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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. Volume XXIV marks the fourth year since the journal was brought back into 

regular publication by Mark Stratton and Dr. David Kesler in 2006. Founded over twenty-five years ago as a 
scholarly forum for student research and scientific ideas, the journal aims to maintain and stimulate the tradition of 

independent study among Rhodes College students. We hope that in reading the journal, other students will be 
encouraged to pursue scientific investigations and research. 
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Lesley Baker 
Department of Pathology, St. Jude Children’s Research Hospital 

 Different levels of pathogenicity are seen in T cells expressing auto-reactive T cell receptors (TCRs) specific for the epitope 

of myelin oligodendrocyte glycoprotein (MOG) in Experimental Allergic Encephalomyelitis, a mouse model of Multiple Sclerosis.  The 
characteristics of the TCR that account for the variation in pathogenicity are not well understood.  To determine if TCR fine 

specificity could be responsible for pathogenicity, differences in fine specificity present in MOG35-55-specific TCRs, the 1MOG9 TCR, 

and the mutant TCR were identified.  Single amino acid mutations to potential TCR contact residues of MOG35-55 linked to the Major 

Histocompatibility Complex (MHC) in the MOGT2A construct were made and used to stimulate T cell hybridomas expressing MOG-

specific TCR.  Several previously identified residues were confirmed as important for TCR contact, but several novel amino acids 
were also found to be necessary for recognition.  To eliminate interference caused by the peptide linker connecting MOG35-55 to 

MHC, MOG35-55 peptides were synthesized to include single amino acid alanine mutations to stimulate the T cell hybridomas.  The 

hybridomas 1MOG9 and 2MOG10 showed a slightly different pattern of response indicating that they may have different fine 

specificities.  The mutant peptides were also used to stimulate mutants of 1MOG9 that show increased affinity for MOG35-55.  These 

mutants differed in their responses to the peptides and from the response of 1MOG9, which supports the idea that fine specificity may 

be responsible for determining pathogenicity.  Finally, mutations that changed charges on TCR from positives to negatives and 
changed charges on the peptide from negatives to positives at residues thought to be critical for contact did not elicit a response like 

1MOG9.  These results demonstrate the complex nature of fine specificity and the difficulty in understanding its workings. 

Introduction 

 Multiple Sclerosis (MS) is a chronic demyelinating 
disease of the central nervous system that results in a variety 
of symptoms including vision loss, motor and sensory 
disturbances, and cognitive difficulties [1].  It is thought to be 
an autoimmune disease mostly mediated by CD4+ T 
lymphocytes [2]. The disease Experimental Allergic 
Encephalomyelitis (EAE) is a good mouse model for MS 
because myelin oligodendrocyte glycoprotein (MOG) has 
been identified as an auto-antigen in both EAE and MS [3]. 
MOG35-55 has been shown to be an important epitope in 
causing both diseases [4].  In order for MOG to elicit an  

immune response, antigen presenting cells (APCs) must take 
up pieces of MOG from the environment and process them.  
These pieces must be able to fit and bind to the peptide 
binding cleft of a class II Major Histocompatibility Complex 
(MHC) molecule to be presented on the surface of the APC 
(Fig. 1A).  If the receptor has characteristics that make it 
specific for the peptide and MHC, T cell receptors (TCRs) on 
the surface of CD4+ T cells recognize the complex of peptide 
and MHC and they physically interact forming a complex 
(Fig. 1B).  This recognition leads to a response from the T 
cell, such as producing cytokines such as interleukin- 2 (IL-2).   

Figure 1. A is a ribbon diagram depicting the secondary structure of an MHC molecule (blue and purple) with 
a peptide (yellow) in its binding cleft.  The peptide must be able to fit in the cleft and bind to the amino acids 
there.  B shows a ribbon diagram of a TCR (green and gray) contacting the MHC molecule and peptide.  The 

TCR must be specific for the peptide and MHC molecule for it to bind. 

B 

A 
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My research group has previously identified T cells 
with MOG-specific T cell receptors (TCRs) in mice with EAE 
induced by immunization with MOG35-55.  The ability to cause 
disease or pathogenicity varies for these TCRs and the factors 
responsible for this variation in pathogenicity are not clear. 
Cells that are identical except for the TCR they express can 
cause disease at different rates with different patterns.  
Therefore, we hypothesize that it must be some characteristic 
of the TCR that determines pathogenicity [5].  Differences in 
the affinity of TCRs for the antigen/MHC complex may 
explain this variation.  Affinity refers to the tightness of 
binding between the molecules.  Molecules with a high 
affinity for one another can either be very well stuck together 
after they bind initially or may not stay stuck very well but 
bind easily and therefore often.  Each TCR has a unique 
affinity for the antigen it recognizes and thus affinity could be 
a determining factor in different patterns of pathogenicity.  
However, according to Alli et al there was no correlation 
between a TCR’s affinity for the antigen complex and the 
ability of the T cell to cause disease in mice. 
  Another possible characteristic that could be 
responsible for pathogenicity is TCR fine specificity. Fine 
specificity can influence interactions between TCR and 
antigen beyond the basic concept of affinity because fine 
specificity refers to exactly how the TCR is contacting the 
antigen.  Binding may induce an allosteric conformational 
change in the TCR affecting how signaling occurs.  It is 
possible that the signaling pathway influences the signal itself.  
The idea that fine specificity determines pathogenicity in 
MOG-specific T cell mediated EAE is supported by the 
finding that in proteolipid protein (PLP) EAE, T cells that 
cause disease have a different fine specificity than T cells not 
causing disease [6].  Different patterns in the specificity of 
TCR recognition of MOG35-55 could indicate that a TCR’s fine 
specificity is responsible for pathogenicity.    
  In order to determine if it is indeed the fine 
specificity of a TCR that determines a T cell’s pathogenic 
potential, the fine specificity must be well characterized. 
Petersen et al identifies Y40 as the key residue for MOG38-51 

to bind to MHC and proposed P43, S45, and V48 as the other 
residues contacting MHC. Through alanine mutations, they 
also determined R41, F44, R46 and V47 to be the important 
residues for contacting the TCR of two different T cell clones 
and identified G38 and W39 as possibly being of moderate 
importance or only important for some T cell clones. Work by 
Ben-Nun et al confirms F44 as a key TCR contact residue for 
a number of T cell clones. The goal of this project is to better 
characterize the interaction between the MOG-specific TCR 
previously identified by our lab and the MOG35-55 peptide 
and to determine if fine specificity could potentially be 
responsible for determining pathogenicity.  This was 
accomplished through mutation of the MOG peptide using 
both a construct of MOG tethered to MHC class II and pure 
MOG peptide. 

Methods 

Reagents & Materials: 
The MOG2TA construct is MOG35-55 tethered to MHC class II 
I-Ab by a peptide linker sequence when expressed on the cell 
surface.  The DNA coding for the construct was previously 
inserted into the MSCV II vector with a GFP marker.  Cell 
culture conditions are as follows: 293 T cells were used 
because they cane be easily transfected and can produce 
retrovirus for transduction and were cultured in DMEM with 
10% FCS.  GPE+86 cells were used because they can easily 
be transduced and were cultured in DMEM with 10% FCS or 
EHAA medium with 10% FCS.  EL-4 cells were used for their 
ability to be transduced and because they could function as 
antigen presenting cells and were cultured in EHAA medium 

with 10% FCS.  All cells were incubated at 37°C with 5% 
CO2.  4G4 T hybridoma cells were made to express MOG 
specific TCR as described (Alli et al).  Mutations were made 
in the TCRs by Raj Alli or Akshata Udyavar using a procedure 
similar to the following. 

Peptide Sequence Peptide Sequence 

MOG35-55 MEVGWYRSPFSRVVHLYRNGK V47A* MEVGWYRSPFSRAVHLYRNGK 

M35A* AEVGWYRSPFSRVVHLYRNGK V48A MEVGWYRSPFSRVAHLYRNGK 

E36A* MAVGWYRSPFSRVVHLYRNGK H49A* MEVGWYRSPFSRVVALYRNGK 

V37A* MEAGWYRSPFSRVVHLYRNGK L50A* MEVGWYRSPFSRVVHAYRNGK

G38A* MEVAWYRSPFSRVVHLYRNGK Y51A* MEVGWYRSPFSRVVHLARNGK 

W39A* MEVGAYRSPFSRVVHLYRNGK R52A* MEVGWYRSPFSRVVHLYANGK 

Y40A MEVGWARSPFSRVVHLYRNGK N53A* MEVGWYRSPFSRVVHLYRAGK 

R41A* MEVGWYASPFSRVVHLYRNGK G54A* MEVGWYRSPFSRVVHLYRNAK 

S42A* MEVGWYRAPFSRVVHLYRNGK K55A MEVGWYRSPFSRVVHLYRNGA

P43A MEVGWYRSAFSRVVHLYRNGK R41E MEVGWYESPFSRVVHLYRNGK 



Rhodes Journal of Biological Science, Volume XXIV 8 

F44A* MEVGWYRSPASRVVHLYRNGK R46E MEVGWYRSPFSEVVHLYRNGK 

S45A MEVGWYRSPFARVVHLYRNGK R52E MEVGWYRSPFSRVVHLYENGK 

R46A* MEVGWYRSPFSAVVHLYRNGK 

Mutagenesis, Transfection and Retroviral Tranduction:

 Single alanine mutations were introduced to the 
MOG35-55 portion of the MOGT2A in the vector via site-
directed mutagenesis (Stratagene QuikChange II Site-Directed 
Mutagenesis kit).  The mutants were cloned in XL-1 Blue 
bacteria.  DNA was extracted (Eppendorf FastPlasmid Mini 
Kit), and mutations were confirmed by direct sequencing 
performed by St. Jude Hartwell Center for Bioinformatics and 
Biotechnology (Memphis, TN).  Bacterial colonies with the 
desired mutation were grown up, and the DNA was extracted 
(Genelute HP Plasmid Maxiprep Kit from Sigma).  10 µg of 
MOGT2A mutants and helper constructs were introduced into 
293 T cells using calcium-phosphate transfection.  The cells 
were incubated for 24 hours, then washed with PBS and 
incubated for another 24 hours.  Supernatant from 293T cells 
was used to infect GPE+86 cells for 5 days with the addition 
of 8 µg/ml polybrine.  Supernatant from GPE+86 cells was 
then used to infect EL-4 cells for two days with the addition of 
8 µg/ml polybrine, and spinning the plate at 8°C for 1.5 hours 
at 5000rpm.  Using flowcytometry, EL-4 cells were checked 
for GFP and MHC class II expression on a FACSCalibur (BD 
Biosciences) and cells positive for both were sorted by a 
MoFlo high-speed cell sorter (DakoCytomation).  Steps of the 
retroviral transduction were completed by Raj Alli.

Peptides:
 Peptides with individual alanine mutations at each 
amino acid and three peptides with arginine to glutamic acid 
mutations were synthesized and HPLC-purified by the St. Jude  
Hartwell Center for Bioinformatics and Biotechnology 
(Memphis, TN). 
Stimulation Assays:
 4G4 cells expressing MOG specific or mutant TCR 
were cultured at 1 x 105 cells per well in a 96 well round APC 
at 5 x 105 cells per well.  Peptide was added or not at a 

concentration of 40 µM.  The plate was incubated for 24 hours  

at 37° C.  Supernatant was collected and analyzed for IL-2 
production by ELISA (Pharmingen). 

Results 

Stimulation of MOG-specific TCRs with MOGT2A:
 The MOG T2A construct includes MOG35-55 tethered 
to the MHC class II I-Ab molecule.  Single amino acid 
mutations to alanine were made at residues not predicted to be 
essential for binding to the MHC molecule (Table 1).  
Through retroviral transfection, these mutated constructs were 
expressed on the  
surface of EL-4 cells.  The cells were checked by flow 
cytometry for expression of GFP and MHC class II (Fig. 2).  
After sorting, double positive cells were then used as antigen 
presenting cells to stimulate MOG specific 4G4 cells. 

Table 1. Sequences of the mutations made in the MOG35-55 portion of MOGT2A and of the peptides 
synthesized with mutations in single letter amino acid code.  Peptides with * by the name were made in 

MOGT2A and pure peptide.  Those without were only synthesized as pure peptide. 

Figure 2. A representative sample of expression of GFP and MHC class II on transduced EL-4 

cells. Untransduced EL-4 cells are provided as a negative control. 
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 The transduced EL-4 cells were used to stimulate 
4G4 T cell hybridomas previously generated by the lab 
including 1MOG9, 2MOG10, 1MOG23, 5MOG113 and 
1MOG244.2.  2MOG10 showed the clearest pattern of results 
(Fig. 3).  When compared to response to MOG35-55, some  

mutants showed a similar response: H49A, L50A, Y51A. 
Some showed a reduced response: MOGT2A, M35A, E36A, 
V37A, G38A, and many showed low or no response: W39A, 
R41A, S42A, F44A, R46A, V47A, R52A, N53A, G54A.  
1MOG9 showed a reduced response to MOGT2A, W39A, 
L50A, and Y51A and no other responses (Fig. 3).  The other 
clones did not respond in this assay.

0

500

1000

1500

2000

2500

3000

E
L4

M
og

T2A

M
35

A

V
37

A

G
38

A

W
39

A

R
41

A

S
42

A
F44

A

H
49

A
L5

0A

Y
51

A

R
52

A

N
53

A

G
54

A

M
O
G

N
O
 A

G

Mog9

2Mog10

Mog23

5Mog113

244.2

4G4 CD4

EL4

IL
-2

 p
g

/m
l 

A

0

100

200

300

400

500

600

700

800

900

N
o

A
g

M
O

G
T2A

M
35

A

E36
A

V37
A

G
38

A

W
39

A

R
41

A

F44
A

R
46

A

V47
A

L5
0A

Y51
A

R
52

A

N
53

A

G
54

A

M
O
G

P
ep

EL-
4

IL
-2

 P
g

/m
l 4G4 CD4

MOG 9

2MOG10

EL4-Pep

B

Figure 3. Stimulation of MOG-specific TCR with EL-4 cells expressing MOGT2A with single alanine mutations to 
MOG35-55.  A and B show two different trials of the stimulation assay.  1x105 4G4 T cell hybridoma cells per well were 
incubated overnight with 5x105 EL-4 cells expressing single amino acids alanine mutations of MOGT2A per well in a 
96-well plate.  IL-2 production was measured by ELISA. 
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Stimulation of MOG-specific TCRs with peptide: 
 Since the hybridomas did not respond to the 
MOGT2A construct with similar IL-2 production, the 
stimulation assay was performed with pure peptides, 
synthesized with the mutations.  Using peptides allowed for 
comparison of the specificity of 1MOG9 and 2MOG10.  In 
comparison to response to MOG35-55, 1MOG9 had a highly 
reduced response against peptides R41A, S42A, P43A, F44A, 
R46A, V47A, R41E, and R46E (Fig. 4A). 2MOG10 showed      
highly reduced response only at F44A, V47A, R41E, and 

R46E compared to MOG35-55 (Fig. 4B).  The other hybridomas 
tested, 1MOG23, 5MOG113, and 1MOG244.2, did not 
respond to the peptides, including MOG35-55, above 
background level. 
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Figure 4. Stimulation of MOG-specific TCR with peptide. 1x105 4G4 T cell hybridoma cells per well were 

incubated overnight with 5x105 B6 mouse spenocytes per well and 40µM peptide in a 96-well plate.  IL-2 

production was measured by ELISA.  A shows results for 1MOG9, and B shows those for 2MOG10. 

