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Abstract Online monitoring systems provided a significant
evidence for feasibility of the stepwise behavioral response
model in detecting the effects of organophosphorus pesticides
on movements of medaka (Oryzias latipes), being able to
determine the state of indicator organisms, “no effect,” “stim-
ulation,” “acclimation,” “adjustment (readjustment),” and
“toxic effect.” Though the stepwise behavioral response mod-
el postulated that an organism displays a time-dependent se-
quence of compensatory stepwise behavioral response during
exposure to pollutants above their respective thresholds of
resistance, it was still a conceptual model based on tendency
only in analysis. In this study, the phenomenon of bacterial
persistence was used to interpret the relationship between the
stepwise behavioral response model and the environmental
stress caused by both exposure time and different treatments.
Quantitative measurements of the stepwise behavioral re-
sponse model led to a simple mathematical description of
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the threshold switch, which evaluated the effects of environ-
mental stress on behavioral responses to decide the tendency.
The adjustment ability correlated to “persisters (p)” is very
important for test individuals to overcome the “threshold”
from the outside environmental stress. The computational
modeling results suggested that “persister (p),” as described
in the general equations of bacterial persistence model in
changing environments, illustrated behavior acclimation and
adjustment (or readjustment) clearly. Consequently, the per-
sistence parameter, p, was critical in addressing for medaka to
be adapted to fluctuating environments under different envi-
ronmental stress.

Keywords Stepwise behavioral responses - Oryzias latipes -
Persisters (p) - Environmental stress

1 Introduction

Motility is a characteristic feature of many organisms that
cannot be neglected as an important physiological factor
in survival. Behavioral responses in organisms associated
with stress and toxicant exposure provide novel informa-
tion including short-term and median lethal exposure.
Meanwhile, behavioral response has been suitable in
addressing toxicological impact assessment in all of the
test endpoints [1, 8, 14, 18, 32, 35]. By far, behavioral
response of various taxa, including crustaceans [41, 25,
7], snails [23, 13], insects [11, 24], and fish [31, 16,
30], has been reported to be sensitive to sublethal expo-
sures to various chemical pollutants. Based on the
concentration-response-time analysis [43, 19], the assess-
ment of toxicity of chemicals by behavioral eco-toxicology
has successfully been applied in Daphnia magna [3].
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Therefore, it is acceptable to make the prediction of the envi-
ronmental toxicity based on behavior model analysis.

Due to data complexity, unbalance, and quantity in a huge
amount, the behavior movement data are difficult to analyze
[10]. Meanwhile, in contrast to genetic variation, which is
passed on over many generations, the behavioral responses
generated by movement adjustment is difficult to study due
to the inherently limited life time of states that are not encoded
in the DNA sequence, but makes it possible for the “memory”
of past environments to influence future organisms [12].
Sometimes, the commonly used exploratory and statistical
modeling techniques may fail to find meaningful ecological
patterns from data [9, 40, 39]. However, once a determined
behavior movement can be quantified by proper analysis
methods, it has the potential to be used as a type of biomarker
in the assessment of stress [4].

According to our previous research, the behavioral re-
sponses of medaka (Oryzias latipes) exposed in different car-
bamate pesticides, which included “no effect,” “stimulation,”
“acclimation,” “adjustment (readjustment),” and “toxic
effect” (Zhang et al., 2004), provided a significant evidence
for feasibility of the stepwise behavioral response model.
Though the behavior model postulated that an organism dis-
plays a time-dependent sequence of compensatory stepwise
behavioral response during exposure to pollutants above their
respective thresholds of resistance, it was still a conceptual
model based on tendency only in analysis. Alternatively, var-
ious computational methods, including multi-layer perceptron
[28], self-organizing map (SOM) [35], wavelet analysis [36],
and fractal dimension [33], have been proposed for objective
and automatic analyses of the movement data. Though these
methods all played significant roles in the analysis of move-
ment behavior as an indicator in ecological risk assessment,
they did not focus on the stepwise behavioral response, cover-
ing acclimation, and adjustment in different chemical concen-
trations. Meanwhile, it is very difficult to deduce the possible
behavioral responses only depending on the monitoring the
environmental stress. Therefore, more reliable methods should
be considered to make mathematical descriptions of the behav-
ioral responses of different individuals to forecast the possible
movement tendency without online monitoring of them.

