006b). Each chip used
produces two images, one image for the fluorescent dendrimer by
using cyanine (Cy)3 dye scanned at 595 nm and the second image
for the fluorescent dendrimer by using Cy5 dye scanned at 685 nm.
The resulting data are stored as black-and-white images, and
MAGIC Tool converts them into color images that range from green
(predominantly Cy3 dye) at one end of the spectrum, through
yellow (approximately equal for both dyes) to red (predominantly
Cy5 dye) at the other end of the spectrum. The fluorescent den-
drimer obtained by using Cy3 dye (green) was always used with the
control RNA, and the fluorescent dendrimer obtained using Cy5
dye (red) was always used for the sample exposed to a plasticizer.
The possibility exists that consistently exposing the control RNA to
only the Cy3 dye and the experimental sample to the Cy5 dye may
introduce a “dye bias.” Future experiments where the exposure to
the dyes is reversed need to be performed to fully evaluate this
potentiality.

Therefore, for any given gene location on the grid, a green image
indicated that a gene was expressed in the normal condition and
that repression may have occurred. A red image indicated that a
gene was expressed in the stressed environment and that induction
may have occurred. Expression ratios were computed as red/green.
A yellow image indicated that genes in both samples, control and
stressed, were affected in a similar manner. “Addressing” was
accomplished by assigning the number of grids on the particular
chip and the number of rows and columns in each grid. All chips
contained two duplicate metagrids. Chip 06185 contained 24 grids
in each metagrid, and each individual grid contained 24 columns
and 24 rows. The remaining chips contained 16 grids in each meta-
grid, and each individual grid contained 22 columns and 21 rows.
For more details about “addressing/gridding/segmentation,” refer
to the MAGIC Tool instruction manual (http://www.bio.
davidson.edu/projects/magic/magic.html).

The expression file may be saved either as an “exp” expression file
or as a “raw” expression file. The exp files are useful within the
framework of the MAGIC Tool program. The raw expression files
can be used for manual evaluation within the Microsoft Excel pro-
gram, and they provide readily available information related to
signal intensity that is not easily accessible with the exp files. To
illustrate how initial data analysis can be accomplished, the follow-
ing data manipulations were performed. One possible filtering pro-
cess excludes gene locations with total intensities (threshold inten-
sities) of �200, 500, or 1000 where the intensity value being
compared with the threshold value represents intensity data from

the column labeled “red foreground total” plus intensity data from
the column labeled “green foreground total” in the raw expression
file. Higher threshold values represent more stringent filtering con-
ditions. The ratio of data in the column labeled red foreground total
divided by data from the column labeled green foreground total
was used to evaluate potential induction or repression. Data were
further filtered by requiring that the intensity ratios were greater (or
less than the inverse of) a prescribed value. The value used for
comparison is called the fold, and fold values of 2 or 3 are common
(DeRisi et al., 1997). Here, potential induction was indicated by
having a ratio of 3 or greater for a given gene location in the raw
expression file. Potential repression was indicated by having a ratio
of red to green intensity of �0.3333 (the inverse of the fold value of
3) for a given gene location in the raw expression file. Using a
greater fold value represents a more stringent filtering process. Data
that satisfied the threshold intensities and fold repression or induc-
tion described above were log base 2 transformed before continuing
the analysis. Statistically significant genes were also identified by
the computer program Significant Analysis of Microarray (SAM)
and compared with the data obtained using the MAGIC Tool data
analysis options. For academic users, the SAM program, user guide,
and technical documents are available free of charge at http://
www-stat.stanford.edu/�tibs/SAM/index.html.

RESULTS AND DISCUSSION

Cells are known to repair themselves when exposed to di-
verse stresses that alter homeostasis. Because exposure to
potentially harmful chemical stressors may produce observ-
able changes in cell function, microarray techniques may
prove useful in estimating potential health effects of a wide
range of chemical stressors, from impending pharmaceuti-
cals to latent toxins. The baker’s yeast cells, S. cerevisiae, were
chosen as a model eukaryotic system (Verma and Singh,
2001) for exposure to chemical stressors because yeast cells
use a similar mechanism to coordinate DNA repair as hu-
man cells and because of the common use of yeast cells in
genetic research.