A

B



Baker 11 

Stimulation of 1MOG9 mutants: 
 Other members of our research group have 
previously created mutations of the 1MOG9 TCR  
and expressed those mutant TCRs on 4G4 cells previously 
transduced with the CD4 co-receptor.  Some of these mutant 
4G4 cells, including mutants at the glycine at position 123, the 
glutamic acid at position 431, or both, were stimulated with 
the mutant peptides (Fig. 5).  These 1MOG9 mutants show 
slight differences from the pattern of specificity of 1MOG9  
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that of G123S and G123A, except that E431R did show a 
somewhat, but not fully reduced, response to V47A.  E431S  
(Fig. 4A).  Mutants G123S and G123A responded in a pattern 
similar to each other. Response was reduced at S42A, P43A,  
shows the distinct pattern of only reduced response to F44A, 
R46A, and R46E.  The double mutant E431S G123S 
responded to all peptide mutations, but the lowest response 
was to F44A. 
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Figure 5.  Stimulation of 1MOG9 mutants with peptide. 
1x105 4G4 T cell hybridoma cells per well were incubated 
overnight with 5x105 B6 mouse spenocytes per well and 

40µM peptide in a 96-well plate.  IL-2 production was 
measured by ELISA.  A, G123S.  B, G123A. C, E431S. D, 

E431R. E, E431S G123S. 
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Discussion 

 The first approach used to study MOG-specific TCR 
specificity was alanine mutation of the MOGT2A construct at 
residues of MOG35-55 not predicted to associate with the MHC 
molecule.  The results of these experiments agree with 
previous work [7, 8] predicting residues to be important for 
association with the TCR.  Since mutation to alanine at W39, 
R41, F44, R46, and V47 abrogated cell response, these 
residues are mostly involved in contacting the TCR as 
proposed by Petersen et al.  Mutation of S42 to alanine also 
eliminated cell response, indicating that the serine at position 
42 may also be important for T cell recognition of MOG.  The 
residues R52, N53, and G54, which are outside of the area 
thought to be important for TCR contact (38-47), also 
eliminated T cell response when mutated to alanine.  This 
could indicate that this portion of the peptide and these 
particular amino acids may also be important for T cell 
recognition.  This difference in recognition pattern could also 
be accounted for by differences in how MOGT2A is 
recognized compared to the normal MHC molecule with 
peptide.  The experiments showed that the MOGT2A 
construct did not illicit as much of a response as the MOG35-
55 peptide presented on cells.  One possible reason for this is 
that the tether connecting MOG to the MHC molecule gets in 
the way and somehow interferes with binding.  A second 
possible explanation is that MOG35-55 binds to MHC in 
different registers.  In other words, the peptide can bind so that 
a certain amino acid is lined up with a certain pocket of MHC 
and that the peptide can also bind to MHC with the position 
shifted.  If it is the case that MOG35-55 binds MHC in 
different registers, then the fact that the two are tethered 
together may alter the ability of the peptide to bind in some 
registers and reduce response. 
 To overcome any potential limitations of the 
MOGT2A construct and seek confirmation for the 
unanticipated results seen from mutating the end residues R52, 
N53, and G54, I used pure MOG35-55 peptides synthesized 
with individual alanine mutations were used to stimulate the 
different TCRs.  Neither 1MOG9 nor 2MOG10 showed a 
reduced response to peptides mutated at the R52, N53 or G54 
positions but showed an increased response instead.  This 
could indicate that the tethering of MOG to MHC alters how 
MOG binds to MHC.  Our data indicates that during normal 
interactions between MOG35-55 and MHC these three 
residues are unlikely to be important.  The patterns of 
specificity that 1MOG9 and 2MOG10 show were somewhat 
similar but also distinct.  Residues S42 and P43 appear to be 
important for the TCR 1MOG9 binding to MOG35-55, but not 
for 2MOG10. This is because when these amino acids were 
mutated to alanine, 1MOG9 did not respond and 2MOG10 
did.  Furthermore, 2MOG10 responded when the arginines at 
positions 41 and 46 were mutated to alanine, but not when 
either of these residues was mutated to glutamic acid. This 
could indicate that while neither of those two arginines is 
critical for the 2MOG10 TCR to bind to the antigen complex, 
putting an oppositely charged glutamic acid in their place 
interferes with normal interaction affecting T cell response.  
2MOG10 appears to have a different set of residues necessary 

for stimulation than 1MOG9, indicating they have different 
fine specificities.  Since both of these TCRs are specific for 
MOG35-55 but have different fine specificities, this supports 
the idea that fine specificity may be important for determining 
TCR pathogenicity.  The fact that these two TCRs cause 
disease at different rates and with different patterns of 
remission and relapse [5] also supports the hypothesis that fine 
specificity may be related to the ability of the TCR to cause 
disease.  Further work must be done to establish this 
correlation. 
 To better clarify the relationship between affinity and 
fine specificity, several mutants of the 1MOG9 receptor with 
increased affinity for MOG35-55 were stimulated with the 
mutant peptides.  Since the affinity of the mutant E431S 
G123S is high enough that it will respond to APCs alone with 
no peptide added, it is not possible to determine a clear pattern 
of specificity from these experiments.  The mutant receptor 
E431S displays a pattern of specificity different from 1MOG9 
in that only the residues F44 and R46 seem to be important.  
To G123S and G123A only S42, P43, F44, and R46 appear to 
be important.  The reason response was reduced at R41E is 
probably similar to why 2MOG10 showed reduced response to 
that mutation. Thus these affinity-increasing mutations also 
appear to affect the fine specificity of a TCR, again 
demonstrating that the relationship between affinity and 
specificity is complex. None of these mutations required more 
residues for stimulation than 1MOG9 or required any residues 
other than those required by 1MOG9.  This may suggest that 
differences in fine specificity are reductions of the 
requirements caused by the increase in affinity. 
 Though the 1MOG9 mutant E431R is not a mutant 
showing increased affinity, it was tested against the panel of 
mutant peptides to see its responses to the mutants R41E, 
R46E, and R52E. If the positively charged glutamic acid at 
position 431 of the TCR associates with any of the negatively 
charged arginines at position 41, 46 or 52 because of the 
electrostatic attraction between side chains, the attraction 
should become decreased if the arginine is mutated to alanine.  
Also, if it is simply the electrostatic attraction that is needed at 
those positions, then reversing the placement of the charges by 
mutating the arginine to glutamic acid in the peptide and 
glutamic acid to arginine in the TCR should restore the 
attraction and interaction.  R41 and R46 are both important for 
1MOG9 to react to MOG35-55, but only R46 seemed to be 
important for recognition by the E431R mutant.  This is shown 
because it is the only one of the three arginine mutations to 
alanine not responded to by E431R.  E431R also did not 
respond to R41E or R46E indicating that reversal of the 
positions of the charges does not restore response of E431R. 
This could mean that residue 431 of the TCR does not 
associate with residue 41 or 46 of the peptide or that the 
interaction between the residues in question is more complex 
than a simple electrostatic attraction.  A mutation in either the 
peptide, TCR, or both could also change a different aspect of 
the way the TCR and antigen interact. 
 Overall, the MOGT2A construct did not prove to be 
as useful as we had hoped since making mutations in it gave 
some unexpected results that 
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appears that 1MOG9 and 2MOG10 have different  
fine specificities and that affinity increasing mutations do 
seem to alter a TCR’s fine specificity.  Overall, we find that 
fine specificity may be responsible for determining the 
pathogenicity of a TCR. 
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 This project examines the effects of streptozotocin (STZ) on the glucose and insulin levels of a chick embryo. The chick 

embryo is a particularly good model system in that it has an easily accessible external respiratory organ, the chorioallantoic 

membrane (CAM). Diabetes and the resulting hyperglycemia were induced by the injection of STZ. Glucose levels and insulin levels 
were measured using an Ascensia Elite blood glucose testing kit and the Rat Insulin Elisa kit from Crystal Chem. Inc., respectively. 

Following injection, the glucose levels of chicks treated with STZ were significantly higher than those of the chicks treated with the 

control (phosphate buffered saline). Insulin levels of STZ-treated chicks were lower than in the control chicks that had normal insulin 

levels, which suggested diabetes had been successfully induced. Treatment with human mesenchymal stem cells (hMSC) was 

completed in order to determine whether the induced experimental diabetes could be reversed by hMSC. HMSC are known to 

differentiate into a variety of cells, to induce blood vessel formation, and to decrease tissue damage due to immune response. 
Compared to chicks treated with STZ alone, the chicks treated with hMSC and STZ had significantly lower glucose levels. Further 

research is still needed to understand the mechanism by which hMSC protect against STZ-induced pancreatic damage. Our results 

demonstrate that chick embryos may provide an inexpensive and pain-free alternative to using existing mammalian diabetic models 

for adult cell therapy research. 

Introduction 

There are many benefits of using chick embryos for 
experimentation instead of other animals such as rats. Chick 
embryos are more useful because they are very inexpensive 
and experiments can be repeated multiple times to determine 
the accuracy of results. Also, they are much easier to 
manipulate than rats or mice. For some experiments, it 
requires long periods of waiting time for mammals to be 
diagnosed or to view the effects of a particular drug or other 
procedure. A chick embryo can only be used until around day 
21, at which point it will hatch. Their rapid growth is helpful 
because it speeds up experiments and allows for several trials 
to be done (Bellairs et al. 2005). 

Diabetes mellitus is a worldwide problem and any 
step leading to a better understanding or possible path to a 
cure must be taken. It is characterized by high-glucose levels 
in the blood. High-glucose, or hyperglycemia results from 
defective insulin secretion or action (Mathur 2008). Insulin is 
a hormone released by beta cells in the pancreas and helps 
cells throughout our bodies utilize glucose for fuel (King 
2009). With low levels of insulin or defective insulin, glucose 
levels in the blood elevate and cells use other resources such 
as fat for fuel. High-glucose or insulin levels that are not 
controlled can result in damage to the blood vessels in the 
heart, brain, legs, eyes, and kidneys. Because of this, heart 
attacks, blindness, and leg amputations are common cases 
with people who are diagnosed with diabetes and cannot 
effectively control their glucose and insulin levels. (Miller et 
al. 2003).  

Our experiment was conducted in order to find the 
effects of a particular drug, streptozotocin (STZ), on the 
glucose and insulin levels of a chick embryo. STZ is a drug 

that is toxic to the insulin-producing beta cells in the pancreas  
that regulate glucose levels (Szkudelski 2001). This 
information aided our experiment in determining whether the 
chick embryos could become hyperglycemic and, therefore, 
were capable of mimicking the phenotype of Type-I diabetes. 
Patients with Type-I diabetes are unable to produce sufficient 
amounts of insulin and therefore have high blood glucose 
levels (Norman). 

Streptozotocin was injected into a vein visible on the 
CAM. In an experiment published in the Biological & 
Pharmaceutical Bulletin, STZ was instead injected into the 
albumen, a protein present in large quantities inside the egg. 
After measuring blood glucose levels three days following the 
addition of STZ, they observed a significant change in glucose 
levels in comparison to their control (Yoshiyama et al. 2005). 
Similarly, it was observed in another experiment that STZ 
resulted in a significant increase of malondialdehyde levels, 
and a decrease in glutathione peroxidase activity in the 
pancreas of rats. This means that the STZ destroyed beta cells 
in the pancreas that regulate insulin, which resulted in a 
decrease in insulin levels. Their studies also showed that 
administration of melatonin, which has antioxidant features, 
could partially reduce liver injury in STZ-induced diabetic rats 
(Guven et al. 2006).  

Human mesenchymal stem cells (hMSC), are 
multipotent cells found in adult bone marrow and can 
differentiate into many lineages of mesenchymal tissues, such 
as bone, cartilage, fat, tendon, muscle, adipocytes, 
chondrocytes, and osteocytes (Pittenger et al. 1999). HMSC 
can also develop into insulin-secreting islet-cells within or 
outside the pancreas (Chen et al. 2004).  
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We injected STZ directly into the bloodstream in an 
attempt to efficiently deliver STZ to the pancreas, hoping to 
produce more accurate results. We hypothesize that STZ will 
induce diabetes in chick embryos three days after injection, 
and glucose levels will be higher in STZ-treated chicks than in 
control chicks.  We also predict that insulin levels of chicks 
injected with STZ will be lower than insulin levels of the 
control chicks, resulting in a diabetic chick model. If a 
diabetic model is successfully created, we will test the effects 
of hMSC on the chick embryo. We anticipate that the hMSC 
have the potential to reverse the affects of STZ. 

Methods 

Chick Embryos were used in this study. The chicks 
were shipped to the laboratory and placed in an incubator 
upon arrival (Day 0 – Around 6 P.M.). The chicks were 
treated humanely and used only until the end of Day 17 of 
growth, at which time they were frozen to prevent nerve 
sensitivity caused by experimentation. According to ISEF, a 
chick embryo is considered a vertebrate animal on day 18, 
three days prior to hatching. Therefore, our chick embryos 
were used only until day 17 in order to provide maximum 
organ growth without classification as a vertebrate animal. All 
rules and regulations provided by ISEF were followed.  

Experimental Protocol:
All chicks used were matched by age and batch. They 

were fertilized white leghorn chicks provided by Charles 
River Labs in North Franklin, Connecticut. First, the chick 

embryos were placed into the incubator at 37° C and rocked to 
match realistic growing conditions. Then, on day 7 of 
incubation, four eggs were removed from the incubator and 
placed on an egg tray. The sharp edge of the scissors or 
tweezers was used to crack a hole at the fat end of the egg 
where the air pocket was located. The shell was chipped off 
until the outer membrane of the sac was visible and no more 
of the shell could be removed. Then, a Q-Tip was dipped in 
mineral oil and dabbed around the top of the egg sac to clear 
the view. The egg was held upright at an angle and the largest 
vein visible was located. The needle of a 30-gauge insulin 
syringe was bent slightly and then inserted carefully into the 

vein. Once the needle was inside, >50µL of blood was 
removed from the vein and an aliquot was stored in a sterile 
test tube in the freezer for insulin measurements. The glucose 
levels (mg/dL) were measured from fresh blood using an 
Ascensia Elite blood glucose testing kit.  

Induction of Hyperglycemia (Day 15):
The remaining chicks (Day 15) were randomly 

divided into two groups which were treated with either control 
or streptozotocin injection. To access the vasculature for 
injection of streptozotocin, a hole was cut above a large 
vessel, which had been previously identified by candling the 
egg. The hole was cut using a Dremel tool. Once the outer 
shell was removed, the skin overlying the CAM 
(chorioallantoic membrane) was rendered transparent by 

addition of mineral oil as has been previously done. 
 Streptozotocin was diluted with PBS and half of the 

remaining eggs were injected with this solution (50µL 

300µg/egg). The  other half was injected with the diluent 

buffer (50µL PBS). On the third day, several hours before day 
18 of incubation, the glucose levels were measured with the 
Ascensia Elite blood glucose testing kit to determine whether 
hyperglycemia was successfully induced. An aliquot of blood 

(>50µL) was saved for insulin measurements.  

Measuring of Insulin:
 Insulin was measured using a Rat Insulin ELISA kit 
from Crystal Chem. Inc. Catalog #INSKR020. The reagents 
were prepared using the given instructions. The blood aliquots 
were removed from the freezer and placed in a water bath to 
thaw. They were then centrifuged for 20 minutes at 2000xg. 
The working standards of rat insulin were prepared while the 

samples centrifuged. Using a pipette, 30µL of Diluent and 

30µL of Rat insulin stock solution were mixed in a 

polypropylene microtube label 10000pg/mL. 30µL of Diluent 
was dispensed into six polypropylene microtubes labeled to 
156, 313, 625, 1250, 2500, and 5000 pg/mL respectively. 

Using a pipette, 30µL of the 10000pg/mL standard was placed 

in the 5000pg/mL tube and mixed. Then, 30µL of the 
2500pg/mL standard was transferred in the 1250pg/mL tube 
and mixed. This was repeated with the remaining few tubes 

besides tube 0, in which 60µL of Diluent was dispensed. The 
process was done serially in order to create standards to 
compare with the blood insulin levels. Then, the microplate 

was prepared. All of the wells were washed with 300µL of 

wash buffer and aspirated. 45µL of Diluent and 50µL of 
Guinea Pig Anti-Insulin were dispensed in each well. Then, 

5µL of the samples (including the standards) was dispensed 
into the wells. Each standard received two wells and 
remaining wells were individually assigned to blood samples, 
and organized by day of incubation. The microplate was 
covered with the plastic microplate cover and was stored 

overnight (16-20 hours) at 4°C.  
 The next day, the contents of the wells were aspirated 

and washed three times using 300µL of wash buffer in each 
well. Inverting the plate and tapping it firmly on a clean paper 

towel removed any remaining solution. 100µL of Anti-Guinea 
Pig Antibody Enzyme Conjugate was dispensed per well. The 
microplate was covered and incubated at room temperature for 
three hours. After three hours, the contents of the wells were 

aspirated and washed five times using 300µL of wash buffer 

in each well. Then, 100µL of Enzyme substrate was 
immediately dispensed and reacted for thirty minutes at room 

temperature with no light. Then, 50µL of Enzyme Reaction 
Stop Solution was added to stop the reaction. Absorbance was 
measured using a FluoStar Optima spectrophotometer and 
insulin concentration was calculated from the standard curve.  

Results       

  There was not a significant change in blood glucose 
levels of the chicks between days 7-15 of incubation (Fig. 1)
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  Serum insulin levels remained low between days 8-
13 and then dramatically increased on day 14 and increased 
gradually thereafter (Fig. 2).  

The glucose levels from day 7-15 were on average, 
respectively: 114, 119, 128, 109, 128, 148, 134, 136, and 121 
mg/dL (Fig. 1). The average glucose level of a STZ treated 
chick was 220mg/dL compared to 157mg/dL for the control 
chick (Fig. 3).  

The serum insulin levels of the chicks from days 8-15 
were, respectively: 253, 242, 268, 355, 213, 271, 566, and 656 
pg/mL (Table 1).  

  The serum insulin level of a STZ treated chick was 
281pg/mL compared to 825pg/mL for the control chick (Fig. 
4).   
  The glucose levels of streptozotocin treated chicks 
were significantly higher (p< 0.001) than the glucose levels of 
the chicks treated with diluent buffer (Fig. 3). Hyperglycemia 
was therefore successfully induced within the chick. The 
insulin levels of streptozotocin treated chicks were 
significantly lower than the insulin levels of the control chicks 
(Fig. 4). The chicks injected with the control had insulin levels 
similar to chicks on day 14-15 (Fig. 2). The chick embryos 
treated with hMSC and STZ had glucose levels significantly 
lower than the embryos treated with only STZ (Fig. 5).          

Table 1: Serum Insulin Levels 

 Insulin pg/mL SEM 

Day 8 253.4006394 8.481545

Day 9 242.8343298 4.187468

Day 10 268.4928516 3.052931

Day 11 355.3993934 11.90209

Day 12 213.6889259 7.335571

Day 13 271.588389 9.452625

Day 14 566.6036663 35.86493

Day 15 656.9456133 66.16292

STZ 281.7007386

Control 825.3901988
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Discussion       

 This study suggests that the injection of 
streptozotocin into the bloodstream of a chick embryo can 
induce diabetes in that chick.  

The drug, streptozotocin, is particularly toxic to the 
beta cells in the pancreas, which produce insulin. 
Therefore,with the injection of streptozotocin in a chick 
embryo on day 15 of incubation, insulin levels decreased and 
glucose levels increased. 

There were some discrepancies in this study 
compared with the experiment done by Yoshiyama et al

(2005).  We did not observe increasing the levels of glucose 
from day 7-15 seen in that study from day 10-17 when 
measurements were taken every other day.  This differed from 
our results and the reason could be the inaccuracy of the 
experimental protocol, or if we increased the number of chicks 
we measure, the differences between the earlier and later days 
might become more significant. Also, there was an 
unexplained increase in insulin levels of the chick embryo 
after day 13. One reason may be that during these few days, 
the chick has its most significant organ growth, causing a 
surplus in insulin. 

Our study provides evidence that the chick embryo 
can be used in place of other mammals in experiments. This 
provides an attractive alternative because chicks are an 
inexpensive, available in large quantities year-round and do 
not suffer pain like adult animals. This model provides an easy 
and inexpensive way to conduct further experimentation to 
reverse the effects of experimental diabetes in the search for a 
cure for diabetes in humans.  

