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Effects of a commercially
formulated glyphosate solutions
at recommended concentrations
on honeybee (Apis mellifera L.)
behaviours

Qi-Hua Luo'?, Jing Gao?, Yi Guo?, Chang Liu?, Yu-Zhen Ma?, Zhi-Yong Zhou?, Ping-Li Dai?,
Chun-Sheng Hou?, Yan-Yan Wu'*’ & Qing-Yun Diao'**

Glyphosate, the active ingredient of the most widely used commercial herbicide formulation,

is extensively used and produced in China. Previous studies have reported sublethal effects of
glyphosate on honeybees. However, the effects of commercially formulated glyphosate (CFG) at

the recommended concentration (RC) on the chronic toxicity of honeybees, especially on their
behaviours, remain unknown. In this study, a series of behavioural experiments were conducted to
investigate the effects of CFG on honeybees. The results showed that there was a significant decline
in water responsiveness at 1/2 x, 1xand 2 x the RC after 3 h of exposure to CFG for 11 days. The CFG
significantly reduced sucrose responsiveness at 1/2 xand 1 x the RC. In addition, CFG significantly
affected olfactory learning ability at 1/2 x, 1x, and 2 xthe RC and negatively affected memory
ability at 1/2 xand 1 x the RC. The climbing ability of honeybees also significantly decreased at 1/2 x,
1xand 2 xthe RC. Our findings indicated that, after they were chronically exposed to CFG at the RC,
honeybees exhibited behavioural changes. These results provide a theoretical basis for regulating field
applications of CFG, which is necessary for establishing an early warning and notification system and
for protecting honeybees.

Honeybees (Apis mellifera L.) are one of the most important economic insects for crop pollination. Honeybee
pollination is important for crops, orchards, endangered plant survival, urban horticulture and ecological restora-
tion, and honeybees account for more than 80% of the total number of pollinating insects in nature'. However,
due to excessive applications of a large number of pesticides, honeybee poisoning incidents have occurred fre-
quently in recent years®. Specifically, the population of honeybees in many countries throughout North America,
Europe and Asia has decreased significantly because of the excessive use of pesticides**. The reduction in the
number of honeybees may cause enormous economic losses in the beekeeping industry, and yields and crop qual-
ity may diminish because of insufficient pollination®-%. Compared with that of other insect species, the genome
of honeybees lacks genes that encode detoxification enzymes, so honeybees are highly susceptible to pesticides®.
Therefore, honeybees are the standard test organism for assessing the potential effects'® of pesticides on terrestrial
invertebrates, and there is a set of standard methods to study this species’!™">. In order to use pesticides safely, it
is important to study the toxicity of commercial pesticide formulations to honeybees.

Glyphosate (GLY) is one of the most widely used herbicides worldwide. The glyphosate active ingredient and
preparations manufactured by Chinese companies account for more than 60% of the global market'®. Glyphosate
isopropylamine salt has been at the top of sales annually. China is a major producer and consumer of glyphosate-
based formulations, especially Roundup brand herbicides. Previous studies have mostly used pure glyphosate
(>99%) in experiments to test the effect on honeybees”’zo; however, honeybees that are in direct contact with
glyphosate in the field are commercially formulated glyphosate (CFG) at the recommended concentration (RC).

A reliable herbicide spraying early warning system has not yet been established in the rural areas of China
(106.7 million ha of grain production area, 618.66 million rural permanent residents)?!, which means that
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Figure 1. Water responsiveness of honeybees treated with Roundup. The values represent the means + SEMs.
df=11. Significant diferences from the control are indicated by * (p <0.05).

beekeepers in those areas are usually not informed before herbicides are sprayed. Therefore, there are frequent
poisoning incidents of honeybees caused by mistaking the source of honey and pollen to which peasant farm-
ers have just applied or are applying glyphosate-based formulations. Farmland in the rural areas of China is
scattered due to differential household distribution, and the spraying of herbicides is not regular. During the
spray period of commercially formulated glyphosate, alternate spraying of commercially formulated glyphosate
in several plots around apiaries lasting for more than 10 days is common?®*?. In China, honeybees may forage
this herbicide at recommended concentration for a long time, but there are few studies on the adverse effects of
honeybees under such conditions.