DEHP along with DBP are two phthalate ester plasticizers
used in the current study. DEHP is one of the most common
phthalate plasticizers, and it is found in many locations in
the environment. DBP has applications in dentistry (Munks-
gaard, 2004) and in children’s toys. Cellular exposure to
phthalates began with DBP, and three trials were completed
at both high and low phthalate concentrations. As student
expertise with the microarray methodology increased, the
number of trials at each concentration was reduced from
three to two.

A class of new plasticizers, purported to be more environ-
mentally benign than phthalate esters, is being introduced
into the marketplace. The new class of plasticizers is derived
from vegetable oils, and ESBO is one of the most common
examples. ESBO was chosen to allow for comparison to the
well-established phthalate esters as another method of pro-
moting student awareness of environmental issues. Because
initial work with the phthalate esters demonstrated differ-
ential gene expression at the low plasticizer concentration, a
high plasticizer concentration of ESBO was not investigated.

Learning to identify the true results of a procedure is an
essential research skill that is difficult to appreciate fully in
classroom-based laboratory activities because of time and
resource constraints. A tendency in classroom-based labora-
tory activities is to provide classes with procedures that are
optimized to increase the likelihood of success on the first
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try. Allowing students to learn from failures may initially
reduce the overall amount of research that will be completed
in a given time frame and increase the cost of the research.
As a result, faculty at non-R1 institutions with very limited
time for performing career-advancing research may be
tempted to “train” research students to perform specific
tasks rather than to provide an environment that is more
consistent with developing critical-thinking and problem-
solving skills. Limitations in research budgets may further
exacerbate this situation. In the context of the model being
presented here, research students at Longwood University
are allowed to have “failures,” but they are encouraged to
evaluate the failures and to make corrections to the tech-
nique or procedure. Although initial investments in both
time and cost of reagents is usually greater than normal with
research students under these circumstances, students who
perform research for multiple semesters typically make such
investments pay significant dividends in the form of overall
productivity in later semesters.

Our initial research focused on trouble-shooting methods
for obtaining quality RNA because meaningful microarray
experiments can be completed only when quality RNA is
obtained from the cells being exposed to stressors. Initial
investigation focused on developing workable RNA extrac-
tion protocols. A variety of protocols was attempted, and the
potential of each protocol to provide satisfactory RNA was
evaluated. For each protocol, multiple attempts were made
to encourage development of skill at manipulating equip-
ment and at interpreting the procedure. In each case, the
success or failure of an attempted protocol was determined
by an electrophoresis gel (a 0.8% agarose gel) to look for
suitable rRNA as indicated by observing two intact and
abundant rRNA (26S and 18S) fragments located near 2.3
kilobase pairs in relation to the � HindIII DNA molecular
weight markers. An alternative approach for estimating
RNA purity and yields by obtaining the A260/280 ratio is
another option for laboratories that are equipped with a UV
spectrophotometer with filters suitable for a UV range in-
cluding 260–280 nm and that can accommodate small-vol-
ume samples.

Four RNA extraction protocols were evaluated by Long-
wood University researchers, and modifications to the most
promising protocol were made before suitable RNA was
obtained. Each of the extraction protocols evaluated was
completed in �2–3 h of laboratory work once the cells had
reached a state suitable for harvesting. One protocol involv-
ing a procedure that used guanidine thiocyanate (GTE) with
a phenol and chloroform cleaning step consistently failed to
show detectable RNA as determined by the electrophoresis
gel (Figure 1a). No attempts were made to modify the pro-
tocol because of the consistent failure to detect rRNA. The
protocol included in the RNEasy kit (QIAGEN, Valencia,
CA) also failed to provide indications that rRNA was being
obtained (Figure 1b) and was also abandoned.

A third protocol, specifically for baker’s yeast, called Total
RNA Safety kit (TRSK), gave limited success (Figure 1c).
There were no well-defined rRNA bands present, but there
were indications that the protocol was providing some
rRNA. Careful examination of the procedure indicated that
the cell cultures used for this protocol had been obtained
after growing to an optical density of between 1.5 and 2.0 at
600 nm. The protocol was modified to obtain cell cultures
that were allowed to grow to an optical density of no more
than 1.0 at 600 nm. This modification resulted in an im-
provement in rRNA, but abundant signal (possible tRNA or
degradation products) remained at the bottom of the lane in
all trials.

