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Abstract 

Inorganic elemental mercury discharged into the natural aquatic system is 
converted under suitable environmental conditions into a highly toxic, organic 
form of mercury called methylmercury. Studies have found that this form of 
mercury is more readily available to biota, and may be efficiently transferred up 
the food chain, thereby concentrating in larger, predatorial fish species in the top 
trophic levels. The objective of this paper is to apply a bioenergetics-based 
mathematical model to describe the bioaccumulation behavior of methylmercury 
in fish. Model results are compared to field observation collected from various 
locations of Lake Ontario, and the general body buildup of mercury with 
increasing age is explained through the various pathways of transfer in 
conjunction with the bioenergetics concepts. The study is conducted on two 
contrasting Lake Ontario salmonid species: Walleye (Stizostedion vrtreum 
vitreum) and Yellow Perch (Perca flavescens), occupying different trophic 
positions in the aquatic food chain. In spite of the notable difference in the fish 
size, metabolism, diet and trophic level, it was demonstrated that methylmercury 
accumulation for both species is described satisfactorily by the model. 

1 Introduction 

Among the various pollutants pervasive in the natural aquatic system, mercury 
has always received special attention due to its toxic properties. In the presence 
of methylating bacteria and under suitable environmental conditions, inorganic 
elemental mercury is converted into a highly toxic, organic form of mercury 
called methylmercury. Studies have found that this form of mercury is more 
readlly available to biota, and may be efficiently transferred up the food chain, 
thereby concentrating in larger, predatorial fish species in the top trophic levels. 
This process of bioaccumulation explains the fact that even though the level of 
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toxins in the environment is relatively low, the concentrations found in the fish 
are typically many times higher. 

Both inorganic and methylmercury are taken up directly from water, 
sediments and food. The uptake and clearance of mercury depend on the form 
and source of mercury, as well as the type of receptor tissue, resulting in 
different patterns of accumulation. Methylmercury is more efficiently 
accumulated than inorganic mercury for most aquatic organisms [l]. It is readily 
transferred across biological membranes. Withm the organism, methylmercury 
is strongly bound to sulfhydryl groups in proteins of tissues such as muscle, and 
is much slower to clearance than inorganic mercury. Thus, methylmercury has a 
much greater potential for bioaccumulation and a longer half-life in organisms 
than inorganic mercury. 

The accumulation of mercury from water occurs via the gill membranes. 
Gills take up aqueous methylmercury more readily than inorganic mercury, from 
which it is eventually transferred to the muscles and other tissues and retained 
for long periods of time [2]. In contrast, inorganic mercury taken up with food 
initially accumulates in the tissues of the posterior intestine of fish, from which 
only limited transfer to other parts of the body takes place. Studies [3] show that 
80% of accumulated elemental mercury would depurate from the fish intestine 
in as short as 15 days. As a result, the liver and kidney in fish tend to have 
higher percentages of inorganic mercury than muscle tissue, although 
percentages vary by organ and species [2]. 

2 Objectives 

To describe the body burden of methylmercury in fish, a bioenergetics-based 
model developed by Luk [4] is used. The program, written in Visual Basic 4.0, 
is specifically designed for the simulation of body concentrations of 
methylmercury. Two kinds of sport fish commonly found in Lake Ontario are 
selected. The first one, Walleye (Stizostedion vitreum vitreum), is probably the 
most economically valuable fish species in Canada's inland waters. It is a major 
commercial sport fish in the provinces of Ontario, Quebec and the Prairies. 
Walleye occupies a high position in the aquatic food chain and is predacious. It 
is characterized as a relatively large fish, spanning in sizes from 25-85 cm long 
and weighs up to 6 kg. The second species is Yellow Perch (PercaJavescens), 
which has long been considered as prime importance to man. Yellow Perch 
inhabits a vast territory and congregates near shore in the spring. All of these 
factors make it readily available to fishermen, both commercial and recreational. 
Yellow Perch belongs to a much lower trophic level in the aquatic ecosystem, 
with lengths from 15-30 cm and weights from 0.3-0.6 kg, and is primarily 
planktivorous. 