The mathematical analysis of persistence of bacteria in
fluctuating environment, described in 2004 [2], allows making
a quantitative prediction on evolutionary processes that would
promote the emergence of persistence, as well as evaluating its
ecological implications. Therefore, the bacterial persistence
model, which is a mathematical model to describe the cause
of the different sensitive of individuals in one population to
the antibiotic, may provide a new quantitative measurement
method in modeling the stepwise behavioral response, and the
“persister (p)” in persistence model, which was a smart strat-
egy to increase chances of survival of bacterial populations in
fluctuating environments [27], may be a good measurement
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factor of the stepwise behavioral responses of medaka in dif-
ferent treatments.

Therefore, in this study, in order to make a preliminary
mathematical description of the stepwise behavioral response
model, the behavioral responses of medaka (O. latipes) to
three kinds of pesticides (trichlorfon, parathion, and malathi-
on) will be investigated in a monitoring system. Based on the
conceptual description of the behavioral responses, the per-
sister (p) in persistence model will be used to measure the
behavior acclimation and behavior adjustment (or
readjustment).

2 Methods and Model
2.1 Experimental Design
2.1.1 Test Species and Chemicals

The individuals of medaka fish were provided by the Research
Center for Eco-Environmental Sciences, Chinese Academy of
Sciences (Beijing, China). The brood stock was raised in flow-
through system with dechlorinated tap water (using active
carbon) at a temperature of 20+£2 °C. The photoperiod was
maintained with 16-h light (04:00-20:00, with 4000 lux light
intensity) and 8-h dark (20:00-04:00, no light given). The
brood stock was fed with newly hatched brine shrimp in the
morning (7:00) and flake food (Trea®, Germany) in the after-
noon (18:00). Fifteen days after hatching, medaka was fed two
times every day with flake food. Medaka individuals about
2.5~3.0 cm long (2 months after hatching) were used for test
organisms.

Trichlorfon (7), parathion (P), and malathion (M) were
purchased from J&K Chemical Ltd. All compounds were of
technical grade (>95 % purity). Stock solutions (stored at 4 °C
until use) with proper concentrations were prepared with di-
methyl sulfoxide as a solvent and were diluted with appropri-
ate aliquots. All solvents were of analytical grade. The con-
centration of dimethyl sulfoxide used for test was less than
0.5 % in all experiments, which would neither lead to acute
toxicity to medaka nor affect the mobility [42].

2.1.2 Monitoring of Medaka Behavior Movement

Behavioral response monitoring was carried out under flow-
through conditions by an online monitoring system (OMS)
built in Chinese Academy of Sciences. Test organisms were
placed in a flow-through test chamber (7 cm long, 5 cm in
diameter), which was closed off with nylon nets (250 um) on
both sides [38]. One pair of electrodes located at the inside
walls of the test chambers and sent a high frequency signal of
altering current, which was received by a second pair of
noncurrent-carrying electrodes located at the inside walls
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[47]. Overall response activity of test organisms inside the
chamber is reflected on the signal and is transformed by the
A/D converter. Detailed mechanism in OMS can be referred to
Ren and Wang [38]. We define the converted data in OMS as
behavior strength in the chamber, and the data present the
behavioral state responding to environmental stimuli [38]. Be-
havior strength was automatically sampled by OMS in each
second, and average values in every 6 min were produced as
output. Values of behavior strength were normalized, ranging
from 0 (loss of motility) to 1 (full behavior express).

Three healthy medaka individuals were selected at random
for each test chamber, and three test chambers were used for
each treatment. The flow rate of each test chamber was con-
trolled about 2 L/h, which was no effect on the motility of test
organisms [17]. Observation started in 16:00 and finished in
16:00 of the third day for all chambers. During observation
period, no food was provided to test medaka. Light and tem-
perature conditions were the same as given in rearing stock
populations.