A fourth protocol from a kit called the MasterPure Yeast
RNA Purification kit (EPI) gave encouraging results (Figure
1d). Comparison of the results from the EPI kit’s protocol to
the TRSK protocol resulted in a decision to abandon the
TRSK protocol. Even though the EPI kit gave the most
encouraging initial results, the results were not satisfactory.
Troubleshooting work using the EPI kit led to modifications
of the protocol as described in Supplemental Material A. A
detailed description of the trouble-shooting work is given to
illustrate where significant learning opportunities were pro-
vided to students as part of this educational approach.

Using the suggested procedure of the EPI kit failed to
provide a sufficient concentration of RNA based on analysis
by gel electrophoresis, and the purity/stability of the RNA

Figure 1. Results from the analysis of trouble-shooting work for total RNA extraction using a nondenaturing 0.8% agarose gel. The first lane
of each panel (a–d) starting from the left, is for the � HindIII DNA molecular weight size markers (23-, 9.4-, 6.6-, 4.4-, 2.3-, 2-, 1-, and
0.6-kilobase pairs, respectively, from top to bottom). For e, these markers are in lane 3. In a, � HindIII DNA molecular weight markers are
mixed with �X174 Hae III (23-, 9.4-, 6.6-, 4.4-, 2.3-, 2-, 1.4-, 1-, 0.9-, and 0.6-kilobase pairs, respectively from top to bottom). Other lanes are
individual samples from RNA extraction experiments. Each gel was run individually after the extraction was completed, and afterward it was
stained with 1 �g/ml ethidium bromide for 10 min. Pictures of the gels were taken with a DS34 Fotodyne Polaroid camera by using a 667
Polaroid black-and-white instant pack film. An indication that the 26S and 18S rRNA fragments are present is given by obtaining a doublet
of bands at the level of 2.3 and 2-kilobase pairs in the size marker’s lane.
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obtained proved to be insufficient for a successful microar-
ray experiment. The quantity of rRNA initially obtained is
an indication of the quantity of cDNA that will be obtained
from the mRNA later. If the initial rRNA concentration is too
low, there will be insufficient cDNA to obtain a strong signal
when the microarray chips are analyzed. Because the RNA
purification section of the protocol most directly affects the
amount of RNA that will be obtained, modifications to this
part of the procedure were investigated. The two changes to
this section of the protocol allowed for a greater quantity of
RNA to be extracted. Results indicated that the modifica-
tions provided a sufficient increase in RNA concentration to
allow for successful completion of the microarray procedure
(Figure 1e).

The stability of the RNA obtained from this section of the
protocol was also a vital concern because subsequent steps
could not always be carried out in a timely manner due to
student and faculty scheduling. Therefore, to obtain suffi-
cient purity/stability of the isolated RNA, changes to op-
tional section of the kit’s protocol were also investigated.
The cleaned RNA preparation was allowed to precipitate in
ethanol at �20°C (Alvarez and Wise, 2001). This procedure
provided RNA that was stable for at least 2 wk. The kit being
used is advertised as a rapid method for RNA extraction, but
quality RNA was obtained in the current work only when
the described modifications were implemented. These mod-
ifications nearly double the total time required for the iso-
lation procedure. The unmodified procedure requires �1 h.

In a further attempt to obtain the strongest signal possible
from the cDNA, all work was performed in low light con-
ditions during the entire labeling and hybridization process.
This precaution is only explicitly mentioned when working

with the capture reagents in the modified Genisphere 3DNA
350 kit protocols provided by GCAT. Although no quanti-
tative data have been obtained to measure the significance of
this additional precaution, samples submitted by the labo-
ratory at Longwood University consistently have strong

Figure 2. TIFF file retrieved from the ISB server. This image comes
from the experiment using chip #4 with dibutyl phthalate at a
10-ng/ml concentration scanned at 685 nm for the fluorescent den-
drimer using Cy5 dye. A similar image exists for the fluorescent
dendrimer by using Cy3 dye for this experiment scanned at 595 nm.

