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About this Issue 

Statement of Purpose 

The Rhodes Journal of Biological Science is a student-edited publication which recognizes the scientific 
achievements of Rhodes students. With volume XXI, we are proud to announce the resurrection of the journal 
after being out of print for two years. Founded twenty years ago as a scholarly forum for student research and 
scientific ideas, the journal aims to maintain and stimulate the tradition of independent study. We hope that in 

reading the journal, other students will be encouraged to pursue scientific investigations and research. 

Editorial Staff 

Jessica Devitt '06 is a biology major from Santa Fe, NM. She is the Vice President of pp, the Biology Honor 
Society, a member of XAE, the National College Athlete Honor Society, and has been a member of the Rhodes 
Women's Soccer Team for four years. During her junior year Jessica conducted research for Professor Jay 
Blundon that investigated the potential role of NIL-16, a cytosolic protein, in long term potentiation in the rodent 
brain. Jessica's hobbies include soccer, drawing, and dancing. Following graduation Jessica will be attending the 
University of New Mexico's School of Medicine and working for her M.D. 

Valerie Hartmann '06 is a biology major from Memphis, TN. She is an active member of (3(3(3 Biological Honor 
Society and the Kappa Omicron chapter of Alpha Omicron Pi. During her time at Rhodes, she has performed 
research with both Dr. Romi Burks, a temporary professor of freshwater ecology, and Dr. David Kesler. She 
has also attended the GCRL summer marine biology program at the University of Southern Mississippi. After 
Rhodes, Valerie plans to pursue graduate studies in marine ecology. 

Mark Stratton '06 (Senior Editor) is a biology major from Decatur, GA. He is an active member in the 1313[3 
Biological Honor Society and the Epsilon Sigma chapter of Sigma Nu fraternity. In addition to conducting 
his own independent research here at Rhodes, he also interned at the Memphis Zoo in summer 2005 where he 
studied the feeding behavior of giant pandas. Mark's hobbies include playing country club sports, frequenting the 
southeastern coastline, and dabbling in various nonfiction reading. After graduation, he will fulfill an internship 
position in the Conservation and Land Management Program sponsored by the Chicago Botanic Garden. He also 
plans to pursue graduate studies in the field of freshwater or marine biology. 

Adam Wilkinson '06 (Layout Editor/Designer) is a biology major from Marietta, GA. He is an active member 
in the pm Biological Honor Society. In addition, he has also been active in many student organizations while 
at Rhodes: FOSTER, RSG, and ARO, among others. Adam has worked with the Division of Student Affairs 
throughout his Rhodes career, most recently through his contributions to the creation of the Safe Zones program 
and his work with the Office of Multicultural Affairs. Also within the division, Adam has worked for the Office 
of Residence Life as a Resident Assistant and Head Resident Assistant. After graduation, Adam will be pursuing 
a Master of Science in College Student Personnel Administration. 
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Some Contributors 

Kim Bartmess '04, from Florence, AL, received a B.S in 
biology with Honors from Rhodes. She is currently in her 
second year of medical school at the University of Alabama 
School of Medicine. During the summer of 2005, she performed 
research in Clinical Echocardiography under the direction of 
Professor Tom Marwick at the Princess Alexandra Hospital and 
the University of Queensland in Australia. 

Matthew Cain '07 is a Biochemistry and Molecular Biology 
major from Pine Bluff, AR. He is an active member in the 
pi3i3 Biological Honor Society, Mortar Board, and ODK honor 
societies as well as the scholarship chairman in the Theta Chapter 
of Pi Kappa Alpha fraternity. He has conducted independent 
research in the lab of Dr. John Schuetz at St. Jude Children's 
Hospital since May of 2003, both independently and under the 
Rhodes-Sponsored St. Jude Summer Plus Program. Matthew 
enjoys the company of his friends and family, studying Taijiquan, 
and singing with the Rhodes Singers. After graduation, he 
plans to pursue graduate studies in the field of the molecular 
and cellular biological sciences. 

Daniel Dunnavant '04, from Lebanon, TN., is currently 
finishing up his second year of medical school at The University 
of Tennessee at Memphis. During the summer of 2005 he 
conducted research with Dr. Michael Levin in the Department 
of Neurology at UTM. They studied the role of the autoimmune 
phenomenon molecular mimicry in HAM/TSP, a disease similar 
to Multiple Sclerosis. 

Ross Hilliard '07 is a Biochemistry and Molecular Biology 
major from Oak Ridge, TN. He is an active member of pi3p, 
Mortar Board, and ODK honor societies as well as an executive 
committee member in the Theta Chapter of Pi Kappa Alpha 
fraternity. In addition to doing independent research in Dr. 
Richard Kriwacki's laboratory at St. Jude Children's Research 
Hospital since May of 2003 under the Rhodes-Sponsored St. 
Jude Summer Plus Program, Ross also manages the Rhodes 
Residential Network program and the student computer service 
center. In rare free time he enjoys trips to the mountains of 
North Carolina and the Gulf Coast. After graduation, he plans 
to pursue 'a medical degree and hopes to find a career that 
successfully combines his interests in research and medicine. 

Katie L. Jameson '05, from Woodstock, GA, is currently in 
the Cancer Biology Ph.D. program at Stanford University in 
Palo Alto, CA. As a first year student at Stanford, her time has 
been divided between laboratory rotations and graduate-level 
coursework. She has rotated in Dr. Joseph Lipsick's fly genetics 
lab with a focus on the Myb protein as well as Dr. Paul Khavari's 
dermatology lab, employing an in vitro epithelial model of cancer 
progression. She is beginning her third and final rotation in Dr. 
Gerald Crabtree's lab focusing on Calcineurin/NFAT signaling 
in neural progenitors. 

Rhodes Biology Faculty 

Jim Armacost, Jr. is serving as a sabbatical replacement for the 
2005/2006 academic year. Mr. Armacost is a native Memphian. 
He has a B.S. in zoology from Louisiana State University, an M.S. 
in biology from Mississippi State University, and will receive a 
Ph.D. in biological sciences from Illinois State University. He 
has studied the ecology and conservation of birds in the United 
States, Japan, and Peru. His primary interest is in habitat use 
by birds. Habitat use is of fundamental importance because it is 
both central to understanding wildlife ecology and central to the 
management and conservation of wildlife. Mr. Armacost is also 
interested in the effect of human habitat modification on bird 
communities, especially in agricultural habitats. He is currently 
working with Rhodes students on a study of the role of birds as 
dispersal agents for invasive plants, such as privet, in Overton 
Park and beyond. 

Dr. Rosanna Cappellato earned her Ph.D. in Ecosystem Ecology/ 
Biology at Emory University in Atlanta, Georgia. Her research 
focused on the deciduous and coniferous canopies interaction 
with acidic deposition. Since coming to Rhodes College a year 
ago, she has initiated two research projects. She is working on 
the economic valuation of the ecosystem services provided by 
Overton Park, and she is promoting the creation of urban green 
areas in the economically disadvantaged Hollywood-Springdale 
community. Her teaching ranges from an introductory course 
in Environmental Sciences to Conservation Biology; in the 
summer she also offers an environmental field trip to Namibia. 
Most of her courses fulfill requirements for the new minor in 
Environmental Sciences. 

Dr. Terry Hill received his Ph.D. from the University of Florida 
in 1978, and in the same year joined the Biology Department at 
Rhodes. His research has dealt with various aspects of fungal 
development — early work on mechanisms of spore formation in 
human and animal parasites progressed by degrees into studies 
of the physiology and enzymology of cell wall construction 
and developmental modification. Most recently this work 
has transitioned into studies of the molecular and Mendelian 
genetics of cell wall development in the model organism 
Aspergillus nidulans, which is carried out in collaboration with 
Dr. Darlene Loprete of the Chemistry Department. Dr. Hill has 
published numerous research articles on fungal biology while at 
Rhodes, upon which twelve former Rhodes students are listed 
as co-authors. Information on the Aspergillus nidulans cell wall 
project can be found at http://www.rhodes.edu/biology/hill/hill/  
studentresearch.html. 

Dr. David Kesler came to Rhodes in 1980, having received his 
PhD from the University of Michigan and teaching stints at the 
University of Rhode Island and Brown University. Courses he 
currently teaches and contributes to are Biology of Organisms 
and its lab (140 & 141), Coral Reef Ecology (252-254), GIS 
(INTD 222), Ecology (315), and Student Research (451-452). 
His research interests deal with aquatic ecology, and students 
working with him have spent time in area ponds, the Wolf River, 
Shelby Forest, and in the laboratory. His current research students 
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are investigating larval midge migration in an area lake, Pawpaw 
biology, and ring formation in mussel shells. This August he 
will present a poster dealing with mussels of the Hatchie River 
at the Ecological Society of America's meeting. You can learn 
more about Dr. Kesler's interests, courses, research, and more at 
http://www.rhodes.edu/biology/kesler.  

Dr. Gary Lindquester received his B.S. in 1981 from Furman 
University. While at Furman, he spent a summer conducting 
research on DNA repair mechanisms at the Oak Ridge National 
Laboratories. He received his Ph.D. in 1985 from Emory 
University with a dissertation on the molecular genetics of 
tropomyosin gene expression and alternative splicing. He then 
spent two years as a National .  Research Council Fellow at the 
Centers for Disease Control and Prevention cloning, mapping 
and sequencing the genome of a newly discovered human 
herpesvirus. Dr. Lindquester came to Rhodes in 1988 and was 
initially funded by the Howard Hughes Medical Institute. Since 
then, he has held one year positions as visiting scientist at the 
University of Melbourne, Australia Veterinary School (1995-
1996) and St. Jude Children's Research Hospital (2002-2003). 
He currently collaborates with Dr. Jeff Sample at St. Jude and a 
number of Rhodes students on a project studying the role of the 
Epstein-Barr virus interleukin-10 homolog on viral infection, 
latency and pathogenesis using a mouse herpesvirus model. Dr. 
Lindquester's research is supported by the National Institutes 
of Health. 

Dr. Mary E. Miller joined the faculty of the Biology Department 
at Rhodes College in the fall of 2001. Since this time she has taught 
in the core biology sequence, genetics, microbiology, and the 
cancer biology senior seminar. Dr. Miller received a B.A. at the 
University of Tennessee, and a PhD at the University of Virginia 
in microbiology. Dr. Miller then studied at the Rockefeller 
University in New York City as a post-doctoral fellow where she 
developed her research program. During this time Dr. Miller 
also served as an adjunct faculty member at Hunter College, 
City University of New York. Dr. Miller's work continues at 
Rhodes College where she actively encourages undergraduate 
research and supports undergraduates in her laboratory where 
they work to understand the spatial regulation of cyclins and cell 
division budding yeast. Dr. Miller's research interests focus on 
understanding the cell division cycle; primarily the regulatory 
proteins called cyclins, which are required for cells to faithfully 

duplicate themselves. Cyclin proteins regulate an essential 
enzyme in the cell called the cyclin dependent kinase or Cdk. 
Dr. Miller studies the role of spatial regulation in the function 
of cyclin/Cdk complexes. Dr. Miller makes use of high through 
put robotic microscopy to analyze genome wide effects on cyclin 
localization within the cell. These genomic and cytological tools 
are combined with biochemical and classical genetics readily 
available in the budding yeast Saccharomyces cerevisiae. This 
work impacts our understanding of the molecular basis of cell 
cycle progression; and therefore, the molecular basis of cancer. 
Dr. Miller's research is supported by the National Cancer 
Institute of the National Institutes of Health. 

Dr. Keith Pecor is a newcomer to Rhodes, having joined 
the faculty in Fall 2005. He earned his B.S. in Biology at 
the University of Memphis, where he conducted research on 
topics such as the foraging ecology of hatchling turtles and the 
influence of predation risk on the timing of metamorphosis in 
frogs. Dr. Pecor earned his M.S. and Ph.D., both in Biology, at 
the University of Michigan, where he was affiliated with the 
Department of Ecology and Evolutionary Biology, Museum of 
Zoology, and Biological Station. His graduate work included 
studies of the chemical ecology of native and exotic crayfish in 
Michigan. Since coming to Rhodes, Dr. Pecor has continued his 
research program in chemical ecology, and he is beginning an 
extensive project on the effects of environmental contaminants 
on the biology of amphibians. 
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The effect of giycosylation on the virulence of 
influenza A (H3N2) viruses 
Kim Bartmess 1,2  
'Department of Biology, Rhodes College 
2St. Jude Children's Research Hospital, Memphis, TN 

Influenza is a major cause of death worldwide, and research into specific virulence factors is needed. The membrane 
glycoprotein hemagglutinin (HA) is important in influenza's infection cycle, and, because it is the main antigen of the virus, 
antigenic variation of the HA is favored in order to evade the body's immune system. Variation can include a change in the 
number of glycosylation sites. The goal of this project was to investigate the effect that the degree of glycosylation of the HA 
has upon viral replication and virulence of H3N2 influenza A viruses. Reassortant viruses were created using reverse genetics 
with HAs that had 7, 9, or 12 glycosylation sites matched with one of two neuraminidase (NA) proteins. We characterized these 
viruses for replication and virulence in vivo and in vitro. We hypothesized that the degree of glycosylation of influenza viruses 
is inversely related to virulence in a naïve host. Mice infected with a virus that had an HA with low glycosylation (7 sites) lost 
significantly more weight than those infected with a virus with an HA with 12 sites. A hierarchy for lethality was established, 
with viruses containing an HA with 7 sites requiring the lowest dose to cause death while viruses with 12 sites required the 
highest dose. Interestingly, we also found the HA-NA functional match to be important in virulence. A potential explanation for 
the decreased virulence of highly glycosylated viruses is that greater levels of glycosylation allow for easier clearance by collectins. 

Introduction 

Influenza infections are a major cause of death worldwide. 
Influenza predisposes people to secondary bacterial 
complications, and influenza and pneumonia combine as the 
sixth leading cause of death worldwide (Arias et al. 2003). One 
of the unanswered questions in influenza study is why some 
viruses cause more morbidity and mortality than others (Klimov 
et al. 1999; Nguyen-Van-Tam and Hampson 2003; Thompson et 
al. 2003). The specific factors behind influenza virus's virulence 
are still unknown, therefore, the study of virulence determinants 
of influenza viruses may improve our ability to prevent or treat 
influenza by allowing us to predict virulence and target specific 
viral proteins with vaccines or therapeutics. 

The two major surface proteins, hemagglutinin (HA) and 
neuraminidase (NA), are important in influenza's infection 
cycle (Wiley and Skehel 1987). The HA mediates viral docking 
and fusion, whereas the NA is important for viral release from 
the host cell. The HA is the main surface antigen of influenza 
viruses and is also implicated in viral virulence. Because 
influenza is an important pathogen and the underlying reasons 
for the virulence of influenza are not understood, it is important 
to study the role of the HA in the virulence of influenza. Since 
antibodies against HA neutralize virus infectivity, antigenic 
variation of the HA is favored in order for the virus to evade 
the body's immune system (Wiley and Skehel 1987). The 
HA is decorated, or glycosylated, with oligosaccharide side 
chains that are attached at specific sites called glycosylation 
sites. Genetic variation by antigentic drift and shift can cause 
a change in the number and location of these glycosylation sites. 
This variation could change the number of oligosaccharide side 
chains (glycosylation) and may affect antibody binding to the 
HA (Seidel et al. 1991). 

Some regions of the HA have glycosylation sites that have 
been highly conserved during evolution. In these regions, 
glycosylation is likely to be essential for the formation or  

maintenance of functional HA (Ohuchi et al. 1997; Schulze 
1997). However, glycosylation in other regions of the HA, such 
as its receptor binding site, reduces its function by creating 
steric hindrance for attachment to its receptor (Tsuchiya et 
al. 2002). Mutations that add glycosylation sites in regions 
where glycosylation is neither essential nor prohibitive of 
normal function could allow a virus to overcome inhibition by 
neutralizing antibodies (Schulze 1997). 

Potential glycosylation sites occur on surface proteins, such 
as HA. These sites have the amino acid sequence of -[Asn]-[X]- 
[Ser or Thr]-, where X can be any amino acid except proline 
(Daniels et al. 2003). When this sequence exists on surface-
exposed sites of the HA, there is the potential for an N-linked 
oligosaccharide to be attached. Influenza A viruses isolated 
after 1968 have more potential glycosylation sites on the HA. 
The number of sites has increased in a stepwise manner since 
the introduction of the H3 type of HA into humans in 1968. For 
example, the strain of influenza from Hong Kong in 1968 has 
seven glycosylation sites. The Leningrad HA from 1986 has 
nine sites, while the Panama HA from 1999 has twelve potential 
glycosylation sites (Reading et al. 1997). 

The body contains both innate and adaptive immune 
responses to influenza. The innate immune system consists 
of local barriers to infection, including skin and mucous, and 
pathogen non-specific mechanisms for eliminating invaders. In 
contrast, the adaptive immune system consists of the production 
of antibodies mediated by B-cells and cell mediated immune 
responses mediated by T-cells. The collagenous lectins, or 
collectins, of the innate immune system may play a role in 
the protection of the host against influenza. Collectins are 
found in mammalian serum and pulmonary fluids and bind to 
polysaccharides on many microorganisms. They are believed to 
be important in viral clearance (Reading et al. 1997). Some 
examples of collectins are surfactant proteins A and D, mannose-
binding lectin, and conglutinin (LeVine et al. 2002; LeVine et 
al. 2001). Collectins are known to bind to the glycoproteins 
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Figure I. The Eight Plasmid System. Eight expression plasmids containing 
the eight viral cDNAs are transfected into cells. The cell will then tran-
scribe the plasmid template producing viral mRNA and vRNA. After the 
synthesis of viral proteins, viral molecules assemble and create infectious 

influenza A virus (Hoffmann et al. 2000). 

of enveloped viruses such as HIV, herpes simplex virus and 
influenza virus. Though they are believed to be important in 
the innate immune response of the host, their specific role has 
not yet been determined. In studies by Reading et al. (1997), 
viruses from 1968 to 1973 that had less glycosylation than those 
isolated from 1977 to 1992 grew better in the lungs of mice and 
were less sensitive to collectin neutralization than the latter 
viruses. Therefore, they postulated that the more glycosylated 
an H3N2 virus is, the more sensitive it is to collectins, and the 
less it is able to replicate in the respiratory tract. 

The biology of the role of glycosylation on the HA is not 
well understood, and a greater understanding of the role of 
glycosylation in virulence is needed. Historic differences 
in morbidity and mortality might be related to the relative 
glycosylation of the strains. Therefore, the long-term goal of 
this project is to understand the contribution of glycosylation to 
virulence, which may lead to the ability to predict the virulence 
of new strains of influenza based on the degree of glycosylation 
of those strains. In the future, these discoveries could lead to 
more effective drugs and vaccines. 

The goal of this project was to investigate the effect that the 
degree of glycosylation has on viral growth and replication 
(or virulence) of influenza viruses of H3N2 subtype in tissue 
culture, eggs, and mice. The experimental design contained 
three components. The first was to create reassortant viruses 
by reverse genetics that vary only in the HA of the virus. By 
using reassortant viruses instead of comparing entirely different 
strains of viruses, differences in virulence of the reassortants 
should be due to the HA alone. The second was to characterize 
a panel of reassortant viruses for growth and replication in vivo 
and in vitro. It is important to characterize influenza both in 
vitro and in vivo to be able to accurately quantify the amount of 
live viral particles grown as stock and to measure the morbidity 
and mortality associated with different levels of infection. The 
third was to mutate the HA to add or remove glycosylation sites. 
By mutating the HA to add or remove glycosylation sites, we 
hoped to show whether differences in morbidity and mortality 
can be attributed to differences at a single glycosylation 
site. This could demonstrate the effect of glycosylation on 
virulence in a mouse model. We hypothesized that the degree of 
glycosylation of H3N2 influenza viruses is inversely related to 
virulence in a naïve host. This could be explained by collectins 
being able to more easily clear highly glycosylated viruses from 
the respiratory tract. Thus, reassortant viruses that had greater 
glycosylation would be less virulent due to more effective 
clearance by collectins. By creating influenza viruses mutated 
in a step-wise manner to incrementally gain specific potential 
glycosylation sites, we hypothesized that a decrease in virulence 
would occur. 

Methods 

Viruses and cDNA 
The influenza viruses used in this study were H3N2 subtype 

viruses A/Hong Kong/I/68 (HK68), A/Leningrad/360/86 
(Len86), A/Panama/1/99 (Pan99), and A/Sydney/5/97 (Syd97). 
We chose to study viruses containing HAs with 7 glycosylation 
sites (HK68), 9 glycosylation sites (Len86) and 12 glycosylation  

sites (Pan99). Internal genes from A/PuertoRico/8/34 (PR8) 
were used to provide good growth characteristics in eggs and 
mice. 

Plasmids encoding for the PB1, PB2, PA, NP, M and NS 
genes of PR8 were taken from standard laboratory stocks, as 
were plasmids for the HK68 HA, Len86 HA, Pan99 HA, HK68 
NA, and Syd97 NA. The remaining plasmids and viruses were 
constructed for the purposes of this project. 

Eight-plasmid system 
Reassortant viruses were created using the eight-plasmid 

reverse-genetics method (Hoffmann et al. 2002; Hoffmann et 
al. 2000). This system creates viruses entirely from cDNA. 
Influenza A viruses contain 8 segments of RNA, coding for 10 
genes: PB2, PB1, PA, HA, NP, NA, MI, M2, NS1 and NS2. 

The plasmid pHW2000 is a cloning vector that contains 
the human pol I promoter and a murine terminator sequence 
separated by two BsmBI restriction sites that provide a site for 
the insertion of a foreign gene segment. The pol I promoter and 
terminator elements are flanked by the pol II promoter of the 
human cytomegalovirus and by the polyadenylation signal of 
the gene encoding bovine growth hormone. The cDNA of the 8 
influenza virus segments are each incorporated into the vector. 
After transfection with the plasmid containing the cDNA, two 
types of RNA molecules are synthesized (Figure 1). The human 
pol I promoter allows negative-sense vRNA to be synthesized 
by cellular pol I from the cDNA template. Transcription by pol 
II synthesizes positive-sense mRNAs, which are translated into 
viral proteins (Hoffmann et al. 2000). 