Several studies demonstrated the influence of commercially formulated glyphosate to locomotion behaviors.
Roundup residues significantly reduced locomotion of beetles?*. The escape swimming speed of damselfly larvae
exposed to Roundup significantly decreased®. And Roundup also inhibited locomotion on the soil inverte-
brates, Caenorhabditis elegans®*. Commercially formulated glyphosate (e.g. Roundup) also affected nerve system.
Relating olfactory neurotoxicity to altered olfactory-mediated behaviors was found in rainbow trout exposed
to three currently-used pesticides (including Roundup)?>?. In rat adult offspring, the glyphosate-based herbi-
cide could also induce neurotoxicity®. For the model insect honeybees, the climbing assay could detect their
locomotion!®17*°. The use of proboscis extension response to water and sucrose responsiveness could detect the
ability of honeybees to forage water and food'”***!. Besides, the effects on learning and memory in the nervous
system was also important for foraging efficiency and survival of honeybees'”***2. However, there were few
studies on the effects of the commercially formulated glyphosate at recommended concentrations on the above-
mentioned behaviors of honeybees.

On the basis of the above considerations, we used Roundup (41%), the most widely used herbicide formula-
tion, in laboratory to study the effects of the recommended spray concentration on the water responsiveness,
sucrose responsiveness, olfactory learning, memory ability and climbing ability of the honeybees after the spray
period (more than 10 days). It is with hope that the results of this study can be used to evaluate the effects of
commercially formulated glyphosate at the recommended concentration on honeybee behaviour during the
intensive spray period and can further provide a scientific basis for the establishment of an early warning system
for beekeepers in actual and better protection of honeybees.

Results

LDso. The honeybees were treated with Roundup at different concentrations, and the insect mortal-
ity was recorded within 48 h. The mortality were respectively 3.67+1.13%, 7.77 £3.04%, 35.25+7.94%, and
75.00 £2.85% at the concentrations of 0 g a.i./L, 0.72 g a.i./L, 3.6 g a.i./L, and 7.2 g a.i./L. The ingestion LDs, was
309 pg/bee (y=5.454x—1.684).

Roundup decreased water responsiveness. No significant effect of Roundup on water responsive-
ness was detected at 1 h after treatment (p=0.49). Compared with the control solution, Roundup significantly
decreased the proboscis extension response to water at 3 h after treatment at all tested concentrations (p=0.027,
1/2 x the recommended concentration; p=0.018, 1xthe recommended concentration; p=0.032, 2 x the rec-
ommended concentration). The highest percentage of proboscis extension response was 28.33% in the control
groups, and the lowest was 6.67% in the Roundup treatment of 2 x the recommended concentration (Fig. 1).

Roundup affected sucrose responsiveness. The proboscis extension response percentage increased
with increasing sucrose concentration in the control and treatment groups. A significant decrease in the pro-
boscis extension response percentage was detected in response to the 0.03% and 0.3% sucrose solutions after
treatment with Roundup at 1/2 x the recommended concentration for 11 days (p=0.028 and p=0.015, respec-
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Figure 2. PER percentage responses of honeybees to increasing concentrations of sucrose. The values represent
the means + SEMs. df=11. Significant diferences from the control are indicated by * for 1/2xRC, # for 1 xRC
(p<0.05).

tively). In honeybees treated with Roundup at 1 xthe recommended concentration, the proboscis extension
response percentage in response to the 0.03%, 0.1% and 0.3% sucrose solutions was significantly lower than that
of the control groups (p=0.009, p=0.047 and p=0.007, respectively). Moreover, there was no significant effect
of the proboscis extension response percentage for the > 1% sucrose solution between the control and treatment
groups. The groups of honeybees treated with 2 x the recommended concentration of Roundup did not exhibit
any significant effects on the proboscis extension response percentage in any of the treatments (Fig. 2).

Roundup affected olfactory learning and memory ability. The olfactory learning and memory abil-
ity of honeybees was expressed as the proboscis extension response percentage. Fixed honeybees were evaluated
in the training phases C1, C2, and C3 and then in the test phases T1, T2, T3, T4 and T5. The proboscis extension
response percentage of honeybees treated with Roundup at 1/2 x the recommended concentration indicated that
the learning ability (the relationship between odour and sucrose feedback) during the second and third presen-
tation of odour (C2 and C3) was significantly lower than that in the control groups (C2, p=0.029; C3, p=0.002).
And compared with that in the control groups, the proboscis extension response percentage in the treatment
group significantly decreased during all test phases (T1, p=0.014; T2, p=0.028; T3, p=0.01; T4, p=0.016; T5,
p=0.013). Compared with those in the control groups, the honeybees treated with Roundup at 1 xthe rec-
ommended concentration presented a significantly increased proboscis extension response percentage at C1
(C1, p=0.027) but a significantly decreased proboscis extension response at T1, T4 and T5 (T1, p=0.001; T4,
p=0.041; T5, p=0.011). A significant reduction in olfactory learning performance was also noted during C2 and
C3 in honeybees treated with the highest dose of Roundup (2 x the recommended concentration) (C2, p=0.011;
C3, p=0.013). The T1-T5 tests revealed no significant effect of the highest concentration of Roundup (Fig. 3).