Figure 3. The white spots shown in the image in Figure 2 are
converted to color images when the results from scanning for the
fluorescent dendrimer by using Cy5 dye are combined with the
results from scanning for the fluorescent dendrimer by using Cy3
dye with the MAGIC Tool computer program. (a) Upper metagrid
of chip #4 as obtained using the MAGIC Tool computer program.
The metagrid shown contains 16 grids. During the addressing and
gridding process, each grid is assigned a number from 1 to 16 from
left to right and from top to bottom. (b) Illustration of gridding for
grid 13 of the upper metagrid of chip #4 where the grid has been
addressed and is ready for segmentation. Each grid is prepared for
segmentation separately.
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intensity signals. Figure 2 shows one of the two initial black-
and-white images for a single metagrid on a microarray
chip. These images are available via an FTP server provided
to GCAT members by ISB. This server is the temporary
repository of scanned microarray data that allows public
access. The image shown is for the fluorescent dendrimer
using Cy5 dye, and a second image for the fluorescent
dendrimer by using Cy3 dye (data not shown) is similar. The
images in Figure 3A illustrate what a metagrid looks like
when the two black-and-white images for a given metagrid
have been merged by the MAGIC Tool program. Figure 3b
demonstrates the results of addressing and gridding for a
single grid within one metagrid. Once each of the grids had
been addressed and the gridding was complete for all 32
grids on a single microarray chip, data analysis could begin
(except for chip 06185 that contains 48 grids).

It is important to mention that “noise” is an inherent part
of microarray data. Factors such as dye effects (Kerr et al.,

2002) or chip manufacturing methods also can contribute to
increases or decreases in apparent gene regulation. Collab-
orators in the mathematics department at Longwood Uni-
versity are currently investigating chip preparation method-
ology as a potential source of noise in microarray analysis
and variations of replicate arrays within the same chips and
across chips used in the same experiment.

The data in this report are to meant to serve as the initial
stages of analysis and to demonstrate how collaboration
with other disciplines such as mathematics and computer
science can address issues of whether differential gene ex-
pression is statistically significant (Tseng et al., 2001; Tusher
et al., 2001). The raw expression data files were first “fil-
tered” to identify grid locations that had red plus green
intensity values of �200, 500, and 1000. The grid locations
above the threshold intensity values were further analyzed
to identify locations where potential induction (genes that
are turned on in the stressed condition) or repression (genes

Table 1. Results of data filtering analysis

Chip no. Plasticizer Conc. (ng/ml) Threshold value No. above threshold No. induced No. repressed

5 DBP 5 200 10,903 2 202
500 8991 2 14

1000 6629 2 6
7 DBP 5 200 7523 0 2764

500 4190 0 926
1000 2427 0 381

185 DBP 5 200 21,039 0 14,001
500 16,968 0 10,169

1000 11,987 0 6765
1 DBP 10 200 2298 1907 179

500 1024 941 40
1000 539 516 11

4 DBP 10 200 9731 203 133
500 6338 6 30

1000 1806 2 18
8 DBP 10 200 4482 2216 1119

500 1806 1039 276
1000 1028 709 120

12 DEHP 5 200 11,004 0 2550
500 8742 0 1604

1000 5908 0 901
14 DEHP 5 200 10,027 2 6981

500 7603 2 4888
1000 5124 2 3040

13 DEHP 10 200 11,359 3 136
500 9413 3 30

1000 6635 3 9
15 DEHP 10 200 6138 6 138

500 3646 2 63
1000 2153 2 21

43 ESBO 5 200 9011 9 340
500 6445 7 152

1000 4105 5 70
871 ESBO 5 200 8849 23 5166

500 5581 14 3429
1000 3151 11 1977

Filters used include threshold intensity (green plus red) values of �200, 500, and 1000, and a fold change in gene expression of 3. Values
reported represent the number of grid locations that met both filtering conditions. Control cDNA intensity values are being retrieved as
green, and the stressed cDNA intensity values are being retrieved as red. There were 13,160 potential grid locations for all chips except for
chip 185 where there were 25,240.
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that are turned off in the stressed condition) had occurred
using a fold value of 3 for the ratio of red to green intensity
values.