The cDNA of the eight gene segments of influenza A virus 
were incorporated into pHW2000 as described above and then 
transformed into E. coli. Each plasmid contains an ampicillin 
resistance gene so that when the E. coli is grown in Luria 
Bertani (LB) medium (QBiogene) with ampicillin, only those 
E. coli that contain the plasmid can replicate and grow. Plasmid 
stocks were purified by alkaline lysis of bacteria, followed by 
the adsorption of DNA onto silica in the presence of high salt on 
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a column. Plasmid cDNA was then eluted from the column with 
a buffer solution (Qiagen Miniprep). 

Viral RNA, containing the influenza virus gene segment 
of interest, was extracted from influenza-infected animal 
cells. Samples of these cells were disrupted and homogenized, 
followed by adsorption of RNA onto a silica-gel membrane in 
the presence of ethanol. This RNA was then eluted in RNase-
free water (Qiagen RNeasy Mini). Primers that contained 
segment-specific sequences at their 3' ends and BsmBI or Bsal 
restriction site sequences at their 5'ends were designed to 
construct cDNA by using reverse transcriptase-PCR (RT-PCR), 
and the resultant cDNA fragments were analyzed for correct 
length by agarose gel electrophoresis and then extracted and 
digested overnight with either BsmBI or Bsal. Digested PCR 
products were cloned into the vector pHW2000, and digested 
inserts were ligated into the vector by overnight ligation with 
T4 Ligase (New England Biolabs). DH5a or Top10 competent 
E. coli cells were transformed with the ligation product using a 
standard heat shock method and grown up overnight on an LB 
agar plate containing ampicillin. Then, selected colonies were 
grown overnight in liquid medium (LB plus ampicillin), and the 
amplified plasmid was extracted, as described earlier. Cloned 
viral cDNAs derived from RT-PCR were sequenced to ensure no 
unwanted mutations were present. 

When cells are transfected with the plasmids, both the viral 
protein and the viral vRNAs necessary for assembly and budding 
of new viruses are expressed. Thus, transfection with all eight 
influenza gene segments allows for the recovery of whole, 
infectious virus (Hoffmann et al. 2000). In our studies, we used 
six PR8 background genes (PB1, PB2, PA, NP, M, and NS), and 
the HA and NA of specific H3N2 subtype viruses. The internal 
genes of PR8 were used because they are known to confer high 
growth characteristics in eggs and mice. The newly created 
reassortant viruses were characterized as described below. 

Madin-Darby canine kidney (MDCK) cells were maintained 
in minimal essential medium (MEM) containing 10% Fetal 
Bovine Serum (FBS) in the presence of an antibiotic-antimycotic 
solution, and 293T human embryonic kidney cells were 
maintained. in DMEM containing 10% FCS. The day before 
transfection, confluent 293T and MDCK cells were trypsinized 
and 10% (1 ml) of each cell line was mixed in 18m1 OptiMEMI-
AB. Three milliliters of this cell suspension were added to each 
well of a six-well tissue culture plate. This coculture of MDCK 
and 293T cells was transfected the next day. Transfection of 
a coculture of 293T and MDCK cells was necessary because 
the human pol 1 promoter shows high activity only in cell lines 
derived from humans or related species like the 293T cell line, 
but the 293T cells only poorly support influenza virus growth. 
Therefore, in the coculture, viruses produced in the 293T cells 
after transfection can then infect MDCK cells and replicate. 
For the transfection, lag of each plasmid was mixed with 2 

TransIT LT-1 (Panvera), incubated at room temperature for 
45 minutes, and then added to the coculture at 37°C. After six 
hours the transfection mixture was replaced by Opti-MEM 
media. Thirty hours after transfection, 1 ml of Opti-MEM 
media containing 1 µg/ml TPCK-trypsin was added to the cells. 
Trypsin is necessary for the cleavage and activation of the HA. 
In vivo, cleavage and activation of HA occurs by host derived  

trypsin-like proteases (Kawaoka et al. 1984). Forty-eight to 
seventy-two hours after the transfection, cells were monitored for 
virus-induced cytopathic effect (CPE). Cell culture supernatant 
was removed from each well and pooled, and the virus was 
repassaged on MDCK cells for the initial stock. Larger viral 
stocks were grown in embryonated hens eggs as described below, 
and the virus titer was determined by titration in MDCK cells 
and embryonated hens eggs. This system was used to create all 
reassortant viruses. 

A hemagglutination assay (HA assay) is a semi-quantitative 
method used to detect the presence and concentration of viral 
particles. Fifty microliters of a 0.5% suspension of chicken red 
blood cells (CRBC) was added to 50 al of culture supernatants 
serially diluted 2-fold in PBS in round bottom plates. Plates were 
incubated for thirty minutes at room temperature, then cells 
were monitored visually for hemagglutination. Agglutination 
by viral cross-linkers of the CRBCs is visualized by failure 
to pellet over thirty minutes. The HA titer is the reciprocal 
value of the highest virus dilution that causes complete 
hemagglutination. 

Viral stocks and characterization 
Influenza viral stocks were propagated in embryonated hen's 

eggs. One hundred microliters of a 1:100 to 1:1000 dilution of 
the virus were injected into the allantoic fluid of the eggs, and the 
allantoic fluid was harvested four days later. The viruses were 
then characterized in vitro and in vivo by titration in MDCK cells 
(TCID50), embryonated hen's eggs (EID 50), and mice (MLD 50). 
A TCID50  (tissue culture infectious dose 50) is a measure of the 
quantity of virus in a solution that will infect 50% of a number 
of cell culture wells. This was done by doing 10-fold series 
of dilutions of the original suspension and inoculating different 
wells with 100 al of each dilution. By determining which wells 
are infected using the hemagglutination assay, one can determine 
the dilution at which 50% of the wells become infected, and 
the reciprocal of this dilution is the TCID 50. For example, if 
the log 10  TCID50  is 5.0, 50% of the tissue culture wells were 
infected at the 1:10 -5  dilution, so the titer of original solution is 
105  infectious doses. Similarly, an EID50  (egg infectious dose 50) 
is a measure of the quantity of virus in a solution that will infect 
50% of a number of eggs, and an MLD 50  (mouse lethal dose 50) 
is a measure of the amount of influenza that is lethal for 50% of 
groups of mice. 

By determining the TCID 50  and EID50, we determined the 
concentration of active virus of the stock, and then determined 
the MLD50. If the virus was unable to grow to high enough 
titers to be lethal in 50% of mice, we then concentrated the 
virus using a dialysis system (Millipore) and retested at higher 
concentrations 

PCR mutagenesis 
Our second aim was to mutate the HK68 HA and Pan99 

HAs by PCR mutagenesis, adding glycosylation sites to HK68 
and removing glycosylation sites from Pan99 in a stepwise 
manner in the historic order in which glycosylation sites have 
occurred. Then, using the eight-plasmid system, we aimed to 
create the viruses from the cDNA, followed by sequencing and 
re-characterization of the viruses. 
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For PCR mutagenesis, we designed primers to clone selected 
regions of the genome. These primers contained enzyme 
restriction sites for the restriction enzyme Bsal. We cloned a 
segment from the beginning of the gene to the point at which 
we wanted the mutation to occur and another segment from 
the mutation to the end of the gene using the primers. The first 
desired mutation was from a G to an A at nucleotide base 240 of 
the HK68 HA. This mutation would cause the amino acid change 
from aspartate to asparagine. This creates the glycosylation site 
Asn-Cys-Thr. After ligation and cloning, the desired mutation 
should have been contained in the primer sequence, so cDNAs 
created with the primers would contain the mutated instead of 
the wild type sequence (Figure 2). The two inserts were digested 
overnight with restriction enzyme Bsal at 50°C. The vector, 
pHW2000 was digested overnight with BsmBl and DNA was 
isolated from the reaction. After ligation of the two segments 
together, and both into the pHW2000 plasmid, the new plasmid 
would contain the open reading frame for an HA, with the 
single amino acid substitution creating or removing a potential 
glycosylation site. In this way, the only difference between the 
virus and the parent virus would be the addition or deletion of a 
glycosylation site. 

Replication and lethality in mice 
Female 6 week old BALB/c mice (Jackson Laboratory) 

were maintained in a biosafety level 2 facility in the Animal 
Resource Center at St. Jude Children's Research Hospital. All 
experimental procedures were performed while the mice 
were under general anesthesia with inhaled isoflorane 2.5% 
(Baxter Healthcare Corporation). For each virus, groups of six 
immunologically naive mice were inoculated intranasally with 
serial 10-fold dilutions of influenza virus in 100 p.1 of sterile 
PBS. Mice were weighed and monitored at least daily for illness 
and mortality. Mice found to be moribund were euthanized and 
considered to have died that day. The dose of virus causing 50% 
lethality in mice (MLD50) was calculated. If mortality from 
the higher concentration was 50% or more, and the mortality 
of the lower concentration was less than 50%, MLD 50 's were 
calculated using a previously established formula (Reed and 
Muench 1933). 

Figure 2. PCR mutagenesis. Regions of the cDNA of the HK68 HA were 

amplified with oligonucleotide primers containing &al recognition sites. 

After amplification and digestion,.amplified regions of the HA contained the 

specific nucleotide base change and sticky ends that could be ligated together 

and then into the plasmid vector. 

After MLD 50 's were calculated, groups of six mice were 
infected with 10 6  live viral particles of each of the panel of 
viruses. Mice were followed for two weeks for morbidity and 
mortality. 

Statistics 
Kaplan-Meier curves were used to graph mortality over time. 

Significance in mortality was calculated by a Mantel-Cox x 2  test 
on the Kaplan-Meier survival data. Significance in weight loss 
was calculated by Student's t-test for pairwise comparisons and 
one-way analysis of variance (ANOVA) with Dunn's correction 
for multiple comparisons within a group. P-values of less than 
0.05 were considered significant. 

Results 

Construction (recovery) and characterization of reassortant 
viruses 

Our first goal was to construct viruses with H3 subtype HAs 
bearing different numbers of glycosylation sites on a constant 
background. We chose to study viruses with HAs with 7 
glycosylation sites (HK68), 9 glycosylation sites (Len86) and 12 
glycosylation sites (Pan99). We built these viruses on a constant 
background of internal genes (PB1, PB2, PA, NP, M, and NS) 
of PR8 and the N2 NA from either HK68 or Syd97. Two NAs 
were used because it is possible that a mismatch occurring by 
using an "old" HA and a "new" NA, or vice versa, may affect 
virulence. Thus, we planned to create the following viruses: 
Pan99/HK68/PR8 and Len86/HK68/PR8. Previously, HK68/ 
Syd97/PR8, Len86/Syd97/PR8, Pan99/Syd97/PR8, and HK68/ 
HK68/PR8 had been created in the lab. 

In order to derive these reassortant viruses, we generated 
whole live virus from the cloned cDNA of the eight viral gene 
segments that had been inserted into the vector pHW2000 to 
create expression plasmids. Using reverse genetics, transfection 
of a coculture of 293T and MDCK cells with eight plasmids 
containing the HA and NA of choice and the background six 
PR8 genes rescued recombinant viruses Len86/HK68/PR8 and 
Pan99/HK68/PR8. These recombinant viruses were grown to 
high titers in embryonated hens eggs (Table 1). 

Existing reassortant viruses HK68/Syd97/PR8, Len86/Syd97/ 
PR8, Pan99/Syd97/PR8, and HK68/HK68/PR8, as well as the 
two newly created reassortants, were grown, characterized, and, 
if necessary, concentrated. All stocks were sequenced to ensure 
that the HA sequences of the stock viruses were consistent with 
the original virus sequence (Table 1). 

Morbidity and mortality in mice 
After constructing reassortant viruses, reassortants were 

tested for virulence in mice. Groups of six mice were infected 
intranasally with 10-fold dilutions of the viruses (from the 
concentration established by EID 50), and mice were followed 
for mortality in order to establish the MLD 50. Balb/C mice are 
inbred and therefore respond similarly to infection, and the 
model of influenza infection with these mice is well established. 
The calculated MLD 50 's are shown in Table 2. Preliminary 
data suggested a lower infectious dose of HK68 HA caused 
lethality compared to the more glycosylated viruses with Pan99 
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ion ilitet 

HK68/Syd97/PR9 

-.-Len86/Syd97/PR8 

i  P an99/Syd97/PR8  

Niwits 
HA 

assay TC1140 ETD 4 

HA 
segaqtre 

Comparison 

HK6S 1 111:68:PR8 

Stock 128 	7,375 	7.5 	Identical 

HK68!Syd97.:PR8 

Stock ' 512 	1 	7.75 	1 	7 	1 	Identical 

Len86,Sv d97!PR8 

Stock 64 6.125 7.25 Identical 

Concentrated Stock 2048 	' n/a 8 875 

Pa n99;Sy d97PR8 
Stock 64 6.75 6.125 Identical 

Concentrated Stock >2048 n/a 8 

LenS6'111:63!PR8 

Transfection Stock 512 Identic al 

Stock 512 n/a 7.5 

Pa n..99411:68:PRS 
Transfection Stock (in 

MDCK cells) 8 
Identical 

Stock 4 n/a 7.5 

Concentrated Stock 512 • n/a 9.25 

Table I. Characterization of reassortant viruses. HA 's, TCID„'s, and EID50 s 
are measurements of viral titer. All viruses grew well in eggs, with EID 50 's 
from 6 to 7.5 and HA titers from 64 to 512. Pan99/HK68/PR8, Pan99/Syd97/ 
PR8, and Len86/Syd97/PR8 had to be concentrated due to titers being less 
than 50% lethal in mice. E1D50  e of these concentrated viruses were from 8 to 
9.2, and HA titers from 512-2048. The HA genes of all reassortant viruses 
were sequenced and compared with the parent virus. All sequences were 
found to be identical. Because the EID„ is a more accurate measurement of 
live viral titer TC113 50 's were not completed for reassortant viruses or con-
centrated stocks. 

and Len 86 HAs. This indicated that a lower infectious dose 
is required for mortality, and these viruses are therefore more 
virulent. Interestingly, after all six viruses were characterized, 
the highly glycosylated Pan99/Syd97/PR8 virus had an MLD 50  
intermediate between the HK68/Syd97/PR8 and Len86/Syd97/ 
PR8 viruses. Furthermore, even extremely high doses of Pan99/ 
HK68/PR8 were insufficient to cause mortality in mice, and the 
Len86/HK68/PR8 virus had a lower MLD 50  than the HK68/ 
HK68/PR8. This difference in virulence caused by reassortants 
with the same HA but different NA suggested that the NA 
was playing a role in the virulence of the reassortant, or, more 
specifically, that the HA-NA functional match was important in 
the virulence of the virus. 

Next, groups of mice were infected with each of the panel 
of viruses and were followed for two weeks for morbidity and 
mortality (Figures 4 and 6). We compared the weight loss 
between groups of mice infected with reassortant viruses varying 
in the HA alone (Figures 3 and 5). These groups contained 
either the HK68 NA or the Syd97 NA. Six mice in each group 
were infected intranasally at Day 0 with an infectious dose of 
influenza of 10 6  live viral particles. The group size of six mice 
per group was used to achieve a reasonable power with which to 
discern differences between groups. 

In mice infected with reassortants with the Syd97 NA, the 
Pan99/Syd97/PR8 virus was shown to cause less morbidity as 
measured by weight loss than the HK68/Syd97/PR8 but greater 
morbidity than Len86/Syd97/PR8 (Figure 3). 

In reassortants containing the HK68 HA, the HK68/HK68/ 
PR8 caused the greatest morbidity by day 4 (Figure 5). However, 
the Len86/HK68/PR8 caused significantly greater mortality than 
either of the other two viruses (Figure 6). The HK68/HK68/PR8 
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Virus Number of Glycosvlation Sites NILI)<,) 	. 

HI:68/Svd97/PR8 7 I 05 75  

Len861Svd9713R8 9' 107 ' 275  

• Pan99/Syd97.13 128 12 10675  

H1:68/H1:68/YR8 . 	105 - 75 .  

Len8611-1K68/PR8 9 <105 . 5  

Pan99/HK.681PRS 12 :;.108.25 

Table 2. MLD„. The lethal dose of live reassortant virus was found to be 
lower for the less glycosylated HK68/Syd97/PR8 than the more glycosyl-
ated Len86/Syd97/PR8. The lethal dose of HK68/HK68/PR8 was found 
to be less than the lethal dose of the more glycosylated Pan99/HK68/PR8. 
Even at extremely high doses of Pan99/HK68/PR8 lethality did not occur. 
An MLD 50  of Len86/HK68/PR8 was unable to be determined and the MLD„ 
will be repeated with lower infectious doses. 

caused significantly greater mortality than the Pan99/HK68/ 
PR8 (Figure 6). 

Collectively, these data demonstrate that reassortants 
containing the HK68 HA exhibit high morbidity and mortality 
regardless of the NA it is matched with, while reassortants with 
the Pan99 HA do not cause mortality when matched with either 
NA (Figures 3-6). The Len86 HA was intermediate between 
the two, causing mortality only when well matched with an NA 
(Figures 3-6). 

PCR Mutagenesis 
Through PCR mutagenesis, we are in the process of creating 

a glycosylation site at amino acid 240 of the HK68 HA (Figure 
2). Differences that may occur in virulence should be only due 
to the mutation that causes the addition of a glycosylation site. 

Discussion 

Influenza is an important respiratory virus that causes excess 
mortality and morbidity each year as well as relatively frequent 
pandemics. The high frequency of mutation in the influenza 
virus and its ability to reassort with other strains of influenza 
allow the circulation of antigenically distinct viruses. 

In this study, we investigated the role of the degree of 
glycosylation of the HA of influenza on virulence in the 

9 J eo.v1i 

- - 	
16171013111-6.11VIEN 

12 ghco,y, 

7 glycogybiion sites 

2 	4 	6 	8 	10 
	

12 
	

14 

Days Post Infection 

Figure 3. Comparison of weight in mice infected with influenza virus with 
Syd97 NA and varying HAs. Groups of six mice were infected with 106 live 
viral particles of reassortant viruses with the Syd97 NA. Mice infected with 
HK68/Syd97/PR8 lost significantly (p<0.05) more weight than the other 
two groups by day four, at which point one or more mice from the group died 
and average weight could no longer be calculated. Though the infectious 
dose was not lethal for mice infected with Pan99/Syd97/PR8, mice in the 
group lost significantly more weight than the Len86/Syd97/PR8 group. 
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Figure 4. Comparison of mortality of mice infected with influenza virus 
reassortants with Syd97 NA and varying HAs. Mice infected with 106 live 
viral particles HK68/Syd97/PR8 had significantly (p<0.05) greater mor-
tality than mice infected with the same dose of either Len86/Syd97/PR8 

or Pan99/Syd97/PR8. There was no mortality in the Len86/Syd97/PR8 or 
Pan99/Syd97/PR8 groups. 
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Figure 5. Comparison of weight in mice infected with influenza virus with 
HK68 NA and varying HAs. Groups of six mice were infected with 106 live 
viral particles of reassortant viruses with the HK68 NA. The HK68/HK68/ 
PR8 group lost significantly (p<0.05) more weight either the Len86/ HK68/ 
PR8 or Pan99/ HK68/PR8 groups. Also, the Len86/ HK68/PR8 group lost 
significantly more weight than the Pan99/ HK68/PR8. 
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Figure 6. Comparison of mortality of mice infected with influenza virus re-

assortants with HK68 NA and varying HAs. There was a significant differ-
ence (p<0.05) in mortality between Len86/HK68/and either HK68/HK68/ 
PR8 or Pan99/HK68/PR8. Furthermore, there the HK68/HK68/PR8 group 
had significantly greater mortality than Pan99/HK68/PR8. 
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host. We were able to successfully rescue live reassortant 
viruses created using reverse genetics. We demonstrated that 
reassortants created by DNA transfection grow to high titers in 
eggs. A panel of six reassortant viruses was characterized in 
vivo and in vitro. 

We hypothesized that more heavily glycosylated strains should 
be more easily cleared by collectins and therefore less virulent. 
We used a mouse model to study the impact of glycosylation on 
virulence independent of pre-existing antibodies. Because mice 
have no antibodies to influenza unless pre-infected, differences 
in virulence due to glycosylation should be more apparent when 
they are first infected. As a model of human disease, these mice 
can be considered similar to a young child who has not been 
previously exposed to influenza. This is a medically relevant 
model, as children under the age of five experience the highest 
mortality due to influenza. 

The HA of influenza is decorated with a number of 
oligosaccharide chains. There is considerable variation in the 
number and location of glycosylation sites of H3N2 influenza 
viruses that have emerged since 1968, when the H3 subtype of 
influenza A HA was introduced into humans. The number of 
glycosylated sites of the H3 HA has increased since that time 
in a stepwise manner. However, the reason for this increased 
glycosylation is not known. Because glycosylation may cover 
up antigenic epitopes, increased glycosylation could be evolving 
in influenza due to natural selection because it allows viruses to 
evade the antibody response. Increased glycosylation may have 
the effect of prolonging the persistence of the virus in an immune 
population by masking the HA, though this glycosylation 
comes at the cost of easier binding and clearance by collectins. 
Glycosylation, then, would be predicted to be a disadvantage for 
the virus in naïve hosts, but may be an advantage in an immune 
population. 

To determine the effect of glycosylation on virulence, 
reassortant viruses were created that had HAs that varied 
in their number of glycosylation sites. The HK68 HA has a 
low amount of glycosylation with seven sites, while the Len86 
HA has nine glycosylation sites, and the Pan99 HA has twelve 
glycosylation sites. These HAs were used for the creation and 
characterization of reassortants. Two sets of reassortants were 
made pairing each HA with both the Syd97 NA and the HK68 
NA in order to ensure that the possibility of an HA-NA mismatch 
was controlled for. 