Currently, we are attempting to reverse the affects of 
the STZ on the glucose and insulin levels of the chick 
embryos. Through the injection of STZ as well as hMSC, it 
was observed that the stem cells negated the effect of the STZ 
on the glucose levels. The glucose levels of the STZ + hMSC 
chick embryos were significantly lower than those of the STZ 
chick embryos. Although stem cells differentiate into Beta 
cells, it is also a possibility that the effect of STZ is being 
reversed by the stem cell’s ability to strengthen the immune 
system. With further research and experimentation, it can be 
determined why exactly the stem cells are reversing the 
effects, as well as how this may be a step in finding a cure for 
diabetes in other species.  
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Methylphenidate (MPH) is prescribed for the treatment of Attention Deficit Hyperactivity Disorder 

(ADHD) in children and young adolescents. It is generally thought to be free of toxicity when administered at 

recommended therapeutic doses.  However, it is concerning that methylphenidate shares a similar 

pharmacodynamic property to that of cocaine and amphetamine. As well as possible addictive properties of 

MPH, previous studies have shown preliminary evidence that MPH may have negative effects on memory 

recognition and behavior (Carlezon et al, 2003). In order to investigate the possibility of cognitive impairment 

and behavior, mice were given doses of MPH at 5 mg/kg via intraperitoneal injection, while a control group 

was given the same dose of saline. To test for addiction, animals were assessed using a conditioned place 

preference test. An object recognition (OR) test was then utilized to effectively determine if MPH interferes with 

short-term memory. In both tests, it was found that results were insignificant and evidence of cognitive 

impairment was not witnessed, nor was evidence of addiction at recommended therapeutic doses.  
             

Introduction 

Medicine is one of mankind’s greatest contributions 
to science. However, with every drug that is approved for 
distribution, comes the potential for abuse. Drug abuse is a 
prominent issue in America and all over the world, and abuse 
is on the rise. One trend in the United States is the increasing 
number of adolescents and adults that are abusing prescription 
drugs, including methylphenidate (Shillington, Reed, Lange, 
Clapp, & Henry, 2006). 

 The effects of a particular environment upon 
susceptibility to drug abuse is not fully understood, but it has 
been indicated by a recent study that exposure to an enriched 
environment, which introduces enhanced opportunities for 
learning, social interaction, and exercise, may decrease drug-
induced rewards, and therefore drug seeking behavior in 
rodent models (Xu et al., 2007).  An enriched environment, 
which consists of toys, running wheels, tubes to crawl 
through, and free access to food, water, in addition to other 
mice exposes animals to opportunities for mental stimulation 
and social interaction. (Rosenzweig & Bennett, 1972). 

Even though some studies show the positive effects 
of an enriched environment on drug abuse and protecting 
against abusive behavior, much remains to be understood 
about the issue, especially in the context of particular drug 
effects. Methylphenidate (MPH [Ritalin]) is the most often 
prescribed psychostimulant utilized in the treatment of 
children and adolescents with attention deficit/hyperactivity 

disorder (Volkow et al., 1995).  Its pharmacological properties 
are similar to those of amphetamine and cocaine (Solanto, 
200; Volkow et al., 1995). MPH also works along the same 
neural pathways in the brain as these two drugs and increases 
synaptic levels of dopamine and norepinephrine in several 
brain regions. At these higher synaptic concentrations, 
dopamine and norepinephrine may impair the working 
memory function of the prefrontal cortex, potentially 
interfering with both short and long-term memory storage 
(Arnsten, 2001). Recent research has supported this in the 
form of memory retrieval studies that test the effect of drug 
administration on short-term memory (Chuhan & Taukulis, 
2005; LeBlanc-Duchin & Taukulis, 2007). This is especially 
alarming because a psychostimulant that closely resembles not 
only illegal, but harmful drugs are being widely prescribed to 
children. 

Even though MPH is widely considered to be a drug 
that is safe for children and pre-adolescents when used at 
recommended therapeutic doses, the long-term effects of 
exposure to the drug on immature brains is still unknown. 
MPH abuse among adolescents and even adults is rising, 
according to poison centers across the United States (Klein-
Shwartz & McGrath, 2003). The drug is prescribed in America 
by nurse practitioners, family physicians, pediatricians, 
psychiatrists, and other physicians. France possesses an 
official legislation ruling over the distribution of Ritalin, only 
allowing psychiatrists and pediatricians to prescribe the drug, 
and for parents to follow a strict set of rules, keeping the 
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medication safely locked away and watching their children 
take the drug (Frances, Hoizey, Millart, & Trenque, 2004). 
Because of this protective legislation regarding the method of 
distribution, France has decreased rates of MPH abuse. 

Recent studies performed with laboratory rodent 
models have shown evidence suggesting that MPH causes 
potentially devastating changes in brain function, even after 
the drug administration has ceased (Brandon, Marinelli, 
Baker, & White, 2001; Carlezon, Mague, & Andersen, 2003; 
Eckermann et al., 2001; Gaytan, al-Rahim, Swann, & Dafny, 
1997).  Chronically administered amphetamine and cocaine in 
both adolescent and mature laboratory animals has resulted in 
functional fluctuations within the nervous system that may be 
translated into negative behavioral and cognitive changes, and 
such fluctuations including afflicted performance upon spatial 
memory (Robinson & Kolb, 2004). Both of these potent drugs 
are also widely known to cause brain damage and cognitive 
impairment (Shillington et al., 2006).  

It has been suggested that chronically administered 
MPH, like amphetamine and cocaine, also produces an 
apparent impairment of recognition within laboratory rodent 
models independently of attention interference (Chuhan & 
Taukulis, 2005). Our study was designed to further investigate 
the effects of an enriched environment in mice upon drug 
addiction, as well as whether or not MPH affects memory 
performance. As an enriched environment has been shown to 
decrease addiction to morphine (Xu, Hou, Gao, He, & Zhang, 
2005), we hypothesize that it will also protect against any 
addiction to MPH.  

Methods 

Animals 

 Forty adult (eight-week old) female C57/B16J mice 
were obtained from Jackson Laboratories (Bar Harbor, ME). 
All forty mice were maintained in a temperature-controlled 
environment with free access to food and water, which was 
monitored on a regular basis. The diet consisted of standard rat 
chow. Mice were kept on a regulated 12 hour light/dark cycle. 
Housing for all mice consisted of two groups: standard mouse 
housing cages or an enriched environment (EE). Standard 
housing cages (17 cm X 24 cm) consisted of four to five mice 
per cage, with free access to food and water. EE mice were 
housed in a large cage (91.4 cm X 91.4 cm) containing free 
access to food and water, running wheels, rubber balls, 
tunnels, other assorted toys, and standard nesting materials. 
All mice were maintained in accordance with the guidelines 
set fourth in the National Institute of Health’s Guide for the 
Care and Use of Laboratory Animals.  

Conditioned Place Preference 

Apparatus

The testing was performed in a small testing room with a 
divided wooden box consisting of two chambers, each 
measuring 38 x 24 x 30cm. One side was painted in 
alternating black and white horizontal stripes 35 cm in width. 
The other side contained vertically oriented stripes.  

Condition Place Preference Testing 

Prior to the conditioning phase, mice were placed on 
one side of the condition place preference box and were 
allowed to freely explore the two separate sides of the box for 
twenty minutes. The total time spent on each side was 
recorded to determine if any initial preference existed. Any 
mouse which spent more than 60% of the twenty minutes on 
one side of the box was eliminated from the CPP test. Twenty-
four hours later, the mice were randomly assigned the 
condition of MPH (5mg/kg) (SH n=6, EE n=6) or SAL (SH 
n=4, EEn=6). 
 In the conditioning phase, 5 mg/kg MPH or saline 
was administered via i.p. injection early in the morning to the 
testing and control groups respectively.  The mice were then 
assigned to either CPP box left or CPP box right and placed in 
there for twenty minutes following the injection.  This 
occurred every 24 hours for six days. Twenty-four hours 
following the sixth injection, mice were placed in the CPP 
apparatus for fifteen minutes drug-free, as with the CPP pre-
test.  
 Following the eighth day of testing, mice were 
euthanized using 250 mg/kg i.p. injections of tribromoethanol 
and were perfused with saline followed by 4% 
paraformaldehyde (PF) in phosphate buffered saline (pH 7.0).  
Brains were extracted and post-fixed in PF for 24 hours prior 
to paraffin embedding. 

Object Recognition 

Apparatus 

The object recognition testing box was a black 
painted square wooden box measuring 35 x 35cm. A grid of 
5cm squares was marked in white on the floor of the box. 
Objects used for the memory test consisted of elbow pipes and 
T-shaped pipes. Both objects were able to fit in a single square 
of the OR box, and were sufficiently different in shape so as to 
be able to be discriminated. 
Object Recognition Test  

Twenty-four hours prior to testing, the mice were 
placed in the test box without objects for five minutes in order 
to become habituated to their surroundings.  On the first test 
day, all mice were given a 0.1mL injection of saline and 
placed in the same box with two identical objects placed in 
opposite corners, 5cm from the closest side and 10cm from 
each other. The mice were allowed to explore the objects for a 
5-minute interval. Twenty-four hours later, the mice were 
randomly assigned the condition of MPH or SAL.  The 
appropriate injection was given and the mice were placed in a 
post-injection cage for five minutes. They were then placed in 
the OR box with both the familiar object from the previous 
day and a novel object.  Again, they were allowed to explore 
the box for 5 minutes.  Data was recorded with video 
recording equipment and the time spent exploring each object 
was analyzed.   



Spainhour 21 

Results & Discussion 

Conditioned Place Preference 

In order to determine if enriched environment 
decreases the potential addictive nature of MPH in mice, we 
used the traditional model of Conditioned Place Preference.  
This model has been used extensively and has reliably shown 
that mice learn to relate the effects of the drug with their 
assigned side.  When drugs are pleasurable, mice will spend a 
disproportionate time during the trial on the side in which they 
received the drug.  The percentage of time the mouse spent on 
their assigned side out of the total 15 minutes spent in the box 
was quantified and analyzed using a 2x2 factorial ANOVA.   

The marginal means (±SEM) for each group were: 
SH/MPH, 55.0(±5.88); SH/Saline, 48.8(±5.88); EE/MPH, 
55.4(±5.88); and EE/Saline, 43.2(±5.88) (see Fig.1).  There 
were no significant main effects with the housing and drug 
variables, F(1,12) = .196, p<.666 and F(1,12) = 2.457, p<.143.  
There was also no significant interaction, F(1,12) = .258, 
p<.620.  Methylphenidate administered i.p. at a dose of 5 
mg/kg did not create a place preference in neither the enriched 
environment nor the standard housing group.   

Object Recognition 

 The effect of methylphenidate on short-term memory 
was assessed using the object recognition task.  In this model, 
mice spend significantly more time exploring the novel object 
than the object seen 24 hours prior to the test (Chuhan, 
Taukulis 2006).  Therefore, we hypothesized that mice 
receiving MPH during T2 would spend less time exploring  
the novel object, indicating that the drug interfered with short-
term memory retrieval.  The percentage of time the mouse 
spent exploring the novel object out of the total object 
exploration time was quantified and analyzed using a 2x2 
factorial ANOVA.   

The marginal means (±SEM) for each group were: 
SH/MPH, 61.0(±4.52); SH/Saline, 54.5(±5.54); EE/MPH, 
54.5(±4.52); and EE/Saline, 54.7(±4.52) (see Fig. 2).  There 
were no significant main effects, F(1,18) = .429, p<.521 and 
F(1,18) = .438, p<.516.  There was also no significant 
interaction between housing condition and drug condition, 
F(1,18) = .482, p<.496.  These results indicate that 
methylphenidate had no effect on short-term memory for both 
standard housing condition and enriched environment 
conditions.   
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Figure 1. A bar diagram showing the average percentage of time the mice in four treatment conditions 
spent on the side of the CPP box in which they were administered the drug. A factorial ANOVA 
yielded no significant differences between housing conditions.
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Discussion 

Both of the tests that we incorporated into this study 
were performed using small, constant dosages of 
methylphenidate, in essence modeling appropriate therapeutic 
use of the drug. The CPP test was utilized to address if MPH 
treatment may produce significant changes in reward-seeking 
behavior, while the OR test measured familiarity 
discrimination, a tendency to explore new, novel objects with 
greater intensity than objects that are familiar. As the dose of 
MPH is administered on the day that the new object is 
introduced, any decrease in exploration time of the new object 
can be interpreted as MPH interference with short-term 
memory retrieval.  

The results from the CPP test showed no statistical 
significance. Because of this, it can be deduced that MPH does 
not appear to cause addiction at this low dose. It does not 
appear that the mice learned to associate the effects of MPH to 
any one particular side of the CPP box.  It is important to note 
that many mice spent much time in the neutral area of the CPP 
box, between the two sides, which gave us lower numbers 
than had they chosen to stay on either the horizontal or vertical 
striped side.  

 While it does have similar pharmacodynamic 
properties to that of cocaine, in terms of molecular structure 
and that they both work upon the dopaminergic pathway, 
MPH does not appear to create addiction at small doses, taken 
in the prescribed manner. The drug dose is far too small to 
create any kind of “high” from therapeutic use. However, the 
fact remains that it is still abused by those who choose to take 
much more than the recommended amount, and who take the 
drug out of prescribed methods (intranasaly or intravenously). 

The results from the OR test were also not 
statistically significant, suggesting that MPH did not produce 
impairment in cognitive function of the mice. It is important to 
note that while no negative effects appeared to be present for 
the results of the MPH dosages, we are still uncertain about 
the anatomical changes within the brain and cells due to 
constant MPH administration.  

The effect of an enriched environment on behavioral 
response to the drug was also not significant and the same 
remained true for the standard housing animals, in the case of 
both the CPP test and the OR test. Even though previous 
studies showed that evidence of memory impairment after 
methylphenidate treatment may exist (Taukulis et al., 2007), 
our study did not confirm this for either the standard housing 
or the EE animals. The difference that we did notice between 
the EE animals and the standard housing animals in both tests, 
is that the EE mice were much more active when placed in the 
CPP and OR boxes. For both tests, it was a general rule that 
the EE mice were somewhat more active for the tests, simply 
due to the enhanced opportunities for exercise and interaction 
in the enriched cage.  
 It is important to note that our results do not agree 
with the previous results found in the general literature 
(Brandon et al., 2006, Carlezon et al., 2003, Chuhan & 
Taukulis, 2005). There are several reasons as to why our 
results may not agree. Firstly, most similar studies were 
performed using rats rather than mice, and it is possible that a 
significant difference exists between mice and rats in response 
to MPH. Levels of activity may differ due to the difference 
that can be found within the metabolism of the two species, 
comparatively.  Some concerns were that mice are smaller 

Figure 2. A bar diagram showing the average percentage of time the mice spent 
exploring the novel object in T2 in four treatment conditions. A factorial ANOVA 
yielded no significant differences between housing conditions. 
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than rats and because of the difference in size and metabolism, 
the doses may have a different impact on the rats than it may 
in mice. However, basing our dosage upon weight addresses 
the issue of size. 

 In our OR test, the box was scaled up, meaning the 
mice in our study had more room in the box proportionally 
than did the rats involved in other studies (LeBlanc-Duchin, 
Taukulis, 2007). A possible confound for that study is that 
animals were forced into engagement with these objects. This 
could pollute the study, even if the results are desirable, 
because animals are not exploring the object of their accord, 
they are simply placed into a box that is too small to 
appropriately distance the objects from the animals. Our mice 
had the option to choose the object at which to direct their 
attention. It is also noteworthy that due to the MPH 
administration, animals involved in the OR test became 
hyperactive, which is a typical response even within human 
children who are given the drug and do not have Attention 
Deficit Hyperactivity Disorder (Shillington et al., 2006). It is 
nearly impossible to effectively model ADHD within rodent 
models, and due to this fact when MPH is administered to the 
mice, the effect upon the mice should be similar to that of 
humans who do not have ADHD.  We observed some mice 
being unable to focus their attention solely on one object, but 
rather simply running around the OR test box very quickly. 
While we did not include behavioral reactivity in our results, it 
is one possible explanation as to why our OR results were not 
significant.    
 The majority of the previous studies that have been 
performed were carried out utilizing a “wet mash” form of 
administration, meaning that the MPH was administered orally 
and mixed with standard rat chow, rather than via i.p. 
injection. It was assumed for the purposes of our study 
involving both the CPP and OR tests, that a greater response 
to the drug could be expected from an i.p. injection, because 
the drug is absorbed into the bloodstream much faster via 
injection than oral administration. As such, we expected to see 
stronger responses than those of previous studies using the 
oral method (Chuhan & Taukulis, 2005; LeBlanc-Duchin & 
Taukulis, 2007). We did not witness a difference in our study.  

In humans, the oral method of administration is the 
easiest and relatively least expensive form of giving a drug, 
and so it remains the most frequently used method of drug 
administration. However, this method does have its issues. 
Because of the way a drug moves through the digestive tract, 
absorption may begin in the stomach, but most of the 
absorption takes place in the small intestine. Food and/or other 
drugs in the system may determine how quickly the drug is 
absorbed. The liver also filters the drug, so the drug may 
actually be absorbed at a smaller dose than originally given.  
Injection offers a more concentrated, faster way to administer 
the drug due to the increase in blood plasma levels. Because 
the effects of an injection have an onset much faster than that 
of the oral method, addiction is more feasible with the 
injection method. In research, injection remains the most 
effective and reliable way to administer a substance. A 
previous study involving rats showed that there was a higher 
concentration of the drug in the body tissues and fewer errors 

in results in animals given the i.p. injections than did the oral 
counterparts (Steinbaugh, Taylor, & Pfeiffer, 2007). 
 With MPH showing no negative results on addiction 
or short-term memory for both the EE and the standard 
housing animals, it can be concluded that while MPH has 
much speculation about its use, it is unable to create addiction 
at small, controlled doses. For children with the disorder, 
prescription MPH use can help children in dealing with levels 
or hyperactivity, focusing and paying attention in school, and 
make home life much more calm and livable for all household 
members (Posey et. al, 2007). For children with ADHD, MPH 
is effective when used at recommended doses (Review- 
Grund, Lehmann, Bock, Rothenburger, Teuchert-Noodt,
2006). Therefore, it is possible to see why so many parents 
choose to have their children on the medication.  