The data in Table 1 summarize the number of grid loca-
tions that contain indications of induction or repression and
the total number of grid locations that were above the indi-
cated intensity thresholds on each chip (both metagrids).
Each grid location on a chip is linked to a gene name in the
raw expression file, so the filtering process can be used to
produce a gene list that contains potentially significant
genes. The data in Table 1 confirm that changes in gene
expression have occurred. Figure 4 and Table 2 show subset
genes that were identified as being affected by exposure to
plasticizers by using the initial data screening techniques
described above. However, identifying specific genes that
are strongly influenced with a high degree of certainty re-
quires significantly more rigorous statistical analysis. Figure
5 and Table 3 show results obtained using the Significance
Analysis of Microarray (SAM; 2005) program with the cur-
rent data. The SAM analysis provides a list of genes similar
to those identified in Table 2. These results indicate that
statistically significant up- and down-regulated genes can be
identified from the microarray experiments reported here.
Furthermore, the list of significant genes generated from the
SAM analysis also identifies some of a group of genes with
pheromone activity (Table 4), which relates to an initial
hypothesis that phthalate plasticizers can function as hor-
mone mimics (Soto et al., 1995).

Longwood students working on microarray projects are
consistently eager to see that genes with known cell repair
functions are identified as being significant by the microar-
ray analysis. Additional enthusiasm develops as genes with

unknown function are also identified as being significant.
The genes with unknown cell function are especially inter-
esting for students wishing to extend their research experi-
ence at Longwood University. Potential extensions include
working with cell biology to identify cellular localization of
the identified genes and using mathematical clustering tech-
niques to potentially identify biological function of the indi-
cated genes.

Assessment
Faculty accepting support from GCAT for microarray anal-
ysis projects are required to have students involved with the
projects complete a preassessment and a postassessment
survey (GCAT; 2006c). Assessment surveys are intended to
measure knowledge gains and attitude changes connected
with microarray experimentation techniques (Campbell et
al., 2007 for 2005–2006 academic year responses). An inde-
pendent evaluation tool is being used here to evaluate the
development of broader problem-solving skills and career
path evaluation and skill development related to microarray
techniques.

The three students who have completed microarray re-
search at Longwood University within the past 2 yr were
asked to complete a survey of 20 statements to evaluate
perceived value of their experience. This group of students
is referred to as the “research group” in the remainder of the
assessment discussion. The assessment attempted to evalu-
ate perceptions related to the following areas: technical skill
development, career planning, and cross-disciplinary inter-
action. The research group included two students majoring
in biology and one student majoring in mathematics. One of
the students majoring in biology graduated in 2006. The
mathematics student did not participate in the hands-on
laboratory portions of the projects. The overall grade point
average (GPA) of the research group is 3.8. Problem-solving
skills in a laboratory environment are arguably different
from the problem-solving skills that students attain while
completing course work. Although an intentional attempt
was made to recruit enthusiastic, committed, and depend-
able students for the microarray research project based on
demonstrated ability in organic chemistry (on the recom-
mendation of mathematics faculty for the student majoring
in mathematics), no one in the research group had prior
experience with laboratory-based research projects.

A spring 2007 Longwood University genetics class, a
group of 19 students majoring in biology, one of whom had
performed research (in a nonmolecular biology–related
field), was asked to complete the same survey as the re-
search group as part of a laboratory activity based on the
Microarrays MediaBook developed by the Institute for Sci-
ence Learning (Campbell, 2005). This group of students is
referred to as the “laboratory group” in the remainder of the
assessment discussion. About half of the students in the
laboratory group were simultaneously taking an organic
chemistry class, and the group had an overall GPA of 2.9
(GPAs ranged from 2.2 to 3.5). Surveys were not graded and
were not part of the class evaluation process. The surveys for
the research group were not anonymous because of issues
related to timing but were voluntary and were not part of
any graded work.