Chemical toxic unit (TU) to test organisms was used for
comparison of toxic effects. The 48-h median lethal concen-
tration (LCso_4g) was taken as one unit (1 TU) [26]. The cal-
culation of TU value is shown as follows:

Ci

TU = —;
LC50—48

(1)

where C; was the concentration of chemical i and LCs_45’ was
the 48-h median lethal concentration. Sublethal concentration
was regarded as 10 % LCsqo 45 [26], which was about 0.1 TU.
Four concentrations of 0.1, 1, 5, and 10 TU were tested with
each chemical. Based on the previous reports [34, 46], the
LCs0_4s, which was regarded as 1 TU in this study, was 10,
2.9, and 0.75 mg/L for 7, P, and M, respectively.

2.2 Persistence Model

According to previous research, a fraction of a genetically
homogeneous microbial population may survive exposure to
stress such as antibiotic treatment [22]. Unlike resistant mu-
tants, cells regrown from such persistent bacteria remain sen-
sitive to the antibiotic [2]. Several hypotheses have been put
forward in order to explain the heterogeneous response
(persistence) to antibiotics in apparently uniform popu-
lations [29]. Already in 1944, Bigger had suggested that
“persisters (p)” are in a dormant state [5, 6]. It has also
been proposed, for instance, that persistent bacteria are
those that find themselves in some “protected” part of
the cell cycle at the time of exposure to antibiotics.
Then, it is defined that persistence is a characteristic
of a heterogeneous bacterial population that is taken as
a generic example through which the dynamics of pop-
ulation variability could be investigated [15].

As descript in 2004 by Balaban [2], due to the characteris-
tics of different bacteria, two types (type I and type II) of
mathematical description of persistence were made. Type I
persisters (p) are generated by trigger events during stationary
phase (Eq. 2), whereas type II persisters (p) are continuously
generated during growth (Eq. 3).

dp

— L= —bpy + Py

dt 2)
dn

7 bpy+ pn

dn

— =—an+ bpl[ + o

dt (3)
dpy — an—b

g @nbrn + HpPu

The general equations described the dynamics of two sub-
populations, which denoted as normal (n) and persister (p)
cells. The growth-death rates of the persisters (p) and the nor-
mally growing cells were characterized in the persistence
model by the constants p and n, respectively. The individuals
switched from the 7 state to the p state with a constant rate @ or
from the p state to the » state with a constant rate b.

The quantitative measurements of the key parameters that
characterize persistence make possible the discrimination be-
tween seemingly similar persistence phenotypes. Persistence
could be reduced with factors that affect the lag period, where-
as spontaneous persistence could be targeted by factors spe-
cifically enhancing the switching rate from persister (p) to
normal cells (n). Therefore, in the process of ecology and
evolution, persistence could be regarded as a survival strategy
for individuals in fluctuating environments, and persisters (p)
play an important role in the strategy.

3 Results and Discussion
3.1 The Effects of OPs on Medaka Behavior Movement

The behavior data was analyzed by a 3-D Surface Plot of
MATLAB 2009 (© 1984-2009 The MathWorks, Inc.). Surf
(X, Y, Z) creates a shaded surface using Z for the data as well as
surface height. X and Yare vectors defining the x and y com-
ponents of a surface. Length(X)=r and length(Y)=m, where
[m, n]=size (Z). In this case, the vertices of the surface faces
are (X(), Y(i), Z(i, j)) triples.

