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ABSTRACT: As pesticide use has increased in agriculture, the  substantial effects on nontarget organisms have grown. This 
investigation worked to mitigate the effects of pesticide run-off on non-target organisms by generating pesticide resistance in 
Daphnia pulex. D. pulex is a species of zooplankton present in most freshwater environments and is an essential component of 
freshwater ecosystems. D. pulex can naturally develop pesticide resistance and can act as a buffer to pesticide effects on aquatic 
organisms in higher trophic levels. Resistance was created in the lab through gradual exposure of D. pulex to the Lethal Con-
centration for 50% of the organisms (LC50) of the pesticide, malathion, an acetylcholinesterase inhibitor, over 54 days, for 
approximately six generations. Mortality rates after exposure of D. pulex to the Lethal Concentration for 75% of the organisms 
(LC75) of malathion were compared between previously exposed and unexposed individuals. It was hypothesized that previously 
exposed D. pulex would have higher survival rates than sensitive D. pulex when exposed to the LC75 of malathion. After exposure 
to LC75 malathion, results showed that the unexposed D. pulex had a higher mortality rate than the previously exposed D. pulex. 
Between the previously exposed D. pulex and the sensitive D. pulex, there was a difference of 80% mortality. This data suggests that 
lab-engineered pesticide resistance was generated in D. pulex. This process could therefore potentially be repeated on a larger scale 
to mass-produce resistant D. pulex that could be introduced into affected environments and lower mortality rates of non-target 
freshwater organisms.
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INTRODUCTION
The purpose of this project was to develop lab-engi-

neered pesticide resistance in D. pulex to acetylcholinesterase 
inhibitors, specifically malathion, to protect non-target fresh-
water organisms from the negative effects of pesticide run-off. 
Generating pesticide resistant Daphnia is beneficial to the 
environment because pesticide resistant Daphnia may act as 
environmental buffers that protect freshwater organisms from 
the harmful effects of pesticides.1 Success of lab-engineered 
resistance potentially allows for protection of freshwater en-
vironments affected by pesticide run-off and decrease in 
mortality rates of organisms in at-risk environments.2

Daphnia pulex is a type of small crustacean and a common 
species of zooplankton. They have a generational period of 
5-10 days. They are in the order Cladocera, meaning that the 
crustaceans have a bivalve shell, four legs, and a pair of an-
tennae.3 They live in freshwater ecosystems around the world, 
residing on all continents except for Antarctica and in almost 
every permanent freshwater body. D. pulex are capable of ab-
sorbing ions, chemicals, and other environmental particles 
through chloride-absorbing glands in their shell glands and 
maxillary glands.1 This ability, along with their small size, caus-
es heightened sensitivity to various chemicals that enter their 
environments. Therefore, they serve as reliable indicators of 
stress to freshwater ecosystems.4 Because of these factors, D. 
pulex are commonly used in ecotoxicology testing to determine 
the effects of chemicals on aquatic organisms.3 D. pulex feed 
on particles ranging from 1 µm up to 50 µm, which general-

ly consists of planktonic algae, yeast, and bacteria.1 D. pulex 
are an important food source for a variety of organisms and 
are therefore essential to freshwater ecosystems.4 Past stud-
ies indicate that trophic cascades induced by pesticides are 
initiated by the effects of pesticides on zooplankton.5 Cer-
tain zooplankton, like Daphnia, have been reported to exhibit 
a resistance to these pesticides  which yields the conclusion 
that resistant Daphnia could help buffer freshwater ecosystems 
from the trophic cascades induced by pesticides.⁶

Organophosphates are the most commonly used insec-
ticides in the world.⁷ Organophosphates are also known as 
acetylcholinesterase (AChE) inhibitors. By inhibiting AChE, 
organophosphates prevent the breakdown of the neuromuscu-
lar transmitter acetylcholine (ACh) resulting in overstimulation 
of synapses, which leads to continuous muscle contractions, 
immobility, and eventual death in D. pulex and other zoo-
plankton.⁸ Many organophosphates have been banned due to 
their toxicity and negative effects on the environment; howev-
er, some organophosphates are still available and widely used 
for domestic and agricultural use.⁹ One common acetylcholin-
esterase inhibitor used today is malathion. Malathion is used 
to control a wide variety of insects in agricultural and domestic 
settings, especially in public health for mosquito control, and it 
is moderately toxic to aquatic organisms.10

D. pulex resistance to outdated AChE inhibitors not used 
in modern agriculture such as chlorpyrifos, aldicarb, and di-
chlorvos has been reported; therefore, pesticide resistance to 
these chemicals has become less environmentally significant. 
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Resistance of D. pulex to malathion has been reported in nat-
urally occurring populations when they were exposed to low 
concentrations for multiple generations.5 Pesticide resistance 
in D. pulex is beneficial to the environment because it may buf-
fer the effects of pesticides on higher trophic levels.⁶ This study 
focused on creating lab engineered pesticide resistance to the 
commonly used modern pesticide, malathion.