Figure 4. Gene list in MAGIC Tool’s color table format. Data
subjected to the analysis first passed the filtering conditions of fold
change in gene expression of 3 and threshold intensity �1000. There
were 12 genes that met the filtering criteria mentioned above and
occurred in both low and high concentrations of DBP, both high and
low concentrations of DEHP, and in ESBO. Expression ratios (red/
green intensities) were first averaged, and then they were trans-
formed to log base 2 values. Finally, their dissimilarities were com-
puted according to the MAGIC Tool tutorial. The color scale
indicates the 12 genes distributed in a range from �1.70 to �2.61 of
log base 2, and they represent potential repression.
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For each assessment statement, students were asked to
indicate the degree to which they either agreed or disagreed
by choosing a value from 1 to 5, where 1 indicates “strongly
disagree,” 2 indicates “moderately disagree,” 3 indicates
“neutral response,” 4 indicates “moderately agree,” and 5
indicates “strongly agree.” In all cases, students were given
the option to choose a value indicating that the question
does not apply to their situation (value 0). The results of the

student surveys for both the research group and the labora-
tory group are shown in Table 5. The survey statements are
shown along with the average response value obtained. The
number in parentheses indicates the number of students
who chose a nonzero value for the statement (i.e., the num-
ber of students who thought the statement actually applied
to them). This number is also the divisor used to calculate
the average response value for a given statement. All survey

Figure 5. SAM plot result of phthalate analysis for a
� value of 1.04. Blue lines indicate the upper and
lower limits of the � value. The red dot is the one
positive gene identified as significant. The green dots
represent a list of the 1413 negative genes identified
as significant. The black dots fall within the � range
and do not show significant changes in gene expres-
sion. The false discovery rate from the SAM analysis
is 1.53%.

Table 3. SAM analysis results of significant genes

Row Genes

Gene ID Gene name Score (d) Numerator (r) Denominator (s � s0) q value (%)

Positive gene (l)

2144 YDR309C YDR309C 5.81 3.97 0.68 1.51

Negative genes (a selected group of the 1413)

660 YLR413W YLR413W �2.16 �1.23 0.57 3.92
1015 YJR117W YJR117W �1.64 �0.97 0.59 3.92
805 YKL106C-A YKL106C-A �1.67 �1.11 0.67 3.92
3401 YFL039C YFL039C �1.59 �1.22 0.77 3.92
2613 YGR279C YGR279C �2.53 �1.65 0.65 3.92
3139 YML022W YML022W �1.30 �0.81 0.62 3.92
5480 YGL089C YGL089C �1.74 �1.06 0.61 3.92
4907 YPR098C YPR098C �1.23 �0.65 0.53 3.92
6507 YOR123C YOR123C �1.19 �0.87 0.73 3.92
3535 YLR293C YLR293C �1.68 �1.08 0.65 3.92
1438 YKL019W YKL019W �1.53 �1.06 0.69 3.92
5966 YKL209C YKL209C �3.13 �1.80 0.58 3.92
5480 YGL089C YGL089C �1.74 �1.06 0.61 3.92
6107 YOR243C YOR243C �0.88 �0.69 0.78 3.92
6101 YOR219C YOR219C �4.05 �2.35 0.58 3.92

Bold genes are related to pheromone activity, and italicized genes are for � � 0.8. All other genes listed are for � � 1.04. Score (d) represents
the t statistic value. Numerator represents the numerator in the t statistic value, and denominator represents the denominator of the t statistic.
The q value represents the lowest false discovery rate at which a gene is called significant and is similar to the 	p value.	 The q values �5%
are significant.
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statements were written as having a potentially positive
impact, adding value so that higher average response values
represent a beneficial or positive impression for the stu-
dents.

The survey responses generally indicate a positive impact
on technical skill development (survey statements 1–5) for
both the laboratory group and the research group. The fact
that the research group’s responses are more strongly posi-
tive than the laboratory group’s for this set of questions is
consistent with what would be expected given the inherent
differences in experience gained from a research experience
versus a single laboratory event. Even though statements
1–5 were not directly intended to evaluate cross-disciplinary
issues, the results obtained included three questions that the
mathematics student in the research group felt were appli-
cable to her situation even though she did not perform any
work in a “bench” laboratory environment. These responses
further illustrate the potential value that a cross-disciplinary
program offers to students in nonlaboratory degree pro-
grams.