 The lack of effect significance regarding MPH 
treatment in the OR test suggests that when used at 
recommended doses, MPH does not appear to impair memory 
formation, nor does it appear to create addiction. Perhaps 
further studies could be created that would integrate both 
methods of MPH distribution, oral and i.p. injection, in order 
to allow for an apropos comparison of the two methods. This 
way it might seem to be possible to examine which method 
would be the preferred method of distribution for the purposes 
of a certain experiment. Because each mouse is different, this 
may be a “trial-by-fire” method, but may ultimately relay 
important information needed for future studies. Because each 
study has a unique aim, it is important to know which method 
of distribution is preferable for the intended result. Again, 
according to previous literature (Steinbaugh, Taylor, & 
Pfeiffer, 2007), it appears that i.p. injection allows for higher 
concentrations of the drug to be in the system. 
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The plant hypersensitive response to a pathogen occurs in the leaf and utilizes programmed cell death in order to form 

necrotic lesions which trap and kill the pathogen.  Since this response is still not well understood, this review links two separate 

studies focusing on different aspects of the hypersensitive response in an attempt to demonstrate the various methods researchers have 
used to understand how the plant defends against pathogens.  The first study focuses on organ-specificity in the hypersensitive 

response, and finds that resistance generally does not manifest in the plant roots, despite the presence of resistance genes which help 

the plant combat the pathogen in a specific ‘gene-for-gene’ fashion.  The second study looks at feedback loops associated with the 

hypersensitive response.  By analyzing a few known resistance genes and their protein products, the researchers used single and 

double mutant plants to discover that there are three feedback loops responsible for regulation of the various aspects of the 

hypersensitive response, such as programmed cell death and salicylic acid biosynthesis.  In both of these cases, further research is 
needed to identify the various components of the pathways in the hypersensitive response.  Further discoveries may allow researchers 

to more efficiently induce defense in certain plants. 

Introduction 

  In resisting pathogens, plants have a variety of 
techniques and methods available to them.  There are several 
ways in which they can physically defend against a pathogen; 
for instance, they can block their xylem vessels via tyloses, 
which are the result of ‘ballooning’ of parenchyma cells along 
the vessel walls (Schumann & D’Arcy 2007).  In addition to 
physical responses, plants may also utilize chemical defenses, 
namely the hypersensitive response (HR).  HR occurs when a 
pathogen attempts to infect the surface of the leaf and releases 
signaling molecules known as elicitors.  Upon recognition of 
these elicitors, the plant starts a cascade of biochemical 
reactions in the targeted host cell and in neighboring cells.  
First water flows into the targeted cell, followed by necrosis of 
the area; the pathogen then becomes trapped within the 
necrotic lesions and is often killed rapidly, within 8 to 12 
hours (Agrios, 1997). This process is also associated with ion 
fluxes and a burst of oxidation associated with production of 
reactive oxygen species such as hydrogen peroxide (Zhang et 
al. 2003 (B)).  These processes occur only in incompatible 
host-pathogen combinations, where the pathogen fails to infect 
the host.  Compatibility is determined on a genetic level, as 
HR and the programmed cell death (PCD) associated with it 
occur only when the plant carries a resistance gene (R) that 
matches an avirulence gene (avr) found in the pathogen; thus, 
in compatible interactions, the HR does not occur.  This 
recognition of the avr gene is enabled by the pathogen’s 
release of its avr gene products into plant leaf cells (Zhang et 

al. 2003 (B)).  
One reason why the HR is important is because it, 

and the many processes related to it, can be used to induce 
defense in plants.  Researchers looking for a way to protect a 

crop from a particularly aggressive pathogen often turn to the 
HR and its associated molecules and processes for a solution.  
This approach has not always been successful, primarily 
because the HR is still not completely understood.  One 
relatively successful method of inducing resistance is that of 
systemic acquired resistance and induced systemic resistance.  
These focus on salicylic acid (SA), a key molecule in 
maintaining and perpetuating the HR.  For instance, in the 
1930s, by inoculating cucumber with Anthracnose fungus, 
immunity to a range of organisms, including bacteria, fungi, 
nematodes, and viruses was induced; this was achieved when 
the Anthracnose fungus’s elicitors (signal molecules) 
stimulated the HR and synthesis of SA, inducing systemic 
acquired resistance throughout the plant (not just in the leaf).  
Induced systemic resistance is similar, but can be induced by 
nonpathogens such as rhizobacteria (Schumann & D’arcy, 
2007)1.   

Other fields of study, such as those focusing on the 
phytoalexin accumulation triggered by HR, have been less 
successful in inducing plant defense.  For antifungal control, 
phytoalexins, which are toxic molecules produced by the 
plant, are less effective than existing fungicides, and tend to 
perform poorly as sprays and root drenches.  They are also 
difficult to manufacture in large quantities and are often toxic 
to mammals (Callow 1983).  Other promising areas of study 
involve the varieties of endogenous (plant-produced) elicitors, 
which may have a more direct impact on phytoalexin 
accumulation.  Ultimately, the main problem lies in knowing 
the relationships between the various components of the HR.  

                                                
1 All the information in this paragraph is from Schumann & 
D’Arcy. 
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For instance, it is known that the HR involves production of 
reactive oxygen species, production of nitric oxide, and 
various ion fluxes, such as those of calcium (Vandelle et al. 
2005), yet exactly how all of these processes interact is not yet 
fully understood. What the two papers discussed here attempt 
to do is bring to light some of the ways in which researchers 
are attempting to better understand the HR by focusing on 
specific aspects.  One paper, by Hermanns et al. (2003), looks 
at how signaling of HR-associated defense genes is related to 
organ-specificity of plant pathogens.  The other, by Zhang, 
Gutsche et al. (2003), investigates the various feedback loops 
involved in perpetuation of the HR2. 

Discussion 

Key to the premise of the paper by Hermanns et al. is 
the fact that different pathogens display different degrees of 
specificity in terms of plant infection.  Some are almost 
entirely unspecific, such as the fungus Phymatotrichum 

omnivorum, which has a host range of more than 2,000 host 
species.  Others are more intermediate in their specificity, such 
as the water mold Phytophthora infestans, which is limited to 
tomato and potato.  Still others display “organ specificity,” in 
which particular plant parts or organs are preferably colonized.  
There are different categories of plant infections which serve 
as good examples: leaf blights, stem cankers, and root rots.  
While it is known that this specificity is based on a gene-for-
gene interaction (between host & pathogen) and that these 
organ-specific pathogens are found in various taxonomic 
groups, not much else is known (Hermanns et al. 2003).  Most 
importantly, it is not well understood why a certain plant 
pathogen would infect some organs and not the entire plant if 
the host is genetically susceptible.  In an attempt to shed some 
light on this issue, Hermanns et al. (2003) focused on the 
interaction between the host Arabidopsis thaliana and 
Hyaloperonospora parasitica, a fungus which produces a 
downy mildew.  

H. parasitica primarily affects leaves, though stalks 
known as conidiophores can also form on the stems and 
petioles.  These conidiophores then give rise to the asexual 
infectious conidia.  In addition, primary infections at the start 
of the annual growing season occur via the roots.  This process 
occurs when germinating oospores that have overwintered in 
decaying leaves penetrate root tissue, where hyphae grow into 
stems and leaves, producing conidiophores and more 
oospores.  To perpetuate the life cycle, the fungus infects the 
leaves of additional plants via the conidiophores.  In the gene-
for-gene interaction for this specific host-pathogen 
combination, specific resistance gene products in Arabidopsis 

recognize the products or actions of complementary (specific) 
avirulence genes in H. parasitica.  Inoculation of various 
Arabidopsis accessions (groups of plants derived from a single 
source at the same time) with the fungus has revealed more 
than 20 major resistance genes responsible for recognition of 
H. parasitica.3

                                                
2 Both studies look at Arabidopsis thaliana.  
3 The former name of H. parasitica is Peronospora parasitica 
(RPP), and this name is the basis for naming its genes (e.g., 
RPP1). 

To determine if the differences in organ specificity 
are present in this particular host-pathogen interaction, the 
researchers focused on infections on the leaves and roots.  
Sterile-grown seedlings were placed on agar-coated 
microscope slides and inoculated with sterile conidia, then 
placed in an environmentally controlled light cabinet to 
support infection development.  To compare the results of 
different types of host-pathogen interactions, two compatible 
and two incompatible combinations were tested.  All 
experiments were carried out at least five times.  In 
experimenting with the roots, fluorescent dyes were used, as 
roots are particularly suited to this purpose due to lack of 
interference from chlorophyll autofluorescence (as seen in 
leaves).  Roots were studied in petri dishes without soil to 
avoid interference from other microbes. 

Conidia were placed directly on the leaf surface in 
leaf infections.  In root infections, conidia were spread along 
the roots, often forcing spores to travel a small distance to the 
root surface via the germ tube.  The conidia generally 
produced germ tubes 6 h after inoculation, and formed 
appressoria after a short growth period, allowing infection 
hyphae (pegs emerging from the appressoria) to penetrate into 
the plant tissue.  Intercellular hyphae and haustoria were 
formed in compatible combinations.  The infection process 
and the resulting fungal structures formed were the same 
overall in both leaves and roots.                

To stain the oomycete (i.e., fungal) structures and 
collapsed plant cells that had undergone PCD, trypan blue was 
used.  Twenty-four hours after inoculation, epidermal host cell 
death had been observed in the incompatible interactions in 
leaves (Fig. 1A). The empty conidiospore, germ tube, and 
penetration hyphae are all visible in Figure 1A, with blue cell 
walls and granular cytoplasms in the collapsed cells. Figure 
1B shows the early stages of the compatible interaction, where 
many penetration sites can be seen, with no symptoms of HR.  

Figures 1C and 1D show that, by 48 hr post-
inoculation (hpi) in the incompatible combination, the 
oocmycete had only occasionally entered the mesophyll to 
produce haustoria, while hyphal growth and haustoria 
formation were already extensive in the compatible 
interaction.  PCD occurred by 72 hpi in the mesophyll cells 
penetrated by haustoria (Fig. 1E), but the host cells in the 
compatible interaction displayed intercellular hyphal growth 
with abundant haustoria and total absence of necrosis (Fig. 
1F).   

Although there was a difference in phenotypes 
between the compatible and incompatible reactions in leaves, 
the infection patterns in roots were generally similar in both 
compatible and incompatible combinations at 24 and 72 hpi 
(Figs. 1G-1J). Germ tubes from the conidiospores, in both 
combinations, invaded the root tissue and formed intercellular 
hyphae, from which haustoria penetrated the cell wall and 
invaginated the root cells’ protoplast (Figs. 1G & 1H). By 72 
hpi, extensive hyphal growth was evident in both types of 
combinations, with no evidence of hypersensitive cell death 
(Figs. 1I & 1J).  Observations could not be extended beyond 
72 hpi for the roots, due to drying out of the thin agar covering 
on the microscope slides. 
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In addition to testing for interaction phenotypes, the authors tested for the oxidative burst associated with the generation of 
reactive oxygen species (which precedes PCD). Hydrogen peroxide (HP) production was monitored using diaminobenzidine (DAB), 
which forms an insoluble brown precipitate in the presence of HP and peroxidases.  In the incompatible interaction in leaves, HP 
production at the site of attempted penetration was apparent by 8 hpi (Fig. 2A).  Where hyphal growth extended beyond the epidermis, 
mesophyll cells showed an oxidative burst (Figs. 2C & E).  Little to no DAB staining was observed in the compatible leaf interaction 
(Figs. 2B, D, & F), and cells penetrated by haustoria still did not produce HP (Fig. 2F).  In roots, no signs of an oxidative burst were 
present at 4, 8, or 12 hpi in either incompatible (Figs. 2G & H) or compatible interaction (Figs. 2I & J); Notes that the brown color 
visible in the figure is due to DAB staining, not an oxidative burst.  Those cells penetrated by haustoria (Fig. 2J) showed no signs of 
HP production, which was also lacking in the compatible interaction in leaves (Fig. 2F).          

Figure 1 (Hermanns et al. 2003)  Figure 2 (Hermanns et al. 2003)
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       The next step was to test the differences in organ 
specificity on a genetic level.  In order to test if R genes are 
expressed in roots, the authors carried out reverse-
transcriptase polymerase chain reaction (RT-PCR), using total 
RNA from certain uninfected accessions of Arabidopsis; this 
was intended to identify sections of RNA associated with 
resistance gene products.  The gene RPP1 was chosen, since it 
had already been extensively researched in previous studies.  
Each band represents a piece of RNA, and presence of a band 
indicates that that particular gene is being expressed; as lanes 
3 and 6 in Figure 3B show, RPP1 expression was present in 
both leaves and roots.  In addition, the researchers tested for 
the expression of specific gene products known to be 
associated with R gene-dependent signaling, namely NDR1 

and EDS1. These genes were expressed ubiquitously in leaves 
and roots of all Arabidopsis accessions, as in Figs. 3C & D. 
(Fig. 3A is a control.).               
  Finally, since these initial experiments focused on 
pathogens with certain levels of host specificity, the 
researchers broadened their study to determine whether roots 
were susceptible to nonhost pathogens (i.e., pathogens with no 
host specificity whatsoever). Hermanns et al. (2003) used a 
different isolate of H. parasitica, known to be a nonhost 
pathogen of Arabidopsis.  In leaves of all accessions, the 
typical signs of HR were present, including the oxidative burst 
and PCD (Fig. 4).  Roots, however, were readily infected, with 
hyphal growth occurring in the absence of an oxidative burst 
or PCD; this agrees with previous findings regarding organ 
specificity.  The only notable divergence from previous tests 
was that the hyphal growth appeared to be less vigorous 
compared with more specific pathogens (Figs. 4C & D).    

The differences in pathogen resistance in leaves and 
roots were striking.  Leaves displayed the typical symptoms of 
HR, yet roots were consistently infected, even when the host-
pathogen combination was supposedly incompatible, 
confirming that HR did not occur in roots.  On a genetic level, 
it is possible that there is an as-yet unidentified molecule 
which enables defense responses in leaves, but not in roots.  
This notion holds more credibility than the theory that RPP

genes or the downstream components associated with them are 
expressed specifically in leaves and not roots, as this theory 
was disproven with the results shown for RPP1, NDR1, and
EDS1 (Hermanns et al. 2003). 

There are different hypotheses as to why the HR is a 
key component of resistance in leaves rather than roots.  One 
possible reason is that most root-targeting fungi are 
necrotrophs, which kill the host cells prior to ingestion, or 
hemibiotrophs, which only require living host cells for certain 
parts of their life cycles; resistance to these types of pathogens 
is usually not associated with an HR, since PCD is designed to 
combat an organism that depends on biotic nutrients to survive 
(Klement 1986).  While there are limited, documented 
instances of HR in roots, some of these occurrences are not 
well understood.  For instance, tobacco roots have been known 
to use HR against root-knot nematodes, such as Meloidgyne 
incognita.  However, this occurs only after the nematode has 
induced the production of giant, multinucleated cells which 
enhance its development; thus, the undefined role of the HR in 
this instance offers more questions than answers (Powell 

1962).  Another possible reason why resistance is not 
generally found in roots is because of the large quantity of 
microorganisms they interact with.  If an HR was triggered 
each time a microorganism contacted the roots, this part of the 
plant would be constantly undergoing a cycle of death and 
regrowth, endangering the rest of the plant (Hermanns et al. 

2003).  Leaves, which interact with microorganisms on a 
much smaller scale, can afford to induce HR.      

Figure 3. Defense signaling gene expression.  Reverse transcriptase-
polymerase chain reaction (RT-PCR) shows specific expression of RPP1 in 
Ws-0 and accession-independent expression of NDR1 and EDS1.  RNA was 
extracted from leaves (lanes 1 to 3) or from roots (lanes 4 to 6) from 
Arabidopsis accessions Wei-0 (lanes 1 and 4), Col-0 (lanes 2 and 5), and Ws-
0 (lanes 3 and 6). A, Control RT-PCR reactions were carried out with �-
tubulin-specific primers; B, RT-PCR reactions were carried out with RPP1-
WsC-specific primers; C, RT-PCR reactions were carried out with NDR1-
specific primers (genomic DNA was used as template in lane 7); D,: RT-PCR 
and nested-PCR reactions were carried out with EDS1-specific primers 

(genomic DNA was used as a template in lane 7). (Hermanns et al.

2003) 
                         

Figure 4. Interaction phenotypes of leaves and roots with a 

nonhost pathogen. A. Leaves of the Arabidopsis accession Col-0 infected with 
Hyaloperonospora isolate R1 were diaminebenzidine-stained at 16 h 
postinoculation (hpi); B, leaves of the Arabidopsis accession Col-0 infected 
with Hyaloperonospora isolate R1 were trypan blue-stained at 24 hpi.  Trypan 
blue staining at later timepoints gave essentially the same results. C, Roots of 
the Arabidopsis accession Wei-0 were infected with Hyaloperonospora isolate 
R1 and trypan blue-stained at 24 hpi; D, roots of the Arabidopsis accession 
Wei-0 were infected with Hyaloperonospora isolate R1 and trypan blue 
stained at 72 hpi. C = conidiospores, Gt = germ tube, and Hy = hyphs. 

(Hermanns et al. 2003) 
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It is entirely possible that roots do offer some 
resistance to pathogens, though this resistance may not be 
quantifiable.  For instance, in this experiment, the hyphae of 
H. parasitica in the roots often exhibited an abnormal 
morphology, with clubbed and irregular patterns.  This result 
suggests a possible growth restriction occurring in roots, but 
since roots can not be analyzed for more than 72 hpi, 
progression of this pattern can not be measured.   