After the 3-D surface analysis, the changes in behavior
strength (BS) after exposed to 7, P, and M are shown as the
exposure time progress in Fig. 1. The BS values in the control
were stable about 0.8. This value was also observed at the
initial period of every exposure (the first 6 min). When test
organisms were exposed to minimal concentration of 0.1 TU
(Fig. 1), overall response patterns were similar in different
chemicals. With higher concentrations, the BS values
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Fig. 1 The effects of different
treatments on medaka behavioral
responses in different time.
Exposure time was showed as log
value, and BS values were used to
statistic the tendency of medaka
BR in different OPs. 7, P, and M
meant the effects of trichlorfon,
parathion, and malathion
separately on medaka BR

decreased more strongly and impact occurred in the earlier
period after exposure to chemicals. In the same treat-
ment of concentration, BS decreased along with expo-
sure time although there were some exceptions (i.e.,
temporary recovery) during the course of stepwise re-
sponse to chemicals. When toxic treatment was minimal
with 0.1 TU, BS varied as the time progress, including
recovery and declination for a few times during the
observation period. This illustrated that behavioral
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response was stepwise modulation with adjustments
and readjustments.

Occurrence of adjustments and readjustments decreased as
TU increased. With maximal 10 TU, BS decreased rapidly
around exposure time 6 min for all chemicals. These results
suggested that BS expressed different environmental stress. In
lower concentration treatments, e.g., 0.1 and 1 TU, medaka
BS SBR was more significant, which mainly contained stim-
ulation, acclimation, and adjustment (readjustment), without
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toxic effect. In 5 TU OP treatments during the exposure peri-
od, medaka BR met a great many changes, which mainly
included stimulation, acclimation, adjustment (readjustment),
and toxic effect [37]. In the highest concentration exposure, it
was hard for medaka to have the capability of adjustment.

Based on analysis of the effects of the three kinds of organ-
ophosphorus pesticides on medaka stepwise behavioral re-
sponses in time series (Fig. 2a), the behavior strength showed
evident time-dependent decrease, followed by a second and a
third increase in lower concentration treatments as illustrated
by the thick dotted curves I and I1. These results suggested that
the stepwise behavioral responses were more significant than
in10 TU treatments (III), which showed no more adjustment
than in lower concentration treatments. As shown in Fig. 2,
the medaka stepwise behavioral responses were illustrated
clearly by the tendency curves (I, II, and III). Higher toxic
effects on behavior movement induced BS decrease as curve
II with hardly any adjustment, and in lower environmental
stress, behavioral response tendency could be reflected by
curves I and II, which included behavior stimulation, acclima-
tion, adjustment, and toxic effects as described by Selye [44].
Though number of the treatment groups was quite less than
time series data, the analysis of BS changes in the treatments
series (Fig. 2b) could show the similar tendency as Fig. 2a,
which suggested that the environmental stress will increase
due to the increase of treatment concentration of chemicals
in the same exposure time.

In weaker environmental stress, e.g., 0.1 and 1 TU in time
series, medaka stepwise behavioral responses were more sig-
nificant, which mainly contained stimulation, acclimation,
and adjustment (readjustment), without toxic effect. In 5 TU
treatments during the exposure period, medaka behavioral re-
sponses met a great many changes, which mainly included
stimulation, acclimation, adjustment (readjustment), and toxic
effect. In the highest concentration exposure (10 TU), it was
hard for medaka to have the capability of adjustment. Medaka
behavioral responses decreased with hardly any movement
modulation, and the reason for this might be that in the higher
concentration exposure, the intrinsic responses were not
strong enough to adjust inner environment by behavioral re-
sponses to adapt the outside stress [45]. The stepwise behav-
ioral responses of medaka to the three kinds of organophos-
phorus pesticides could be described as the conceptual model
as shown in Fig. 3 [48].

3.2 Analysis of the Behavioral Responses Based
on Persister (p)

The stepwise behavioral responses of medaka to the three
kinds of organophosphorus pesticides showed evident regu-
larity, which was illustrated in the conceptual stepwise behav-
ioral response model [48]. Behavior stimulation was usually
followed by acclimation which was a continuous weakening