For the survey statements related to career evaluation
(statements 6–10), the responses are moderately positive for
the research group and are slightly negative for the labora-
tory group (for all statements except 7). The results for the
research group are less strongly positive than for statements
related to skill development or to cross-disciplinary issues.
There is a variety of potential reasons why the research
model used throughout the microarray projects had only a
minor impact on student opinions within the research group
related to career evaluation. One reason may be that al-
though career evaluation was a goal of the work, discussions
related to career evaluation were intentionally not a part of
the core project activities so as not to influence unduly
students toward a laboratory research-based career path (the

biology students involved in the research group both came
to Longwood University with goals of entering a medical
profession). It was hoped that students would start to draw
their own inferences concerning the relationship between
the work they were doing for the project and work they may
choose to do in the future. The mildly positive result for the
research group may be an indication that the students did
start to make useful correlations on their own. The slightly
negative responses for the laboratory group may be an
indication that some students fail to make a connection
between activities in laboratory exercises and applications of
knowledge in technical careers. Higher positive responses
for both groups may be obtained if discussions surrounding
topics related to career development are included in the
research model and in laboratory activities.

The survey responses for statements 11–15 are primarily
related to cross-disciplinary issues. The results are generally
strongly positive for the research group and mildly positive
for the laboratory group. Students indicated both increased
appreciation for another discipline as well as deeper skill
development in another field. The mildly positive responses
by the laboratory group were somewhat surprising given
that the laboratory exercise did not intentionally include an
emphasis on cross-disciplinary issues.

The last five survey statements (statements 16–20) were
intended to gauge the perceived overall value of the mi-
croarray technology used within the project and the labora-
tory exercise. The results are generally positive for both
groups with the research group being somewhat higher.

For comparison, the 2006–2007 GCAT assessment results
for Longwood’s laboratory group indicate that the average
percentage correct across all test items for the preassessment
survey was 18.2%, whereas the average percentage correct
on the postassessment survey was 29.8%. Thus, students in

Table 4. Significant genes that are known to have pheromone activity

Gene name Alias Biological function Molecular function Cellular function

YDL216C RRI1 Adaptation to pheromone during
conjugation with cellular fusion

Metalloendopeptidase activity Signalosome complex

YDR410C STE14 Peptide pheromone maturation Protein-S-isoprenylcysteine O-
methyltransferase activity

Endoplasmic reticulum membrane

YDR461W MFA1 Signal transduction during
conjugation with cellular fusion

Pheromone activity Soluble fraction

YGL089C MF�2 Response to pheromone during
conjugation with cellular fusion

Pheromone activity Extracellular

YIL122W POG1 Reentry into mitotic cell cycle after
pheromone arrest

Specific RNA polymerase II
transcription factor activity

Nucleus

YJR117W STE24 Peptide pheromone maturation Metalloendopeptidase activity Endoplasmic reticulum membrane,
intrinsic protein

YKL019W RAM2 Peptide pheromone maturation Protein farnesyltransferase activity Protein farnesyltransferase complex
YKL178C STE3 Signal transduction during

conjugation with cellular fusion
Mating-type a-factor pheromone

receptor activity
Integral to plasma membrane

YKL209C STE6 Peptide pheromone export ATP-binding cassette transporter
activity

Integral to plasma membrane

YML057W CMP2 Adaptation to pheromone during
conjugation with cellular fusion

Calcium-dependent protein serine/
threonine phosphatase activity

Cytoplasm

YOR219C STE13 Peptide pheromone maturation Aminopeptidase activity Golgi apparatus
YPL187W MF�1 Response to pheromone during

conjugation with cellular fusion
Pheromone activity Extracellular

D. E. Walker et al.
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Table 5. Results of student assessment survey

Statement no. Technical skill development Research groupa Laboratory groupa

1 Working with a microarray research project is having/has had a
positive impact on the development of my skills in a laboratory
environment.

5 (2) 3.4 (18)

2 Working with a microarray research project is having/has had a
positive impact on my ability to evaluate the results of an
experiment.

4.7 (3) 3.3 (19)

3 Working with a microarray research project is having/has had a
positive impact on my ability to incorporate ideas from other
fields when pursuing solutions to problems.

4.7 (3) 3.2 (19)

4 Working with a microarray research project is having/has had a
positive impact on my ability to understand the purpose of
steps performed during an experimental procedure or protocol.

5 (2) 3.4 (19)

5 Working with a microarray research project is having/has had a
positive impact on my ability to evaluate the quality/validity of
the results of an experiment.