In order to study the impact of glycosylation on virulence 
of influenza, MLD50's of the panel of reassortant viruses were 
performed, and groups of mice infected with the viruses were 
compared for morbidity and mortality. In preliminary studies, weight 
loss due to HK68/Syd97/PR8 was greater than that due to Pan99/ 
Syd97/PR8 of Len86/Syd97/PR8, even when mice were infected 
with less than 10% of the amount of HK68/Syd97/PR8 than Pan99/ 
Syd97/PR8 and Len86/Syd97/PR8 (data not shown). The MLD 50 

 of HK68/Syd97/PR8 (seven glycosylation sites) was 1.5 log10  lower 
than the more glycosylated (nine glycosylation sites) Len86/Syd97/ 
PR8 (Table 2). This supported the hypothesis that glycosylation is a 
disadvantage in naive hosts, because the viruses that had the greatest 
amounts of glycosylation caused the least morbidity and mortality 
in mice. However, later studies using all six viruses at equivalent 
infectious doses demonstrated that an additional variable other than 
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glycosylation was also important in virulence. 
Pan99/Syd97/PR8 caused greater morbidity and mortality 

than Len86/Syd97/PR and Len86/HK68/PR8 caused greater 
virulence than HK68/HK68/PR8. Although these data were 
inconsistent with our hypothesis, they suggest that HA-NA 
functional 'matching contributes to the virulence of influenza 

Several . studies have shown that there are important 
interaction's between the functions of the two surface 
glycoproteins, HA and NA. These interactions are important 
for efficient viral replication (Wagner et al ;  2002). The NA is 
important for the removal of sialic acid residues from the host 
cell and virion components in order to prevent viral aggregation 
and promote the release of new viral particles from the host cell 
(Kaverin et al. 1998). Two NAs were used in the creation of 
our reassortants in this study in order to control for any HA-NA 
mismatches that might occur. The results showed that, in some 
reassortants, mismatch did occur, confirming that an appropriate 
HA-NA functional match is an important determination of 
virulence. Because reassortants with the same HA but varying 
NAs exhibited different virulence in mice, our studies show 
that the NA contributes to the virulence of the virus. For 
example, the Len86/Syd97/PR8 reassortment had an MLD 50  of 
10725 , whereas the Len86/HK68/PR8 had an MLD 50  of less than 
1055 . This difference of almost 2 logs in the lethal dose for fifty 
percent of mice shows that the Len86 HA pairs very well with 
the HK68 NA but very poorly with the more recent Syd97 NA. 
Also, the fact that the MLID 50  of Pan99/Syd97/PR8 was greater 
than 1.5 log10  less than the ML1D50 of Pan99/HK68/PR8 indicates 
that the. Pan99 HA and Syd97 NA pair much better than the 
Pan99 HA and the HK68 NA. 

It seems logical that the Pan9 HA and Syd97 NA pair well 
because the strains from which t ese proteins were derived are 
very similar. Also, the Len86 H paired well to the HK68 HA, 
and their strains are also similar. However, the viral HA with the 
least glycoSylation, HK 68 HA, exhibited virulence for both NA 
matches. Also, even when the Pan99 HA matched well with the 
Syd97 NA, it was still less virulent than the HK68/Syd97/PR8 
virus. This is likely because HK68/Syd97/PR8 has less potential 
glycosylation than Pan99/Syd97/PR8, although final testing of 
this hypothesis awaits the construction of single amino acid 
mutations by site directed mutagenesis. Therefore, both the HA-
NA match and the degree of glycosylation likely contribute to 
the virulence of reassortant viruses in this study. 

In order to put these results into a broader epidemiological 
context, it should be remembered that the 1918 pandemic 
influenza virus was particularly pathogenic (Reid et al. 1999; 
Reid and Taubenberger 2003). Though the reason for the 
virulence of the 1918 influenza HIN1 strain has not yet been 
determined, the degree of glycosylation on the virus HA may 
be a contributing factor. The HA of that virus had a very low 
amount of glycosylation with four glycosylation sites—three 
fewer sites lhan the HK68 H3N2 virus (Reid et al. 1999). 
Like H3N2 viruses, H1 viruses have become increasingly 
glycosylated. These viruses had six glycosylation sites in the 
1930s and ten to eleven glycosylation sites in recently circulating 
strains. This increase in glycosylation suggests glycosylation 
may be faVorable for the persistence of influenza in the 
population, perhaps as an adaptation to previous immunization  

from related strains (Reid et al. 1999). A study of an H5N2 
influenza outbreak in chickens found the loss of carbohydrate 
accompanied the change of a relatively apathogenic strain to a 
highly pathogenic one that killed many chickens. Kawaoka et 
al. (1984) postulated that the carbohydrate loss was important in 
the increased pathogenicity, though they suggested this may be 
due to easier cleavage and activation of the HA in the virulent 
virus. Seidel et al. (1991) noted that during an epidemic outbreak 
in Griefswald, Germany, in 1974, viruses that were isolated later 
in the epidemic contained more carbohydrate side chains. They 
suggested that changes in glycosylation could give strains an 
advantage in the epidemic process. All of these studies support 
the conclusion that glycosylation plays an important role in the 
virulence of influenza virus. 

The role of HA in influenza virulence is not well understood. 
The results of this project provide novel information about 
the role and function of influenza HA glycosylation and its 
contribution to virulence. This may lead to the ability to predict 
the virulence of new strains of influenza based on the degree of 
glycosylation of those strains. In the future, these discoveries 
could lead to more effective drugs and vaccines. For example, 
a live virus vaccine that is highly glycosylated might be more 
easily cleared by the innate immune system and therefore not 
induce as strong an antibody response (Bright et al. 2003). 

Now that the viral phenotype has been established for the panel 
of reassortants, in the future we can examine the role of collectins 
in the immune response and viral clearance. We could confirm 
that glycosylation actually occurs at potential glycosylation sites 
by measuring differences in electrophoretic mobility of the HAs. 
Differences in electrophoretic mobility of HA, measured by SDS-
PAGE, should be due to the differences in numbers of carbohydrate 
side chains, and would be inversely related to the weight of the 
HAs (Seidel et al. 1991). Therefore, the more glycosylated an 
HA is, the less mobility it will have, and the variation in weight 
should be due to glycosylation only. We could then infect mice 
with related viruses to generate immunity and follow this with 
a lethal challenge of heavily glycosylated or lightly glycosylated 
viruses. It would be predicted that the B cell immunity will be 
more effective against lightly glycosylated viruses. 

In conclusion, our results suggest that increased glycosylation 
of influenza A H3N2 viruses causes decreased virulence. 
Reassortants containing the 1-1K68 HA were more virulent than 
the more glycosylated reassortants containing the more recent 
Pan99 HA. However, the functional match of HA and NA is 
also an important indicator of virulence. We are currently using 
site directed PCR mutagenesis to create a glycosylation site 
at amino acid 240 of the HK68 HA. Once this is successfully 
accomplished, we can show whether a difference in morbidity 
and mortality occurred due to the difference of a single 
glycosylation site in a reassortant with an effectively matched 
HA and NA. This work is ongoing. 
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Investigation of the role of MRP4 in Leydig cells 
and systemic testosterone: characterizations of 
compensatory pathways in the testes of MRP4- 
deficient mice 
Matthew D. Cain'•', Rachel Bowden', Daniel Martin', Mark Leslie', Vishal Lamba 2 , Masashi Adachi 2 , and John D. Schuetz' 
'Department of Biology, Rhodes College 
'Department of Pharmaceutical Sciences, St. Jude Children's Research Hospital, Memphis, TN 

The multidrug resistance protein, MRP4, is an ATP-dependent binding cassette (ABC) transporter that belongs to a family 
of transporters which efflux various organic anions. MRP4 effluxes diverse molecules including endogenous purines cAMP, 
cGMP, as well as those with steroid nucleus such as estradiol 17-6-D-glucuronide (E217lIG), dehydroepiandrosterone-3-sulfate 
(DHEAS), and bile acids. MRP4 confers chemotherapeutic drug resistance by exporting anticancer agents such as topotecan and 
the anti-purine drugs, 6-mercaptopurine and 6-thioguanine. However, despite a wide tissue distribution, (kidney, liver, brain, 
and prostate), little is known about the biological function of MRP4 in vivo. Evaluation of MRP4-deficient mice revealed that 
prepubescent mice had a dramatic reduction in circulating testosterone despite normal testis morphology. Immunohistochemical 
analysis demonstrated exclusive expression of MRP4 in Leydig cells, the primary source of circulating testosterone and consistent 
with the observed influence on systemic testosterone. Unexpectedly, these mice exhibited normal testosterone levels post-puberty. 
We set out to discover the mechanisms by which MRP4-deficient mice compensated for the loss of MRP4 and its apparent ability 
to efflux testosterone from Leydig cells. We used microarray to assess gene expression in testes from post-pubertal MRP4-
deficient and wildtype mice and discovered a strong upregulation in a gene involved in testosterone biosynthesis as well as 
genes that can facilitate testosterone biosynthesis. Further candidate gene analysis revealed a selective upregulation of more 
genes involved in testosterone biosynthesis and several MRP-family homologue transporters which compensate in the absence 
of MRP4. These studies reveal that the ABC-transporter, MRP4, plays a fundamental role in providing systemic testosterone 
and that its absence requires upregulation of ancillary pathways in testes to maintain testosterone biosynthesis and transport. 

Introduction 

MRP4, multidrug resistance protein 4, also known as 
ABCC4, is a plasma membrane, ATP-binding cassette protein 
which has been reported to be present within a wide variety of 
tissues, including the proximal tubules of the kidney, primitive 
hematopoietic cells, the basolateral hepatocyte membrane of 
the liver, the blood-brain barrier, and the prostate (Kruh et 
al. 2001, Rius et al. 2003, van Aubel et al. 2002, Zhang et al. 
2000, Zhou et al. 2001). Because MPR4 plays a direct role in 
the effectiveness of chemotherapy and other drug treatments, it 
has been an interest of recent oncological and pharmaceutical 
research. Specifically, MRP4 has been reported to efflux 
several therapeutic agents including the antimetabolite drug 
methotrexate, the chemotherapeutic agent topotecan, and the 
nucleoside analogue drug, 9-(2-phosphonylmethoxyethyl)ade-
nine (PMEA). This interferes with the accumulation of these 
drugs, reducing their pharmacological effects (Chen et al. 2002, 
Leggas et al. 2004, Schuetz et al. 1999). 

MRP4 also transports several classes of endogenous 
substrates. It has been reported to efflux the cyclic nucleotides, 
cAMP and cGMP (Chen et al. 2001, van Aubel et al. 2002). 
Several steroid-based compounds have been reported to be 
substrates of MRP4, including estradio1-17b-D-glucuronide 
(E2 17PG), dehydroepiandrosterone-3-sulfate (DHEAS), as well 
as other steroid and bile acid conjugates (Chen et al. 2001, Zelcer 
et al. 2003). Furthermore, MRP4 has also been identified as 
a transporter of the prostaglandins PGE I  and PGE 2  (Reid et al. 
2003). Despite the current understanding of MRP4, little is  

known about its biological function. 
In this study, we identified the Leydig cells as a novel tissue 

of MRP4 expression. After analysis of systemic testosterone 
levels of both MRP4 null and wildtype mice, we discovered 
that prepubescent MRP4-deficient mice exhibited a significant 
decrease of circulating testosterone levels in blood serum. 
However, post-puberty, MRP4 null mice exhibit normal systemic 
testosterone levels. 

In attempts to determine how the observed compensation 
occurs, we compared gene expression in MRP4 null and wildtype 
testes, using microarray and both semi-quantitative and Real 
Time RT-PCR. We specifically analyzed the expression of a 
variety of genes involved in spermatogenesis, cholesterol and 
testosterone biosynthesis, transmembrane transport, and in the 
regulation of these pathways. We found a pleiotropic change 
in expression, finding upregulation in each of these pathways. 
In terms of steroidogenesis, 17p-hydroxysteroid dehydrogenase 
type 7 (HSD17b7), a protein which has been reported to play a 
multifaceted role steroidogenesis, was upregulated (Harkonen 
et al. 2003, Marijanovic et al. 2003, Nokelainen et al. 1998). 
Upregulation of the steroidogenic acute regulatory protein 
(StAR), a protein which mediates the transfer of cholesterol to 
the inner mitochondrial membrane, the rate-limiting step in 
steroidogenesis, was also observed (reviewed in Stocco 2001). 
In regards to transmembrane transport, both MRP1 and MRP5 
were moderately upregulated. 

Several other proteins involved in the promotion of 
spermatogenesis and steroidogenesis were also observed to 
be increased, including the fatty acid binding protein, FABP4, 
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which may.  play regulatory role in steroidogenesis through its 
binding with arachidonic acid (AA), and integrin a6 (Itga6), 
which promotes sertoli-germ cell communication (Bernlohr et 
al. 1997, Lkonde et al. 1994, Salanova et al. 1995). Our results 
suggest two probable models for the physiological role of MRP4 
in the Leydig cell, either facilitating the direct transport of 
testosterone from Leydig cells or playing a role in the regulation 
of testosterone biosynthesis. 

Methods 

Tissue and RNA Isolation 
Whole testes were excised from adult Mr4 null and wildtype 

mice and frozen using liquid nitrogen until use. 
For isolation of RNA, whole testes were homogenized and 

treated with 800 lit Trizol Reagent (Invitrogen). Cells were 
incubated for 10 minutes. 213 aL chloroform was added, 
followed by another incubation period. The supernatant was 
collected and 0.7 volumes of isopropanol were added. The 
solution was centrifuged, and the supernatant was removed. 
750 aL of 70% EtOH was added, followed by another round of 
centrifugation and the subsequent removal of the supernatant. 
The pellet was allowed to air dry before resuspension in RNase 
and DNase free H 20. 

Microarray 
RNA was extracted from testis of 3 pairs of wildtype (n=6 

mice) and 3 pairs of MRP4 null mice (n=6 mice) using the Trizol 
method described above (Invitrogen), and the RNA integrity 
was assessed by using an Agilent 2100 Bioanalyzer (Agilent, 
Palo Alto, CA). Total.RNA from two mice from each group was 
pooled for a single array analysis. 

cDNA was synthesized using a T-7 linked oligo-dT primer. 
cDNA was: then synthesized with biotinylated UTP and CTP. 
The labeled RNA was then fragmented and hybridized to MG_ 
430v2 oligonucleotide arrays (Affymetrix Incorporated, Santa 
Clara, CA) according to Affymetrix protocols. The MG_430v2 
array provides an exhaustive coverage of the mouse genome 
with probes for 39,000 transcripts on a single array. 

Arrays were scanned using a laser confocal scanner 
(Affymetrix), and the expression value for each gene was 
calculated using Affymetrix software v.5.0. The average 
intensity difference (AID) values were normalized across the 
sample set. 

Three gene expression arrays were run on each group. 
Due to the large number of changes in gene expression in the 
individual arrays, the three runs were compared for conserved 
changes in expression between wildtype and MRP4 null mice 
testes using database analysis (Excel, Microsoft). Changes in 
expression were recognized and reported if conserved in all 
three microarrays and displayed to exhibit a 2 fold or greater 
change in expression 

Semi-quantitative RT-PCR gene expression analysis 
Analysis of gene expression was performed using RNA 

isolated from adult MRP4 null and wildtype testes (see above). 
RNA was converted to cDNA using SuperScriptTM First-Strand 
Synthesis System and Oligo(dT) primers (Invitrogen). 

Figure I. Immunohisiochetnical staining of MRP4 in mouse Leydig cells. 
A, C, and E depict staining of MRP4 with M4I-10 Mab in wildtype testes. 
MRP4 is detected exclusively in the Leydig cells (hollow arrows) and not in 
the seminiferous tubules (solid arrows). B, D, and F depict the absence of 

MRP4 staining in MRP4 null testes, serving as a negative control. MRP4 

expression increases with age, with expression at 3-4 weeks (A and B), 9-14 
weeks (C and D), and 6 months (E and F). 

The patterns of cDNA expression for the various genes 
studied were assessed by semi-quantitative RT-PCR using 
specific primers, as listed in Table 2 (Hartwell Center, Memphis, 
TN). Semi-quantitative PCR was performed using the Expand 
High Fidelity PCR system (Roche). PCR reactions consisted 
of an initial denaturing step at 94°C for 3 minutes, followed 
by a variable number of cycles of amplification consisting of 
denaturing at 94°C for 30 seconds, annealing at optimized 
temperatures for 30 seconds, and extension at 68°C for 30 
seconds, and ending with a final extension step at 68°C for 5 
minutes (see Table 2 for optimized temperature and cycles of 
amplification). A 20 aL of the PCR reaction was analyzed 
by electrophoresis on a 2% agarose gel. PCR products were 
visualized using ethidium bromide staining. 

Gene expression in the MRP4 WT and null comparisons were 
standardized to P-Actin or Wbscrl and expressed as a deviance 
from MRP4 WT expression and run in triplicate. 

Real-Time RT-PCR gene 
Real-Time quantification of various genes performed using 

the QuantiTect SYBR Green PCR system (Qiagen). RNA was 
obtained and converted to cDNA using the method described 
above. Each reaction was set up in concordance with the protocol 
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detailed in the QuantiTect SYBR Green PCR System manual 
with 0.75 lig of cDNA and 20 uM of primers used (Qiagen). 
Each reaction was carried out in triplicate for 40 cycles. Cycles 
were designed as described above. Each gene was standardized 
to three standards: 13-Actin, GAPDH, and Wbscrl. Comparison 
between WT and null expression were based on CT values. 

Results 

Expression of MRP4 in Leydig cells 
Immunohistochemical staining of mouse testes revealed 

exclusive expression of MRP4 in the Leydig cells (Figure 1A, 1C, 
and 1E). No staining occurred in the testes of MRP4-deficient 
mice, which served as a successful negative control (Figure 1B, 
1D, and 1F). MRP4 expression was observed prepubescent mice 
(Figure 1A). Expression increased post-puberty (Figure IC) and 
on through adulthood (Figure 1E). 

Characterization of systemic testosterone concentrations 
Analysis of circulating testosterone concentrations, taken 

from prepubescent MRP4 null, heterozygous, and wildtype blood 
samples, revealed an 8-fold decrease in systemic testosterone in 
the MRP4-deficient mice (Figure 2). In contrast, no significant 
change was observed in MRP4 heterozygous mice. 

The study was repeated using post-pubescent mice. However, 
after puberty there was no significant difference in circulating 
testosterone between the three genotypes (Figure 3). This is 
consistent with the observation that MRP4 null mice are fertile. 

Microarray analysis of gene expression in MRP4-deficient 
testes 

Microarray analysis revealed several genes which were 
upregulated in MRP4-deficient mice. Those genes which 
appeared to be involved in or dependent on steroidogenesis were 
FABP4, Itga6, and HSD17b7. Several unrelated genes exhibited 
changes in expression; however, their involvement was not 
investigated further (data not shown). 
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Figure 2. Comparison of systemic testosterone in prepubescent in MRP4 

null, heterozygous, and wildtype mice. Blood was taken from 4-week-old 

MRP4 null, heterozygous, and wildtype mice and the concentration of tes-

tosterone levels were determined. Systemic testosterone was decreased 8 

fold in the MRP4 null mice in comparison to the wildtype, with no signifi-

cant change in heterozygous mice. 

Figure 3. Comparison of systemic testosterone in post-pubescent in MRP4 

null, heterozygous, and wildtype mice. Blood was taken from 8-week-old 

MRP4 null, heterozygous, and wildtype mice and the concentration of tes-

tosterone levels were determined. There was no significant difference be-

tween the MRP4 null, heterozygous, and wildtype mice. 

Characterization of gene expression in the testes of MRP4-
deficient mice using semi-quantitative RT-PCR 

Gene candidates were initially screened using semi-
quantitative RT-PCR. Due to the observed reduction in systemic 
testosterone, the study primarily focused on genes involved in 
steroidogenesis, transmembrane transport, and spermatogenesis. 
The results have been organized depending on the pathway in 
which the genes are involved. 

Steroidogenic pathway 
Upregulation of the steroidogenic pathway was observed, 

specifically in the upregulation of StAR and HSD17b7, which 
was also determined to display an increase in expression using 
microarray analysis (Figure 4B). Expressions of P450scc, 
P450c17, various 3P-HSD, and 17[3-HSD isoforms, all of which 
have been reported to play enzymatic roles in testosterone 
biosynthesis, were not altered in MRP4-deficient mice (reviewed 
in Payne and Hales 2004). 

Promotion of spermatogenesis 
Itga6 was again observed to be upregulated (Figure 4C). 

However, the expression of Itgbl, its heterodimer, was not 
different in the MRP4 null. 

Transporters 
Analysis of compensatory transporter candidates, including 

transporters of the MRP-family and gonad-specific transporters, 
revealed selective upregulation with a moderate increase in the 
expression of MRP1 and MRP5 (Figure 4D). In contrast, no 
change in expression was observed for MRP2-3 or for the gonad-
specific transporters, MRP9, GST-1, and GST-2. 