The database of this study is obtained from the "Sport Fish Contaminant 
Monitoring Program", operated by the Ontario Ministry of Environment and 
Energy. The data set, comprised of 419 Walleye and 686 Yellow Perch samples, 
was collected for a ten-year period from 1989 to 1998 at various points in Lake 
Ontario. It contains information on the length, weight, sex and lipid fraction of 
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the fish, the date of collection, the location of the sampling site, and the 
concentration of methylmercury in the dorsal filet. 

3 The bioaccumulation model 

3.1 Bioenergetics equation 

Pollutant uptake comes from food and water, the amounts of whch are related to 
the energy requirements of the fish. The total amount of energy required by the 
fish, commonly referred to energy for total metabolism, is given by the equation: 

Q = Q k + Q c ,  (1) 
where Q,, = the "low-routine metabolism" energy cost, incorporating all the 
activity-related energy such as swimming and foraging, and Q, = the energy cost 
for utilization of food (e.g. digestion and absorption). It was demonstrated [5] 
that the low-routine metabolism may be represented empirically as a power- 
function of the weight of the fish as: 

Qlr =alrwT, (2) 

where a,, = the low-routine coefficient, W = the weight of the fish, and z = the 
body-weight exponent for metabolism. 

The energy cost for utilization of food (Q,) is directly proportional to the 
rate of growth of fish, (dW1dt). It implies that regardless of the actual fish size, a 
fish with a steady growth rate will have a lower Q, than an actively growing 
fish. Taking energy equivalent of the flesh of fish into account, the equation for 
Q, may be represented by: 

where p = the proportionality constanf and qi = the energy equivalent (energy 
content) of the flesh of fish. The final form of the bioenergetics equation is 
obtained by substituting eqns (2) and (3) into eqn (l) to get: 

(4) 

3.2 Uptake of Pollutants from food 

The amount of energy a fish obtained from its food (ration) can be expressed as: 

Qfood =qfdEfd R '  ( 5 )  
where qfd = the energy equivalence of the prey (food), Efd = the efficiency of 
assimilation of food, and R = the ration consumed by the fish. The efficiency of 
food assimilation is important because some of the food energy is wasted, 
egested or excreted, and is therefore not available for use. This amount of food 
energy (Q& is used to support all the required metabolic activities (total 
metabolism) as well as growth of the fish, or: 

Qfood = Q + qf ($1 
Equating eqns (5) and (6) and solving for Q, one obtains: 

                                                             Transactions on Ecology and the Environment vol 46, © 2001 WIT Press, www.witpress.com, ISSN 1743-3541 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                           
 
 
                                                                                  
 
                                                                      
 
                                                                                  
 
 
 
 
 
 

                            
                                                                                  
                                                                                  
                                                                                  
 
 

 
                                                                                                                                         
                                                        

 
                   

 
 
 



726 Ecosystmz~ and Slr~tainable Developnleilt 

Both eqns (4) and (7) represent the total metabolic cost of a fish, the former 
from energy balance and the latter from ration requirement. Equating the two 
equations, the following expression for ration is obtained: 

Toxicants such as mercury are consumed with contaminated food and 
absorbed from the gastrointestinal tract into the body. They are then deposited 
and stored in various tissues particularly in muscles. Mercury will enter into the 
body of fish either directly from solution or from food in the form of CH3Hg' 
[6] .  With prolonged exposure to contaminated environment and continuous 
intake of contaminated food, the tissue concentration of methylmercury will 
increase as a fish grows. For this reason, not only the amounts but the type and 
composition of a fish's diet are important. Since methylmercury is lipophilic in 
nature, it binds with the sulfiydryl groups of proteins strongly. Therefore, a diet 
with a high lipid content will result in a higher concentration of methylmercury. 
Fishes like Walleye and Lake Trout, that occupy a high trophic level in the food 
chain, tend to consume more contaminated prey and therefore the accumulation 
is increased. The rate of pollutant uptake through the food pathway can be 
expressed as: 

where P = the total body burden of pollutant, E+,f = the efficiency of pollutant 
uptake from food, R = the ration consumed by the fish, and CPf = the 
concentration of pollutant in food. Replacing the expression of ration from eqn 
(8) into (9) yields: 