It was hypothesized that D. pulex that are exposed to mal-
athion in lower concentrations of 5 µg/L for 54 days would 
develop resistance to the AChE inhibitor malathion and 
demonstrate higher survival rates when exposed to 7.5 µg/L 
malathion as compared to D. pulex that were not previously 
exposed to malathion.

RESULTS AND DISCUSSION 
The statistical significance of all data was calculated using 
standard deviation and standard error of the mean formulas. 

Bioassay
The mortality rates of three different cultures of D. pulex 

with six organisms in each jar initially, and after 48 hours, in 
the presence of 1 µg/L, 3 µg/L, and 5 µg/L malathion were 
calculated and recorded. In the control group no D. pulex died; 
the 1 µg/L group had a 100% mortality rate; the 3 µg/L group 
had a 17% mortality rate; and the 5 µg/L group had a 50% 
mortality rate (Figure 1). The 50% mortality rate of the 5 µg/L 
solution made 5 µg/L malathion the LC50 for D. pulex. The 1 
µg/L should have had a <10% mortality rate, and likely had the 
100% mortality rate due to contamination when the solution 
was created.

Long Term Exposure Period
The amount of D. pulex alive in each jar was monitored every 

9 days. At the beginning of the 54-day period, 10 D. pulex were 
alive in each jar. The days that the populations were tracked 
coincided with malathion addition. The average Daphnia alive 
in the four jars in each group was calculated across the 3 trials 
and recorded. The averages of those calculations were then de-
termined across the 4 jars and placed in a line graph to show 
the gradual population decline in each experimental group, as 
shown in Figure 2. 

After 54 days in the 100 ml environments, on average over 
the 3 trials, out of the original 10 D. pulex in each jar, 7 D. pulex 
were dead in the malathion addition jars, 7 D. pulex were dead 
in the malathion control jars, and 7 D. pulex were dead in the 
overall control jars. The malathion-exposed D. pulex averaged 
a mortality rate of 70%, the malathion control averaged a mor-
tality rate of 70%, and the overall control averaged a mortality 
rate of 70%, showing that the D. pulex could still survive and 
only declined in population due to less available resources. 

Additionally, the similarities in mortality rates across the 3 
different populations shows that D. pulex survival was not sig-
nificantly affected by the presence of 5 µg/L malathion over 
54 days, which suggests the development of resistance over the 

generations of the D. pulex. The belief that resistance was de-
veloped over many generations is supported by the continued 
reproduction of the D. pulex throughout the exposure period 
and the survival of the sixth generation D. pulex in later resis-
tance testing.

Resistance Testing
Before the 7.5 µg/L malathion was added, each jar in each 

trial contained the amount of living D. pulex that were pres-
ent from the exposure period. 48 hours after exposure to a 7.5 
µg/L malathion solution, on average 3 D. pulex were alive in 
the previously exposed D. pulex jars, 1 D. pulex was alive in the 
unexposed D. pulex jars, and 3 D. pulex were alive in the con-
trol jars. On average, the previously exposed D. pulex had a 4% 
mortality rate, the newly exposed D. pulex had an 84% mor-
tality rate, and the control D. pulex had a 7% mortality rate, 
which is broken down by trial in Figure 3 and shown overall 
in Figure 4. These results showed that the unexposed D. pulex 
had an 80% higher mortality rate than the previously exposed 
D. pulex. Compared to the unexposed D. pulex, which is shown 
to the left and under the conclusion, the previously exposed 
D. pulex had a 3% lower mortality rate and the unexposed D. 
pulex had a 77% higher mortality rate, leading to a difference 
of 80% as compared to the control between the 2 experimental 
groups. The standard errors of the mean,  4.5% mortality for 
the malathion group, 6.6% mortality for the malathion control 

Figure 1: The mortality rates of D. pulex 48 hours after the addition of 5 μg/L malathion for each of 
the 3 cultures are shown in this graph, with 5 μg/L’s mortality average of 50% making it the LD50 
for D. pulex.

Figure 2: The average survival of the D. pulex in each trial over the 4 jars in each experimental and 
control group is shown in this graph. All 3 groups show a steady decline over the course of the 54 
day exposure period, finishing at an overall mortality rate of 70% for all 3 groups of D. pulex
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group, and 0.7% mortality for the overall control, indicate sta-
tistical significance in the differences in mortality percentages 
between the 2 experimental groups. These values were calcu-
lated by using the averages from each jar over the course of 3 
trials.