Zhang et al. (2003 (B)) chose to focus on the 
pathogen, the bacterium Pseudonomas syringae, and its effect 
on control and feedback loops associated with HR.  In order to 
analyze these, the authors observed ion leakage and changes in 
signaling components normally associated with HR 
progression; these aspects were compared in both Arabidopsis 

mutants and wild-type plants.  As part of the HR process, 
leakage of ions and water from the host is followed by 
transpirational water loss to produce the macroscopic leaf 
collapse (Agrios 1997).  While PCD is an essential part of HR, 
the signaling pathway leading to it is unclear.  Various factors 
have been suggested as possible contributors, such as nitric 
oxide production and ion fluxes (Baker et al. 1987; Clarke et 
al. 2000).  In addition, the oxidative burst has been proposed 
as the primary trigger of PCD; however, other studies have 
shown that this production of reactive oxygen species actually 
does not occur until after the first signs of PCD, and is likely a 
result rather than cause of PCD (Shapiro and Zhang, 2001; 
Zhang et al. 2003 (A)).   

Also involved is salicylic acid (SA) accumulation, 
which often, but not always, is a major component of HR 
progression (Kachroo et al. 2000).  It is thought that SA 
depends on an agonist, a molecule which binds to it and alters 
its activity.  This interaction is likely as SA alone is 
insufficient to kill plant cells, though it contributes to the 
weakening of host signals in response to avr gene products, 
which in turn causes higher levels of host cell death (Shirasu 
et al. 1997). It has been confirmed in a study focusing on 
plants with mutations in the resistance gene ndr1-1 that this 
combination of SA and some agonist is part of Arabidopsis 
HR (Shapiro and Zhang, 2001).  A mutation in this gene 
prevents the plant from inducing HR against a specific avr 

gene, avrRpt2, except at very high levels of pathogen 
inoculum (Shapiro 2000).4  Other known mutants usually 

                                                
4 High levels of inoculum are achieved by increasing the 
amount of vector (and thus, pathogen) that the plant is 
inoculated with.  

affect the same aspects of HR as ndr1-1; for instance, the sid2

mutant, which prevents HR against the same avr gene, 
completely blocks one of the two SA biosynthetic pathways, 
whereas ndr1 mutants merely impair these pathways 
(Wildermuth et al. 2001).  Since both mutants did induce HR 
at very high levels of inoculum, it is likely that triggering of 
HR to avrRpt2 is ‘weaker’ than for reactions to other genes, 
requiring the assistance of SA (Zhang et al, 2003 (B)).  One 
explanation for this result is that avrRpt2 targets a specific 
protein, RIN4, so in combating this particular avr gene, the 
plant must almost completely deplete RIN4 levels; by 
removing this target, the plant reduces the efficacy of the 
pathogen avirulence gene.  Responses to other avr genes, such 
as avrB, are more rapid, since this depletion step is not 
required (Mackey et al. 2003). 

There is evidence for both positive and negative 
feedback in progression of HR.  In positive feedback, a loop in 
which output of a process is enhanced, SA synthesized by 
either the initial cells that have begun PCD, neighboring cells, 
or both, contributes to PCD triggering in cells that will later be 
part of HR.  However, SA-related resistance gene mutants (as 
with ndr1 mutations) tend to show a greater extent of leaf 
collapse in comparison to wild-type plants, suggesting that 
some resistance genes contribute to SA-dependent negative 
feedback (reverse of positive feedback) involving HR.  Also, 
npr1 mutants showed higher rates of ion leakage 15 hpi with 
bacteria containing either avrRpt2 or avrRpm1.  This result 
suggests that negative feedback is also dependent on npr1.  
Since double mutations result in mostly additive effects, the 
authors worked with ndr1-1/ npr1-2 mutants and their 
responses to P. syringae, investigating ion leakage, 
accumulation of hydrogen peroxide, and accumulation of SA.        

Building upon previous studies, wild-type plants 
called Columbia were used as a control.  Typical HR was 
present 20 hpi in response to the avr genes carried by the 
DC3000 strain of P. syringae, as seen in Figure 5.  No HR 
occurred with the empty vector.  While npr1-2 induced HR in 
all instances except with empty vector (as in previous studies), 
ndr1-1 failed to induce HR only in response to avrRpt2.  
Interestingly, these results are similar to those of the double 
mutant, ndr1-1/npr1-2, suggesting that the effects of npr1-2

are masked somehow.  The authors concluded then that the 
ndr1-1 mutation is epistatic to (suppresses) the npr1-1
mutation in regards to macroscopic HR phenotypes (leaf 
collapse).   

Figure 5 (Zhang et al. 2003 (B)) 
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After determining the relationship between two 
specific resistance genes, the authors then analyzed HR 
progression, to determine when and to what extent the mutants 
showed differences in HR control.  Ion loss caused by plasma 
membrane damage associated with PCD was the phenotype of 
interest.  Samples at individual timepoints were taken, 
consisting of 10 leaf disks from a single plant (with each 
timepoint using a different plant, to ensure that the final results 
were not skewed by being based on a single reference plant).  
Each time, conductivity, or the amount of ions capable of 
being released from the cell, was read using a conductivity 
meter 10 minutes after contact of leaf cells with purified 
water.  Figures 6A and B show ion leakage associated with 
HR in response to avrRpt2.  As with the macroscopic HR 
phenotypes, there was no increase in conductivity in ndr1-1

and ndr1-1/npr1-2plants, while wild-type and npr1-2

increased conductivity over time.  Ion leakage in response to 
avrB is shown in Figure 6C.  avrB, known to induce normal 
HR in ndr1-1 mutants, induced increased conductivity in 
npr1-2 and ndr1-1, the latter of which showed higher rates of 
increased conductivity than wild-type and npr1-2.  Based on 
this, the authors concluded that both single mutant lines 
involved impaired negative feedback, and that ndr1-1 showed 
greater impairment of negative feedback than the other single 
mutant.   
  The next step was to test the patterns of hydrogen 
peroxide accumulation (HPA), to determine the presence of 
another major component of HR.  This accumulation was 
measured using fluorescence associated with oxidation of 
DCFH (2’,7’-dichlorodihydrofluorescein) by hydrogen 
peroxide.  Samples were taken 7 hpi, and as shown in the half-
leaf on the left (inoculated with an empty vector, containing 
no avr genes) in Figure 7, only faint fluorescence, localized 
around the needle hole, was evident.  However, the half-leaf 
on the right, inoculated with bacteri carrying avrB, shows 
strong green fluorescence throughout.  Figure 8 shows the 
quantitative analysis of HPA.  Inoculation with empty vector 
caused no increases in HPA (Fig. 8B, dotted lines).  Columbia 
and npr1-2 plants showed a gradual increase 5 hpi in response 
to avrRpt2 (Fig. 8A). ndr1-1 and double-mutant plants, 
however, showed no noticeable increases in HPA, reflecting 
their previously noted absence of HR (Fig. 6).  Columbia and 
npr1-2 plants began displaying hydrogen peroxide 
accumulation (HPA) in response to avrB approximately 1 hr 
earlier than in the response to avrRpt2.  This increased speed 
of HPA was also present in ndr1-1 and double-mutant plants, 
though these plants began HPA an hour later and the rates of 
change in HPA were not as dramatic.  These results allowed 
the researchers to conclude that the ndr1-1 mutation affected 
the start time and ultimate extent of HPA, whereas the npr1-2

mutation produced no noticeable effects.   

  
Figure 6 (Zhang et al. 2003 (B)) 
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Figure 7 (Zhang et al. 2003 (B))                                                 
                                                                        
Finally, Zhang et al. looked at time course studies of 

SA accumulation under conditions identical to those of the 
previous aspects of the experiment.  Capillary electrophoresis 
was used to separate out ionic species associated with SA 
biosynthesis and quantitatively measure the amounts of SA.  
Empty vector inoculations elicited no discernible increases in 
SA accumulation in any of the plant lines (data not shown).  
Columbia plants, in response to avrRpt2, showed sizeable 
increases in SA accumulation during the first 3 hours in Figure 
9.  After 4 hpi, the level of SA accumulation was dramatically 
higher, with levels continuing to increase.  In contrast, the 
three mutant lines showed marked differences.  The biggest 
difference was between Columbia and npr1-2 at 4 hours (Fig. 
9A).  These major increases in SA over time were not present 
in ndr1-1 and double-mutants, although these plants did 
exhibit small increases in SA levels.  In response to avrB, the 
effects of mutations on SA accumulation were less dramatic in 
Figure 3B; the Columbia plants, in particular, showed levels of 
SA accumulations that resembled their previous response to 
avrRpt2.  Interestingly, the four plant lines varied in the timing 
of their responses to avrB, with two replicates—the double-
mutants and the ndr1-1 plants, as seen in their comparably low 
peaks—trailing the others in SA accumulation increases by 
approximately 1 hour.  All three mutants, however, still 
showed less accumulation than the wild-type Columbia plants 
at later timepoints.      

Figure 8 (Zhang et al. 2003 (B)) 
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Figure 9 (Zhang et al. 2003 (B)) 

 Figure 10 represents the conclusions of Zhang et al.
(2003 (B)) regarding the interactions of the three feedback 
loops.  Based on the results, the positive feedback loops 
involves the contribution of SA levels to PCD, due to 
molecular recognition of pathogenic avr genes by the plant’s R 

genes.  This model is supported by the fact that situations in 
which HR triggering is ‘weak’ result in relatively slow HR 
progression and are accompanied by strong SA dependence of 
the HR.  The first negative feedback loop is npr1 dependent 
and controls PCD.  This conclusion is supported by 
measurement of ion leakage involved with the HR, which 
suggested a greater final extent of PCD in the npr1 mutants 
than in wild-type Columbia plants.  However, since increased 
ion leakage was also present in ndr1-1 mutants and double-
mutants, the authors deduced that this negative feedback loop 
can not be the only component in negative regulation of PCD.  
It is suggested that this second negative feedback loop is SA-
dependent, since ndr1-1 mutations have been shown only to 
interrupt upregulation of SA biosynthesis (which is dependent 
on reactive oxygen).   

However, a contradiction exists in this second 
negative feedback loop.  The authors previously argued (Figs. 
6 and 8) that PCD is the cause of high levels of reactive 
oxygen accumulation.  Yet in response to avrB, ndr1-1 and 
double-mutant plants exhibited half as much final HPA as in 
npr1-2 and wild-type plants.  The contradiction lies in the 
combination of increased PCD and reduced HPA.  The likely 
answer to this is the role of superoxide dismutase (SOD).  
Since the cell must balance dismutation events, in which two 
products result from a single substance, with processes like 
oxidation and reduction, there is likely some destruction of 
superoxide without the associated production of hydrogen 
peroxide (Zhang et al. 2003 (B)).  Thus, if the ndr1-1 mutation 
impaired pathogen-induced increases in SOD levels, there 
would be a decrease in final levels of HPA.   

The model in Figure 10 is not totally accurate, and 
oversimplifies matters.  There is, for instance, a known second 
pathway which also contributes to SA biosynthesis (Ferrari et 

al. 2003).  Also, there are certain relationships which remain 

                      

Figure 10 (Zhang et al. 2003 (B)) 

unclear, such as those of nitric oxide production and calcium 
ion fluxes.  Other researchers have shown that calcium fluxes 
appear to be important in an early step of PCD triggering.  
Similarly, nitric oxide has been shown to accumulate just 
before the first PCD events in HR, and seems to function in 
cell-cell communication during HR progression.  The next 
step will be to use the model presented in Figure 10 as a 
starting point for other testable hypotheses regarding HR 
progression and control of PCD.  Perhaps then researchers will 
be able to use information on these processes as a way of 
manipulating the HR and inducing plant defense. 
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Summary 

Over the past decade, researchers have finally started 
to understand certain aspects of the HR.  In 2003, in particular, 
two important papers were published, the first focusing on 
organ-specificity of plant pathogens and its relationship to the 
plant’s R genes, and the second focusing on feedback loops 
associated with the HR.  The first paper, by Hermanns et al., 
reached several important conclusions.  First, inoculation of 
roots with the pathogen led to infection of the host tissue in 
both compatible and incompatible combinations.  One reason 
why R gene-dependent resistance responses are not present in 
the roots may be that an as-yet unidentified molecule, an 
‘enabler of defense responses,’ exists in leaves but not roots.  
Second, the oxidative burst associated with production of 
reactive oxygen species occurred in leaves, but not roots, 
when attacked by P. syringae.   

While there have been documented cases of root 
resistance to pathogens, these instances are often not very well 
understood, or are paradoxical.  For instance, the HR initiated 
in tobacco roots in response to M. incognita acrita occurs only 
after the pathogen has begun to drain nutrients from the plant.  
Overall, it is plausible that roots would not be expressing the 
resistance found in leaves, due to the sheer quantity of 
microorganisms the roots interact with.  To have defense 
mechanisms activated at all times would be costly, and would 
cause the roots to undergo a constant cycle of death and 
regrowth.  Some of the results in this paper do hint at some 
pathogenic inhibition in roots, since the morphology of hyphae 
was often abnormal.   

The second paper, by Zhang et al., reached several 
conclusions regarding feedback loops in the HR.  To begin 
with, SA levels contribute to the response to triggering factors 
of PCD (which occurs after recognition of bacterial avr gene 
products by the plant’s R gene products).  As such, when HR 
triggering is weak, more SA is required to facilitate HR 
progression.  This is the positive feedback loop.  Two negative 
feedback loops also exist.  To begin with, an npr1-dependent 
negative feedback loop controls PCD, since the extent of PCD 
was greater in npr1 mutants than in wild-type plants (based on 
measurement of ion leakage associated with HR).  The second 
negative feedback loop involves the ndr1-1 gene; the ndr1-1

mutation results in decreased hydrogen peroxide 
accumulation.  This contradicts the fact that PCD, which leads 
to HPA, is still occurring.  The authors concluded that this 
second negative feedback loop involves superoxide dismutase, 
which destroys superoxide without producing hydrogen 
peroxide (due to the simultaneous use of other processes, like 
oxidation and reduction).  As such, the ndr1-1 mutation 
inhibits pathogen-induced levels in superoxide dismutase 
levels, resulting in lowered final amounts of hydrogen 
peroxide accumulation.  Ultimately, the model proposed by 
Zhang et al. is unrealistic, as it leaves out various components 
and pathways.  However, it is important, because the authors 
have managed to focus on a select few resistance genes and 
show how they interact with various HR processes and with 
each other.    

The main challenge in trying to understand the HR is 
its sheer complexity.  While it results in a relatively simple 

macroscopic phenotype, leaf collapse, it is much more 
difficult to comprehend on a cellular and sub-cellular level.  
This is because of the wide range of molecules and signaling 
pathways associated with it.  It is only over the past decade or 
so, with various advances in technology and ease of 
experimentation that experts have begun to make a dent in the 
difficulty of understanding the HR.  The two papers presented 
here do an excellent job of focusing on very specific areas and 
reaching new conclusions that have very widespread 
implications.  The fact that resistance genes alone are not 
sufficient to induce root defense is problematic, but intriguing.  
The next step with this field of study is likely to investigate 
certain symptoms of the HR and determine if, perhaps, they 
are inhibited by upstream regulators in the roots.  For instance, 
the authors mention ion fluxes and protein kinases, which act 
upstream of the oxidative burst.  It is entirely possible that 
these are inhibited, likely by a ‘third-party’ molecule that has 
not yet been identified. With feedback loops, the problem, 
again, seems to be in elucidating the relationships of the 
various processes.  By itself, each component is moderately 
well-understood, such as nitric oxide production or calcium 
fluxes.  But to say exactly how these components of the HR 
interact is difficult.  One possible next step would be to study 
plants carrying mutations for specific components.  For 
instance, how does a plant with a point mutation in the gene 
responsible for nitric oxide production affect various aspects 
of resistance? This point mutation approach might also work 
for determining why roots do not generally display resistance; 
more specifically, a point mutation in a gene which regulates a 
defense-related protein kinase or specific ion fluxes may prove 
useful.  Unfortunately, with every advance that is made and 
every new piece of information that is gleaned, another 
question arises.  The best solution is likely to focus on 
mutations which impair specific components of the HR.  
Doing this and learning more about the molecular processes 
and how they interact may provide us with new ways to 
induce defense in various plants and crops.    
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 Bees are an essential part of the production of many agricultural products, and their disappearance is a particular area of 

concern and study.  The application of mixtures of azole fungicides and pyrethroid insecticides is a common practice in agriculture, 

but scientists have discovered that such mixtures can have synergistic effects, in which the effects of the components of the mixture are 

amplified.  The azole fungicide prochloraz inhibits oxidative metabolism of the pyrethroid insecticide �-cyhalothrin inside the gut, 
thereby increasing the bees’ exposure to the toxic insecticide.  In another study, the drastic synergistic cardiotoxicity of a mixture of 

prochloraz and the insecticide deltamethrin was due to a common mode of action of both components.   Furthermore, a significant 

decrease in the repellency of fungicide-pyrethroid insecticide mixtures to bees was observed when compared to the repellency of the 

pyrethroid alone, resulting in a large increase in the risk factor of such mixtures to bees.  More research is essential to discover other 

possible mechanisms of fungicide-pyrethroid synergy on bees and how these mechanisms are related to the modes of action of the 

mixture components. 