Regulation of steroidogenesis 
There was no change in expression for the transcription factors, 

Dax-1, ERa, ERI3, and EST, which have been reported to regulate 
key steps in testosterone biosynthesis (Figure 4E). Likewise, no 
change in expression was observed in the regulatory proteins, 
androgen binding protein (ABP) and luteinizing hormone 
receptor (LHr) (Figure 4F). However, there was a substantial 
upregulation of FABP4 in the MRP4-deficient mice, confirming 
the results of microarray analysis. 
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Figure 4. Characterization of gene expression of MRP4 null and wildtype 
testes by semi-quantitative RT-PCR. A) Both 8-Actin and Wbscrl were used 
as standards for gene expression comparison between MRP4 null and wild-
type testes. Genes which showed upregulation are marked with an asterisk 
(*). B) The genes of the testosterone biosynthetic pathway was upregulated 
in MRP4 null mice. Both StAR and I 73HSD7 showed an increase in expres-
sion. C) Itga6, a gene involved in the promotion of Sertoli-germ cell com-
munication, was upregulated but not its heterodimer, ltgb I. D) Analysis of 
transporters showed a moderate increase in MRPI and MRP5 expression in 
MRP4 null mice. E) No upregulation of transcription factors was observed. 
F) Analysis of genes involved in regulation of steroidogenesis revealed that 
FABP4 shox;ed a substantial increase in MRP4 null mice. 

Confirmation and quantification of gene expression in the testes 
of MRP4-deficient mice using real time RT-PCR 

The changes in gene expression of the MRP4-deficient mice 
were confirmed and quantified using Real Time RT-PCR. The 
genes which displayed a quantifiable upregulation are listed in 
Table 1 along with the average fold increase (Table 1). 

Table 1. Real Time PCR Quantification of Gene Expression 
Gene Fold Increase 
StAR 2.71 ± 0.14 
HSD17b7 3.96 ± 0.20 	 

IRP1 2.90 ± 0.17 
AIRP5  2.57 ± 0.16 
FABP4 15.06 ± 0.86  
It 2a6 3.14 ± 0.16 
Table I. Average upregulation of candidate genes as determined by real 
time RT-PCR: Data expressed as the mean SEM of the upregulation as 
standardized by three standards, 3-actin, Wbscrl, and GAPDH, with each 
gene analyzed in triplicate. 

Discussion 

In this study, we present the Leydig cells as a novel tissue 
in which MRP4 is expressed and begin to characterize 
MRP4's involvement in systemic testosterone. The analysis 
of circulating testosterone levels revealed that, in the absence 
of MRP4, prepubescent mice displayed a significant decrease 
in systemic testosterone. However, after puberty, systemic 
testosterone levels were normalized resulting from a pleiotropic 
upregulation of gene expression. This is consistent with the fact 
that MRP4 null mice are fertile. Herein, we also present two 
experimental models for MRP4's role in providing systemic 
testosterone. The first model places MRP4 in the role of 
directly effluxing testosterone from the Leydig cell (Figure 
5). This model is based on its ability to transport steroid-based 
compounds, including E 2 1713G, DHEAS, and bile acids (Chen 
et al. 2001, Zelcer et al. 2003). The other model places MRP4 as 
a moderator of testosterone biosynthesis (Figure 6). This model 
is derived from MRP4's ability to transports substrates involved 
in the regulation of steroidogenesis, namely prostaglandins 
(Reid et al. 2003). 

Our gene expression analysis revealed that in MRP4 null 
mice revealed a pleiotropic pattern of upregulation. Several 
genes involved with testosterone biosynthesis were upregulated, 
supporting both the efflux and regulatory models. However, 
with no change in Dax-1, ERci, ER13, or EST expression, 
upregulation in the steroidogenic pathway appears to be outside 
of the traditional regulatory pathways. 

The steroidogenic acute regulatory protein (StAR) was 
upregulated 2.5 fold. StAR is involved in the transport of 
cholesterol to the inner mitochondrial membrane, where the 
first steps of steroidogenesis begin (reviewed in Stocco 2001) 
This is now believed to be the rat-limiting step in testosterone 
biosynthesis (Crivello and Jefcoate 1980). The upregulation of 
StAR corresponds to the observed normalization of systemic 
testosterone concentrations in the MRP4 null mice after 
puberty. 

HSD17b7 was also upregulated in the MRP4 null mice, with 
an observed 4-fold increase. Although originally reported 

Figure 5. Model of MRP4 c potential role effluxing testosterone from 
Leydig cells. 
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Target 	Prima 
V•lbscr 1 	Sense . 

Atlitif MS! 

URP 1 	Sense 
Antisense 

MRP2 	Sense 
&tisane 

0412P3 	Sense 
Praisense 

IORP4 	Sense 
Artisan. 

IMPS 	Sense 
Antisense 

hdRP9 	Sense 
At:tisane 

GST- 1 	Sense 
Ardisense 

GS T- 2 	Sense 
Antisense 

StAR 	Sense 
Antismse 

P450sc c 	Sense 
Antisense 

P450c 17 	Sense 
Antismse 

Hed17b 1 	Sense 
• 	Artisan.. 

Hsd17b3 	Sense 
Antisense 

H SD 17b7 Sense 
Autism. 

Hed3b 1 	Sense 
Antisense 

Hed3b2 	Sense 
Artisense 

LHR 	Sense • 
Artismse 

ARP 	Sense 
Antisense 

D ax- 1 . 	Sense 
Antisense 

FABP4 	Sense 
Antisense 

Rgt6 	Sense 
Antisense 

Egb 1 	Sense 
Antisense 

EST 	Sense 
Anisette' 

ERa 	Sense 
Antisense 

ER.13 	Sense 
Antisense 

Egrl 	Sense 
Anisense 

A-ttryb 	Sense 
Antisms e 

Crest 	Sense 
Antismse 

Sequenc e 5'-3' 	 Teat, C 	Cycles  
CTGICAA TGTCCACACGAA GTG 	 54 	32 
TCCCTGAAGGAGGCTCTGACT 
TGC TG GC TGAGA TGGACAAG 	 55 	32 
C GGIC T AGCA GC TCC TGA TA 
GTCA TCAC TATC GCACACAG 	 55 	30 
TIC TA CA GGG TOG TTGAGA C 
C GC TCTCAGC TC AC CA TCAT 	 55 	24 
GG TCATC C GTC TC CAA GTCA 
GG TTGGAAT TGTGGGC AGA A 	 58 	29 
TC GIG C GT GTGC TC ATTGAA • 
CTGGCTGGAGGA CCT &TT OTT 	 55 	30 
GTCAC CACA CT GGC GATCAC T 
TAT GGCCCGG GCACTTC TCCGTAA 	58 	28 
GAC C TT TACAGTCCAACCTCTG CA GC TAG T 
CAAT TGGC CACA AC C TTC T 	 54 	22 
TCACAG GC TC TCCAG TC CT T 
GCAGAAT TTCAG CC TC CAC 	 54 	21 
GO GAG GTTCC TTTCTTTTCG 
AG GAAAGCCAGCAGGAGAAC 	 54 	24 
GC CAC C C C TTCAGG TCAA TA 
GC C C CATTTA CAGG GAGAAG 	 55 	35 
CTGCTGATGGACTCAAAG GA 
GG GCAC TGCA TCAC GA TAAA 	 55 	35 
GA TC TAAGAA GC GC TCAG GCA 
C GTTC C CAGAGC TTCAAA GT 	 54 	34 
CAGC GT TCAAT TCATG TGCT 
TCAGCT TC CAAG GC ITTI GT 	 50 	23 
AG GC TTC C C C CA CT ATC TO T • 
GTACAGGATCTGTTGT GC TTGAAT G 	60 	31 
GGACTGAGCACAGGAAAGAAA CA 
AC TGCA GGA GGT CAGA GC T 	 54 	27 
GCCAGTAACA CACAGA A TAC C 
GGAATT CT CAAC C TA GAGACAA GC 	54 	29 
CTGGTACC TTTCA GAT TGACA IC 
GAC CAA AA GCTGA GGC T GAGA 	 55 	31 
CAATGTGG C CATCAG GGT AGA 
AC CAC GCAGAAT TCAG TC TC 	 62 	28 
CAGGCAGAAGGAAG CAGA AGA 
TGC TC TT TAA CC CA GACCTGCCT 	 58 	24 
TACA GC TACGAC C GC MC TC CAT CT 
CATCAGCGTAAATGGGGATT 	 54 	26 
CTTGT GGA AGT CAC GC C TTT 
AC CAA& CCAACACA GGT TCT 	 54 	31 
GGC G GAG GTCAATTC T GTTA 
TGGACAA TGICA CC TGGAAA 	 54 	26 
TGT GC CCATGCTGACTTAG 
CAAG GTCCTTCCAGCATCAT 	 54 	28 
GO AAC TT GC C CT TGCATAAA 
AA GGGCAGTCACAATGAACC 	 55 	30 
GC CAGG TCATTCTC CA CATT 
GA AGC TG GC TGA CAAG GAP. C 	 55 	30 
AACGAGG TC TGGAGCAAAG A 
GACGAGT TATC C CAGC CA AA 	 58 	30 
GGCA GAG GAAGAC GATG AA G 
CCGTTG GGC C GA GAT TGC TA AGT T 	54 
TC TGC GAATT C TGG GAT GGTC TOT 
TTTC C TC TGATG TGC C TG &TAT TC 	 54 	38 
CA GCAC T GC GAC IC GAC TC TC AA G 

Table 1. Sequence of primers, annealing temperatures, and cycles used for 

PCR amplification 

to catalyze the conversion of estrone to estradiol, HSD17b7 
has recently been linked to conversion of other steroidogenic 
molecules, including the conversion of DHT to 313A-diol and 
progesterone to 4-pregnen-313-o1-20-one (Harkonen et al. 2003). 
The protein has been reported to not play an enzymatic role 
in the conversion of cholesterol to testosterone (Harkonen et 
al. 2003, Nokelainen et al. 1998). However, as the only 1713- 
hydroxysteroid dehydrogenase upregulated, it may play a 
previously undocumented role in testosterone biosynthesis in 
vivo. Whether this is a novel function, occurring only under 
the conditions in the MRP4 null mice, has yet to be seen. 
Further characterization of the concentrations of the various 
steroids, including estradiol and the various steroid precursors 
to testosterone, will help determine whether HSD17b7 is playing 
a previously unreported role in testosterone biosynthesis or 
involved in a secondary pathway, which is also upregulated 
in the absence of MRP4. HSDI7b7 has also been identified 
as the 3-ketosteroid reductase involved in post-squalene 
cholesterol biosynthesis, converting zymosterone to zymosterol 
(Marijanovic et al. 2003). However, because microarray analysis 
revealed no upregulation of other key enzymes involved in de 
novo cholesterol biosynthesis, it is unlikely that the upregulation 
of HSD17b7 is associated with the utilization of this pathway in 
MRP4 null mice. 

Because MRP4 is a transport protein, it would be expected 
that there would be compensational upregulation of another 
transporter. This is especially necessary for the efflux model. 
Without compensation from a comparable transporter, 
MRP4-deficient Leydig cells would be without a means to 
efflux testosterone. However, only MRP I and MRP5 were 
moderately upregulated in MRP4 null mice, with no change 
in expression of MRP2-3 and the gonad specific transporters 
MRP9, GST-1, and GST-2. The combined upregulation of the 
two transporters may be enough to compensate for the loss 
of MRP4. However, based on the low level of compensatory 
upregulation, this is unlikely. Experiments designed to 
determine MRP5 ability to efflux testosterone are currently 
being developed. Unless it is determined that MRP5 is 
able to efflux testosterone or another transporter candidate 
is discovered, it is unlikely that we will be able to support 
the model of MRP4 as playing a role in the direct efflux of 
testosterone from the Leydig cells. 

We believe MRP4 could be playing a regulatory role in 
the steroidogenic pathway through its ability to regulate 
the concentrations of prostagladins within the Leydig cells. 
MRP4 has been reported to actively transport both PGE, and 
PGE2  (Reid et al. 2003). Both are active prostagladins derived 
from the metabolism of arachidonic acid (AA) by the various 
cyclooxygenase isoforms, COX-1 and COX-2, with COX-2 being 
highly expressed in MA-I0 Leydig cells (Wang et al. 2003). 
Although prostaglandins are poorly membrane permeable, Reid 
et al. determined that the absence of MRP4 lead to an increase 
in the accumulation of both PGE, and PGE 2  - an accumulation 
which may be even more substantial under physiological 
conditions (Reid et al. 2003). It should be noted that both MRP1 
and MRP5 are unable to efflux PGE, and PGE 2  and therefore 
unable to compensate for the loss of MRP4 in this model (Reid 
et al. 2003). 
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Interestingly, PGE 1  has been reported to inhibit the induction 
of the COX-2 in LPS-activated endothelial cells and macrophages 
(Akarasereenont et al. 1995). If PGE 1  can accumulate in cells 
lacking MRP4, the higher concentration of PGE1 may lead to an 
inhibition of COX-2 and an increase in AA levels in the Leydig 
cells. 

AA has been reported to be involved in the regulation of 
steroidogenesis at several key steps. It has been reported to 
be involved in the upregulation of StAR, either through its 
direct interaction or through its breakdown to its lipoxygenase-
mediated metabolites (Wang et al. 2000). This is consistent with 
our semi-quantitative and Real Time PCR data, which shows an 
upregulation of StAR. 

However, AA also been linked to the inhibition of 17p-HSD 
activity, which catalyzes the final step in the conversion of 
cholesterol to testosterone, the reduction of androstenedione to 
testosterone (Marinero et al. 1998). This reduction in 1713-HSD 
activity may explain the decrease in systemic testosterone in the 
prepubescent MRP4 null mice. We will need to determine the 
AA concentration and characterize where steroidogenesis has 
been arrested in the prepubescent MRP4 null mice to determine 
if AA mediated inhibition of 17p-HSD activity is the cause of 
decreased systemic testosterone. 

The upregulation ofFABP4, also known as ALBP, may account 
for the normalization of systemic testosterone after puberty. 
FABP4, previously believed to be expressed only in adipocytes, 
has been reported to have high affinity for AA (Bernlohr et al. 
1997, LaLonde et al. 1994). FABP4 may provide a compensatory 
mechanism by which the AA mediated inhibition of 17P-HSD 
activity is alleviated in the absence of MRP4. 

Lastly, Itga6 may be playing an auxiliary role in MRP4 null 
mice. Because of Itga6 and its heterodimer, integrin bl (Itgbl), 
involvement in facilitating sertoli-germ cell communication, the 
observed upregulation of Itga6 may indicate a condition within 
the testes in which testosterone is needed to be more efficiently 
utilized (Salanova et al. 1995). 

Several key studies remain to be completed, the results of 
which will help confirm the changes in gene expression, as well 
as help determine the physiological role of MRP4 in the Leydig 
cells and in providing systemic testosterone. We will need to 
carry on with our analysis of gene expression in the MRP4 
null mice. Specifically, we will characterize the expression of 
the current gene candidates in both prepubescent mice and in 
isolated Leydig cells. 

In addition, because none of the candidate transcription 
factors were changed, we would also like to identify the 
mechanism ;by which these specific genes are upregulated. 
Recently, a colleague in the lab discovered that the transcription 
factors A-myb, Cremr, and Egrl were upregulated in the MRP4-
deficient mice (results not shown). Egrl has been linked to 
Leydig cell steroidogenesis and fertility by causing a disruption 
in these processes in its absence (Lee et al. 1996). Furthermore, 
the transcription factors A-myb and Cremr have been linked 
to compensatory responses to ineffective spermatogenesis 
(Tourtellotte et al. 2000). Analysis of the promoters for both 
HSD17b7 and FABP4 is planned, in hopes of determining 
transcription factors which may be involved in the upregulation 
of both genes. 

The majority of future research will be focused on the 
determination of the physiological conditions within the Leydig 
cells both before and after puberty. To determine if AA is 
involved in the loss of systemic testosterone, we will determine 
the concentrations of AA and its metabolite, PGE 1 . In order 
to confidently suggest that HSD17b7 is playing a steroidogenic 
role in the production of testosterone, we will need to determine 
the concentration of its known metabolites, namely estradiol. If 
estradiol is not increased in the MRP4 null mice, we can confirm 
that it is not functioning in its previously documented reactions, 
but possibly in the synthesis of testosterone. Lastly, we will 
need to determine the concentrations of the various testosterone 
precursor molecules. This will allow us to determine if and 
where steroidogenesis is inhibited. 

These planned studies as well as the data presented herein 
will help determine the physiological role of MRP4 in Leydig 
cells and the role of MRP4 in providing systemic testosterone. 
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An assessment of individual annual growth rate, 
spread rate, and density of Asimina triloba in Overton 
Park, Memphis, Tennessee 
Christina. M. Campion and Teresa M. Bell 
Department of Biology, Rhodes College 

Our study took place in Overton Park, a 175 acre old-growth forest in an urban setting (Memphis, TN). Once a rare tree species in the 
park, Asimina triloba (pawpaw), has risen in the past 30 years to become the most important tree in the forest (importance value of 
57.8). Using increment cores, tree size (measured as diameter at breast height (DBH)) was related to age by y =-0.0003x3 + 0.0209x2 
+ 0.2517x (n=47; R 2=0.97) or a diameter growth rate of 0.59 cm/year. This is the first survey documenting an age-size relationship for 
A. triloba of which we are aware. Data from four transects in different areas of the Park revealed a patch spread rate of 2.6 (10.96 
s.e.) meters per year (n=4) and a density of 4300 (12100 s. e.) stems per ha (n=5). It is well-documented that A. triloba does not have a 
high fruit set, but that it can produce clonally. Future research will focus on the genetic similarity ofstems within and among patches. 

Introduction 

Asimina triloba (L.) Dunal, the pawpaw, is a deciduous 
understory tree native to North America which grows in USDA 
hardiness zones 5 through 8 (Gilman and Watson 1993). In 
recent years, compounds isolated from the tree have been of 
interest as both an anti-cancer drug (Oberlies et al. 1997) and a 
potent pesticide (Ratnayake et al. 1992). Further, as the largest 
edible fruit native to America and one with extraordinarily high 
nutritional value and excellent taste, A. triloba has garnered the 
most attention as a potential cash and tobacco replacement crop 
(Peterson 1991). 

Asimina triloba, while not being cultivated for commercial 
use, has risen from relative obscurity over the past three decades 
in Overton Park, a 175 acre old-growth forest in the urban 
setting of Memphis, Tennessee. It was related anecdotally to 
us that thirty years ago the former botanist at Rhodes College 
took another professor to Overton Park to see "the one pawpaw 
tree." Even casual observation can reveal that the A. triloba is 
no longer a rare species. In this paper, we aim to quantify the 
population of A. triloba in Overton Park, to establish the age and 
spread rate of this population and obtain some idea of its extent 
and characteristics. 

Materials and Methods 

Plant material 
Individuals and patches of A. triloba used were growing 

naturally in Overton Park, Memphis, Tennessee. 

Determination of an age-size relationship 
Trees were selected throughout the park on the basis of size. 

We measured diameter at breast height (DBH) and collected an 
increment core at breast height which was placed in a labeled 
straw for each tree. We later stained the cores (n=47) with 
phloroglucinol (Forestry Suppliers, Inc.) and 50% hydrochloric 
acid. Rings were counted under fluorescent light and a dissecting 
scope to determine age. We plotted age against DBH and a 
relationship of best fit was determined. 

Determination of density and spread rates 
To determine spread rates, four 50-m transects were taken 

from the edge of randomly selected patches. Transects followed 
a straight line, and each individual of A. triloba within 2 m of 
the transect line was recorded. We calculated DBH and age 
was approximated from the previously determined age-size 
relationship. Plotting the age of the oldest tree in each 5-m 
interval versus distance along the transect allowed for a spread 
rate to be determined. Density was calculated from the number 
of trees in our known transect area. 

Acquisition of relative importance data 
Dr. Kesler's 2005 Rhodes College ecology class collected 

plotless point data by gathering the DBH and species of the 
nearest tree in every cardinal direction every 10 m along a 
stretch of trail in Overton Park. Four groups covered an 850 
m segment of trail. They determined importance (on a scale 
of 300) based upon relative dominance, relative frequency, and 
relative density. 

Statistical analysis 
Data analysis was performed using Excel and selected models 

on the basis of R2  value. 

Results 

Determination of an age-size relationship 
Comparing age with diameter, a third order polynomial 

growth curve was generated: y = -0.0003x 3  + 0.0209x2  + 
0.2517x (R 2=0.97). Diameters ranged from 0.32 cm to 24.8 cm. 
The oldest tree was 41 years old (Figure 1). 

Different symbols in Figure 1 were used to represent 
different areas sampled to show that growth rates were similar 
throughout the park, though older trees were much less common 
than younger trees. 

The data show a growth rate of 0.59 cm/year when plotted as 
a linear equation. 

Determination of density and spread rates 
Average densities were 4300 (+2100, s.e.) stems per hectare 

while average spread rate was 2.60 (+0.94 m/yr, s.e.). Density 
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Figure I. Age (in years) of A. triloba in Overton Park and diameter (in cm) from increment cores. The line fitted to the data is a third order polynomial with the 
equation y=-0.0003x3+0.0209x2+0.2517x and has an R 2  value of 0.97. Each set of different symbols represents a different subpopulation sampled with numbers 1-6 
corresponding to the order in which these samples were taken. 

varied between 1700 stems/ha in areas with invasive competitors 
such as priVet (Ligustrum sinense) or mixed growth to 7200 
stems/ha in pure pawpaw patches. 

Spread rate in the patches ranged from 2.03 to 4.01 m/year. 
One patch was excluded from spread rate studies as limitations 
caused by trail edges and paths did not allow for a straight line 
transect. 

No correlation was found between spread rate and density. 

Relative importance data 
Importance values were determined from the combined 

averages of the four ecology class groups' data. Relative 
dominance for A. triloba was low, ranging between 0.18 and 
6.62 (on a scale of 100), because while A. triloba was a very 
frequently recorded plant, the average basal area of A. triloba is 
small (9.7±2.2 s.e. cm 2 , n=50). Relative frequency and relative 
density for A. triloba, however, was much higher. Relative 
frequency ranged between 14.89 and 33.33 (out of 100) and 
relative density ranged between 19.67 and 37.5 (out of 100). 
Overall, relative importance ranged from 34.75 to 72.12 (out of 
300) with an average importance of 57.8. A. triloba was among 
the top three most important species for all four ecology student 
groups and the most important species overall. 