CONCLUSION

The research hypothesis was supported because the D. pulex 
previously exposed to 5 µg/L malathion had significantly lower 
mortality rates as compared to the previously unexposed D. pu-
lex when exposed to 7.5 µg/L malathion for 48 hours. The 87% 
difference in mortality rates between the previously exposed D. 
pulex and the newly exposed D. pulex is statistically significant 
and demonstrates a developed resistance in the malathion ex-
perimental groups. The creation of resistance through exposure 
in the lab shows that pesticide resistance to AChE inhibitor 
pesticides, organophosphates, can be engineered in a lab envi-
ronment. This suggests that the process could be repeated on 
a greater scale to create larger quantities of organophosphate 
resistant D. pulex with potential for introduction to natural 
environment. Many freshwater environments that are in prox-
imity of the agricultural and domestic settings are exposed to 
pesticides. Pesticides are applied to plants around homes and 

in larger quantities on crops in agricultural settings. When the 
plants are watered or exposed to rainfall, the residue from the 
pesticides is washed off and moves into nearby bodies of water, 
which leads to the exposure of organisms in the local bodies of 
water to suffer the negative effects of pesticide. Organophos-
phates in particular are toxic to aquatic organisms, causing 
population decreases. Lab engineered resistance allows for the 
potential of mass production of resistant D. pulex that could 
be introduced to freshwater ecosystems. Pesticide resistant D. 
pulex could be introduced to freshwater ecosystems affected 
by pesticide runoff and act as environmental buffers to protect 
other organisms from the negative effects of AChE inhibitor 
pesticides.

In the future, the success of resistant D. pulex created in a 
lab environment as environmental buffers needs to be inves-
tigated. Previous research has shown that naturally resistant 
D. pulex successfully protect other freshwater organisms from 
population endangerment, but no research has been done 
on the potential for protection by lab resistant D. pulex. This 
could be investigated by creating microcosms with a species 
of freshwater organism in a higher trophic level and two types 
of D. pulex: sensitive and resistant. The survival of the other 
freshwater organisms could be monitored in the presence of a 
high concentration of malathion and compared between those 
with sensitive and resistant D. pulex. Additionally, the survival 
of these resistant organisms in a natural environment and the 
heritability of resistance genes needs to be monitored to en-
sure that organisms with engineered resistance can survive and 
pass on resistance to their offspring. This future research will 
further support the environmental applicability of this project.

METHODS
Preparation 
D. pulex were maintained in 100 mL jars of spring wa-

ter. They were fed every 2 weeks using approximately ⅛ of a 
pellet in powdered form of Daphnia food containing primar-
ily soybean meal, ground yellow corn, fish meal, and brewers 
dried yeast provided by Carolina Biological.11 The water was 
changed in the tanks every 3 weeks by removing and replacing 
500 mL of spring water.

The specific type of this pesticide used in this experiment 
was Spectracide Malathion. Its chemical composition is 
C10H19O6PS2.10 Malathion was serially diluted by first dilut-
ing the pesticide into a 1 mg/L solution that would be used to 
create other concentrations. This dilution was done by combin-
ing 1 mL of 50% malathion solution using a volumetric pipet 
with 999 mL of spring water in a volumetric flask and sealed 
with a #4 rubber stopper. The 1 mg/L malathion solution was 
then used to create 1, 3, and 5 µg/L malathion solutions that 
were stored in volumetric flasks, shown in Figure 5, and la-
beled accordingly under a free-standing laboratory fume hood 
with a motor mounted on the top, front glass protection, and 
a steel liner.

Figure 3: The percent mortalities of D. pulex 48 hours after 7.5 μg/L malathion addition are 
shown and broken down by the averages of  trial, with the malathion control group having 
significantly higher mortality rates according to standard deviation calculations and the error bars 
shown in the graph.

Figure 4: The average percent mortalities of D. pulex 48 hours after malathion addition over 3 
trials are shown and broken down by experimental group to show the overall comparison between 
D. pulex that were previously exposed to malathion and D. pulex that were newly exposed 
to malathion, as well as the non-exposed D. pulex that were kept to monitor environmental 
conditions.
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Bioassay
D. pulex were individually collected from the 2.5 L tanks 

using a pipet and transferred in groups of 6 into 12 100 mL 
glass jars filled with spring water. Jars were divided into groups 
of 3 and labeled as 1 µg/L, 3 µg/L, 5 µg/L, and Control, which 
is shown in Figure 6. 5 mL of the designated concentration 
of malathion was added to each jar using a volumetric pipet, 
shown in Figure 7, and the amount of D. pulex alive after 1 
hour, 24 hours, and 48 hours was observed and recorded in a 
data table in the logbook. Traditionally, the chemical solution 
would have been added to the environments prior to the addi-
tion of the organisms; however pesticide solutions were added 
after integration of the organisms into their new environments 
to model the addition of pesticides in natural ecosystems after 
pesticide run-off.

The mortality rates from the initial addition to 48 hours 
were calculated for each jar in each group and the mean was 
determined. The concentration that kills approximately 50% 
of organisms in an experimental group (LC50) was calculated. 