a

Behavior Strength

Behavior Strength

T P M T P M T P M TPM
Treatments

Fig. 2 The tendency analysis of the effects of organophosphorus
pesticides on medaka stepwise behavioral responses under
environmental stress. The tendency analysis of the stepwise behavioral
responses focused on the total changes of the behavior strength. a Solid
curves showed the BS changes in time series. The red solid curves
showed the BS changes in 10 TU treatments, the green solid curves
showed the BS changes in 5 TU treatments, and the gray solid curves
showed the BS changes in other concentration treatments (1 and 0.1 TU).
The thick-dotted curves (1, 11, and III) in figure meant the tendency of
medaka stepwise behavioral responses in different kinds of treatments. b
Gray solid curves showed BS changes in the treatments series every
10 min. 7, P, and M mean trichlorfon, parathion, and malathion,
respectively. The thick-dotted curves meant the tendency of medaka
stepwise behavioral responses in different time
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Fig.3 Stepwise behavioral responses of medaka to environmental stress
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of BS. The main reason for the fall of movement behavior in
acclimation was that the behavior adjustment reached extreme
of “alarm reaction” due to “threshold” in Fig. 3. However, the
threshold caused by the outside environmental stress is not
enough to clear the model of behavioral responses. According
to the “persistence model,” sometimes, the situation of the
individuals living in different environments may play a signif-
icant role in maintaining their own behavior movement ability.

Bacteria can protect themselves from various stresses at the
cost of suspending their growth, and the slow-growing persist-
er (p) cells can save the population from extinction during
times of stress [2, 27]. Therefore, the actual investment in such
an insurance policy, namely, the number of persister (p), is
known to be genetically determined and could therefore be
subject to evolutionary adaptation.

As reported by Harrison [21, 20], the bacteria can be main-
tained in the environment owing to co- or cross-resistance to
toxic chemicals (metals) or the regulation of resistance path-
ways, which highlights the importance of persisters (p) as
shown in Fig. 4. The number of individuals will decrease
slowly during the exposure process, which includes
resistence, inhibition, decrease, and then persistence (toler-
ance). It is hypothesized that once there were no strong treat-
ments, the change trends of the individual number might be
shown as the dotted curve in Fig. 4, and the process will be
quite similar to the stepwise behavioral response model as
described in Fig. 3. Therefore, in the aspect of the individual
situation, the adjustment ability correlated to persisters (p) is
very important for them to overcome the threshold from the
outside environmental stress.

According to the persistence model, the process of the
stepwise behavioral responses of medaka to organophospho-
rus pesticide is also a living strategy to protect them from the
negative impact of the environmental stress. Persisters (p) of
behavior movement may help individuals complete the accli-
mation and “behavior adjustment,” and it is a reliable mea-
surement for behavioral responses of medaka to environmen-
tal stress.

3.3 Preliminary Mathematical Description
of the Behavioral Responses Based on Persister (p)

The immobility of medaka will cause the movement toxic
effects in the stepwise behavioral response model; however,
the number of bacteria individuals will not decrease to zero
due to persisters (p). Though there is evident difference be-
tween the two models, the measurement of the stepwise be-
havioral responses model based on persisters (p) is acceptable,
especially in the process of behavior acclimation and “adjust-
ment.” Therefore, in this study, the preliminary mathematical
description of the medaka stepwise behavioral responses
based on persister (p) is developed.

@ Springer
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Fig.4 The importance of “persisters (p)” cells in the process of exposure
in different chemicals. The dotted curve during the tolerance period
shows the possible tendency of the individuals once there are no strong
treatments in the exposure process

In the mathematical description of the medaka stepwise
behavioral responses, y(f) is the macroscopic
(phenomenological) presenting of BS without considering
the differences among different individuals and the effects of
the other environmental factors. During the periods of no ef-
fects, stimulation, and acclimation, the normal behavior (B,,)
decides the trends of BS changes. The environmental stress
(S.) due to both the same exposure time in different treatments
and the same treatment in different exposure time will inhibit
the normal behavior. In the process of adjustment and read-
Jjustment, the persister (p) behavior (B,,) is the dominant. With
the analysis of both Figs. 3 and 4, the appearance of persister
(p) is always following the threshold from the environmental
stress, which means that the persister (p) behavior could be
induced by the threshold of environmental stress (S7). Once
behavior toxic effects start (73), there will be no Syagain, and
the persister (p) behavior B, will not be excited but
decrease slowly as (Bg) until the lost of behavior move-
ment. The schematic changes curves of different step-
wise behavioral responses of medaka are shown in
Fig. 5.