Introduction 

The disappearance of bees has become a worldwide 
phenomenon with looming implications for the future of 
agriculture and for the human food supply.  Nearly one third 
of the bee colonies in the US have disappeared, with localized 
losses ranging from 60-96% of hives (Cane 2001).  
Invertebrate pollinators such as bees play an essential role in 
the production of several agricultural products.  According to 
the Commonwealth Scientific and Industrial Research 
Organization (CSIRO) of Australia, some crops depend solely 
on insect pollinators, such as almond trees, which produce no 
nuts in the absence of insect pollinators like honeybees 
(Marcelo et al. 2008).  CSIRO estimates that 22.6% of the 
total agricultural production in the developing world depends 
on insect pollinators, and this figure is expected to rise with an 
increase in oil palm and canola crops for large-scale biofuel 
production (Marcelo et al. 2008).  According to the United 
States Department of Agriculture (USDA), nearly $15 billion 
worth of US agriculture depends on bees for pollination, of 
which fruits and nuts comprise the largest percentage (Figure 
1) (Barrionuevo 2007).  While the benefits of insect 
pollinators are most obviously evident in plants that require 
them to produce fruit and nuts, bees also provide an essential 
service to all plants with which they come into contact.  By 
traveling from plant-to-plant in a non-specific pattern, bees 
carry pollen between individuals of the same species that 
otherwise may not interact due to the distance between them 
or the presence of a barrier (Cane 2001).  In this way, bees and 
other insect pollinators increase the genetic diversity of 
cultivars and alleviate the occurrence of inbreeding (Cane 
2001).  Furthermore, in the absence of bees plants tend to 
accumulate pollen, giving other insect pollinators incentive to 
remain on one plant instead of moving on to others and 
thereby dispersing pollen to other individuals (Cane 2001). 

 Given the essential services that bees provide, their 
disappearance could result in drastic effects on the 
productivity and diversity of agricultural crops.  While the 
exact cause of Colony Collapse Disorder—the phenomenon of 
seemingly healthy bees abandoning their hives—is unknown, 
researchers have proposed several explanations including 
urbanization and habitat fragmentation, invasive parasitic 
mites and viruses, and an inadequate food supply (Cane 2001, 
NRDC 2008).  However, perhaps one of the largest 
contributors to the disappearance of bees is the use and abuse 
of pesticides, specifically insecticides, fungicides, and 
mixtures of the two, all of which are common practice in 

Figure 1: Economic valuation of bee-dependent US crops.  
(Barrionuevo 2007)



Lambeth 35 

agriculture.  Studies have shown that using one pesticide alone 
can harm bees.  The results of one study showed traces of 
insecticides in dead bees and in pollen from hives near cotton 
fields that had been recently sprayed, suggesting that the 
insecticide may have been deadly to the bees (Robertson & 
Rhodes 1992).  In another study, bees exposed to high 
amounts of imidacloprid neuro-active insecticides, which 
cause uncontrollable nerve cell activation and seizures, 
exhibited difficulty in gathering pollen from complex flower 
structures (Morandin & Winston 2003).  The results of these 
studies show that even when used individually, pesticides can 
directly and indirectly lead to bee death. 

However, several studies have revealed that synergy 
can result when certain pyrethroid insecticides and azole 
fungicides are combined, meaning that the effects of the 
mixture on bees are far greater than the effects of either 
pesticide alone.  Some of the proposed mechanisms by which 
fungicides have synergistic effects on insecticides are 
explored, as well as explanations for these mechanisms based 
on the modes of action of these pesticides.  In one study, 
pyrethroid-azole mixture synergism on pyrethroid metabolism 
is examined as a possible explanation for the toxic effects of 
such mixtures on bees.  A second study looks more closely at 
the effects of pyrethroid-azole mixtures on the bee heart.  
Finally, a newer study looks at the effects of several 
pyrethroid-azole mixtures on the repellency of the pesticides, 
which in turn affects the exposure time of bees to each 
pesticide. 

Discussion 

Of all pesticide mixtures, the synergistic effects of 
pyrethroid insecticide and azole fungicide mixtures are most 
commonly studied.  Pyrethroid insecticides target the central 
nervous system of insects by binding to voltage-gated sodium 
channels—among other target sites—and prevent their 
closure, thereby causing uncontrollable nerve cell activation 
(Papaefthimiou & Theophilidis 2001).  Broad-spectrum azole 
fungicides such as prochloraz have many modes of action, 

most importantly the inhibition of cytochrome P450 which in 
turn prevents the synthesis of ergosterol, an essential fungal 
cell membrane component (Papaefthimiou & Theophilidis 
2001, Amar et al. 1992, Theophilidis & Papadopoulou-
Mourkidou 1993, Vijverberg & Van den Bercken 1979).  
Cytochrome P450 is also an essential substrate for many 
enzymatic reactions in all domains of life, so inhibition of this 
protein can be detrimental in bees, as well. 

While the mechanisms of action of each pesticide 
alone are dangerous to bees, scientists have found that their 
combined effects can be devastating.  In an early study of 
pesticide synergy, Pilling et al. sought to find the mechanism 
by which the azole fungicide prochloraz heightens the toxicity 
of the pyrethroid insecticide �-cyhalothrin (1995).   Previous 
studies have shown that pyrethroid insecticides can be 
metabolized in the gut of insects and thereby detoxified by 
enzyme hydrolysis and oxidation of the compound after 
ingestion, but the underlying mechanism by which prochloraz 
prevents pyrethroid metabolism had not yet been studied 
(Pilling et al. 1995, Shono et al. 1979).  In vitro pyrethroid 
metabolism in the intact midguts of honeybees (Apis mellifera

L.) was tested in a control group—in which 10 µl radiolabeled 
�-cyhalothrin alone was added to midguts—and a test group—
to which 10 µl prochloraz was added to the midguts in 
addition to the [14C]�-cyhalothrin.  After a 90-minute 
incubation period, the �-cyhalothrin and its digested 
metabolites were extracted and later spotted onto thin-layer 
chromatography (TLC) plates along with �-cyhalothrin 
metabolite standards, which are known molecules that are 
produced when �-cyhalothrin.  In vivo experiments were also 
performed, in which adult worker honeybees were sprayed 
with 1 µl of either [14C]�-cyhalothrin alone or a 1 µl mixture 
of prochloraz and �-cyhalothrin (PC).  The bees were allowed 
to survive for 24hrs, after which they were sacrificed and their 
gut contents were removed and applied to TLC plates along 
with [14C]�-cyhalothrin metabolite standards.  As with the in 

vitro study, TLC plates were studied using phosphor-image 
analysis with a densitometer.   

Figure 2: A. In vitro and B. in vivo midgut metabolite products in control and prochloraz-treated 
groups.  In vitro, metabolite 1 is the main metabolic product found in control bees, while metabolite 2 is 
the main product found in PC-treated bees.  In vivo, metabolites 4, 1, and 3 were found in control bees, 
while only the �-cyhalothrin undigested parent compound was found in PC-treated bees, indicating that 

little or no �-cyhalothrin metabolism had occurred.  (Pilling et al. 1995)

A B 
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In the control in vitro studies, absorbance readings of 
1.34 AU mm-1 confirmed that the main metabolic route for 
detoxification of [14C]�-cyhalothrin was to metabolite 1 
(Figures 2A and 3A) (Pilling et al. 1995).  However, when 
midguts were incubated with PC, the main metabolic route 
was to metabolite 2, which had an average absorbance reading 
of 1.72 AU mm-1 (Figures 2A and 3A) (Pilling et al. 1995).  
Furthermore, as figure 3A shows, PC-treatment of midguts led 
to a 96% decrease from the control in the absorbance reading 
for metabolite 1, with a 74% increase in the absorbance for 
metabolite 2 when compared to the control (Pilling et al. 
1995).  Comparison of Rf values between experimental TLC 
plates and [14C]�-cyhalothrin metabolite standards revealed 
the likely identities of metabolites 1 and 2 as 4’-OH-3-PBAlc 
and 3-PBAc, respectively (Figure 4A) (Pilling et al. 1995).  
Therefore, the likely product of [14C]�-cyhalothrin metabolism 
under control conditions is 4’-OH-3-PBAlc and under PC 
incubation is 3-PBAc.  3-PBAc is a parent compound in �-
cyhalothrin metabolism and is formed as a product of esterase 
hydrolysis of �-cyhalothrin (Figure 5) (Pilling et al. 1995).  
Subsequent oxidation of this parent compound results in the 
formation of the less toxic metabolite 2 (4’-OH-3-PBAlc).  
Therefore, the presence of 4’-OH-3-PBAlc in control midguts 
and not in PC-treated midguts indicates that prochloraz 
inhibits oxidation of 3-PBAc—not �-cyhalothrin esterase 
hydrolysis (Pilling et al. 1995).  Pilling et al. (1995) suggest 
that oxidation inhibition may be the mechanism by which 
prochloraz prevents metabolism and detoxification of �-
cyhalothrin, thereby increasing the bees’ exposure time to �-
cyhalothrin and amplifying its toxic effects.        

Figure 4: A. In vitro and B. in vivo Rf values of [14C]�-
cyhalothrin metabolites and metabolite standards in control and 
prochloraz incubations.  Through comparison of metabolite Rf

values with those of the standard metabolites, the identities of 
metabolites 1 and 2 were found to be 4’-OH-3-PBAlc and 3-
PBAc, respectively, for in vitro trials; and the identities of 
metabolites 1, 3, and 4 were found to be 4’-OH-PBAlc, 4’-OH-
PBAc, and 2’-OH-PBAlc, respectively, for in vivo trials.  

(Pilling et al. 1995) 

A B 

Figure 5: In vitro major [14C]�-cyhalothrin metabolism route 
in midguts with and without prochloraz.  In control bees, the 
main metabolic route is to 4’-OH-3-PBAlc, while in PC 
treatments, the main metabolic route is to 3-PBAc.  (Pilling et 

al. 1995)

3-PBAc 

4’OH-3-
PBAc

Figure 3: A. In vitro and B. in vivo densitometer absorbance readings 
of [14C]�-cyhalothrin metabolites on TLC plates after midgut 
incubation with and without prochloraz.  These absorbance readings 
support the results of the TLC plates, with met. 1 having a higher 
absorbance in control bees and met. 2 having a higher absorbance in 
PC-treated plates in in vitro studies.  In vivo, metabolites 1, 3, and 4 
have higher absorbances in control bees, and the parent �-cyhalothrin 
compound has a higher absorbance in PC-treated bees. (Pilling et al. 
1995)

A

B
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Figure 3B summarizes the metabolite findings in vivo
at 2, 4, 16, and 24 hrs after incubation of control and PC-
treated bees.  Metabolites 1, 3, and 4 were the main metabolic 
products detected, and higher absorbance values for these 
metabolites in the control treatment suggests that more 
metabolic products were present, and therefore, a higher 
amount of �-cyhalothrin metabolism had occurred than in PC-

treated bees (Pilling et al. 1995).  Comparison of Rf values 
between the �-cyhalothrin metabolite standards and those of 
metabolites 1, 3, and 4 revealed their identities as 4’-OH-3-
PBAlc, 4’-OH-3-PBAc, and 2’-OH-3-PBAlc, respectively, all 
of which are products of oxidative metabolism of �-
cyhalothrin (Figure 4B) (Pilling et al. 1995).  Figure 6 
displays the proposed main route of �-cyhalothrin metabolism 
in control and PC-treated midguts   (Pilling et al. 1995).  The 
late metabolic products 4’-OH-3-PBAlc, 4’-OH-3-PBAc, and 
2’-OH-3-PBAlc were all found in higher concentrations in 
control midguts than PC-treated midguts, and higher 
absorbance readings of these three metabolites in control bees 
show that higher amounts of oxidative metabolism were 
occurring in control bees than in PC-treated bees.  These 
results provide further evidence that prochloraz heightens the 
toxic effects of �-cyhalothrin by preventing its oxidative 
metabolism.  The ability of azole fungicides to prevent 
oxidative metabolism is attributable to its mode of action as a 
cytochrome P450 inhibitor.  This cytochrome plays a role in 
many enzymatic processes in bees, including �-cyhalothrin 
metabolism. When the azole binds close to the active sites of 
this cytochrome, the protein undergoes a conformational 
change and is no longer functional in toxin metabolism 
(Pilling et al. 1995).  �-cyhalothrin metabolism inhibition, in 
turn, allows the insecticide to remain in the honeybee’s system 
for a longer period of time, increasing its toxic effects on the 
bee nervous system (Pilling et al. 1995).  

Suspecting that the synergy between pyrethroid 
insecticides and azole fungicides may be more complex than 
Pilling et al. (1995) suggested, Papaefthimiou & Theophilidis 
expanded upon this research (2001).  In response to the lack of 
information available on the effects of such pyrethroid-azole 
pesticide mixtures on the internal functioning of bees, 
Papaefthimiou & Theophilidis examined the combined 
cardiotoxic effects of the pyrethroid insecticide deltamethrin 
and the azole fungicide prochloraz on the heart of the honey 
bee, Apis mellifera macedonica.  To do this, Papaefthimiou & 
Theophilidis dissected the abdomens of adult A. mellifera, and 
by maintaining a continuous flow of saline solution through 
the heart chambers, the spontaneous contractions of the heart 
and aorta could be monitored using microelectrodes.  After 
establishing a baseline of semi-isolated heart activity in 
control saline, the authors tested the effects of each individual 
pesticide on the bee heart at increasing concentrations (0.1 and 
1.0 µM) and then tested the effects of the pesticides when both 
were applied in combination.  Both the force (inotropic) and 
frequency (chronotropic) of heart contractions were recorded 
for each 70-minute experiment, consisting of a 30 minute test 
compound perfusion and a 20 minute pre- and post-wash 
perfusion of control saline.  

Figure 6: In vivo major [14C]�-cyhalothrin 
metabolism route in midguts with and without 
prochloraz.  In control bees, the main metabolic route 
is to metabolites 1, 3, and 4, while in PC-treated bees, 
only the parent �-cyhalothrin compound is detected.  

(Pilling et al. 1995)

2’OH-3-
PBAlc

4’OH-3-
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In the deltamethrin-treated group, an average of the 
six trials showed a dose-dependent initial increase of 5% (in 
0.1 µM treatments) or 20% (in 1.0 µM treatments) in the force 
of spontaneous contraction, followed by a gradual decrease to 
about 70% or 50% of the control force for 0.1 and 1.0 µM 
concentrations, respectively (Figure 7A) (Papaefthimiou & 
Theophilidis 2001).  The frequency of contraction sharply 
increased depending on the dose to 125% or 150% of the 
control, then sharply decreased to 80% or 0% before evening 
out at 90% or 80% of the control during the 20 minute saline 
wash (Figure 7B) (Papaefthimiou & Theophilidis 2001). 
These results indicate that an initial over-stimulation of 
muscle cells occurred with an immediate decrease in heart 
function.  This effect is attributable to the mode of action of 
pyrethroid insecticides in that an observable membrane 
depolarization resulted from increased permeability of 
excitable heart cells to sodium (Papaefthimiou & Theophilidis 
2001).  This influx of sodium in turn caused an increase in the 
frequency of action potentials and thus contractions of the 
heart cells (Figure 7B) (Papaefthimiou & Theophilidis 2001).  
Another possible explanation for the toxic effects of 
deltamethrin on bees is that pyrethroids may also target 
synaptic terminals and stimulate the release of 
neurotransmitters, which would also increase the frequency of 
nerve impulses in the heart (Berlin et al. 1984; Papaefthimiou 
& Theophilidis 2001).  Pyrethroids could also target gap 

junctions along neurons, which are essential for intercellular 
communication and the coordinated transmission of nerve 
impulses (Tateno et al. 1993; Papaefthimiou & Theophilidis 
2001).  Whatever the pyrethroid target site, the force of 
contraction never fully recovered during the saline post-wash 
after deltamethrin perfusion at either concentration.  This 
indicates that deltamethrin was permanently bound to its target 
site and would continue to prevent normal heart functioning in 
bees (Papaefthimiou & Theophilidis 2001).   
 The fungicide prochloraz was found to be even more 
cardiotoxic than deltamethrin.  Depending on the dose, a sharp 
decrease in the force of spontaneous heart contractions to 60% 
(in 0.1 µM treatments) or 20% (in 1.0 µM treatments) of the 
control force was observed, with no initial spike and no 
recovery (Figure 7C) (Papaefthimiou & Theophilidis 2001).  
The frequency of contraction sharply dropped to 50% or 10% 
of the control immediately after the prochloraz perfusion 
began, with slight recovery after the saline post-wash began, 
but with irreversible arrhythmia in both concentrations during 
the saline post-wash (Figure 7D) (Papaefthimiou & 
Theophilidis 2001).  Overall, when compared to deltamethrin, 
prochloraz was shown to have more immediate and drastic 
inotropic effects, or effects on the force of bee heart 
contractions, and chronotropic effects, or effects on the rate of 
contractions.  While there is little known about the in vitro

action of prochloraz, one possible explanation for these 

Figure 7: A. Effects of the insecticide deltamethrin on the force and B. frequency of spontaneous 
heart contractions.  C. Effects of the fungicide prochloraz on the force and D. frequency of 
spontaneous heart contractions.  Distances between arrows indicate the deltamethrin or 

prochloraz perfusion periods. (Papaefthimiou & Theophilidis 2001)

C

D
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observations is that it inhibits intercellular communication at 
gap junctions throughout the body, which is the basis for 
transmission of voltage along the myocardial cells 
(Papaefthimiou & Theophilidis 2001).  This hypothesis would 
explain why the contraction force irreversibly decreased 
without an initial spike in hearts treated with prochloraz.  
 Evaluation of the effects of deltamethrin-perchloraz 
mixtures revealed still more devastating effects on heart 
contractions than when each pesticide was applied alone.  In a 
mixture of 1.0 µM deltamethrin and 1.0 µM prochloraz, the 
frequency of contraction fell to 0% of the control and the heart 
ceased to function.  In a 0.1 µM + 0.1 µM DP mixture, the 
contractive force fell to 0% of the control after 30 seconds of 
DP perfusion with a slight recovery to 20% of the control 
during the saline post-wash; the frequency of contraction 
decreased to 0% of the control frequency after 1 minute of DP 
perfusion, with a subsequent arrhythmia, followed by 100% 
recovery while still under DP perfusion   
 (Figure 8A and 8B) (Papaefthimiou & Theophilidis 2001).  
However, arrhythmia again resulted as soon as the 20 minute 
saline post-wash began.  In a 0.01 µM + 0.01 µM  DP mixture, 

irreversible arrhythmia and erratic force were observed 
immediately after beginning the DP mixture perfusion (Figure 
8C and 8D) (Papaefthimiou & Theophilidis 2001).  
Papaefthimiou & Theophilidis found that a combination of the 
two pesticides resulted in a hundredfold increase in 
cardiotoxicity when compared to deltamethrin alone,  
and a tenfold increase in toxicity when compared to 
prochloraz alone (2001).  To explain this synergy, 
Papaefthimiou & Theophilidis could not rely on the 
conclusions of Pilling et al. (1995), as the fungicide 
prochloraz by itself was found to be more cardiotoxic than the 
insecticide deltamethrin.  Pilling et al. suggest that the 
pyrethroid insecticide �-cyhalothrin is more toxic than 
prochloraz because it cannot be metabolized as quickly in the 
presence of prochloraz (1995).  Papaefthimiou & Theophilidis 
instead proposed that the observed synergistic effects are the 
result of both pesticides acting upon a common target site: 
intercellular communication in gap junctions (2001).  While 
this is not the main mode of action of either pesticide, it is the 
only common target site that is suggested to exist between the 
two. 