Discussion 

Determination of an age-size relationship 
Our age-size relationship is consistant with statements that a 

population of trees typically exhibit a sigmoidal growth pattern 
of youth, maturity, and senescence (Husch et al. 1972). Moreover, 
the fact that A. triloba seems to slow in growth after 35 years 
corresponds with previous observations of the A. triloba lifespan. 

Desmond Layne, founder of the Pawpaw foundation, claimed 
that he had not heard of a specimen of A. triloba over 50 years 
old, and has not seen one over 25 years old (Gordon 1977). 

Using this age-size relationship, the age of trees in the field 
could be determined without requiring an increment core from 
each tree in a transect. By placing DBH into the equation, 
1.69*DBH=age, age could be determined. We are unaware of 
any other age-size relationship descriptions for A. triloba. 

Determination of density and spread rates 
Asimina triloba has notoriously low fruit sets with published 

values of 0.41% of flowers setting fruit (Callaway 1993). There 
are many factors which could explain this observation. The 
flowers of A. triloba, though perfect, are strongly protogynous 
and self-incompatible (Lagrange and Tramer 1985). Moreover, 
A. triloba is pollinated primarily by flies and beetles. Low 
availability, abundance, or enthusiasm of pollinators creates a 
low rate of successful pollination (Wilson and Schemske 1980). 
Further, fruit abortions in A. triloba are common (Peterson 
1991). 

It is well noted that A. triloba is able to reproduce asexually 
through rootsuckers (Peterson 1991). Further, in understories 
where light and nutrient competition is fierce, clonal reproduction 
ensures that more trees survive (Hosaka et al. 2005). However, 
in the self-incompatible pawpaw, this could lead to even lower 
pollination within patches and sexual crossing occurring only at 
patch edges, creating an increasingly homozygous population. 

Though fruit set in the Overton Park population of A. triloba 
has not been quantified, it seems unlikely that a species with such a 
typically low fruit set would be able to reproduce so rapidly relying 
solely on sexual reproduction. This implies that some, if not most, 
of the reproduction of A. triloba in Overton Park occurs asexually. 
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Further research is currently being performed to evaluate 
this hypothesis regarding how . A. triloba is spreading in 
Overton Park. Through genetic analysis of chloroplast DNA 
with RFLPS markers, genetic variation within patches as well 
as within the entire park will be studied. The amount of genetic 
variation present within the population of A. triloba in Overton 
Park, while not necessarily providing quantitative results, may 
at least indicate the predominant method of reproduction for this 
population. 
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Characterization of cell wall genes in the fungus 
Aspergillus nidulans 
F. Daniel Dunnavant 
Department; of Biology, Rhodes College 

The fungal cell wall is an important site for interaction between the fungal cell and its environment. Although it is recognized 
as a possible site for attack by antifungal drugs, the complex process of assembling and maintaining the cell wall is relatively 
uncharacterized. We have identified several mutant strains of the filamentous fungus Aspergillus nidulans with a defective 
allele causing hypersensitivity of Calcofluor White (CFW), an inhibitor of chitin synthesis in the wall. Using a plasmid genomic 
DNA library, we have cloned a DNA fragment which is able to rescue one of the mutants' hypersensitivity to CFW. We are 
currently in the process of sequencing the plasmid insert in order to identify the gene responsible for the phenotype rescue. This 
paper summarizes this work, and describes work by other researchers which may serve as motivation for future experiments. 

Introduction 

Fungi are eukaryotic microorganisms which carry out many 
essential roles in nature. Humans utilize fungi in the production 
of many food and beverage products. In addition, fungi have been 
important in the production of pharmaceuticals. The discovery 
of the antibiotic penicillin, which comes from the fungus 
Penicillium notatum, by Alexander Fleming in 1929 was one of 
the major pharmaceutical advances of the last century. Fungi 
also play important roles in earth's ecosystems. Many fungi 
act as decomposers, breaking down complex carbon structures 
so that they can be recycled through the food chain. Fungi 
may also live in symbiotic relationships with other organisms. 
Lichens, for example, are symbiotic combinations of algae and 
fungi. The photosynthetic algae provide nutrients to the fungi, 
while the fungi provide protection from the environment (Carlile 
et al. 2001). 

Fungi also present considerable hazards to human life. Fungi 
have been identified as causative agents of many diseases in 
humans, animals, and crops. They serve as major spoilage 
agents, and have been identified as a major threat to immuno-
compromised HIV and organ transplant patients (Carlile et 
al. 2001; Georgopapadakou and Tkacz 1995). Because of the 
microscopic size of fungi, infections have been difficult to 
contain and treat. One area of investigation that may provide 
significant insight into future treatment of fungal infections is 
research examining the fungal cell wall. 

Most fungi grow outward into their environments to acquire 
nutrients by way of branched filaments, called hyphae (Figure 1). 
The exceptions are the yeasts, which are unicellular and grow by 
budding. At the hyphal tips of filamentous fungi, mechanical 
force is exerted, allowing penetration into the surrounding 
environment (Money 1998). The cell wall is extremely important 
in this process. As the hyphal tip invades its surroundings, the 
cell wall must undergo a complex process of selective wall 
building and softening (Money 1997; Bartnicki-Garcia and 
Lippman 1977). This process is made more complex because 
a large number of polysaccharides are integrated into the wall, 
including chitin (a linear polymer of N-acetylglucosamine), 13- 
(1,3)-13-(1,6)-glucan, a-(1,3)-glucan, and galactomannoprotein 
(Gooday 1995). Moreover, a number of important structures 
required in cell/environment interactions are localized at the 
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cell wall (Kershaw and Talbot 1998). Despite the importance 
of the process required for cell wall building, softening, and 
maintenance, relatively little about the mechanism by which 
these metabolic processes are carried out is understood. 

For the reasons described above, the cell wall is of considerable 
importance in fungal pathogenicity. This makes the cell wall an 
important potential target for antifungal drugs. Because humans 
and animals have no cell walls, they do not need to replicate 
the fungal processes of cell wall maintenance and it is likely 
that the genes and proteins essential to this process in fungi 
will have relatively few homologs in animal cells (Maertens 
and Boogaerts 2000). Therefore, if antifungal drugs could be 
synthesized to target the cell wall, the risk of complications and 
side-effects might be reduced. 

In order to consider creating drugs targeted against the 
proteins and pathways essential to metabolism of the fungal 
cell wall, essential genes must first be found and characterized. 
In order to do this, we utilize a research strategy based on the 
technique of mutation/complementation: a fungal strain with a 
mutated cell wall gene is generated, and then the mutation is 
complemented with an unmutated copy of the gene. 

This research strategy requires a screen by which fungal cells 
specifically with cell wall gene mutations can be identified from 
a pool of random mutants. We have adopted a screen developed 
in yeast systems, by which cell wall mutants are identified 
based on hypersensitivity to Calcofluor White (CFW) (Ram et 
al. 1994). CFW (Figure 2) is a dye which binds to the cell wall 
polysaccharide chitin (Figure 3) by hydrogen bonding and dipole 
interactions, preventing the co-crystallization and formation of 
microfibrils (Elorza et al. 1983). CFW has laboratory applications 
for staining cell walls as well as industrial applications for 
whitening paper. In our lab, we use CFW to differentiate cell 
wall mutants. If fungal mutants are grown in the presence of 
low levels of CFW (levels that would not significantly hinder 
the growth of normal cells), cells with mutated cell wall genes 
are unable to grow or at least have their growth significantly 
inhibited by the CFW. In this way, cell wall mutant strains can 
be selected from a pool of prospective mutant fungi. 

Once cell wall mutants are generated and selected, their 
mutation must be complemented. This technique involves the 
use of a plasmid library. Plasmids are circular DNA fragments. 
In a fungal genomic library, each plasmid contains a fragment 
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Figure 2. The chemical structure of Calcofluor White. 

of the fungal genome. When cells are induced to take up 
these plasmids, the genes on the plasmids are transcribed and 
translated in the cells. If a mutant fungal cell takes up a plasmid 
with a functional copy of its mutated gene, then its mutation can 
be complemented. For a cell wall mutant, this entails restoration 
of the ability to grow in the presence of CFW. 

Once a cell wall mutation is complemented with a functional 
copy of its mutated gene, the gene contained on the rescuing 
plasmid can be isolated and analyzed in a number of ways. 
These include digestions with restriction endonucleases, 
electrophoresis, DNA sequencing, and green fluorescent protein 
(GFP) subcellular localization studies. These techniques will be 
described in greater detail in the Methods section. 

In the Hill/Loprete lab, we study the cell wall of the fungus 
Aspergillus nidulans. Aspergillus nidulans is a filamentous 
fungus which reproduces primarily asexually, but can also 
reproduce sexually under certain conditions. Cell wall structure 
of A. nidulans is organized at the level of the single cell, allowing 
for simpler study of the important genes. Moreover, molecular 
biological techniques including transformation, induced 
gene expression, and GFP fusion localization have been well 
established (Riach and Kinghorn 1996). Finally, the A. nidulans  

genome has been sequenced, making analysis of DNA sequences 
readily available (Coreon Corporation). 

Methods 

This section details general methods used in fungal cell 
wall research. Most of these techniques have been used in our 
lab. Some techniques described are taken from papers by other 
researchers conducting similar studies. In such cases, results 
from these researchers are presented in the Results section. 

Fungal strains used 
Aspergillus nidulans strain A28 was used to generate cell wall 

mutants. This strain has the pyrG auxotrophy, meaning that 
cells of this strain are unable to generate their own pyrimidines 
(specifically uridine and uracil). 

Generation of mutants 
Mutants were created by exposing A. nidulans strain A28 

spores to the chemical mutagen 4-nitroquinoline-N-oxide 
(NQO). NQO (Figure 4) causes DNA mutations by creating 
quinoline-purine monoadducts (Ramotar et al. 1998; Sugimura 
et al. 1966; Galiegue -Zouitina et al. 1986). In other words, a 
quinoline group is added to adenine or guanine bases, leading 
to incorrect replication and/or transcription of DNA. The end 
result is that DNA obtains a point mutation (substitution of a 
single base for another, incorrect base). 
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Figure 4. The chemical structure of 4-nitroquinoline-N-oxide (NQO). 

Screening of mutants 
Spores from mutated colonies were toothpicked to matrices 

on media containing low levels of CFW, and to identical 
matrices on media without CFW. Those colonies which grew 
significantly .worse in the presence of CFW were identified as 
cell wall mutants. Colonies growing on non-CFW media which 
matched with non-growing colonies on CFW media were chosen 
as mutant strains. This screen was repeated several times for all 
strains in order to assure accurate selection of cell wall mutants, 
and because the selection process is subjective due to the fact 
that growth on CFW is not necessarily all-or-none. 

Complementation 
Before transformation, the mutant gene was placed in a "GR5 

genetic background" by crossing the original mutant strain with 
A. nidulans strain GR5 (pyrG, pyroA, wA) and selecting progeny 
strains containing CFW sensitivity with pyrimidine auxotrophs. 
Greg May (University of Texas, M. D. Anderson Cancer 
Center, Houston, TX) created a genomic library (Scheme 1) by 
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digesting the A. nidulans genome with the Sau3AI restriction 
endonuclease for a limited amount of time in order to cut the 
genome into random fragments (Osherov and May 2000). 
These fragments, sized 6-20 kb with an average size of 9 kb, 
were ligated into a pRG3-AMA1 vector cut with the BamHI 
restriction endonuclease. The pRG3-AMA1 vector contains 
the sequence for the A. nidulans AMA1 gene, which allows 
the plasmid to be autonomously replicated in A. nidulans cells. 
In addition, the vector contains the pyrG gene, which confers 
upon transformed colonies the ability to produce uridine and 
uracil. This allows for cells containing plasmids to be selected 
following transformations. Finally, the vector contains a gene 
that confers resistance to the antibiotic ampicillin, allowing for 
selection of transformed cells when transforming the bacterium 
E. coli. 

Transformations were carried out according to standard A. 
nidulans protocols (Yelton et al. 1984). This transformation 
strategy requires the production of fungal protoplasts, which 
are cells lacking cell walls. Generation of protoplasts was 
accomplished by exposing fungal spores (in this case, spores 
from the cell wall mutants) to a mixture of several enzymes which 
digest cell wall material: glucanex,l3-glucuronidase, and driselase. 
Once protoplasts were created and isolated from other cellular 
material (by centrifugation), they were placed in the presence of 
DNA from the plasmid genomic library. The protoplasts were 
then induced to take up plasmids by osmotic shock with a high 
osmolality buffer containing sorbitol (a polysaccharide) and 
polyethylene glycol (PEG). Osmotic shock disrupts the plasma 
membrane of protoplasts so that plasmids can enter cells. 

Transformed cells were identified by growing on medium 
lacking uridine and uracil. Because the pyrG gene included in 
the plasmid library complements the pyrimidine-production 
auxotrophy in GR5 background cells, only cells which had taken 
up a plasmid were able to grow without uridine and uracil in their 
growth medium. 

Identification of rescued colonies 
Transformed colonies were transferred to media containing 

CFW. Colonies which were able to grow were identified as 
"rescues." Tests for ability to grow on CFW were repeated 
several times for all rescues, in order to confirm the rescued 
phenotype. It was assumed at this point that the plasmids which 
had been taken up by rescues contained functional copies of the 
cells' mutated genes. 

Isolation of DNA 
DNA was isolated from transformed fungal cells by the freeze/ 

fracture method of plasmid rescue. Fungal cells were frozen in 
liquid nitrogen and were then ground with a mortar and pestle. 
The cells were further ruptured by exposure to a lysis buffer and 
PCI and by centrifugation to separate cellular material. RNA 
was digested with the enzyme RNase A. Finally, the DNA was 
concentrated by consecutive rinses with isopropanol followed 
by ethanol. This process results in the isolation of both genomic 
and plasmid DNA. However, we were only interested in the 
plasmid. 

Plasmid isolation/amplification 
E. coli cells were transformed with the isolated DNA (Shaw 

et al. 2002). Plasmid uptake was induced by temperature shock 
at 42°C. Because E. coli cells only take up plasmid DNA, this 
allowed for isolation of the plasmid from the A. nidulans genomic 
DNA. Moreover, E. coli cells replicated the plasmid many times, 
allowing for massive amplification of the plasmid. 

Transformed E. coli cells were identified by growing on 
medium containing the antibiotic ampicillin. Because the 
pRG3-AMA1 plasmids contain the gene conferring ampicillin 
resistance, only those E. coli cells which had taken up a plasmid 
during the transformation were able to grow in the presence of 
ampicillin. 

Plasmid recovery 
Plasm i ds were recovered from E. coli following transformation 

using MiniPrep and MidiPrep kits (Qiagen, Valencia, CA). 
These kits isolate DNA from other cellular material using 
affinity chromatography and a microcentrifugation. 

Characterization of plasmid/insert size 
Isolated rescuing plasmids were digested with a number 

of restriction endonucleases, including Notl, Kpnl, Sphl, 
and BamHI, among others. These endonucleases were used 
individually and in combinations. Therefore, restriction digests 
allow for characterization of the layout of the plasmid of interest 
to determine the size of the genomic insert and to distinguish 
different plasmids. The pRG3-AMA1 vector contains Notl 
and KpnI restriction endonuclease sites at opposite ends of 
the multiple cloning site (the site into which genomic DNA 
fragments are ligated). By cutting with these two enzymes 
simultaneously, the genomic DNA insert can be separated from 
the remainder of the vector. 

Analysis of restriction enzyme-digested fragments was 
conducted by agarose gel electrophoresis. In electrophoresis, 
samples from different enzyme digests are placed in an agarose 
gel, and the gel is exposed to an electrical field. Due to the negative 
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reading frame). This also allows for alignment of gene sequences 
with homologous sequences from other species. 

Identification of critical gene 
An advantage of sequencing by random transposon insertion 

is that plasmids are generated with part of their sequences 
interrupted by the inserted transposons. After sequencing, the 
location of the transposon in each transposonated plasmid is 
known. By strategically choosing plasmids with transposons 
inserted in different open reading frames, the essential gene on 
the DNA fragment can be identified. When A. nidulans mutants 
are transformed with transposonated plasmids, all are able to 
grow in the presence of CFW except for those with transposon 
insertion in the critical open reading frame (Shaw et al. 2002). 0 

Scheme 2. General flow diagram of transposon insertion. Transposons are 

randomly inserted into plasmid DNA with the enzyme transposase (adapted 

from http://www.cambio.co.uk). 

charge on the DNA fragments, they migrate toward the anode of 
the electrical field. Because of the mesh-like polymer network 
that the DNA fragments must pass through, smaller fragments 
are able to migrate more quickly. This allows for separation of 
fragments based on size. Furthermore, by comparison to DNA 
fragments of known size (a DNA ladder), this technique allows 
for determination of the size of the fragments of interest (the 
genomic DNA insert). 

Sequencing of insert 
Sequencing of the rescuing genomic DNA fragment was 

accomplished by random transposon insertions (Scheme 2) 
(Shaw et al. 2002). A transposon is a small DNA fragment of 
known sequence. By using the enzyme transposase, transposons 
can be randomly integrated into plasmid DNA. For sequencing, 
since the sequence of the transposon being used is known, DNA 
primers with complementary sequence can be designed. By 
sequencing off of these primers, small fragments of the plasmid 
DNA sequence can be obtained. When sequences from many 
transposon insertions are combined, the sequence of the entire 
plasmid can be obtained. 

In order to sequence many transposon insertions 
simultaneously, plasmids were transposon tagged (GPS-1 kit, 
New England Biolabs, Beverly, MA) and used to transform E. 
coli. Transformed cells were grown on medium containing the 
antibiotic kanomycin. Because the transposon used contains 
the gene conferring bacterial kanomycin resistance, only 
cells which contained a transposonated plasmid were able to 
grow. Individual colonies were transferred to a 96-well format 
(R.E.A.L. kit, Promega, Madison, WI) and sequenced using an 
ABI Prism 3700 robotic sequencer (Applied Biosystems Inc., 
Foster City, CA) (Shaw et al. 2002). 

Sequence analysis 
Insert sequences were blasted against the National Center 

for Biotechnology Information Database (http://www.ncbi. 
nlm.nih.gov). Blasting allows for identification of previously 
characterized genes in the sequence and for identification of 
sequences likely to contain an uncharacterized gene (open 

Homology modeling 
Predicted folding structure of discovered cell wall proteins 

can be determined using homology modeling programs. Shaw 
et al. have predicted the structure of the A. nidulans protein 
SwoF using the program Swiss PDB Viewer version 3.7b2 
(http://www.expasy.ch/spdbv/)  (Shaw et al. 2002). Structural 
prediction using this program allows for determination of the 
site of the rescued mutation. 

Subcellular localization 
Creation of GFP fusion constructs allows for localization of 

a protein of interest within the living cell. Sharpless and Harris 
have used GFP fusion to find the cellular location of the protein 
SEPA in A. nidulans cells (Sharpless and Harris 2002). Using 
PCR, they created a version of GFP that could be ligated into 
a plasmid in place of the SEPA stop codon. When A. nidulans 
cells were transformed with this plasmid, the SEPA::GFP fusion 
protein was translated. GFP fluoresces green, so its location in 
the cell could be observed by fluorescent microscopy. Because 
the GFP construct was attached to the functional SEPA protein, 
GFP fluorescence could, be used to identify the subcellular 
location of SEPA. 

Figure 5. Test ojgrowth of R8OXF3 in the presence of CFW. The two plates 

are replicates of the same matrix. Left plate — normal medium; right plate 

— medium w/ CFW. Top 4 rows of colonies — R8OXF3; next two rows — R80 

transformed with a different plasmid; bottom row - controls, including R80 

(which cannot grow in the presence of CFW) and unmutated A28 (which 

can grow). 
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Results 

Mutant generation 
A number of mutants have been identified in the Hill/Loprete 

lab. The primary emphasis of my work in the lab is on the A. 
nidulans cell wall mutant R80. This mutant is unable to grow 
in the presence of CFW. Its growth on normal medium in the 
absence of CFW is also inhibited, so that it takes four days to 
fully develop as opposed to the conventional time period of two 
days established by other mutants. 

Transformation/complementation 
Five transformations of R80 with the genomic library have 

produced 18,000 transformants. All of these transformants 
were grown on normal media, and their spores were transferred 
to media containing CFW. At CFW levels which have typically 
identified rescues of mutations (1 .tl/ml), no rescues were 
identified. CFW levels at approximately half of typical levels 
identified four prospective rescues. Upon repeat testing, only 
one of these consistently grew in the presence of CFW (Figure 
5). This rescued colony was designated R8OXF3. 

Plasmid recovery 
R8OXF3 DNA was recovered by freeze/fracture and was 

purified and amplified by transformation of E. coli. Plasmid 
recovery with a Qiagen MiniPrep kit was unsuccessful, so 
MidiPrep kit was used in order to increase yield. 300 ul of 
purified R8OXF3 DNA at 1.1 µg/ml were recovered. 

Enzyme digest/electrophoresis 
The plasmid isolated from R8OXF3 was digested with the 

following restriction enzymes: Notl, Kpnl, BamHI, and Nod! 
Kpnl (simultaneous digest with both enzymes). Samples from the 
digests were subjected to agarose gel electrophoresis (Figure 6). 

The results of the enzyme digest of R8OXF3 are difficult to 
interpret for a number of reasons. First, undigested plasmid 
DNA gives multiple bands in electrophoresis, suggesting that 
the plasmid takes on a number of super-coiled conformations. 
Second, digests with Notl and BamHI give identical 
electrophoresis patterns, although there is no reason for such 
similarity. Third, neither Notl nor KpnI linearizes the DNA, 
as would be expected if single sites for digestion by each were 
present at opposite ends of the multiple cloning site. Finally, 
digestion with Notl and KpnI simultaneously does not give two 
electrophoresis bands representing vector and insert. Instead, 
multiple bands are present. The most feasible explanation of the 
results seems to be that the genomic DNA insert in the R8OXF3 
rescuing plasmid is exceptionally large (>15 kb) with multiple 
restriction enzyme sites. Unfortunately, the large size also 
makes sequencing the insert difficult. 