5 (3) 3.4 (19)

Career evaluation

6 Working with a microarray research project is having/has had a
positive impact on my ability to make choices related to career
decisions.

3.7 (3) 2.7 (15)

7 Working with a microarray research project is having/has had a
positive impact on my ability to evaluate potential topics for
research.

4.7 (3) 3.2 (17)

8 Working with a microarray research project is having/has had a
positive impact on my ability to feel that I am making correct
choices related to my career path.

3.3 (3) 2.6 (16)

9 Working with a microarray research project is having/has had a
positive impact on my ability to evaluate my career options.

3.3 (3) 2.9 (16)

10 Working with a microarray research project is having/has had a
positive impact on my ability to interact with individuals
during technical interviews.

4.3 (3) 2.8 (16)

Cross-disciplinary issues

11 Working with a microarray research project is having/has had a
positive impact on my appreciation of other disciplines.

5 (3) 3.2 (19)

12 Working with a microarray research project is having/has had a
positive impact on my learning in at least one other technical
field.

5 (3) 3.2 (18)

13 Working with a microarray research project is having/has had a
positive impact on my ability to interact with individuals in
alternative fields of study.

4.3 (3) 3.4 (17)

14 Working with a microarray research project is/was beneficial in
preparing me for participating in research/career opportunities
outside of Longwood University.

4 (3) 3.6 (18)

15 Working with a microarray research project is/was beneficial in
preparing me to evaluate other students’ research at technical
conferences.

4.7 (3) 3.1 (16)

Overall value of using microarray technology

16 Features that helped me develop my problem-solving skills in
the laboratory while in college.

4 (2) 3.3 (15)

17 Because of working with the microarray research project, my
understanding of other molecular biology techniques is
increasing or has increased.

4 (2) 3.2 (18)

18 I value my work with microarray research at Longwood
University.

5 (3) 3.3 (18)

19 Without the opportunity to participate in a microarray research
project, I would likely not have learned about microarray in
college.

4 (3) 3.9 (19)

20 I feel that participating in microarray research at the
undergraduate level is playing/has played an important role
in the advancements I have made in my career thus far.

4.3 (3) 3.4 (17)

0, not applicable; 1, strongly disagree; 2, moderately disgree; 3, neutral; 4, moderately agree; and 5, strongly agree.
a Average of assessment results. Number in parentheses represents the number of students with a nonzero response.
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the laboratory group gained an average of 11.6% correct
responses. This is comparable with the 10.15% average in-
crease reported for the GCAT control group of 203 students
(GCAT, 2006c). No comparative assessment data were ob-
tained from GCAT for the research group due to the small
sample size.

CONCLUSIONS

A research-based model for introducing microarray analysis
to non-R1 institutions that includes the following compo-
nents has been reported: selection of potential molecular
biology research students based on performance in organic
chemistry, use of student-driven choices for the specific
avenues of research, use of trouble-shooting techniques for
critical-thinking skill development, creation of a cross-disci-
plinary environment using familiarity with organic chemis-
try and data analysis as vehicles to engage students in
learning within other disciplines, engagement of students as
early as possible during their undergraduate experience,
and use of the resources offered by GCAT as a critical
component in making the research possible. The evaluation
of the model’s impact on three Longwood University stu-
dents who have participated in various microarray projects
indicates that the projects generally had a moderate to
strong positive impact on 1) students’ learning related to
skill development within their discipline, 2) appreciation of
and learning within another discipline, 3) career self-evalu-
ation, 4) and learning related to microarray technology.

The work reported here represents an important addition
to the fundamental molecular biology curriculum taught in
the Biological and Environmental Science Department at
Longwood University. A multidisciplinary molecular biol-
ogy research environment that includes faculty and students
from the departments of Chemistry and Physics and the
Department of Mathematics and Computer Science was also
created at Longwood University. The application of tech-
niques illustrated by the model presented here may be po-
tentially valuable additions to a large number of non-R1
undergraduate institutions that are in the process of incor-
porating microarray concepts, genomic concepts, or both
into their curricula. The results of preliminary analysis of the
microarray data generated by the reported work have illu-
minated several potential avenues for extension of the initial
research project, including new projects in mathematics and
in cellular biology.
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