C 

D 

Figure 8: A. Synergistic effects of the 0.1µM + 0.1µM deltamethrin-prochloraz mixture on the 
force and B. frequency of spontaneous heart contractions.  C. Synergistic effects of the 0.01µM + 
0.01µM deltamethrin-perchloraz mixture on the force and D. frequency of spontaneous heart 
contractions.  Distances between arrows indicate the deltamethrin-prochloraz mixture perfusion 

periods. (Papaefthimiou & Theophilidis 2001)
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 A final study offers yet another perspective on the 
synergistic effects of pyrethroid/fungicide mixtures on bees.  
Thompson & Wilkins (2003) studied the effects of pesticide 
synergy on the repellency of realistic mixtures of two 
pyrethroids and eight fungicides to honeybees (Apis mellifera 

L.).  First, dose-response curves were calculated for both 
pyrethroids.  Each fungicide was then tested to determine if 
any mortality resulted from exposure at the maximum rate and 
the LD50, or the dose required to kill half of the tested 
population, of each fungicide was calculated.  To determine 
the synergistic action of the fungicides on pyrethroids, 
fungicide/pyrethroid mixtures in ratios similar to those used in 
field applications were formulated, bee mortality was 
recorded, and the LD50 of each mixture was determined.  To 
test the repellency—or the ability to repel a pest—of 
fungicides and pyrethroids alone and of the 
fungicide/pyrethroid mixtures, starved adult bees were placed 
in boxes with sucrose feeders placed on filter paper that was 
previously sprayed with the pesticide, mixture, or control 
solution.  Bees were allowed to feed for the amount of time it 
took control bees to consume 100% of the sucrose or 4 hours, 
whichever was shorter.  The feeder was weighed after each 
test run to determine the amount of sucrose consumed in the 
test boxes, which is represented as a percentage of the amount 
consumed in control boxes.    
             
Consistent with the results of Pilling et al. (1995), the 
prochloraz/�-cyhalothrin mixture caused the largest increase in 
toxicity toward bees when compared with the toxicity of �-
cyhalothrin alone (Figure 9) (Thompson & Wilkins 2003).  
Six of the eight fungicides tested increased the toxicity of �-

cyhalothrin while only three fungicides increased the toxicity 
of �-cypermethrin, suggesting that �-cyhalothrin may be a 
more potent pesticide (Thompson & Wilkins 2003).  Figure 9 
also shows that of all the fungicides, prochloraz caused the 
highest increase in toxicity of both pyrethroids, which 
indicates that its action as an oxidative metabolism inhibitor or 
gap junction disruptor results in greater synergism than other 
fungicides (Thompson & Wilkins 2003).   
 Repellency experiments produced interesting yet 
predictable results, as well.  The fungicides flusilazole, 
propiconazole, and prochloraz significantly decreased the 
repellency of �-cyhalothrin, while chlorothalonil, 
difenoconazole, and tebuconazole significantly reduced the 
repellency of �-cypermethrin when compared to the 
repellency of each pyrethroid alone (Figure 10) (Thompson & 
Wilkins 2003).  A decrease in the repellency of a pesticide (or 
mixture) causes an increase in the amount of exposure that 
bees have to the said pesticide or mixture.  Since the risks that 
pesticides pose to bees rely on both the toxicity of and 
exposure to the pesticide (risk = toxicity * exposure), the 
aforementioned synergistic pesticide mixtures increase the risk 
posed to bees by increasing their possible exposure time 
(Thompson & Wilkins 2003).   Figure 11 shows the increase 
in risk of the different pesticide mixtures when compared to 
the risk of each pyrethroid alone, with the greatest increase in 
risk resulting from the prochloraz/�-cyhalothrin mixture, 
followed closely by the chlorothalonil/�-cypermethrin mixture 
(Thompson & Wilkins 2003).  These findings are consistent 
with those of Pilling et al. (1995), who found that a reduction 
in pyrethroid metabolism results in an increase in the bees’ 
exposure to the deadly pesticide. 

Figure 9: Increase in toxicity to honeybees (decrease in LD50) for mixtures of fungicides and 
pyrethroids.  Bars indicate the fold increase in toxicity from the toxicity of the pyrethroid (a-
cypermethrin or �-cyhalothrin) alone.  (Thompson & Wilkins 2003) 
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Summary 

 Since fungicide-pesticide mixtures are such a 
common occurrence in agriculture, it is essential to study their 
effects on essential pollinators such as honeybees.  While 
several studies have shown that synergism occurs when azole 
fungicides and pyrethroid insecticides are combined in bees, 
the exact mechanism of synergy has not yet been established 
and has recently become a popular area of study.  The 
synergistic toxic effects of azole fungicide/pyrethroid 
insecticide mixtures can all be traced back to their modes of 
action on target pests.  While a common target site— 

intercellular communication in gap junctions—between 
prochloraz and deltamethrin may explain their drastic 
synergistic effects on bee heart function, this is not the main 
mode of action of either pesticide component (Papaefthimiou 
& Theophilidis 2001).  This suggested mechanism conflicts 
with that proposed by Pilling et al. (1995), who concluded that 
the heightened effects of pesticide mixtures were due mainly 
to increased activity of the pyrethroid.  Pilling et al.

hypothesized that prochloraz prevented the oxidative 
metabolism of �-cyhalothrin through its mode of action as a 

Figure 10: Increase in exposure/decrease in repellency of honeybees offered 
fungicide/pyrethroid mixtures.  Bars indicate the fold decrease in repellency from the repellency 
of the pyrethroid (a-cypermethrin or �-cyhalothrin) alone.  (Thompson & Wilkins 2003) 
  

Figure 11: Increase in risk (toxicity x exposure) to honeybees for fungicide/pyrethroid mixtures.  
Bars indicate the fold increase in risk from the risk of the pyrethroid (a-cypermethrin or �-

cyhalothrin) alone (Thompson & Wilkins 2003) 
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cytochrome P450 inhibitor, resulting in larger amounts of the 
insecticide inside the bee midgut.  While the exact connection 
between the repellency of pesticide mixtures and their modes 
of action is presently unclear, research is underway to shed 
light on this new discovery (Thompson & Wilkins 2003).  
However, the results of this study do seem to support the 
conclusions of Pilling et al. (1995), as the prochloraz/�-
cyhalothrin mixture proved to be the most toxic of any one 
pesticide or mixture. 
One area of future research is finding the link between 
cytochrome P450 and azole fungicide inhibition of oxidative 
metabolism.  Discovering other pathways that are inhibited by 
cytochrome P450 inhibition could help expand upon the 
conclusions drawn by Pilling et al. (1995) by linking the 
synergistic action of prochloraz to its biochemical mode of 
action.  Another interesting area of study is the mechanism 
behind the decrease in repellency observed by Thompson & 
Wilkins (2003).  More research is needed to explain why the 
combination of molecular structures or modes of action of 
fungicides and insecticides results in a reduction of repellency.  
If pesticide mixtures could be formulated that maintain 
repellency, then bees would not come into contact with these 
mixtures as frequently.  With no hiatus in sight for honey bee 
disappearance, the future of US agriculture depends on novel 
research of the mechanisms of pesticide synergy. 
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Formation of galls on plant stems are due to tumorigenic growth of plant cells and can result in death of leaves, fruit, 
branches, and flowers.  Bacteria are one of several types of organisms capable of initiating gall production.  However, each 

tumorigenic strain of bacteria must meet specific requirements in order to be a successful gall-producing pathogen.  The pPATH 

plasmid, for instance, is crucial to the gall formation of pathogenic strains of Pantoea agglomerans.  Imperative components of the 

plasmid include, insertion sequence (IS) elements, virulence and pathogenicity genes, hrp genes and phytohormone biosynthesis 

genes.  The various genes present on the plasmid have been categorized into three groups, which will be organized in the discussion in 

the following order: phytohormone biosynthesis genes, type III effectors, and an hrp gene cluster.  Studies have shown that a mutation 
in any of these groups, with the exception of one hrp gene, will lead to significant reduction in gall development or may completely 

inhibit gall production in host tissue.  Therefore, a complete and fully functional pPATH plasmid is required for optimal gall 

formation for pathogenic strains of Pantoea agglomerans.  

Introduction 

Recent interest in researching the development of 
plant galls is due to the unique relationship between parasite 
and host.  Gall-producing organisms, like bacteria, are 
typically specific to a certain host plant and damage the plant 
tissue.  However, the plant as a whole is rarely affected by the 
presence of the gall, allowing both parasite and host to 
continue living (Bates 2005).  Characteristics of galls include 
the proliferation and enlargement of the host plant cells 
located at the site of entry by the organism.  Although the 
plant can endure the negative effects of a gall, unnecessary 
energy is used as the plant gall continues to multiply and grow 
excess plant cells (Bates 2005).  The energy delivered to the 
infected area provides shelter and nutrients for the pathogen 
living inside the gall structure.  As a result, the damage from 
the gall will remain localized and may cause death to nearby 
branches, leaves, flowers, and fruit while the rest of the plant 
survives (Vasanthakumar and McManus 2004).  Several 
organisms can cause the formation of galls, namely bacteria.   

Gall-producing bacteria enter the host plant through 
openings such as stomata and wounds.  If the bacteria are not 
in their specific host plant they may initiate other plant 
responses such as hyper-sensitivity response (HR).  HR causes 
localized plant cell death as the plant attempts to minimize the 
spread of the invading bacteria.  However, if the bacteria and 
host plant are compatible, the bacteria will secrete products 
such as enzymes and plant hormones that will bind to 
receptors on the host cells and encourage the formation of a 
gall.  Different types of bacteria utilize distinct processes for 
initiating gall development on their host plant tissue.  One type 

of gall-producing bacteria that has been extensively studied is 
Pantoea agglomerans. 

Pantoea agglomerans, formally known as Erwinia 

herbicola, is commonly found as an epiphyte on many plants.  
Epiphytes are organisms that live on the surface of the plant 
and do not cause damage to the plant.  However, certain 
strains of Pa. agglomerans have evolved to be tumorigenic, 
causing galls in plants such as Vaccinium macrocarpon (large 
cranberry), Wisteria, Douglas fir, etc.  To stress the 
importance of the plasmid present in Pantoea agglomerans, 
two strains will be discussed.  The pathogenic strains 
discussed throughout this paper are pathogens to Gypsophila 

paniculata, a flowering plant, and to Beta vulgaris, table beet.  
Pathogenic bacteria invade and multiply in the stems of these 
plants, particularly in the intracellular spaces, also known as 
apoplasts, and in the xylem (Nizan-Koren et al. 2003).  Within 
the xylem and apoplasts, Pa. agglomerans is able to exercise 
its pathogenicity, creating galls.  

According to several studies, the evolution of Pa. 

agglomerans from epiphyte to pathogen is due to horizontal 
gene transfer (HGT).  HGT occurs when an organism acquires 
genes from an organism of a different species or genus.  
Bacteria are able to undergo HGT through transformation, 
transduction, and conjugation.  Transformation occurs when a 
bacterium takes up DNA from a recently deceased 
neighboring bacterium that has released its DNA into the 
environment.  Transduction occurs when a bacteriophage 
releases its DNA into a bacterium causing the cell to lyse 
(Hunt 2007).   As a result, a few of the phages produced will 
contain bacterial DNA which can then be injected into another 
bacterium during the phage infective stage.  Like transduction, 
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conjugation also involves the injection of bacterial DNA 
from another organism.  In this method, a pilus extends from a 
donor bacterium and attaches to a recipient bacterium, 
allowing for the transfer of a replicated plasmid into the 
recipient cell (Hunt 2007).   

However, although conjugation can influence a host’s 
genome, as in the case with transformation and transduction, it 
does not always incorporate the donor plasmid into the 
recipient’s genome. When the bacterium is able to incorporate 
the new DNA into the host genome, it is facilitated by 
important components such as insertion sequences.  Insertion 
sequences (ISs) contain repeated sequences of DNA 

surrounding the new genes.  The terminal repeated sequences 
of DNA code for the integration of the DNA into the plasmid 
of the chromosome (Hunt 2007).  Integrated DNA will be held 
in the plasmid or chromosome.  As a result this DNA will be 
present in subsequent generations, allowing for more genetic 
diversity and new species.  In Pa. agglomerans, pathogenic 
strains contain a pPATH plasmid which includes several 
copies of ISs, hypersensitive response and pathogenicity (hrp) 
genes, and virulence proteins.  These components are thought 
to have participated in the HGT that gave rise to the 
pathogenic strains of Pa. agglomerans.

Figure 1: Barash and Manulis-Sasson 2007 
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Besides several copies of IS elements, hrp genes, and 
virulence proteins, the pPATH plasmid (Fig. 1), also harbors 
genes for phytohormone biosynthesis and other host specific 
determinants.  The presence of the pPATH plasmid is crucial 
to pathogenicity. The structure of the pPATH plasmid is 
approximately 135-150 kb and contains three overlapping 
subdivisions that each take up approximately 55kb of the 
pPATH (Guo et al. 2002).  The plasmid determines 
pathogenicity as each segment contains genes that code for 
virulence and pathogenicity factors.  The genes of the pPATH 
plasmid have been divided into three groups: an hrp gene 
cluster, type III effectors, and phytohormone biosynthetic 
genes (Guo et al. 2002).  

Plant growth hormones aid in bacterial fitness inside 
the xylem and apoplasts of host plant tissue and on plant 
surfaces.  Indole-3-acetic acid (IAA) is one plant hormone that 
is a useful resource in facilitating the endurance and 
pathogenicty of gall-forming bacteria.  A significant 
correlation has been demonstrated between the production of 
IAA and gall formation (Vasanthakumar and McManus 2004).  
IAA can be transferred to the plant as a gene on a plasmid 
called the Ti-plasmid in Agrobacterium strains. Genes for IAA 
can be transcribed and expressed within the bacterium before 
secretion onto the host plant cell, like in strains of Pa. 

agglomerans.  Cytokinin is a plant hormone that is also 
secreted onto the plant cell by the bacterium and participates 
in gall proliferation.  An imbalance of cytokinins and IAA 
lead to gall formation in the host plant tissue. Genes for both 
of these phytohormones are located on the pPATH and 
expressed during the pathogenic process.  

Type III effectors (T3SS) are virulence and hrp-
dependent proteins that bacteria insert via specialized pili into 
a plant cell.  These proteins play roles in bacterial virulence 
and host specificity and therefore contribute to the 
pathogenicity of Pa. agglomerans.  The combination of 
functioning T3SS proteins allows the pPATH plasmid to 
trigger gall formation in G. paniculata or beet, depending on 
the pathogen.  

Finally, the hrp genes located on the pPATH are 
characteristic of Group I hrp genes as their expression relies 
on the activation of a conserved promoter sequence, their 
individual “hrp box.”  A promoter sequence is a series of 
DNA nucleotides, to which RNA will bind in order to 
transcribe the given gene (Alberts et al. 2008).  Transcription 
of hrp genes is fundamental to the pathogenic process of the 
bacterium because several genes of the pPATH are dependent 
on the activation of hrp genes.  hrp genes may be dispersed 
throughout the pPATH plasmid, like those that encode for the 
T3SS virulence proteins, aforementioned.  Others may be 
confined to one region, the hrp gene cluster, which is located 
upstream of hsvG and harbors many regulatory hrp genes that 
are required for full pathogenicity of pathogenic strains of Pa. 

agglmomerans pvs. gypsophilae and betae.  The hrp genes are 
required for pathogenicity as a mutation in any one will render 
both pathovars nonpathogenic (Nizan et al. 1997).  
Although the pPATH plasmid is required for pathogenicity in 
Pa. agglomerans, variations of pPATH exist in certain 
pathovars, such as in Pa. agglmomerans pv. gypsophilae

(Pag) and in Pa. agglomerans pv. betae (Pab).  Although both 
pathovars are able to form galls on G. paniculata, only Pab 

can produce galls on B. vulgaris. Conversely, Pag is unable to 
initiate galling on B. vulgaris and will only induce HR (Ezra et 

al. 2000).  Differing host ranges may be due to small 
differences on the pPATH plasmid.  

Discussion 

Phytohormones, particularly IAA. 

Genes for biosynthesis of cytokinin and IAA are 
present on the pPATH plasmid and both play important roles 
in cell proliferation.  Cytokinin synthesis from the pPATH is 
made possible by the presence of the etz gene which forms an 
operon with an upstream open reading frame (ORF), pre-etz
(Fig. 1).  IAA can be synthesized from tryptophan through 
several pathways, namely tryptamine, indole-3-acetonitrile, 
indole-3-pyruvate (IPyA), and indole-3-acetamide (IAM).   
The most common means of IAA production are the IAM and 
IPyA pathways.  (Manulis et al. 1998).  The genes encoding 
for the IAM pathway are iaaM and iaaH, both of which are 
located on the pPATH (Fig. 1).  Conversely, the gene that 
encodes for IPyA, ipdC, is located on the chromosome and is 
therefore present in both nonpathogenic and pathogenic strains 
(Nizan et al. 1996).  IAA produced via the IPyA pathway 
mediates a beneficial relationship with the plant by increasing 
the stamina of the bacterium strain on the plant surface.  Inside 
the plant, IAA produced via the IAM pathway provides the 
bacterial strain with additional fitness and encourages 
pathogenicity.  Although ipdC is not a determinant to 
pathogenicity, it does aid in the process by promoting optimal 
endurance of the pathogenic bacteria on the plant surface.  
IAM-produced IAA however, is required for optimal 
pathogenicity, as seen in a study performed by Manulis et al.