Another A. nidulans mutant which had its mutation 
complemented in the Hill/Loprete lab was R78. When the 
isolated rescuing plasmid for R78, designated R78XF2, was 
digested with Notl and KpnI simultaneously, electrophoresis 
gave two bands as expected (Figure 7). The two bands represent 
the plasmid vector and the genomic DNA insert. This allowed 
for determination of the approximate size of the genomic DNA 
insert (..7 kb) by comparison to the DNA ladder. 

Figure 6. Electrophoresis of sam-  Figure 7. Electrophoresis of sam-
ples from R8OXF3plasmid enzyme ples from R78XF2 plasmid enzyme 

digests: lane I – undigested; lane digests: lane I – DNA ladder; lanes 

2 – Notl; lane 3 – Kpnl; lane 4 2-5 – Notl/Kpnl. 
BamHI; lane 5 – DNA ladder; lane 
6 – Notl/Kpnl. 

Sequencing 
The R8OXF3 rescuing plasmid could not be sequenced by 

random transposon insertion. This was possibly a consequence of 
the exceptionally large size of the genomic DNA insert. Current 
work is being done to cut the insert into smaller fragments and 
ligate them into sequencing vectors so that the sequence can be 
determined in smaller segments. 

Gene identification 
Because sequence of the R8OXF3 rescuing plasmid could not 

be obtained by random transposon insertion, transposon knock-
out of open reading frames could not be used to identify the 
critical gene for rescue. 

Shaw et al. used strategic selection of transposonated plasm ids 
in order to determine the critical gene in the plasmid which 
they found to complement the swoF mutation in A. nidulans 
(Figure 8). Rather than conferring CFW hypersensitivity, this 
mutation caused colonies to be unable to grow at restrictive 
temperatures (42°C) while they retained the ability to grow at 
normal temperatures (30°C). Sequencing of the genomic DNA 
insert of the plasmid identified a gene encoding an N-myristoyl 
transferase (NMT), in addition to the ends of two other genes. 
Plasmids with transposons inserted into the NMT gene lost the 
ability to rescue hypersensitivity to a restrictive temperature. 
On the other hand, plasmids with transposon insertions in other 
areas of the insert retained the rescuing ability. This indicates 
that the gene encoding the NMT is the rescuing gene and that 
the NMT gene is therefore a cell wall gene. 

Homology modeling 
Shaw et al. have predicted the structure of the A. nidulans 

protein SwoF using the program Swiss PDB Viewer version 
3.7b2 (Figure 9). This allows for examination of the possible 
native configuration of the protein, as well as examination of the 
site of mutation. In this case, the mutated residue is an aspartic 
acid (residue 369) which is changed to tyrosine. In non-mutated 
form, this residue is essential for stabilizing a bend in a 13 strand. 
This stabilization is believed to occur by two hydrogen bonds 
and an ionic interaction (Shaw et al. 2002). 
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Figure 8. Use ofrandom transposon insertion to identify the rescuing gene on the plasmid complementing the swoF mutation (Shaw et al. 2002). (Left) Representation 

of the complementary genomic DNA fragment. Transposon insertions are represented by arrows. (Right) Colonies transformed with plasmids containing transposon 
insertions were grown at 30"C (top) and 42"C (bottom). (a) swoF (b-g) swoF transformed with no transposon (b), CI I (c), E8 (d), B7 (e), FIO 0, or B11 (g). 

Subcellular localization with GFP 
Sharpless and Harris have identified the cellular location of 

the protein SEPA in A. nidulans cells using a GFP fusion protein 
(Figure 10) (Sharpless et al. 2002). By transforming cells with the 
SEPA::GFP fusion construct, they were able to show that SEPA 
localizes to sites of septation (sites of separation of dividing 
cells) and to hyphal tips. This allows for better understanding 
of the exact role that SEPA plays in cell wall metabolism. 

Discussion 

Research based on the strategy of mutation/complementation 
allows for identification of proteins involved in cell wall 
metabolism. Although several problems have arisen in trying 
to characterize the gene that rescues the R80, it remains true 
that the rescuing plasmid encodes a cell wall gene that needs to 

Figure 9. Ribbon representation of the homology model of the A. nidulans 
NMT protein SwoF, which rescues the swoF mutation (Shaw et al. 2002). 

The site of the mutation, D369Y, is labeled. In the non-mutated protein, the 
aspartic acid residue at this location participates in stabilizing a turn in a 

13 strand. 

be characterized. Current work involves dividing the plasmid 
into smaller fragments to allow for sequencing of the genomic 
DNA insert. Future work will involve further characterization 
of the specific rescuing gene, and may eventually include GFP 
fusion studies for determination of subcellular localization of 
the functional protein. 

Better understanding of fungal cell wall metabolism has 
important implications for future development of antifungal 
drugs. Ideally, I hope that the work I have done in the Hill/ 
Loprete lab on R80 and other A. nidulans mutants will contribute 
to the synthesis of drugs designed to target the cell wall. 

Figure 10. Subcellular localization of the A. nidulans protein SEPA:..GFP 

fusion protein (Sharpless et al. 2002). (A) Localization of the protein to 
septation sites and hyphal tips in a strain (AKS76) carrying a single copy of 
the SEPA::GFP fusion construct. (B) Localization of the protein to septa-
tion sites and hyphal tips in a strain (AKS7O) carrying multiple copies of the 

SEPA::GFP fusion construct. 
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Structural studies of the N-terminal segment of 
choline binding protein A, the major adhesin of 
Streptococcus pneumoniae 
Ross W. 	and Richard W. Kriwacki' 
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Streptococcus pneumoniae remains a significant health threat worldwide, especially in the young and old. Though 
some progress has been made in the understanding of the mechanistic action of this bacterium, the specific molecular 
details remain mostly unknown. Research has been performed to understand the structure and function of proteins 
that interact to cause bacterial pathogenesis. Here we present the results of research to determine the structure of the 
N-terminal domain of choline binding protein A (CbpA), the bacterial protein that mediates adhesion and invasion of 
human cells by S. pneumoniae. Preliminary studies of the structured portion of the CbpA N-terminus using CD and NMR 
spectroscopy show that this domain contains three a-helices. It is likely that this domain of CbpA likely play a role in 
bacterial adhesion to host cells in combination with the two adhesion domains, for which the 3D structure is already known. 

Introduction 

Streptococcus pneumoniae is the most common invasive 
bacteria leading to hospitalization for people of all ages and 
a large number of cases involve either young children or the 
elderly (Schuchat 2001). Although antibiotics have been shown 
to be effective for many patients, resistance to this primary mode 
of treatment has become more common, leading to a drive for 
the discovery of new, more effective means of therapy (Whitney 
2000). Vaccination of individuals has been demonstrated 
to be somewhat effective, but this effectiveness is markedly 
reduced for those who face the greatest risk, children and the 
elderly (Butler 1993). By studying the molecular mechanisms 
of bacterial pathogenesis, we hope to gain insights into new 
therapeutic approaches. 

Streptococcus pneumoniae invades human nasopharyngeal 
epithelial (NE) cells and then enters the blood stream through 
a mechanism referred to as reverse trancytosis. This process 
has been shown to be mediated by polymeric immunoglobulin 
receptor (pIgR) (Zhang 2000). The normal function of pIgR is 
as a transporter for secretory IgA (sIgA) from the blood stream 
to the exterior surface of NE cells (Mostov 1999). Choline 
binding protein A (CbpA), a protein found on the surface of 
S. pneumoniae, has been shown to play an important role in 
adhesion of pneumococci to and invasion of NE cells, key steps 
in bacterial pathogenesis. CbpA acts as a hijacker, binding the 
secretory component of pIgR (SC) and causing the translocation 
of S. pneumoniae across the cell and into the host blood stream. 
The overall role of CbpA in the adhesion and invasion of the 
bacteria has been characterized (Rosenow 1997), but details 
regarding the role of each domain within the entire protein are 
not currently available. 

CbpA (also referred to as PspC, SpsA, and PbcA) is one of 
15 proteins identified within the genome of the TIGR4 strain of 
S. pneumoniae (Tettelin 2001) that include multiple C-terminal 
repeats of a —19-amino-acid motif that allows proteins to bind 
choline moieties on the bacterial cell surface (Gosink 2000). 
CbpA is made up of 4 major domains, an N-terminal domain, 
two domains (RI, R2) that have been shown to be involved in  

binding SC, and a C-terminal choline binding domain (Figure 
1). The choline binding domain allows CbpA to bind choline 
moieties expressed on the surface of S. pneumonia after the 
protein is secreted by the bacteria. The structure of the choline 
binding domain of CbpA has not been thoroughly studied, but 
the function can be understood by comparing CbpA to another 
protein with 7 repeats of the choline binding motif. The structure 
of this similar protein, LytA, has been shown to include a 
choline binding domain with a unique p-solenoid structure that 
allows choline groups to bind between the p-hairpin 'steps' of 
the staircase-like structure (Fernandez-Tornero 2001). CbpA 
has a choline binding domain with 8 repeats of the choline 
binding motif; because of the close similarity between the two 
proteins, the choline binding domain of CbpA can be assumed 
to be almost identical to that of LytA. 

The —110-amino-acid-long "repeated" domains, RI and R2 
(Zhang 2000), are predicted to form coiled-coil structures. RI 
and R2 have been shown to mediate the adhesion of CbpA to 
immunoglobulin-like domains of SC (Hammerschmidt 2000). 
The structure of the binding domain, specifically R2, has been 
shown to adopt a highly a-helical structure, with three anti-
parallel helices and a conserved "YPT motif" between helicies 
one and two (Luo 2005). Because RI is 78% identical to R2, it 
is expected that RI has a very similar structure, and function, 
to that of R2. The sequence of the RI and R2 domains of the 
TIGR4 strain was compared to 47 other pneumococcal strains, 
and there was a similarity greater than 50% for over 39 of the 
strains (Luo 2005). 

The RI, R2, and choline binding domains of CbpA have been 
shown to be highly conserved in most strains of S. pneumoniae; 
however, the N-terminal domain does not show the same degree 
of sequence conservation. The sequence of the N-terminus 
includes multiple repeats of the leucine zipper (LZ) motif, which 
was discovered in a search to understand DNA binding proteins, 
but the function of this motif extends far beyond the DNA binding 
area (Landschulz 1988). The LZ refers to a protein sequence 
which includes a leucine every 4 or 5 residues (in the "a" and 

"d" positions of a seven residue, heptad motif), allowing for the 
leucines to form a "spine" on the surface of an a-helix. The motif 
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is also characterized by charged residues flanking the leucine 
"spine" on both sides allowing for charge-charge, intermolecular 
interactions between different LZ motif-containing helices. 
The motif is predicted to be an element of not only the N-
terminus, but also RI, R2, and a short segment between R2 and 
the choline binding domain as indicated in Figure 2. In most 
cases, LZ motifs form amphipathic a-helices that mediate intra-
or intermolecular a-helix/a-helix interactions (Lupas 1996). As 
seen in the structure of R2 (and thus presumably RI as well 
because of the similarity between the two domains), these motifs 
mediate antiparallel helix/helix interactions (Oakley 2001). The 
structure of the N-terminal domain has not yet been determined, 
but the presence of multiple LZ motifs suggests that the domain 
has significant a-helical secondary structure. This structure 
may play a role in the molecular interaction between CbpA and 
pIgR in the adhesion and invasion of S. pneumoniae. It is our 
hope that a clear understanding of the molecular involvement 
of the N-terminal domain in adhesion and invasion may allow 
for further comparisons of various bacterial strains to identify 
common structural characteristics (since sequence similarity is 
not present). If such common characteristics can be found, they 
may likely be of use in the development of small-molecule drugs 
and/or new vaccines to combat this disease. 

Signal 
sequence 

ri" 105 125 479 500 
1 38 	>< 	1175 285 1 / 	CBD 693 
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Figure I. Graphical diagram of the CbpA protein with labeled residue 

numbers illustrating the 4 major domains, the N-terminal (A, B), RI, R2, 

and the choline binding domain (CBD). 

Residue number 
Figure 2. Predictions of the presence of the leucine zipper motif within the 

sequence of the protein correlated with the major named domains of the 

protein (Luo 2005). 

Materials and Methods 

Construction of CbpA expression plasmids 
Four separate segments of CbpA genomic DNA from the TIGR4 

strain ofStreptococcus pneumoniae (accession number, NP 346601) 
were sub-cloned (by Ms. Beth Mann in Dr. Elaine Tuomanen's 
laboratory in the Infectious Diseases Department at St. Jude) into 
plasmids for protein expression in E. coll. Segments including 
residues 39-174 (CbpA-N), 39-149 (CbpA-NA), 52-174 (CbpA-NCA), 
and 52-149 (CbpA-NAA) were all sub-cloned into the bacterial 
expression vector pET28a (Novagen). Site-directed mutagenesis 
was used to introduce mutations at selected amino-acid sites. In 
CbpA-N two residues were mutated to Pro, A1a74 and Tyr81. 

Expression and purification of CbpA proteins 
The pET28a CbpA plasmids were used to express the protein 

as His-tagged polypeptides in E. coli BL21(DE3) using standard 
procedures (Studier 1990). Proteins were purified using 
Ni 2+-affinity chromatography (Amersham-Pharmacia resins), 
followed by Cation-exchange chromatography (Amersham-
Pharmacia resins) loaded in 50mM NaCI, pH 6.0, and 20 mM 
MES and eluted with a gradient up to 500 mM NaCI. Thrombin 
cleavage was not used to remove the His-tag as previous 
experiments had indicated a secondary cleavage site within 
the protein. CbpA-N was further purified using gel filtration 
chromatography using a 16/60 column loaded with Superdex 
75 resin (Amersham Biosciences) in 20 mM sodium phosphate, 
pH 6.0, 20 mM NaC1, and 0.02% sodium azide. The remaining 
three constructs, CbpA-NA, CbpA-NCA , and CbpA-NAA, 
were dialyzed twice against a >100-fold volume excess of 20 
mM sodium phosphate, pH 6.0, 20 mM NaCl. Protein purity 
and apparent molecular weight were verified in all cases using 
sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE). All four constructs contained exogenous N-
terminal residues: MGSSHHHHHHSSGLVPRGSHM. Protein 
concentrations were determined using absorbance at 280 nm in 
the presence of 6 M guanidine hydrochloride, 20 mM sodium 
phosphate, pH 6.0, 20 mM NaCI (Gill 1989). The extinction 
coefficient used was 3840 M -1  cm- ' for all four constructs, as 
determined using the. ProteinParameters tool at the ExPASy 
web site (http://us.expasy.org/tools/protparam.html).  

Limited proteolysis and MALDI mass measurements 
Experimental determination of structured segments was 

completed by performing a limited digestion of the protein 
using the enzyme Trypsin at a mass ratio of 1:1,000. Digestion 
reactions were allowed to proceed for both 1 and 5 minute 
time periods. It was determined through earlier tests that 
these conditions yielded only limited digestion of the protein, 
hopefully resulting in cleavage only in unstructured portions. 
Using specific concentrations and digestion times the most stable, 
highly structured elements of the protein should remain intact 
and can be evaluated through mass analysis. Matrix- assisted 
laser desorption ionization (MALDI) mass spectrometric 
analysis was completed by the Hartwell Center. A comparison 
of observed stable fragment mass-charge ratios with predicted 
fragment size was completed using data obtained from the MS-
Digest program (Baker and Clauser) provided on the internet 
by the University of California, San Fransisco (http://prospector. 
ucsf.edu/ucsfhtml4.0/msdigest.htm) . This comparison allowed 
for accurate determination of the sequences and location of 
each of the major stable constructs observed through mass 
spectroscopy analysis. 

MALDI-time-of-flight (TOF) mass measurements were 
performed using a model 4700 Proteomics Analyzer (Applied 
Biosystems, Framingham, Massachusetts). Digest products 
were diluted in 0.1% trifluroacetic acid (TFA) and prepared for 
mass spectrometry using C18 reversed phase ZipTips (Millipore, 
Billerica, Massachusetts). Mass measurements were made in 
linear positive operation made over an m/z range of 2,000-20,000 
using close external standards to calibrate the mass scale. 

Leucine zipper 
probabil ity(13  
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Computer aided secondary structure predictions 
We used the program Predict Protein provided on the internet 

by the University of Columbia (http://cubic.bioc.columbia.edu/ 
predict_protein) to predict the secondary structure of CbpA-
N. This program utilizes the PHDsec algorithm (Rost 1993) 
to predict secondary structure on the basis of the amino acid 
sequence. In particular, the program predicts the location of a-
helices and 13-strands within the amino acid sequence. Segments 
predicted to be unstructured (random coils) are also identified. 

NMR spectroscopy 
Isotope labeled samples for use in NMR studies were 

prepared by culturing BL21(DE3) cells transformed with one 
of the four CbpA plasmids in isotope-labeled MOPS-based 
minimal media (Neidhardt 1974). All spectra shown here 
were collected from ' 3C/ 51\1 labeled samples prepared using BC-
glucose and ' 5N-ammonium chloride. CbpA-N was analyzed at 
a concentration of 0.979 mM and CbpA-NAA was analyzed at 
0.937 mM. ''N labeled proteins using 151\1-ammonium chloride 
were used for initial screening only. The protein samples were 
analyzed in a buffer of 20 mM sodium phosphate, pH 6.0, 
and 20 mM NaCI. The pH and temperature were optimized 
using a ''N labeled sample of CbpA-N. Backbone resonance 
assignments for CbpA-1\146, were determined through the 
analysis of multiple 3D spectra, including 3D constant time-(CT-
) HNCA, CT-HN(CO)CA (Yamazaki 1994a), CT-HN(CA)CB, 
and CT-HN(COCA)CB (Yamazaki 1994b). In addition, a 3D 
'H-' 51\1 NOESY-HSQC spectrum was analyzed to confirm 
backbone assignments and to obtain backbone helical distance 
restraints. Limited side-chain assignments were made through 
the analysis of 3D C(CO)NH-TOCSY, H(CCO)NH-TOCSY, 
HBHA(CBCACO)NH, HCCH-COSY, and HCCH-TOCSY 
spectra. 3D 'H-' 51\1 NOESY-HSQC and 'H-' 3C NOESY-HSQC 
spectra, each recorded with mixing times of 120ms and 160ms 
were used to preliminarily determine distance restraints to be 
used in future structure calculations. All spectra were recorded 
at 25°C using one of the following spectrometers: a Varian 
Inova 600, a Bruker AVANCE 600, and a Bruker AVANCE 800. 
Spectra were processed using NMRPipe software (Delaglio 
1995) and analyzed using both Felix (Accelrys, Inc.) and Sparky 
software (Goddard and Keller 2004). The 'H dimensions of all 
spectra were referenced to external. TSP and the DC and ''N 
dimensions were referenced indirectly using the appropriate 
gyromagnetic ratios (Cavanagh 1996). 

Circular dichroism experiments 
Circular dichroism spectra were recorded at 25°C using an 

AVIV 62A DS spectropolarimeter in 1.0 cm path length quartz 
cells. Appropriately diluted CbpA samples were used in a buffer 
of 20 mM sodium phosphate, pH 6.0, 20 mM NaCI. 

Chemical shift evaluation 
Calculations were made to determine the difference 

between the observed alpha carbon chemical shifts and the 
standard random coil chemical shifts (Schwarzinger 2000). 
Sequence-dependent effects were accounted for by using 
established correction factors according to the protein sequence 
(Schwarzinger 2001). The differences between the observed 

Adhion to NE Cells 
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Figure 3. Adhesion of pneumococci to nasopharyngeal epithelial (Detroit) 

cells. CbpA-pneumococci were transformed with pNEI plasmids that en-

coded full-length CbpA "CbpA- (control)" or CbpA with two proline muta-

tions in the N-terminus "CbpA A74P, Y8IP". CbpA-null corresponds to 

results for bacteria transformed with DNA from which CbpA had been re-

moved (Luo 2005). 

and the corrected random coil shifts were plotted to evaluate the 
structural characteristics of the protein. This data is preliminary 
due to incomplete assignment of the backbone (6 residues 
unassigned, including one proline). Because the structure of 
the His-tagged N-terminus of the protein is not relevant to our 
study, data for this segment is not included in the chemical shift 
evaluation. 

Results 

Mutation analysis of the N-terminal domain indicates 
involvement with Adhesion and Invasion 

Unpublished mutagenesis data of CbpA indicates that after 
mutating two residues of the N-terminal domain, Alanine 74 
and Tyrosine 81, to prolines significantly reduces the extent of 
adhesion between CbpA and SC. Figure 3 illustrates the results 
of the mutation analysis. These preliminary data indicate that 
the N-terminal domain may play a role in adhesion of CbpA to 
pIgR. 

Preliminary structural characterization of CbpA-N 
Earlier studies of the N-terminal domain of CbpA (CbpA-N) 

indicated that the domain adopts a stable a-helical secondary 
structure (Luo 2005). The circular dichroism (CD) data used to 
make this determination is illustrated in Figure 4. These studies 
also demonstrated by analytical ultracentrifugation that the N- 
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Figure 4. Circular dichroism spectrum of CbpA-N. The minima at 222 and 

208 nm indicate the presence of significant a-helical secondary structure. 
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Figure 5. NMR data reveals structural characteristics of CbpA-N. 800 
mHz 1H-15N-HSQC spectrum of CbpA-N. Note the intense overlapping 

peaks mainly in the center of the spectrum. 
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Figure 6. 800 mHz I H-15N-HSQC spectrum of CbpA-Ndil. Note that in 

comparison to Figure 5 the observed peaks are of more even intensity and 
are not overlapping. 

terminal domain was monodisperse, with little indication of any 
oligomerization. However, nuclear magnetic resonance (NMR) 
spectroscopy experiments conducted during the course of this 
project indicated the presence of significant portions within the 
domain that are unstructured, or without a stable fold. This 
finding prompted further study of the domain to determine the 
actual structural properties and to attempt to find a stable core 
domain that would facilitate NMR structure determination. 
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Figure 7. Results of computer aided structure prediction and limited prote-
olysis for CbpA-N. A) Results of limited proteolysis and mass spectroscopy 
analysis. "Yes" values indicate cleavage was observed following the resi-
due number at a trypsin recognition site. "No" values indicate a trypsin 

recognition site where cleavage was not observed. B) Coiled-coil predic-
tion data by residue number. Note how predictions correspond to points of 
missed digest sites. C) Predictions of helical structure, note that predictions 
suggest the presence to three major a-helicies within CbpA-N. 