3.3 Uptake of Pollutants from Water 

The process of df i s ion ,  as described by the Fick's law, governs the absorption 
of oxygen and release of carbon dioxide from the fish's body during respiration. 
In general, the gas W s e s  into an aqueous layer covering the epithelia1 cells 
lining the respiratory system of the organism. The dlfision is driven by the 
concentration gradient between the interior of the fish and its surroundings. The 
amount of energy that is obtained from the intake of oxygen is expressed as: 

Q = EoxC,xqo,V, (1 1) 
where E,, = the absorption efficiency of oxygen, C,, = the concentration of 
dissolved oxygen in water, q,, = the energy equivalence of oxygen, and V = the 
volume of water passing through the gills. With tlus equation, the rate of 
pollutant uptake through the water pathway may be expressed as: 
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E C Q  (z), = E, C,, V = , 
Eox Cox qox 

where E& = the efficiency of transfer of pollutants from water, and C, = the 
concentration of pollutants in water. By substituting the expression of Q from 
eqn (4) into eqn (12), the rate of pollutant uptake through the water pathway is 
obtained as: 

3.4 Clearance 

Previous studies on the excretion of methylmercuy from fish demonstrated that 
it is a slow process, with half-lives ranging from one to three or more years [7]. 
The whole body clearance of methylmercury has been shown [S] to follow first- 
order kinetics under various sets of environmental and physiological conltions, 
with very little dependence on temperature and metabolic rate. A general 
expression for clearance is given as: 

where k = the clearance coefficient from excretion and growth dilution. 
The overall rate of change of pollutant burden in the body of fish is 

governed by the pollutant intake from the food pathway, the pollutant intake 
from the water (or dissolved oxygen) pathway, and the clearance. Combining 
eqns (10), (13) and (14), the following bioaccumulation equation is obtained: 

4 Concentration of mercury in food 

Mercury concentration in food is dependent on the l e t  of the fish; those that are 
predacious and feed on other small fishes tend to have a higher C,f than those 
that feed exclusively on zooplankton and invertebrates. Another factor to be 
considered is that changes in diet pattem usually occur as a fish grows. In the 
case of Walleye, for example, the major diet items switch from mayfly nymph 
and crayfish to Rainbow Smelt and Yellow Perch by the age-group of 3. Table 1 
shows a reconstruction of Walleye's diet by Mathers and Johansen [g], and the 
change this has on the overall methylmercury concentration from food. Yellow 
Perch, on the other hand, has a much simpler diet pattern, with its major food 
item as zooplankton (Daphnia pulex) [10]. The proposed CPf value for t h~s  is 
0.03 pglg after Snodgrass and Hanis [ l  l]. 
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Table I: The diet composition of Walleye (after Mathers & Johansen [9]) 

5 Model results 

Juvenile 
age(0-3) 

Adult 
Age > 3 

A summary of the parameters of the model for the two fish species is provided 
in Table 2. The field data, as obtained from the Sport Fish Contaminant 
Monitoring Program, represents the methylmercury concentration of a skinned 
filet taken from the dorsal tissue of the fish. However, the model simulates the 
whole-fish methylmercury concentration, which is generally higher because of 
the lipids it contains. Therefore, adjustment should be made to the field data to 
convert them from filet to whole fish concentrations. Amrhein et al. [l21 did a 
comparison study on the average whole-fish to filet PCB concentration ratios, 
and found it to be 1.70 for Coho Salmon and 1.47 for Rainbow Trout. In the lack 
of any better information, and based on the similar lipid soluble nature of 
between methylmercury and PCBs, a conversion factor of 1.50 is adopted for 
this study. 