The LC50 of 5 µg/L malathion was used in later experimen-
tation. 

Long Term Exposure Period
For each of the three trials, 120 D. pulex were individual-

ly caught from the 2.5 L tanks using a pipet and transferred 
into 100 mL glass jars. Ten D. pulex were added to each jar. 20 
mL of water was transferred with the D. pulex into each jar, 
and then 60 mL of spring water was added to each jar. The 
D. pulex were divided into 12 different 100 mL jars in groups 
of ten with three different experimental groups: malathion, 
which was exposed long-term to malathion; malathion con-
trol, which was later exposed to malathion; and overall control, 
which was used to monitor environmental conditions of the 
microcosms. Each jar was labeled with its designated exper-
imental group and a number one through four to designate 
the jar number within each group, which is shown in Figure 8. 
Additionally, a designated colored mark was put on each label 
to distinguish between Trials 1, 2, and 3 and recorded in the 
logbook’s color code.

Initially, 5 mL of 5 µg/L malathion was added to each of 
the four malathion jars in each trial to achieve a nominal 
concentration of 0.25 µg/L. Mathematical calculations were 
completed to determine that, in order to maintain a nominal 
concentration of 0.25 µg/L, 20 mL of spring water had to be 
removed and replaced with 19 mL of spring water and 1 mL 
of 0.25 µg/L malathion. Every 9 days, the water was changed, 
and 1 mL malathion was added using a volumetric pipet to 
maintain the nominal concentration. This repeated addition 
was performed to ensure continual exposure to malathion 
because the stability of malathion in aquatic environments is 
largely unknown beyond its harmful effects on aquatic organ-
isms in its presence.13 Repeated addition of malathion also 
simulates natural conditions of repeated exposure of ecosys-
tems due to pesticide runoff. The water in malathion control 
and overall control jars was changed every 18 days, and the 
water changes were recorded on charts in the logbook along 
with feedings and malathion additions for each trial. Addi-
tionally, the amount of D. pulex alive in each jar was counted 
every 9 days using a magnifying glass, as seen in Figure 9, and 
recorded in data tables in the logbook. Nine days was the cho-
sen interval because generational time for D. pulex is between 
5 and 10 days, and 9 days is the longest possible generational 
period that doesn’t allow for the potential of two short genera-
tions that would exist in a period of 10 days. The data was then 
placed into a line graph to track the increases and decreases in 
surviving D. pulex in each of the experimental groups.

Resistance Testing.
After 54 days passed in each trial, all D. pulex were trans-

ferred to fresh, uncontaminated spring water for a 1-day rest 
period before resistance testing. The amount of D. pulex in each 
jar remained the same as the amount in the jars at the end of 
the 54-day exposure period and varied based on the amount of 
D. pulex that survived the exposure period in each microcosm. 

A 7.5 µg/L malathion solution was created by combining 
the 1 mg/L solution with spring water in a volumetric flask. 
7.5 µg/L was chosen because it is the approximated LC75 for 

Figure 5: In the bioassay, the jars were 
kept in 4 rows of 3 and labeled as 1 µg/L 
malathion, 3 µg/L malathion, 5 µg/L 
malathion, and control.

Figure 6: The volumetric flasks and the 50% malathion 
solution were kept in the chemical closet next to the fume 
hood and labeled with their concentration and a designated 
color of glass tape that was recorded in the logbook.

Figure 7: A volumetric pipet was used to extract different concentrations of malathion from the 
volumetric flasks and to place specific amounts into the jars of D. pulex.
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nonresistant D. pulex based on the previously completed bio-
assay. 5 mL of the 7.5 µg/L malathion solution was added to 
each jar and the water was gently stirred with a volumetric 
pipet to mix the malathion with the environment and simulate 
natural water movements. A magnifying glass was then used 
to count the D. pulex alive in each jar immediately after 7.5 
µg/L malathion addition, 1 hour after addition, 24 hours after 
addition, and 48 hours after addition. The values were recorded 
in a data table in the logbook.

The data was used to calculate the mortality rates of each jar 
of D. pulex. The data was then averaged between the 4 jars in 
each group and the mortality rates were also averaged to gen-
erate average percentages for each experimental group. These 
final percentages were placed in a bar graph to show the differ-
ences in mortality between the previously exposed, unexposed, 
and control D. pulex. After the completion of each trial, the 
resistant D. pulex were placed in a 2.5L tank and labeled as 
resistant Daphnia. The other D. pulex and their contaminated 
environments were placed in the malathion waste jar in the 
fume hood. Once all trials were finished and the D. pulex were 
moved out of their jars, the malathion mixtures in the vol-
umetric flasks were poured into malathion waste containers, 
labeled, and dropped off at the chemical waste facility.
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