(1998).   

(Manulis et al. 1998)
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Manulis et al. (1998) used mutations of the genes ipdC, 
iaaM, iaaH, and etz to illustrate their respective roles in 
bacterial fitness and pathogenicity.  To inactivate the IPyA 
pathway, Manulis et al. created a marker exchange of the 
wild-type of Pag.  The marker exchange process utilized E. 

coli as a vector to transfer a cosmid, a type of hybrid plasmid, 
into a wild type bacterium. The cosmid harbored ipdC and 
Tn3-Spice; Tn3-Spice replaces the open reading frame (ORF) 
of ipdC to prevent the transcription of ipdC when integrated 
into the host bacterium.  Both ipdC and TnS-Spice are 
necessary for the cosmid to be recognized and to convert the 
bacterium’s genome.  To inactivate the IAM and cytokinin 
pathways, however, Manulis et al.(1998)  were able to utilize 
a fragment of a pPATH clone to insert a kanamycin resistance 
cassette at the site of transcription of either iaaH, iaaM, or etz. 
The new marker exchange was then transferred into the wild 
type bacterium to hinder its ability to transcribe iaaH, iaaM, 
or etz.   
Using mutants of Pag, Manulis et al. (1998) found that mutant 
strains lacking ipdC elicited a gall size reduction by 15%, and 
thus did not significantly decrease gall size (Table 1). Mutant 
strains lacking the ability to transcribe iaaH or etz, on the 
other hand, significantly reduced gall size by about 40%.  
Interestingly, additional mutations to the mutant strains 
lacking iaaH or etz did not significantly further decrease 
pathogenicity.  A mutant strain lacking only iaaM was not 
employed.  While the ipdC mutant did not decrease 
pathogenicity, it did however create a 14-fold reduction in 
population size on the plant leaf surface (data not shown). 
Inactivation of iaaH, iaaM, or etz, on the other hand, did not 
significantly reduce epiphytic fitness (Manulis et al. 1998).   
The decrease in gall size when using combinations of 
mutations demonstrates the importance of the corresponding 
genes.  Only one of the genes of the IAM pathway or 
cytokinin pathway needs to be disrupted to prevent optimal 
gall size.  Also, the minimal effect of an ipdC mutation 
indicates that IAA produced by this pathway does not 
significantly hinder the ability of the pathogen to produce 
galls.  Additionally, it was found that IAA concentrations 
produced via IPyA is lower in the stems than IAA produced 
by IAM.  The lower concentration of IPyA-produced IAA 
may be related to the minor reduction in gall size when the 
IPyA pathway was mutated (Manulis et al. 1998).  Based on 
the possible relationship between IPyA concentration and 
pathogenicity, it is assumed that IAA produced via the IAM 
pathway is lower on the leaves than the IAA produced via the 
IpyA pathway.  As a result minimal reduction in bacterium’s 
ability to survive occurs when the IAM pathway is altered, but 
a significant decrease occurs when ipdC is mutated.  It can be 
deduced that bacteria on the plant surface prioritize the role of 
survival and are not as involved in the pathogenic process.  
Conversely, bacteria inside the plant favor IAA produced via 
the IAM pathway, which plays a greater role in pathogenicity.   
This study clearly illustrates the importance of the bacterium’s 
ability to produce plant hormones.  The bacteria are able to 
utilize different pathways to produce plant hormones to favor 
the infection process depending on its environment.  When 
inside the plant, the IAM pathway is expressed for 

pathogenicity; while on the plant surfaces, the IpyA pathway 
is utilized for survival (Manulis et al. 1998).  As a result, the 
bacteria must produce IAA via the appropriate pathway in 
order to promote the proper response from the plant. It is also 
essential to note that blockage of the IAM or cytokinin 
pathways, or both, led to reduction in gall size, not complete 
inhibition.  Therefore, although cytokinin and IAM-producing 
IAA is required for optimal gall size, something other than 
phytohormone production must initiate gall formation.  

Type III secretion systems (T3SS) effectors

T3SS effectors are virulence proteins that are injected 
into the host cell (Nizan et al. 1997).  The hrp pilus, or type III 
secretion, is a hollow structure connecting the bacterium and 
host cell, facilitating the transfer of T3SS effectors (Boureau 
et al. 2005). In pathogenic strains of Pa. agglomerans, T3SS 
effectors include dspA/EB/F and hrp-dependent outer protein 
(hop) effector genes, which include the genes pthG, AvrPphD, 
and hsvG/B.  

The “disease specific” region dspA/EB/F operon is a 
gene that forms a regulatory region adjacent to the hrp cluster.  
The operon product can be separated into a large component, 
dspA/E, about 198 kDa, and a smaller region, dspB/F, of 
about 16kDa.  Research performed by Mor et al. (2000) detail 
that when using mutants of dspA/E, Pag will elicit HR but 
cannot elicit gall production (data not shown).  Therefore, a 
properly functioning dspA/EB/F is required for optimal 
pathogenicity of the pathovar.  

hop effector genes are equally crucial to gall 
development in pathogenic Pa. agglomerans.  The expression 
of hop genes is dependent upon a properly functioning hrp

gene cluster which will be discussed in the following section.  
Studies have shown that if any of the hop effector genes 
located on the pPATH, including pthG, AvrPphD, and 
hsvG/B, are mutated, gall formation will be significantly 
reduced or inhibited completely (Manulis and Barash 2003). 

Pag requires the pathogenicity gene of G. paniculata
(pthG) for full pathogenicity on this host. Moreover, pthG may 
also be involved in Pag’s inability to produce galls on beets.  
A study performed by Ezra et al. (2000) used marker 
exchange mutants to test the role of pthG in Pag.  Marker 
exchange was carried out by cloning the target gene, pthG, 

Table 2: (Ezra et al. 2000)
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and replicating it in E. coli.  The region of interest on the 
cosmid was inactivated by replacement with mini-Tn10 and 
cloning.  The mutated cosmids were then mobilized into the 
bacteria strains.   

From their research, Ezra et al. (2000) found that 
inactivating pthG on the pPATH of Pab inhibited gall 
formation on beets, its usual host.  However, a mutated pthG 
in Pag, allowed Pag to extend its host range and elicit gall 
formation on beets in addition to G. paniculata (Table 2).  
Interestingly, a lab-constructed mutant strain of Pag was also 
able to extend its host range to form galls on beets, but the size 
of galls on G. paniculata were smaller than when infected 
with wild-type Pag.  One explanation for the ability of Pab to 
cause disease on two hosts is that remnants of pthG are part of 
the pPATH of Pab and as a result, may allow Pab to produce 
galls on beets as well as on G. paniculata.  Additionally, when 
one study inactivated pthG in both Pag and Pab, gall 
development was significantly hindered on G. paniculata 

(Manulis and Barash 2003). Thus, the presence of pthG is 
found to be important to the pPATH as it encodes for 
virulence proteins required for gall development by both Pab

and Pag on G. paniculata. 

 Avirulence (avr) genes limit the host range of 
bacteria plant pathogens. Avr genes are capable of 
encouraging incompatible interactions including HR (Ezra et 

al. 2000).  When the pathogenic strain of bacteria is in the 
presence of its specific host, the bacteria should be able to 
carry out its normal role in the pathogenic process.  
One avr gene encoded from hop genes is AvrPphD, also 
known as hopD1. AvrPphD plays an important role in gall 
development; when avrPphD is mutated, the size of the gall 
on G. paniculata is decreased by as much as 85% (Guo et al.

2002).  To test the importance of avrPphD, Guo et al. (2002) 
used marker exchange to introduce a kanamycin-resistant 
cassette into the ORF of avrPphDpag. After creating the 
cosmid and then mobilizing it into the pathogen, Guo et al.

(2002) waited twelve days before testing the results. After the 
twelve day period, they discovered a drastic decrease in gall 
size of the mutant compared with wild-type (Fig. 2).  The 
wild-type gall weight was 50 +/- 18 mg, whereas the mutant 
was a mere 7.5 +/- .2 mg.  The 85% reduction in gall size from 
mutated avrPphD demonstrates its importance to the 
pathogenicity of the bacterium strain Pag.   

Guo et al. (2002) were able to further illustrate the 
importance of avrPphD genes by restoring the gall size almost 
completely through complementation in trans of pLA150, the 
portion of the plasmid on which avrPphD genes are located.  
Adding a cosmid with a functional copy of avrPphD back into 
the genome can emphasize the effect of the mutated gene.  If 
the mutation were not on avrPphD, the phenotype would not 
be restored by adding a normal copy of avrPphD.  Since a 
wild-type copy was able to restore the normal phenotype, the 
complementation test implied that avrPphD was the mutated 
gene which caused the significant decrease in gall size.  In 
comparison, the study completed by Manulis et al. (1998) 
found that mutations in the IAM pathway, the cytokinin 
pathway or both caused only a 40% decrease in gall size.  The 
large difference in gall size between mutations in the 
phytohormone pathways and in the avrPphD gene indicates 
that proper production of avrPphD is vital to optimal gall 
development. 

The final area of hop effector genes is host-specific 
virulence (hsv) genes which determine the ability of the 
bacteria to initiate galls.  There are two hsv genes on the 
pPATH plasmid; one is specific for Pag, hsvG, and the other 
for Pab, hsvB.  The presence of both hsv genes on both 
pathovars has been proven through marker exchange of the 
pthG gene into Pag.  For example, the pthG marker exchange 
allowed Pag to expand its pathogenicity to beets (Ezra et al.

2000).  Pag would not have been able to extend its host range 
to beets without the presence of the hsvB gene, which is 
specific for beets and also present in Pab.  However, though 
both pathovars contain both hsv gene types, they still exhibit 
separate host specificity.  Possible explanations for the 
differences in host specificity have been considered.  For 
instance, the activity of hsvB may be blocked by an inhibitor 
gene located on the Pag plasmid.  Or, the overbearing activity 
of pthG may play a role in restricting the host range of Pag by 
suppressing the effects of hsvB.  

In addition to the presence of both hsv genes, the 
slightest mutation or deletion of the genes will reduce the gall 
sizes formed by the pathovars.   One study performed by 
Valinksy et al. (1998) investigated the effects of reducing the 
hsvG gene.  Valinksy et al. (1998) were able to restore 
pathogenicity using complete and shortened ORFs of hsvG on 
the pLA150 cosmid (Fig. 3).  The research found that 
complementation with the entire cosmid, pLA150, or a portion 
of the cosmid, pLA-Nd3.2 yielded complete restoration of the 
wild type phenotype.  On the other hand, using pLA-Nc1.7, an 
even shorter cosmid, yielded smaller galls.  The entire hsvG 
ORF is found on both pLA150 and a fragment of pLA150, 
pLA-Nd3.2.  However, pLA-Nc1.7, a much smaller fragment 
of pLA150, only contains 70.6% of the hsvG gene, as it does 
not include the C terminus.  

Figure 2: (Guo et al. 2002) 
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Consequently, although exclusion of the C-terminus 
maintains virulence, the complete hsvG ORF is required for 
maximum potential in pathogenicity.  Additional studies on 
the hsvG gene have also confirmed the severe result of 
inactivating or mutating hsvG.  When hsvG is inactivated or 
mutated, Pab’s gall-forming host range is restricted to B. 

vulgaris and Pag is no longer capable of producing galls on G. 

paniculata (Ezra et al. 2000).   The importance of a 
functioning and complete hsvG is imperative to the 
performance of both Pag and Pab in pathogenicity in G. 

paniculata.  

hrp gene cluster

The hrp genes located on the hrp gene cluster are: 
hrpJ, hrpL, hrpX, hrpY, hrpS, hrpA, hrpC, and hrpN (Fig. 4).  
The majority of the genes on the hrp gene cluster participate in 
an ordered series of events to turn on the hrp box, a promoter 
sequence on hrp-dependent genes.  The first step in the 
regulatory cascade is the phosphorylation of hrpY.  
Phosphorylated hrpY then activates transcription of hrpS 
which HrpS turns on the transcription of hrpL.  The protein, 
HrpL is able to activate the hrp box promoters of the virulence 
genes and other hrp-dependent proteins (Fig. 5) (Nizan-Koren 
et al. 2002).   

Although hrpA is present on the hrp gene cluster, it is not 
involved in the regulatory cascade.  Instead, hrpA 
transcription, like many other genes on the pPATH, is 
dependent upon the completion of the regulatory cascade.  If 
the cascade is carried out properly, hrpA can then produce the 
structural protein that composes the T3SS pilus, which 
provides a pathway for the bacterium’s virulence genes to 
enter the host cell (Boureau et al. 2005).  

As seen in the Figure 4, an HrpXY operon is located 
between hrpS and hrpL.  However, hrpX does not seem to 
have any influence on the regulatory cascade.  Studies have 
shown that of the hrp cluster genes the only gene that seems to 
be dispensable is hrpX (Nizan-Koren et al. 2003).  Using Pag, 

Nizan-Koren et al. (2003) created marker exchange mutants 
lacking hrpX, hrpY, hrpS, or hrpL, to test the influence of 
each gene on pathogenicity.  As with previous examples of 
marker exchange, the genes were mutated by replacing the 
gene in question with mini-Tn10-km or by introducing a 
Kanamysin resistant cassette.  The resulting cosmid was then 
transferred into several bacteria using E. coli.  The “none” 
column of Table 3, illustrates that a mutated hrpX will not 
affect pathogenicity whereas a mutation in hrpY, hrpS, or 
hrpL will render the pathogen nonpathogenic. Gall initiation is 
therefore found to be dependent upon properly functioning 
hrpY, hrpS, and hrpL. 

Figure 3: (Valinsky et al. 1998) 
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To further examine the effect of the individual genes, Nizan –
Koren et al. (2003) then performed complementation tests to 
determine which genes were capable of restoring the 
phenotype (Table 3).  Since mutated hrpX had no affect on 
pathogenicity, optimal gall formation was present with and 
without complementation from other genes.  On the other 
hand, the results from complementation of the other mutated 
genes indicate their importance to pathogenicity and their 
roles in the regulatory cascade.   

For example, complementation of hrpY restored 
pathogenicity in hrpY mutants only, while complementation 
of hrpS was able to restore pathogenicity in strains lacking 
both hrpY and hrpS.  hrpL complementation was able to 
restore all mutant phenotypes (Table 3).   

The differential ability of the complementary genes 
to restore phenotype is clearly correlated with the regulatory 
cascade.  As illustrated in the cascade, hrpS is dependent upon 
the phosphorylation of hrpY.  As a result, if hrpS is mutated, it 
cannot be restored by hrpY.  However, the phenotype of a 
mutant lacking hrpS can be restored by a wild-type hrpS or  
hrpL.  The ability of hrpL to restore pathogenicity of all the 
tested mutants demonstrates that hrpL is a crucial component 
to initiating gall formation (Nizan-Koren et al. 2003).   

  
Other studies have shown that beyond the regulatory cascade, 
activated hrpL, tightly regulates the transcription of hrp boxes 
of the virulence proteins and other hrp-dependent proteins 
(Nissan et al. 2004) previously mentioned.  Activation of hrpL 
is essential to efficiently coordinate the activation of hrp-
dependent components on the pPATH. Although hrpL plays a 
large role in pathogenicity and is able to restore pathogenicity 
of mutant strains lacking hrpY, hrpS, and hrpL, both hrpY 
and hrpS are required for activation of hrpL, and are therefore 
crucial to gall development.  

Fig. 4: (Nizan-Koren et al. 2003) 

Table 3. Nizan-Koren et al. 2003
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Summary:

As the studies illustrate, each component of the 
pPATH plasmid is crucial to either gall initiation or gall 
development of the host plant tissue.  Researchers have 
divided the pPATH plasmid into three main groups: genes for 
phytohormone biosynthesis, genes for Type III effectors, and 
the hrp gene cluster.  Genes within each category contribute to 
gall formation in two pathogenic strains of Pa. agglomerans, 

Pag and Pab. Of the discovered and tested genes along the 
pPATH, only one gene has found to be dispensable, hrpX.  All 
other genes, when mutated, will hinder the development or 
initiation of a gall.  Researchers have discovered the 
importance of phytohormones in a pathogen’s ability to 
survive and cause infection; however we have learned that 
phytohormones do not initiate gall formation.  Instead, gall-
initiation has been linked to the hrp gene cluster and its 
coordination with the Type III effector proteins.  However, the 
mechanisms behind the phosphorylation of hrpY and the 
ability for hrpL to continue activating transcription of hrp

promoter genes have yet to be determined.  
More research is needed concerning the extended 

host range in Pab.  As seen in the studies, minor differences 
on the pPATH create major differences in host range.  This 
research should examine differences other than the pthG gene 
which may be part of the pPATH plasmids of both Pag and 
Pab.   

Furthermore, the mode of action of hsv genes is still 
yet to be determined.  However recent work has discovered 
that hsv genes are T3SS double-stranded DNA binding 
proteins.  By participating in type III secretion and DNA-
binding, hsv genes may be involved in transcriptional 
activation of genes such as phytohormones in the host tissue 
(Barash and Manulis-Sasson 2007).  Additional information 
about the hsv genes function would be beneficial to a greater 
understanding of pathogenic Pa. agglomerans.   

Finally, the importance of hrpL should be further 
explored.  Since hrpL has been found to be so important to the 
activation of hrp box promoters, it is hypothesized that hrpL 
may be able to continue activating the transcription of 
virulence proteins and other hrp promoters on its own (Nizan  

et al. 1997).  If this is possible, it would be interesting to learn 
how the bacterium is able to maintain activity of hrpL after the 
cascade has completed or if steps are bypassed when the plant 
begins to show stress.  
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