Presence of unstructured segments hinders structure 
determination 

An NMR spectrum of CbpA-N, shown in Figure 5, indicates 
the presence of unstructured segments within the domain. 
These unstructured regions increase the level of difficulty in 
determining the protein structure using NMR by obscuring 
resonances and thus hindering accurate assignment. Because 
these unstructured segments are not in a rigid conformation 
the observed resonances are intense and not well dispersed, 
which obscures the spectrum. To reduce such interference 
we identified the unstructured portions of the domain by other 
experimental means so that a shorter, more highly structured 
construct could be used for further structural studies. This 
determination was made using a combination of computer aided 
structure predictions and mass spectroscopy analysis of protein 
fragments produced by limited proteolysis. 

Determination of a stable construct 
Protein prediction algorithms, while useful for an initial 

evaluation ofprotei n structure, are only about 70% accurate. These 
predictions are not accurate enough to allow a determination and 
subsequent elimination of unstructured regions. Because of this, 
further data was required for our evaluation. Through limited 
proteolysis we were able to achieve a greater level of certainty 
concerning the location of the structured and unstructured 
segments of CbpA-N. Limited proteolysis provides information 
about protein structure through the stable fragments which 
remain after an enzyme digestion. When Trypsin, or another 
enzyme, is used under optimized conditions, recognition sites 
that are exposed as part of unstructured elements of a protein 
are cleaved, while structured sections remain intact because 
of the protection provided by secondary and tertiary structure. 
The fragments can be analyzed by sensitive mass spectroscopy 
experiments and identified by comparison to computer-aided 
predictions of digest fragments. By combining both techniques 
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Figure 8. CD spectrum of CbpA-NA4. As with the data for CbpA-N in 

Figure 4 the minima at 222 and 208 indicate the presence of significant a-

helical structure within the protein. 

we were able to effectively determine a new, highly structured 
construct. 

Mass spectroscopy results, when compared to predicted 
digestion fragments, indicated the presence of several highly 
structured or protected segments of CbpA-N. These observed 
fragments were composed of CbpA residues 39-65, 53-73, 53-75, 
137-174, and 98-136. The mass spectroscopy results indicated six 
primary cleavage sites in the domain. These observed cleavages 
coincide with the predicted presence of 3 separate helical 
segments and two separate coiled coil segments. One observed 
cleavage occurred within a predicted a-helix, which suggests the 
presence of an exposed loop or other short unstructured segment. 
The other observed cleavages occurred in sections of the protein 
which were predicted to be unstructured. Several points of 
possible cleavage (Trypsin recognition sites) are overlapped by 
a predicted stable fragment, yet enzyme digestion only occurred 
at one such point. Such 'missed' cleavages are indicative of a 
highly structured and protected protein segment. 

From the structural predictions and comparisons to the 
corresponding mass spectroscopy data, several shortened 
constructs of CbpA-N, which we predict to be highly structured, 
were prepared for further structural analysis. These constructs 
are CbpA residues 52-149 (CbpA-NAA), 52-174 (CbpA-NA), and 
39-149 (CbpA-NCA). We expected that with fewer unstructured 
segments, determinations of structure using NMR spectroscopy 
would be simplified. Results from computer aided prediction 
and proteolysis analysis by mass spectroscopy are included as 
Figure 7. 

Preliminary structural characterization of truncated CbpA-N 
Circular dicroism measures optical rotation of plane polarized 

light through a protein sample across a spectrum of wavelengths 
to study protein secondary structure. By examining CD spectra 
one can quickly determine the secondary structural content of 
a protein sample. Data collected clearly indicates that despite 
truncation, CbpA-NAA maintains a-helical secondary structure 
as indicated by the CD data included in Figure 8. Additional 

Chemical Sinn Deviations from Random Cod Values 
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Figure 9. Chemical shift variations from established random coil shifts 

for assigned alpha carbon chemical shifts for CbpA-N614. Positive values 

greater than 3 indicate helical structure. Data for the His-tag is not includ-

ed because it is not assigned. Also, residues 97, 98, and 147-149 are shown 

with a value of 0 because assignments have not been confirmed. Despite 

these missing data, the protein exhibits significant helical structure, with the 

exception of residues 95, 122 and 123 which likely indicate the position of 

an exposed loop connecting two helices. 

information regarding the LZ content of the shortened domain 
indicates two clear LZ motifs and as many as 3 additional 
imperfect motifs (those with leucines every 6 or 8 residues). 

In addition to CD, chemical shift variations indicate that the 
domain likely consists of three a-helicies (Figure 9). Chemical 
shifts of atoms allow significant insight into the structure of 
proteins. When shifts of assigned atoms (a-carbons for example) 
are compared to standard random coil values, the differences 
provide a reliable indication of the presence of random coils, 13-
sheets, or a-helicies (Wishart and Case 2001). These effects are 
due to the influence of local polypeptide secondary structure on 
NMR chemical shift values. 

NMR data collected for CbpA-NAA is far less obscured than 
for CbpA-N (Figure 6), which allowed for backbone residue 
assignment with fewer difficulties than with the longer construct. 
Resonance assignments were made using standard triple 
resonance methods. Additionally, some assignments required 
the use of 3D-NOESY HSQC data to determine assignments 
based on proton connectivity. These assignments are presented 
as Figure 10. 

Discussion 

Confirmation that CbpA-NAA is highly structured 
Though a final structure has not been calculated for CbpA-

NAA, CD and chemical shift analysis clearly indicate that the 
protein is highly structured. This conclusion is reinforced by 
the HSQC spectrum obtained from studies of the truncated N-
terminal domain. When compared to the HSQC spectrum of 
CbpA-N there is a marked decrease in the number of obscured 
resonances, indicating that fewer unstructured segments are 
present. The long period of time over which NMR experiments 
were conducted on the protein, combined with the consistency 
of the spectra obtained (not shown in this work), allow us to 
be confident that the protein is stable in solution. With the 
combination of data from computer predictions and indirect 
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Figure 10. HSQC spectrum of CbpA-NAA with labeled assignments. Resi-
due numbers are provided next to their corresponding residues. These 
backbone assignments are the first step in structure determination and are 

often the most difficult to complete, requiring data from multiple experi-
ments. 

NMR evaluation through chemical shift variations we can 
conclude that the protein is stable and that almost all residues 
are structured within three a-helicies. Nonetheless, it must 
be noted that this data is only indicative of structure; a final 
determination cannot be made until the atomic-resolution 
structure of the protein is finalized through NMR analysis. 

Present status with structure determination using NMR data 
Currently, the backbone amide resonances have been assigned 

for all but 5 amino acids of the 98 amino acid protein. (We have 
not attempted to assign the His-tag as it is likely unstructured 
and has no effect on the protein structure, nor can we assign the 
single proline amino acid because of the absence of an amide 
Hydrogen atom.) Alpha and Beta carbons have been assigned 
for these 93 amino acids as well. Preliminary assignments of 
chemical shifts for alpha and beta protons have been made and 
these will be clarified through the analysis of HCCH-COSY and 
HCCH-TOCSY data in the future. After proton resonances are 
assigned in the NOESY-HSQC spectra distance restraints can be 
calculated to allow for structural calculation using CNS. This 
program calculates a family of low energy protein structures 
that are consistent with experimental data using a restrained 
molecular dynamics algorithm; experimental distance restraints 
derived from 'H-'H NOEs are used in these calculations. 

Progress toward final structure of CbpA-N 
We had hoped to have firm preliminary structures by this point, 

but the time required to assign some portions of the protein, even with 
the unstructured segments removed, has been longer than expected. 
Currently, some distance restraints have been determined, allowing 
preliminary structures to be calculated, but these preliminary structures 
indicate that significant work must be done to confirm assignments before 
accurate structures depicting the true fold of the protein can be produced. 

Possible future uses for a structure of CbpA-N 
It is our hope that after solving the structure of the N-terminal 

domain our conclusions, when combined with structures for the 
binding domains (RI and R2), will allow a full understanding of 
the interaction between CbpA and pIgR. With this knowledge 
and a thorough comparison of multiple strains of pneumococcus, 
we will be able to have a clearer understanding of the mechanism 
ofS. pneumoniae infection. If common structural characteristics 
are found to exist, further research on small molecule drugs to 
inhibit infection can be conducted. 
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High copy suppression analysis of mis-localized G1 
cyclin CLN3 in the budding yeast Saccharomyces 
cerevisiae 
Katherine L. Jameson 
Department of Biology, Rhodes College 

Cell division involves a series of integrated and coordinated events during which a single cell grows, duplicates, and segregates into 
two cells. G1 cyclin proteins, such as CLN3, function to integrate intracellular and extracellular signals to initiate the cell cycle in a 
process that ultimately leads to cell division. Non-regulated division can result in cell death or uncontrollable division contributing 
to cancer. While CLN3 is thought to regulate division in response to cellular signals, little is known about its upstream regulators and 
downstream targets. Wildtype CLN3 predominantly localizes to the nucleus. However, our study utilizes a cln3 mutant that localizes 
to the cytoplasm. This mutant is unable to trigger division, and is therefore responsible for a lethal phenotype. We are investigating 
the molecular basis of CLN3 activity through high copy suppression analysis. Genes that are able to suppress the cln3-dependent 
phenotype are identified using a transformation protocol with a high copy .  number plasmid library. The high copy suppression analysis 
screen of mis-localized cln3 has yielded various groups from which we have subsequently obtained candidate genes responsible for 
suppression. These candidate genes include the GI cyclins (CLNI, CLN2, and CLN3) as well as the B-type cyclins (CLBI, CLB2, 
CLBS, and CLB6). Additionally, this screen hasyielded three unknown groups with non plasmid linked suppression. We are currently 
working to further characterize the mechanism by which these groups are suppressing the cytoplasmic cln3-dependent phenotype. 

Introduction 

The cell cycle is a reoccurring process during which a single 
cell grows, duplicates, and divides into two cells. Mechanisms 
of the cell cycle are highly conserved among eukaryotes; 
therefore information obtained using Saccharomyces cerevisiae 
can provide insight into higher eukaryotic cell biology (Cooper 
2000; Edwards 1983; Hartwell et al. 2004). The cell cycle's 
major controllers are cyclin-dependent kinases (Cdks) (Morgan 
2000; Prescott et al. 2002). Cdc28p is the Cdk responsible for 
coordination of cell division and cell growth (Miller and Cross 
2000). During Gl, the activity of Cdk28p is regulated by the GI 
cyclins: CLNI, CLN2, and CLN3 (Morgan 2000). The G1 cyclins 
are functionally redundant. Accordingly, while a deletion of all 
three CLN genes results in no G1 activity of Cdk28p. and cell 
cycle arrest, any one of the three CLN genes can restore viability 
(Miller and Cross 2000; Murray and Hunt 1993). 

The cell cycle requires On-dependent cytoplasmic and 
nuclear events for initiation. In a strain lacking all the G1 cyclins, 
mis-localized cln3 is unable to restore viability due to deficient 
nuclear G1 cyclin activity (Miller and Cross 2000). The goal 
of this project is to utilize high copy suppression analysis to 
identify regulators and targets of cyclin activity important for 
this nuclear requirement of cellular division. We propose that a 
high copy suppression analysis screen of mis-localized cln3 will 
yield novel suppressor genes as well as genes known to function 
in association with or trigger the function of CLN3. 

Materials and Methods 

Strain and plasmids 
The experimental strain has a MATa clnl-del cln2-del cln3-

del leu2:.-LEU2•:GALI::CLN3 genotype (Miller and Cross 2000). 
The mis-localized cln3 plasmid was created by deleting the 
nuclear localization signal (NLS) and adding a nuclear export 
signal (NES) (Miller and Cross 2000). The library plasmid  

is a 21.1.-based yeast genomic library with high copy number 
expression (Carlson and Botstein 1982). To amplify the library, 
E. coli XL10-Gold ultra-competent cells were transformed (see 
following section) and plasmid DNA samples were prepared 
(Sambrook and Russel 2001). Sequencing of library plasmids was 
performed at the Molecular Resource Center at the University 
of Tennessee, Memphis using primers: 5' TGCTCGCTTC 
GCTACTTGGA 3' and 5' CATCGGTGATGTCGGCGATA 
3'. Blast searches for genes on library inserts were performed 
online at Saccharomyces Genomic Database using default 
conditions (Cherry 2004). 

Transformation 
All yeast transformations were performed by the Frozen-EZ 

Yeast Transformation II Standard Transformational Protocol 
(Zymogen). All bacterial transformations were performed by 
chemically competent E. coli protocol (Sambrook and Russel 
2001). Transformants were grown under standard growth 
conditions and media (Sambrook and Russel 2001). 

Plasmid minipreperations 
Yeast plasmid minipreperations were prepared using the 

Yeast Plasmid Minipreperation Kit (Zymogen). Bacteria 
plasmid minipreperations were prepared using the QlAprep 
Spin Minipreperation Kit (Qiagen). 

Viability assay 
For specific transformant strains, 10-fold serial dilutions 

were prepared and plated onto media containing dextrose and 
media containing galactose. Plates were incubated at 30°C and 
growth was compared under these two media. 

Restriction enzyme analysis 
There were two restriction digest reactions: a HindlIl and 

EcoRI double digest and a Spel digest. Gel electrophoresis was 
used to compare banding patterns. 

40 	Rhodes Journal of Biological Science, Volume XXI 



A. 

14717:a 	chit-de l ch i3-del 

YPDex 

Viable 	Not Viable 

VPDex. 	 YPCial 
Figure 1. Viability assay for experimental strain transformants. A. Dia-

gram of the genotype and expected phenotypes of the experimental strain. 

The experimental strain had a triple clnl cln2 cln3 deletion lethal genotype. 

The strain was also constructed with a galactose-inducible CLN3. Thus 

the strain is viable on media supplied with galactose (YPGaI) because the 

galactose-inducible CLN3 is expressed. On media supplied with dextrose 

(YPDex), the galactose-inducible CLN3 is completely repressed resulting in 

no viability. B. The experimental strain was transformed with plasmids that 

result in expression of no Cln3 (vector), wild type Cln3 (WT CLN3), or mu-

tant mis-localized Cln3 (ML-cln3). For each transformant strain, 10-fold 

serial dilutions were prepared and plated onto media containing dextrose 

(YPDex) and media containing galactose (YPGaI). Plates were incubated 

under standard growth conditions. 

Results and Discussion 

We performed a high copy suppressor analysis screen 
to identify regulators and targets of cyclin activity. Since 
the GI cyclins are redundant, to effectively study CLN3, the 
experimental strain had to be a triple clnl cln2 cln3 deletion 
lethal genotype. However, given that maintenance of at least 
one of the GI cyclins is essential for growth, the strain was also 
constructed with a galactose-inducible CLN3. Thus the strain is  

viable on media supplied with galactose because the galactose-
inducible CLN3 is expressed. Whereas on media supplied with 
dextrose, the galactose-inducible CLN3 is completely repressed 
resulting in a lethal phenotype (Figure 1). 

Mis-localized cln3 was assayed on this specific strain grown 
on media supplied with dextrose and did not support viability 
(Figure 1). This result is the quintessential aspect of our screen. 
Since the mis-localized cln3 is unable to support viability, 
suppression of the cln3-dependent phenotype can occur by two 
mechanisms: a chromosomal mutation that affects a component 
of the Cln3 pathway or by means of a gene supplied by 
transformation of the experimental strain with library plasmids. 
The experimental strain was transformed successfully with the 
mis-localized cln3 plasmid and subsequently with the library 
plasmid to yield 37,997 total transformants. 222 of these 
transformants maintained both plasmids through serial replicas 
and were able to suppress the cln3-dependent phenotype on 
media containing dextrose. These transformants were classified 
as suppressors. 

Yeast DNA minipreperations were prepared for each of the 
suppressors. These plasmids were then introduced into bacteria 
yielding bacterial transformants which were subsequently 
minipreped to obtain plasmid DNA. We expected the bacteria 
transformants to maintain only one of the two plasmids 
(mis-localized cln3 or library). Therefore, we separated the 
corresponding minipreparations into two groups by restriction 
digest analysis (Figure 2). The library plasmid group was further 
distinguished into MCS (Mis-localized cln3 Suppressor) groups 
denoting different library inserts (Table 1). 

A representative minipreperation from each MCS group was 
sequenced and a Blast search was performed on the results to 
identify the specific genes located on the library insert (Cherry 
2004). In most cases, a gene on each of these inserts had been 
classified in previous literature as a possible regulator or target 
of CLN3, so we consequently classified each as a candidate 
gene for suppression. These candidate genes include CLN1, 

B. 

Vector 
\VT CLV3 
ML-ch73 

Lad. cln3 -Al A2 B1 B2 .C1 C2 DI D2 El E2 Fl F2 G1 G2 

Figure 2. Identification of unique MCS groups based on restriction fragment analysis. Representative DNA minipreps of each MCS suppressor were subjected to 

Hind111/EcoRI enzyme restriction and resulting DNA fragments were separated on the basis of size using DNA gel electrophoresis. Different band patterns are 

consistent with distinct MCS grouping. Lad refers to a 1Kb DNA ladder cln3 refers to the mis-localized cln3 plasmid. The labels Al-G2 refer to different plasmid 

DNA minipreperations. The numbers I and 2 that follow the letter correspond to different minipreperations prepared from different colonies of the same bacteria 

transformant. The black arrows correspond to digest patterns that resemble the mis-localized cln3 expression plasmid. The gray arrows correspond to digest 

patterns different from mis-localized cln3. The white arrows correspond to digest patterns different from mis-localized cln3 and from those represented by the gray 

arrows. The gray arrows and white arrows would constitute two different MCS groups. 
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MCS Groups Observed in 
Screen 

Candidate Genes 

1 20 CLN1 
2 2 
3 

CLB2 or CLB5 
2 _ CLB 1 or CLB6 

4 2 . CLN2 
5 2 _ CLN3 
6 15 Unknown 1 

13 CLN2 
8 1 CLB 1 or CLB6 
9 14 Unknown 2 
10 1 CLB2 or CLB5 
11 1 CLN1 
12 1 CLN3 
13 	' 1 CLN1 
14 3 CLN3 
15 1 CLB2 or CLB5 
16 1 unknown 3 
PMM106lother 142 

Table I. MCS groups. 

CLN2, CLN3, CLB1/CLB6, and CLB2/CLB5. We expected the 
screen to yield CLN1, CLN2, and CLN3 since the G1 cyclins are 
functionally redundant and any one of the three CLN genes can 
restore G1 activity of Cdc28p and thus cell cycle progression. 
CLB1/CLB6 and CLB2/CLB5 are known as B-type cyclins (Clb), 
and exist as gene pairs located physically close to each other 
on the genome, and therefore both were present on the library 
inserts in question. The Clb/Cdc28p complexes function during 
G2 of the cell division cycle, and are downstream targets of CLN3. 
For this reason we expected the screen to yield these types of 
suppressors. It is significant that these previously characterized 
Cln3 suppressors were identified in our screen. Identification of 
the CLN and CLB genes in our screen indicates that the screen 
is functioning effectively. 

The screen also yielded three MCS groups which consisted 
of library suppressors whose genomic insert contained no genes 
previously identified as Cln3 suppressors. Thus these groups 
have unknown candidate genes. MCS16 was identified only 
one time, and has not been pursued further. However, MCS6 
and MCS9 were identified 15 and 14 times, respectively. We 
repeated the cell viability assay using the experimental strain 
and minipreperations corresponding to the MCS6 and MCS9. 
In this assay, the MCS6 (Figure 3) and MCS9 suppressors were 
no longer demonstrating suppressing activity. This suggests 
that the suppression activity observed in the original strains was 
non-plasmid linked suppression. Therefore, we are currently 
working to further characterize the mechanism by which these 
original strains exhibited suppression activity. Two possible 
mechanisms include combined suppression (suppression 
requiring the presence of two plasmids at one time) and 
chromosomal mutations, where the presence of the suppressing 
library plasmid may induce chromosomal mutations allowing 
suppression of the cytoplasmic cln3-dependent phenotype. 