The results from the model, together with the converted field data (discrete 
data points and 90% confidence interval), are shown in Figs. 1 and 2. It is 
observed from the figures that the bioaccumulation model is quite effective in 
predicting the trend of mercury uptakes in both species. Despite the vast 
difference of genetic makeup and trophic levels of the species, the model has 
successfully produced predictions consistent with the field data. The following 
observations are made from the model results: 

Methylmercury concentration in the fish body increases with the fish age 
and size. This is reflected from the model and observed field data. 
Considering there is an effect of growth dilution, which theoretically 
reduces the concentration with weight increases, this increase is quite 
remarkable. The rate of accumulation must have increased very rapidly 
during the course of growth, so much so that the growth-dilution effect is 
completely masked. 
It is observed from field data that the maximum methylmercury 
concentration in Walleye is five times that of Yellow Perch. The model is 
able to reproduce this trend perfectly. Since both species are sampled from 
Lake Ontario, the fishes are exposed to a similar aquatic environment. As a 
result, the substantial difference in their body concentrations is derived 
exclusively from the difference in metabolism and diet composition. 
Therefore, it may be implied that the overall bioaccumulation of 

Diet items 
Mayfly Nymph 

Crayfish 
Rainbowsmelt 
Yellow Perch 

Emerald Shiner 
Common Shiner 

% by 
weight 

50 
5 0 
69 
19 
9 
3 

Mean qfd 
(kcaUg) 

1 .O 
1 .O 
1.36 
1.36 
1.36 
1.36 

C ~ f  
(uglg) 
0.047 
0.042 

0.253 (0.07 - 0.570) 
0.107 (0.04 - 0.230) 

0.107 (0.120 - 0.150) 
0.043 (0.030 - 0.060) 
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methylmercury for a species is very much dependent on the genetic makeup 
(affecting metabolism) and trophic levels (affecting diet preference). 
Figure 1 shows an abrupt increase of methylmercury in Walleye at the age 
of three. l h s  is really a reflection of the diet reconstruction, and therefore 
more of a modeling artifact than realistic representation. It is true that 
Walleye changes its diet during the course of growth, but this change is 
more likely to occur gradually. For planktivorous fish like Yellow Perch, 
diet is quite consistent over their life span. As a result, the model result 
produces a smooth curve of methylmercury accumulation. In light of this. 
more efforts should be devoted to produce better and more realistic 
reconstruction of the diet of individual species, in order to improve the 
overall predictive ability of the model. 

Table 2: Summary of model parameters 

I Fish Growth I 

Symbol I Unit Parameter value 
Walleye I Yellow Perch 

Clearance 
k 

Metabolic Parameters 

I Efficiency Factors 1 

=lr I kcal/(wk.gl) I 0.238 

I l I 

Energy Equivalence 

wkl  

0.125 

9f 
q fd 

%X 

Eox 

EPf 
EP W 

0.002 

T 

kcaVg 
kcal/g 

kcaV g O2 

1.145 
Table 1 

3.42 

C ~ f  

0.002 

1.250 
1 .O 

3.42 

Concentrations 

---- 
---- 
m--- 

Cox 

0.77 

Table 1 

0.81 

0.75 

0.7 
0.12 

0.03 

c,, 
P& 

0.75 

0.80 
0.12 

P P ~  1 0.05 
10.9 

0.05 
10.9 
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- -  

Age (years) 

Figure l : Model results and field data for Walleye. 

Age (years) 

1 

Figure 2: Model results and field data for Yellow Perch. 
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6 Conclusions 

The bioenergetics-based bioaccumulation model provides a useful framework to 
study the accumulation of methylmercury in fish, with the potential to 
mechanistically accommodate system-to-system variations among species and 
habitats. Results from the model suggest that food is clearly the dominant 
mercury uptake pathway for both Walleye and Yellow Perch. The variation in 
the total body burden levels among different species may be explained by their 
biological characteristics as described by the growth pattern, activity level, 
metabolism and diet preference. In general, the higher is the position of a fish in 
the aquatic food chain, the greater is its likelihood to exhibit a high level of 
mercury in the body. 
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ibstract 