Normally, y(¢) is equal to the normal behavior B, in
pollution-free environment as shown in Eq. 4. The B,, curve
recorded by online monitoring system shows some fluctuation
in Fig. 5a, which means that y(¥) value is constantly changing
in a certain range.

y(I)S =B, (4)

Once subjected to environmental stress, the stepwise be-
havioral responses y(#) will be decided by both B, and B,
(Eq. 5), which are illustrated by the dotted black curves in
Fig. 5b.

y(t) =B, + B, (5)

There is no direct correlation between B, and B,, but they
will be affected by environmental stress. Under the conditions
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Fig. 5 Schematic change curves

of different stepwise behavioral 1
=
responses of medaka = 8,
_\/\/\_/—\/\/
0.8
0.6
0.4
0.2
0 Pollution-free environment

of environmental pollution, there is a negative correlation be-
tween B, and S, (Eq. 6).

f(Ba)=/(Se) (6)

For B, the persister (p) behavior will be induced by S,
especially when S, reaches the threshold of environmental
stress (S7) (Eq. 7). It is hypothesis that there are i thresholds
during the exposure of medaka in different treatments, and
then the medaka stepwise behavioral responses y(7) will be
presented as Eq. 8.

S (By) = f(ST)*/(Se) (7)
W) =3 By (8)
i=1

Meanwhile, once behavior toxic effects start (73), there will
be no Sragain, and B, will be By (Eq. 9). In this case (B), even
test individuals (medaka) are moved to pollution-free environ-
ment, it cannot stop B,, to decrease to zero (Fig. 5b).

f(Bp) :f(BO) (9)

The model of the stepwise behavioral responses based on
persister (p) as showed above is simple, but it is the first time
to give a preliminary mathematical description based on BS,
which is monitored by an online monitoring system. This
mathematical description suggested that persister (p) based
on the bacterial “persistence model” could help test individ-
uals overcome the threshold from the outside environmental
stress, and these equations about the stepwise behavioral re-
sponses could illustrate different movement process of test
medaka under environmental stress and supply a good method
to clear the behavior trend analysis.

4 Conclusions

The phenomenon of bacterial persistence was observed as
early as in 1942, when Staphyloccocal infections were seen

to recur, even following extensive treatments with high doses
of penicillin [22], and the first conceptual description of
threshold environmental stress was discussed in 1973 [44].
In this study, the mathematical description of the stepwise
behavioral response model to environmental stress based on
bacterial persistence is developed for the first time, which
might be very helpful for us to illustrate or postulate the pos-
sible behavior tendency according to the environmental stress.

The persister (p) according to persistence model is a reli-
able measurement for medak under environmental stress. Es-
pecially when the threshold of environmental stress inhibits
the behavior movements, persister (p) behavior will help indi-
viduals complete the acclimation and behavior adjustment to
overcome the outside environmental threat.

However, the threshold switch between normal behavior
movement and the behavior adjustment was found to depend
strongly on the environmental stress but weakly on the expo-
sure time of any given treatments due to the less number of the
treatment groups. Therefore, further research would focus on
the treatment series exposure effects on the behavior
movement of medaka, and behavioral responses of other
aquatic organisms, e.g., crustaceans, snails, insects, and
other fish, to the other different chemicals should be
investigated to develop the mathematical stepwise be-
havioral response model.

Meanwhile, the mathematical description of the stepwise
behavioral response model is just started, and the simple equa-
tions showed in this study are not enough to satisfy the nec-
essary of the behavior tendency analysis based on the envi-
ronmental stress. Some other mathematical methods, e.g.,
some neural network model to realize the complexity analysis
of behavior data and Kalman Filter methods to filtering be-
havior trends should be applied to refine the stepwise behav-
ioral response model.
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