Our future research plans include further characterization of 
the MCS6 and MCS9 genes. Identification of novel genes able to 

Vector 
WT CLAT3 

ML-cln3 
Unknown 2 + 1\1L-cht3 

Unknown 2 + WT-CLV3 

Vector 
WT CLN3 

ML-cht3 
CLB2/5+1111,-chi3 
CLB215 + \VT CLN3 

YPDex 	 YPGa1 

Figure 3. Viability assay for experimental strain transformants. Experi-
mental strains, containing a GALI::CLN3 for viability, were transformed 
with plasmids (listed to the left). For each transformant strain, 10-fold 

serial dilutions were prepared and plated onto media containing dextrose 
(YPDex) and media containing galactose (YPGaI). Plates were incubated 
under standard growth conditions. The vector plasmid refers to a plasmid 
that does not express any CLN genes. WT CLN3 refers to a plasmid that ex-
presses a wildtype CLN3. ML-cln3 refers to the mis-localized cln3 plasmid. 
Unknown 2 + ML-cln3 refers to the unknown 2 minipreperations and the 
mis-localized cln3 plasmid. Unknown 2 + WT CLN3 refers to the unknown 
2 minipreperations and a plasmid that expresses a wildtype CLN3. CLB2/5 
+ ML-cln3 refers to a minipreperation of a library insert with CLB2 or 
CLB5 as a candidate gene and the mis-localized cln3 plasmid. CLB2/5 
+ WT CLN3 refers to a minipreperations of a library insert with CLB2 or 
CLB5 as a candidate gene and a plasmid that expresses a wildtype CLN3. 
Mis-localized cln3 does not support viability when assayed on this specific 
strain grown on YPDex. Unknown 2 + ML-cln3 does not support viability 
when assayed on this specific strain grown on YPDex. These results are 
representative of unknown I and unknown 3 (data not shown). 

overcome defects in GI cyclin activity has important implication 
in the understanding of cell cycle progression, particularly 
impacting the GI /S transition in the cell division cycle. We find 
it interesting that we identified all but one of the suppressing 
plasmids more than once, suggesting that we have come close 
to saturating our screen and identifying all possible suppressors 
of this phenotype. This may impact our understanding of the 
role that known downstream targets of Cln3 have on the nuclear 
requirement of this cyclin, since they were not identified in our 
screen. 
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The role of light and oxygen in Chaoborus 
punctipennis (Insecta: Diptera) diel vertical migration 
Mark Stratton 
Department of Biology, Rhodes College 

Aquatic phantom midge larvae (Chaoborus punctipennis) exhibit diel vertical migration (DVM) in response to fish visual predation, 
remaining in deeper waters during the day and ascending nocturnally to feed. Light penetration into the water column and 
dissolved oxygen concentrations are hypothesized to determine the depths where larvae are found during daylight hours. Samples 
were collected in Yellow Poplar Tree Lake (YPTL), Millington, TN before and after sunset during a day in March, April, May, July, 
and September of 2005. Average daytime depth (D c) and use of daytime refugia (dark or hypoxic waters) significantly increases 
(P<0.05) with larval instar stage (I & II<!II<IV) during summer months (May, July, and September). IV instars utilized hypoxic 
waters (D02<3.5 mg/L) more than III instars, while I & II instars did not use this refuge. In summer months during daylight hours, 
all instars remained on average below the maximum measured light penetration (1.0 ,uE/m 2/sec); IV instars remained below this 
level in May, July, and September, III instars only in July and September, and I & instars only in September. These behavioral 
differences among instars are likely due to varying metabolic needs and visual predation vulnerability. Further, IV instar Dc 

 significantly correlates to the critical oxygen threshold for fish (D02=3.5 mg/L) (R 2=0.783, df=11, P<0.01) but not to maximum light 
penetration (R2=0.183, df=11, P>0.05), indicating oxygen as the overriding stimulus governing DVM seasonal changes in YPTL. 

Introduction 

Phantom midge larvae Chaoborus (Diptera: Insecta) are an 
integral part of freshwater lake ecosystems. Often acting as the 
most common planktivore besides fish (Wissel et al. 2001), they 
contribute to high biomasses in eutrophic lakes (Malinen et al. 
2001) and can greatly affect zooplankton community structure 
(Moore 1988). Certain populations of Chaoborus often exhibit 
diel vertical migration (DVM), a behavior characterized by 
staying in deeper waters during daytime hours and ascending 
nocturnally to feed (Dodson 1990). This behavior, dependent 
on waterborne cues emitted by fish predators (Dawidowicz et al. 
1990; Tjossem 1990; Berendonk and O'Brien 1996), is exhibited 
by my study species Chaoborus punctipennis. Fish predators 
rely primarily on vision for capture (Richmond et al. 2004) and 
have greatly reduced predation efficiency in dark waters (Zaret 
and Suffern 1976); by remaining in a low-light environment 
(dark water refuge), chaoborids reduce the risk of mortality from 
predator foraging. By ascending nocturnally, they are exposed 
to increases in temperature and food availability (Leibold 
1990), but also incur metabolic costs from swimming (Giguere 
1980). Unlike fish, chaoborids do not rely primarily on sight 
for predation; their prey capture efficiency is not reduced by 
feeding at night (Swift and Forward 1981). Chaoborid nocturnal 
ascension is widely believed to be controlled in part by light 
intensity (Chaston 1969; Zaret and Suffern 1976; Dodson 1990; 
Haney et al. 1990), but also by circadian rhythm (LaRow 1968; 
LaRow 1969). Other key factors proposed to govern the nature 
and amplitude of DVM include prey type and abundance (Haney 
et al. 1990; Fischer and Frost 1997) and dissolved oxygen 
concentration (LaRow 1970). Along with dark conditions, 
hypoxic waters provide another refuge for chaoborids from fish 
predation (Malinen et al. 2001; Rine and Kesler 2001; Wissel et 
al. 2003). 

The primary purpose of this study was to evaluate the 
importance of light intensity and dissolved oxygen concentration 
in relation to the extent and nature of C. punctipennis DVM; 
these two environmental stimuli were hypothesized to determine  

the depths where larvae are found during daylight hours. 
Because water oxygen concentration has been less investigated 
historically relative to light intensity, this study is unique in that it 
evaluates both stimuli simultaneously. A secondary goal of this 
study is to distinguish DVM variations among C. punctipennis 
developmental instars I through IV. Previous research suggests 
that instars differ in their diet (Moore 1988), respiratory and 
growth costs (Halat and Lehman 1996), and visual predation 
vulnerability (Wright and O'Brien 1982). These factors likely 
affect the DVM amplitude and use of environmental refugia 
among instars at the study site Yellow Poplar Tree Lake. 

Materials and Methods 

Description of study site 
Yellow Poplar Tree Lake (YPTL), located in Meeman-Shelby 

Forest State Park in Millington, Tennessee, is a artificial eutrophic 
lake with an area of approximately 50 ha and a maximum depth 
of at least 10 m. The water column exhibits noticeable thermal 
stratification and a distinct oxygen profile beginning in early 
spring and remaining until the fall turnover. 

Limnetic zone plankters in YPTL include cladocerans 
(Bosmina sp., Daphnia sp., and Leydigia sp.), copepods, 
ostracods, and rotifers; any or all may constitute a percentage 
of C. punctipennis' diet. However, Daphnia sp. and copepods 
may make up the greatest percentage of zooplankton in C. 
punctipennis' diet due to their high abundance relative to other 
species. Known nekton inhabiting YPTL include bass, bluegill, 
and catfish. Unidentified larval fish were caught in traps, 
confirming the presence of reproducing nekton populations. 

Field 
In order to document plankton distribution and C. 

punctipennis DVM, six-hour sampling periods were conducted 
on March 4, April 19, May 16, July 23, and September 18 of 
2005. During each period, samples were collected every hour; 
three were taken before sunset and three after. Using a Schindler-
Patalis plankton trap (Aquatic Research Instruments), plankton 
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Figure I. Average plankton counts in YPTL, 2005. Copepods (0), Daphnia 

sp. (o), and C. punctipennis (0) are shown as average number of individu-
als per cubic meter (notice differing y-axes). Error bars represent one SE 

on each side of the mean. The mean number for each plankter during each 
month was calculated as the average of individuals per cubic meter of all 

samples (96) at all depths. 

samples were collected starting from the surface down to 7.5 m 
every half-meter. Two different size but similarly shaped traps 
were used (11.6 L in March and April; 8.9 L in May, July, and 
September), therefore all plankton counts were calculated as 
the number of individuals/m 3. All plankton samples were fixed 
immediately in the field with 5% Lugol's solution. Dissolved 
oxygen (mg/L) and temperature (°C) were electronically 
measured every half-meter using a HydroLab4000 water quality 
sensor (Hach Environmental). During daylight sample hours, 
light penetration. (p.Einsteins/m 2/sec) into the water column 
was measured every 10 cm using a spherical quantum sensor 
(Li-Cor). Light penetration was not measured in April due to 
equipment failure. 

Laboratory 
Because copepods, Daphnia sp., and C. punctipennis 

constitute the large majority of zooplankton in the water column, 
these were the only zooplankters counted and analyzed in this 
study. Chaoborus punctipennis is the only chaoborid species 
found in YPTL. All plankton were counted using a dissecting 
scope at 10X magnification. Copepods and Daphnia sp. were 
counted without making distinctions between developmental 
stages. Chaoborids were then recounted using a compound 
microscope (25X) to determine instar stage. Because instars 
are easily distinguished using head-capsule length and not 
body length, chaoborid head-lengths were measured "from the 
juncture of the prehensile antennae with the head capsule, to the 
suture separating the latter from the thoracic segments" (LaRow 
and Marzolf 1970). Larvae were grouped as I & II instars, III 
instars, or IV instars. 

Statistics 
Six paired Student's t-tests were performed (Microsoft 

Excel) to determine behavioral differences between instars 
during summer months (May, July, and September); three were 
performed between instars I & II and III, and three between 
instars III and IV. The three variables tested were 1) depth  

above or below the daytime maximum light penetration of 1.0 
mE/m 2/sec (DL), 2) depth above or below the critical oxygen 
concentration of DO, = 3.5 mg/L (Do), and 3) vertical migration 
amplitude (M= [average nighttime depths] — [average daytime 
depths]). Regression analysis was performed (Excel) for IV 
instars to characterize the relationship of Dc  with DL  and Do. 
April data were not used for statistical analyses due to high 
variability in the oxicline and lack of light penetration data. 
Except for IV instar regression analysis, March data were not 
included due to the absence of instars I, II, and III. All results 
were significant if P<0.05, except where noted otherwise. 

Results 

Zooplankter life histories 
As mentioned previously, copepods and Daphnia sp. were the 

dominant zooplankton species in YPTL, probably serving as a 
food source for C. punctipennis. Both zooplankters exhibited 
wide fluctuations in abundance from late winter through late 
summer 2005 (Figure 1). Both populations peaked in March, 
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Figure 2. C. punctipennis larvae counts in YPTL, 2005. I & 11 (0), Ill (o), 
and IV (N) instars are calculated as the mean number of individuals per 
cubic meter. Means for each plankter during each month was calculated as 
the average number of individuals per cubic meter of all samples (96) at all 
depths. Error bars represent one SE on each side of the mean. 
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Figure 3. Seasonal oxicline progression in YPTL, 2005. Notice its increas-
ing distinctness through July, with a slight regression in extremeness in Sep-

tember. Error bars are not shown for clarity purposes. 
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Figure 4. Seasonal thermocline progression in YPTL, 2005. Notice the 
increasing temperatures through July, with a slight depression later in Sep-
tember. Error bars are not shown for clarity purposes. 
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maximum light penetration (D L) (0) values, where D o = 3.5 mg/L and DL 

 1.0 pE/m2/sec. Error bars represent one SE on each side of the mean. 
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but fell to low levels during summer months; in July copepods 
fell to 19.7% of their peak abundance in March, and Daphnia sp. 
fell to 0.2% in September from numbers in March. 

The C. punctipennis population (all instars combined) 
remained relatively stable from March through July, exhibiting 
an overall increase. In September, chaoborid numbers rose 
nearly 350% percent from July. Only IV instars were present 
in March, but all four instars were found in subsequent months 
(Figure 2). The abundance of IV instars remained relatively 
stable throughout the year, while I & II and III instars rose 
gradually during spring and early summer months and then 
increased abruptly in late summer. 

Seasonal lake conditions 
YPTL exhibited an increasingly more distinct oxicline 

(Figure 3) and thermocline (Figure 4) as the year progressed. 
Furthermore, the critical oxygen concentration for fish at 
3.5 mg/L rises steadily toward the lake surface with the 
progressive formation of the oxicline (Figure 5). Sunlight 
penetration into the water column was not as constant across 
time as was oxicline formation (Figure 5); mean DL  (average 
of three daytime sample hours) increased from March to May, 
but decreased again by July. Mean DL  is statistically similar 
for July and September. 

Differences among chaoborid instars 
Average daytime depth (Dr), use of environmental refugia, 

and vertical migration amplitude (M) of C. punctipennis 
instars during summer months increased with instar number 
(I & II<III<IV) (Table 1, Figures 6-8). On average, all instars 
were found below DL  during summer months. However, IV 
instars were significantly further below DL  than were. III 
instars, and III instars were significantly further below DL  
than were I & II instars (Table 1). These results indicate that 
IV instars utilized dark waters as a daytime refuge more than 
all other instars, and that III instars used this refuge more than 
I & II instars. 

On average, III and IV instars remained below, and I & II 
instars remained above daytime Do  values during summer 
months (Table 1). Depths above or below Do  significantly 
differed among instars, indicating that IV instars utilized 
hypoxic waters as a refuge more so than III instars. On average 
for summer months, I & II instars did not use this refuge. 

Light-oxygen analysis 
Regression analysis was calculated for Dc  with Do  and 

DL  for IV instars. I, II, and III instars were not used in this 
analysis because they did not utilize hypoxic waters as a refuge 
to the extent that IV instars did. Also, population numbers 
for III instars in May were low, making Dc  for that month 
too variable. IV instars were present in the water column 
during all four months where light data were available (April 
excluded). IV instar Dc  significantly correlated to daytime 
Do  (R2=0.783, df=11, P<0.01), but not to DL  (R2=0.183, df=11, 
P>0.05) (Figure 9). 

histar stage Dc, mean 
larval depth 

Daytime depth 
above or below DL 

Daytime depth 
above or beloW Do 

A.I, vertical migration 
amplitude 

I & II 2.60 -0.06 0.48 1.06 
(SE =± 0.12) (SE = ± 0.37) (SE = ± 0.27) (SE = ± 0.22) 

III 3.68 -1.15 -0.60 2.28 
(SE =± 0.25) (SE =± 0.38) (SE = ± 0.38) (SE = ± 0.19) 

IV 5.76 -1.71 -2.18 3.06 
(SE =± 0.18) (SE :--- ± 0.35) (SE = ± 0.22) (SE = ± 0.29) 

Table 1. Differences in mean daytime depth (D o), use of predation refugia, and vertical migration amplitude (M) across instars during summer months. Values 
indicate an average of the three summer months. All differences of means between instars are significant. 

46 Rhodes Journal of Biological Science, Volume XXI 



1600 700 1000 

Sample hour 

1900 	2000 2100 	2200 	2300 Discussion 

_ 3 

re 4 
a 

 

- Oxygen = 35 mg& —o—I &II instars 	instars 	instars — — bard = 1.0 pEarr^2/sec  

Figure 6. Critical oxygen concentration (Do), maximum light penetration 
(D), and average C. punctipennis depth in YPTL, May 2005. Sample hour 
2000 indicates after sunset due to a Di.  of zero at that hour. Notice the 
DVM behavior of each instar, increasing in amplitude with stage. Error 
bars represent a 95% CI for the distribution of larvae in the water coluMn 
at each hour. 
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Figure 7. Critical oxygen concentration (Do), maximum light penetration 

(DL), and average C. punctipennis depth in YPTL, July 2005. Sample hour 

2030 indicates after sunset due to a DL  of zero at that hour. Notice the 
DVM behavior of each instar, increasing in amplitude with stage. Error 
bars represent a 95% CI for the distribution of larvae in the water column 
at each hour. 
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Figure 8. Critical oxygen concentration (Do), maximum light penetration 

(DL). and average C. punctipennis depth in YPTL, September 2005. Sample 

hour 1930 indicates after sunset due to a DL  of zero at that hour. Notice 

the DVM behavior of each instar, increasing in amplitude with stage. Error 

bars represent a 95% Cl for the distribution of larvae in the water column 
at each hour 

Zooplankter life histories 
The presence of only IV instars in March indicates that these 

larvae have overwintered from the previous year's generation. 
The large increase of chaoborids in September indicates that 
this species' 2005 generation occurred in mid- to late-summer. 
These findings are consistent with previous life history studies 
of C. punctipennis (Eaton 1983). It appears that rising chaoborid 
numbers in summer months may have led to a decline in copepod 
and Daphnia sp. numbers. However, I can only speculate about 
this impact on potential prey populations because the trophic 
interactions from other phytoplankton, zooplankton, and nekton 
species are often complex (Vanni and Findlay 1990). 

Seasonal lake conditions 
By April YPTL exhibits a distinct oxicline (Figure 3), 

defined as the layer of water horizontally separating regions of 
the lake so that the oxygen gradient is abrupt. As this oxicline 
gradually forms and intensifies throughout the year, more of the 
water column becomes hypoxic. While chaoborids can inhabit 
hypoxic waters for weeks at a time (Cole 1994), many species of 
freshwater fish cannot (Moore 1942). Moore (1942) tested the 
mortality of fish subjected to a range of oxygen tensions. He 
found that in summer temperatures (11-26°C), most fish species 
that were tested (including largemouth bass [Micropterus 
salmoides] and sunfish [Helioperca macrochira] which may 
inhabit YPTL) could not tolerate oxygen tensions <3.5 mg/L 
for a 24-hour exposure period. Therefore, 3.5 mg/L dissolved 
oxygen is used as the critical oxygen threshold for fish (Do) in 
this study. Fish are assumed not to inhabit and forage in waters 
below that value in YPTL because they need to minimize the 
costs of meeting oxygen demands (Kramer 1986), thus creating 
a hypoxic refuge for chaoborids from fish predation. To my 
knowledge, only one documented example exists of freshwater 
fish consistently foraging in hypoxic waters when oxygenated 
conditions are available (see Rahel and Nutzman 1994). The 
habitat range of the species studied in their paper, the central 
mudminnow (Umbra limi), does not extend into Tennessee and 
is assumed not to inhabit YPTL. 

The light intensity value labeled as the maximum light 
penetration for this study is 1.0 nE/m 2/sec (DL). Although 
this value is likely conservative (too large), it still serves as an 
appropriate light intensity measure to quantify the relationship 
between Dc  among instars and to determine use of dark water 
refuge. Horppila et al. (2004) suggest that water conditions 
characterized by turbidity greater than 30 NTU combined with 
light intensity below 0.1 gin-1 2/sec provide a suitable daytime 
refuge for C. flavicans from planktivorous smelts. Turbidity 
in YPTL rarely exceeded this value (data not included) and 0.1 
nE/m 2/sec is an order of magnitude lower than was possible to 
report from the equipment used in this study. However, because 
light extinguishes exponentially (Dodson 1990), the amount 
of light penetrating below the depth of DL  is substantially less 
than the light available in the rest of the water column above 
DL . Therefore, the large majority of visual predation by fish on 
chaoborids should occur above DL . Further, C. flavicans is a 

larger chaoborid species than C. punctipennis; it is not as well 
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Figure 9. Linear regression analysis of IV instars in YPTL for March, May, 
July, and September of 2005. Average daytime depth (D r) is significantly 
correlated to daytime Do  = 3.5 mg/L (.) but not to daytime D L  = 1.0 NE/ 
m2/sec (o). 

suited for coexistence with fish (Wissel et al. 2003). They also 
report that C. punctipennis has a high transparency relative to 
other chaoborids, making it less vulnerable to fish predation. 
Therefore, the DL  value assigned for this study seems appropriate 
despite equipment limitations. 

Differences among chaoborid instars 
During summer months, Dc, or mean Chaoborus depth, 

increases significantly with instar stage. This result can be 
explained by many factors. During summer months, I & II instars 
consistently occupied daytime depths with higher temperatures 
and oxygen concentrations relative to depths occupied by III 
and IV instars. These findings are consistent with research 
showing that early larval stages (i.e., I & II) have the highest 
relative growth and respiration costs (Halat and Lehman 1996). 
Furthermore, fluctuating temperatures limit growth rates in 
chaoborids (Swift 1976). I & II instars limit such fluctuation, 
evident in their reduced DVM amplitude (smaller M) relative 
to later instars. By remaining in or closer to the photosynthetic 
epilimnion, early instars also maximize their availability to prey 
items at all times of the day. This tendency may alleviate energy 
losses associated with the low strike efficiency of I & II instars 
relative to later instar stages (Swift 1992). 

Differences in Dc  among instars are also a function of visual 
predation vulnerability. Along with DVM, small body size is 
an effective avoidance strategy from fish predation (Berendonk 
et al. 2003). In characterizing the relationship between fish 
predation efficiency and visible body size, Wright and O'Brien 
(1982) state that the size of high-contrast structures such as the 
hydrostatic organs and eyespots determine the vulnerability of 
chaoborids to fish predators. The size of these organs increases 
with instar stage, suggesting that vulnerability to fish predation 
also increases with instar number. Increasing use of hypoxic 
and dark refugia by later instars in this study complements 
differences in Dc  among instars and further corroborates the 
idea that later instars must exhibit greater amplitudes of DVM 
(more so than earlier instars) to avoid visual predation. 

Interplay between light and oxygen 
The primary objective of this study was to determine the 

importance of seasonal variations in light penetration and 
dissolved oxygen values with regard to seasonal changes in 
chaoborid DVM. Despite multiple investigations of the role of 
light intensity on DVM, most research has not simultaneously 
incorporated the roles of both oxygen and light in their analyses. 
The implications of oxygen as an important environmental factor 
cannot be ignored when studying DVM in stratified lakes such 
as YPTL. A previous study in YPTL indicates that the extent 
of chaoborid DVM was related to water oxygen concentration 
over a period of 18 years (Rine and Kesler 2001). However, 
yearly samples were taken during the same months (September 
or October). As a result, the relationship between DVM extent 
and oxygen concentration was not confirmed under variable 
seasonal conditions, including months when hypoxic waters 
did not limit fish habitat. Regression analysis of IV instars in 
my study confirms that seasonal variations in average daytime 
depths were dependent upon water oxygen concentration and 
not maximum light penetration. Thus, larvae are likely using 
oxygen as a cue rather than light when seasonally modulating 
their DVM behavior, especially during months when the water 
column in unstratified. This significant finding could be further 
supported by additional sampling in YPTL when oxygen 
conditions are changing seasonally. 
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