The "spotting" microarray technique, consisting in large sets of DNA sequences 
potted on poly-L-lysine-coated glass microscope slides, was developed to 
inalyze genome-wide patterns. It is a tool to quantitatively monitor gene 
:xpression profiles and to analyze the alterations produced by genetic diseases, or 
nduced by treatments, abnormal nutrition, and toxins. The pre-Hilbert space of 
tandard gene expression (SSGE), based on the normal variability in gene profiles 
)f each population from the ecosystem, is introduced. In this space, every point 
epresents a possible gene profile and every continuous curve a possible genetic 
:volution. The gene clusters are identified by the correlation coefficients and the 
lrominent gene of every cluster selected from the criteria of highest connective 
lower and smallest variability. We define the gene "patholog" as the Euclidian 
listance separating the representative point of the population from the unit, 0- 
:entered hypersphere. It is the most general global quantification of the alteration 
n digital genes expression, suitable to evaluate the effects of various toxins at the 
eve1 of any particular population. A publicly available database will be open 
vhere every experimentalist could introduce hislher results and process them 
ccording to our procedure. 

l Introduction 

'ractically, any severe disease, nutrition deficiency, drug abuse, and long term 
~ction of toxins modify the genes' expression level, i.e. the amount of synthesized 
nRNA. This alteration can be now determined by the revolutionary technique of 
potting rnicroarray 11,2,3,41. It seems to be a valuable indicator for medical 
5,6,7], pharmacological 18,9,101, and (why not?) ecological investigation. 
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The acquisition and mathematical processing of the microarray images are 
difficult tasks since large amount of non-independent data have to be handled [ l  l ]  
[12], [13]. Packages of software for microarray results acquisition and analysis are 
now available (e.g. ScanAlyze, written by Eisen [l41 and GenePix Pro 3.0 of Axon 
Instruments, Inc.), everyone trying to minimize the errors and increase the obtainable 
amount of information. [15], [l61 

Several aspects of the microarray method could and should be further improved, 
part of them related to the calibration procedure [l71 and standardization , others tc 
the data interpretation [l 81. We proposed recently some additional experiments and 
extra mathematical calculi to the common processing protocol [19], as done by 
ScanAlyze package, to: get the expected values and controllable fluctuations of the 
gene expressions [20], find the gene clusters [21] and the prominent gene of each 
cluster, build the pre-Hilbert space of standard gene expressions (SSGE) [22], [23]. 
and compute the "patholog" of the gene expression profile. [24], [25]. The 
contributions of our group make one able to classify the genetic diseases and thei~ 
stages according to the value of the patholog [26], [27]. The first application has 
been to analyze the modification of the genetic profile in the (mouse) N2A cells. 
stable transfected with the connexins Cx36 (which seems to accelerate cell 
differentiation) and Cx50 (which seems to retard the process) [28], [25]. This 
example will illustrate how to use our method in ecotoxicological gene based 
studies. 

We consider the microarray technique as improved by our group and the 
philosophy of the Theory of the (here gene profile) patholog [29], [30] suitable to be 
extended at the study of toxin effects at the level of plant, animal, or human 
populations. It is a deep interest to know and prevent the alteration in genes 
expression level before a mutation is produced, and to have strong criteria tc 
evaluate and optimize the actiodtreatment used in ecological reconstruction of the 
territory [3 l], [32]. 

This contribution presents for the first time the bases of our method f o ~  
ecotoxicology. We have not yet enough experimental values to test it since large- 
scale studies have to be performed. Instead, we have the possibility to prepare and 
process the chips of the others who might be interested to further exploit their data in 
our way. Therefore, we are ready to open a public database and to co-operate with 
any interested group. 

2 The space of standard gene expressions 

It is a matter of evidence that: 1) the genes have different importance for the 
development of any tissue/organ/system; 2) the expression level of one gene depends 
generally on the expression level of some other genes [10], and 3) the genes are 
organized in (partially unknown) clusters [7], [IS]. Therefore, we have built the 
poly-dimensional pseudo-pre-Hilbert space of standard gene expressions (SSGE] 
[13], based of the normal tissue variability [20], where every point represents a 
possible genetic situation and every continuous curve a possible evolution. Then, the 
gene clusters are identified based on gene correlation coefficients and the mosl 
prominent gene is selected from every cluster. This is a new and original way tc 
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analyze the microarray data, introducing rigorous criteria in evaluating the genetic 
alterations and the efficiency of various treatments. Similar approaches has been 
used when evaluating and optimizing by computer simulation the medical care 
system in many other works [33], [34], [35]. 

Let xj be the expression ratio (versus the normalheference tissue in the green 
channel [17]) of the gene number j within the investigated genome map (containing 
U genes), <xj> the ratio when hybridizing normal tissue versus normal tissue, and U, 

the standard deviation (considered as controllable fluctuation in the normal tissue 
[36], [37]. <xj> is not 1 because of differences in cDNA labeling and spot capture, 
as discussed in [16], [19]. In the experiments we performed until now, [19], [24], 
[25], <X,> generally exceeded 1 and q was below 1, for all investigated genes if the 
reference is in the green channel (see for instance Figure 1). 

Continuing the research of Dr. Spray's group from AECOM, concerning the gap 
junction and the action of connexins [28], we analyzed the genetic profile of 
randomly selected 368 mouse genes from N2A normal cells (see Figure 1) and from 
those stable transfected with Cx36, processing the results by our original method. 
The method can be extended for any number of individual genes and any number of 
investigated organisms to fill a large database. We studied also 1158 human genes. 

Figure 1: The average ratios (up) and the Student 5% maximum error of estimate 
(down) for 368 randomly selected mouse genes in normal cells. Differently 
labeled parts of the same source of cDNA, obtained from NA2 cells have 
been hybridized on 5 test chips from the same spotting series. 0-ratio is for 
the not expressed genes. The norm between the two channels ("red" and 
"green") had been set to 1. 
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Transforming the gene expression ratios into standard scores 2361, one gets the 
possibility to compare them, whatever be their relative importance. This 
transformation is justified by the natural assumption that: 
more important is one gene for the development of the organism at a particular 
moment in the cell life, less extended is its interval of controllablejluctuation. 
By evidence, when normally expressed, the standard score of the gene expression is 
within the interval (-1, +l). 

The Cartesian product of the ranges of the standard scores can be formally 
organized as a continuous poly-dimensional pseudo-pre-Hilbert space, hereafter 
denoted by Z (see Figure 3), having as many dimensions as many individual genes 
are considered. It is pre-Hilbert since the norm derives from a scalar product and a 
pseudo-space since its unit vectors basis is not orthogonal[37]. In this mathematical 
space, every point, described by the poly-dimensional pseudo-vector Z : z , ,  ... , z ,  , 

represents a possible genetic expression profile and every continuous smooth curve a 
possible evolution. The ranges are not symmetrical because the minimum expression 
ratio of one gene is 0 and the maximum is the sum of all gene expressions, as in the 
pure hypothetical case that one and only one gene is transcribed at a moment and it is 
a limited amount of mRNA that can be present in the cell at one time. 

The points at the borders of each range are critical (between possible and 
impossible expression). The situation is more critical if more scores are at the limit. 
Therefore, only the subspace inscribed in this Cartesian product, hereafter denoted 
by 2, which excludes the corners, is acceptable for our purpose. 

Apparently, the hypercube defined by: 

is the set of all normally (here genetically expressed) situations. The problem is 
again at the borders of this hypercube, which represent critical states between normal 
and abnormal expression. We proved elsewhere by irreversible thermodynamics [22] 
that the inner of the 0-centered unit hypersphere S (the one inscribed in the above 
defined hypercube) contains all possible normal and stable states: 

where 11 i: 11 is the norm of the vector inside. 
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3 The gene clusters 

There is enough evidence about the existence of non-linear (branched) gene 
networks 171. Knowing these clusters will increase our understanding of genetic 
message and we shall get strong criteria to classify the diseases involving alterations 
in gene expression. This is a very laborious task, requiring many experiments in  
various conditions and the development of powerful mathematical and informatics 
tools. To find the gene clusters means to group the genes according the range of the 
correlation coefficients, hereafter denoted by the p's, between their expression ratios 
in various extracts. Then, one can study the properties of the gene network thus 
formed, building the connection graph and computing its power. For 
ecotoxicological purposes, it is important to know how the genes are correlated since 
the ecologist could act indirectly on a particular one through the effect produced on 
another, more accessible, gene. This knowledge is also important to predict the full 
effect of toxins at the population level. 

Suppose two distinct genes denoted by their spot numbers in the rnicroarray, i and 
j, and a set of r extracts from the same type of tissue. All extracts are analyzed versus 
the same reference and the results of the two spots compared. The correlation 
coefficient p,, [36], [37] between the two genes is by definition: 

where X,('), are the ratios for the spots i and j in the chip k (k = 1, 2, ... r) ,  and 
<X,> and <X,> are the two simple arithmetic averages of the spots i and j. 

If two genes are positively correlated, then the extract with a higher expression in 
one is expected to manifest a higher expression in the other too. If negatively 
correlated, then a higher expression in one will diminish the expression in the other. 

The representative gene of the cluster will be selected by the following criteria: 
- has the highest sum of square correlation coeficients within the cluster 
- has the smallest confidence interval. 

The first criterion shows its influence in regulating the activity of the other genes 
from the cluster, while the second shows its importance, since we mentioned above, 
it is quite natural to consider that more important is a gene, less liberty tojluctuate 
(even controllable) it has. Therefore, the gene i connective power, CCP(i), in the 
cluster (see Figure 2), C, defined by the composed gene numbers within the 
rnicroarray, is: 

while the percent gene i prominence, GP(i), is: 
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Figure 2: The gene connective powers (up) and the percent gene prominences 
(down) considering the clusters formed with 60 out of 368 randomly 
selected mouse genes, stable transfected with Cx36. The separating genes 
are on spots 23, 30, and 35, while the representative genes of the well- 
defined clusters are on spots 25 and 34. 

4 The "patholog" of the gene expression alteration 

Since the genes have different importance for the further evolution of the organism, 
and to include in the reports the complete list of gene expression modifications as a 
result of a toxin makes very difficult the evaluation, it is necessary to define a global 
indicator to characterize the entire set of the analyzed genes. We introduced the 
value of the "patholog of the gene expression" for various genetic transcription 
alterations as the Euclidian distance separating the representative point in the SSGE 
from the 0-centered unit hypershere, which is the subspace of normal and stable gene 
expression profile. (see Figure 3). 
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where S is the subspace defined in eqn. (3) and d defines the Euclidian distance 
between one point and a subspace in a poly-dimensional space. 

possible genetic profile 

f < X , :  -- 
,..' 6, 

normal & stab 
preventive treatment makes sense 

zj 
impossible genetic profile 

genetic expression 
abnormal genetic expression 

Figure 3: Two-dimension section through the poly-dimensional pre-Hilbert space of 
standard gene expression. The arrows show the important subspaces. A is 
the actual state and B the state after the treatment. The distances separating 
them from the O-centered unit hypresphere are the pathologs of the genetic 
expression, P, for these states. 
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Note: Preventive actionttreatments make sense only if the representative point is 
within the hypercube but not within the hypersphere [21]. When outside the 
hypercube, the system needs "therapy" because an ecological "pathology" has been 
already installed. When inside the 0-centered unit hypersphere, the system is under 
normal and stable ecological conditions. Thus, the manager of the ecosystem can 
evaluate the utility of a particular action to restore the normal ecological conditions. 

5 Genetic profile alteration 

Figure 4 presents the average standard scores of the gene expression levels 
in stable transfected N2A cells with Cx36. The background has been subtracted 
using the mean intensity of the pixels outside the spots. 

Figure 4: The standard scores of gene expressions for 368 randomly selected mouse 
genes in transfected N2A cells with Cx36. The patholog of this genetic 
profile is P = 19,463. 

6 Perspectives instead of conclusions 

By a similar procedure as presented here, one can compute the standard scores of 
gene expression levels and the patholog of any genetic profile, for any altering agent 
(as toxin) and population size. Then, one can determine a scale of patholog values, 
every interval imposing a particular type and cost level of action. Anyhow, whatever 
be the genes whose expression has been altered, for the same value of the patholog, 
the situation presents the same risk for the behavior of the ecosystem. Therefore, one 
can introduce some standards and criteria in evaluating and optimizing the large- 
scale actions. 
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