Roundup significantly reduced climbing ability. The climbing ability of the honeybees was signifi-
cantly affected by Roundup. Honeybees in the control groups required the shortest time to climb 50 cm, whereas
those in the Roundup treatment groups at 2 x the recommended concentration required the longest time. Dur-
ing the climbing activity tests, honeybees treated with Roundup at all tested concentrations took longer to walk
through the 50-cm track than did those in the control groups after 11 days of exposure (1/2 x the recommended
concentration, p=0.029; 1xthe recommended concentration, p=0.031; 2xrecommended concentration,
p=0.008) (Fig. 4).

Discussion

Roundup is one of the most widely used herbicides worldwide, and its global annual sales have always been the
greatest. The LDj, of Roundup to honeybees was 309 ug/bee for 48 h in this study. This is similar to that in the
material safety data sheet of Monsanto Company for Roundup Original Herbicide, which indicates the ingestion
LD, of A. mellifera for 48 h is 326 pg/bee®.
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Figure 3. Olfactory learning and memory performance of honeybees after chronic exposure to Roundup.
The values represent the means + SEMs. df=11. The positive responses at T1 of the control groups were scaled
to 100%. Significant differences from the control are indicated by * for 1/2xRC, # for 1 xRC, & for 2xRC
(p<0.05).
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Figure 4. Time (s) spent by honeybees climbing along a 50-cm track after Roundup exposure. The values
represent the means+ SEMs. df=19. Signifcant differences from the control are indicated by letters of a, b, and ¢
(p<0.05).

The doses of 7 and 14 pg/bee, which were equal to the 1/2x, and 1 x recommended concentration respectively
in this study, were inferior to 1/20 of the LDs, (309 ug/bee for 48 h). Therefore, both of the doses tested in this
study were assumed to belong to a sublethal domain**.

Bees exposed to Roundup exhibited no difference in water responsiveness at 1 h in this study, which was
similar to the response to other pesticides. The effects of acetamide and thiamethoxylamine on water respon-
siveness were not significantly different after 1 h of intragastric administration®'. However, we found that the
percentage of proboscis extension response decreased significantly after 3 h. It seemed that the formulation
influenced the thirst of honeybees when the test time was prolonged. Water is very important for proper larval
growth and development®. Brooding food consists of clear ingredients from the hypopharyngeal gland, possibly
mixed with honey, digestive enzymes and water®. Therefore, the temperature of the hive and the feeding of the
larvae may be affected if the honeybees are unwilling to collect water when affected by Roundup. Thompson
et al. reported no significant effects of glyphosate on breeding, development and mean weight after treatment
with pure technical-grade isopropylamine salt®.
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Herbicide formulations always contain mixtures of inert ingredients with adjuvants/surfactants to enable
effective penetration into target tissues”~*°. It is well known that the commercially formulated glyphosate solu-
tions and their inert ingredients, such as polyethoxylated tallow amine (POEA) in Roundup, are more toxic than
glyphosate alone**-*%. Thus, it posed higher risks to human health, especially among heavily-exposed applica-
tors. It indicated that the toxicity of POEA within the commercially formulated glyphosate on honeybees need
further study*. In addition, more independent and repeated experiments could make the results more accurate.

We found that Roundup at 1/2 xand 1 x the recommended concentration had negative effects on sucrose
responsiveness. The effect was also previously observed by Herbert et al. Newly emerged honeybees exposed to
2.5 or 5 mg/L glyphosate for 15 days had lower sucrose responsiveness than did control honeybees'”. Interest-
ingly, the effect of Roundup exposure at 2 x the recommended concentration had no significant effect on sucrose
responsiveness in this study. It seemed that Roundup at 2 x the RC balanced the effects of decreasing and increas-
ing sucrose sensitivity, which also needs further study.

It is necessary to assess the learning and memory ability of worker honeybees involved in foraging. Tests
are based on the ability to associate odours with rewards and remember this association after treatment with
contaminated food. Compared with that of honeybees in the control groups, the learning ability of honeybees
treated with Roundup was significantly affected at 1/2 xand 1 x the recommended concentration in this study.
The negative effects of honeybees on olfactory associative learning have also been observed previously. Long-term
exposure of sublethal concentrations of glyphosate (2.5 mg/L and 5 mg/L) hinders the dynamics of the ability
to establish links between odour and reward!”. Forager honeybees exposed to acute glyphosate doses showed
impaired cognitive ability to retrieve and integrate information for successful foraging'”*%.

The memory of honeybees in this study was significantly impaired after exposure to Roundup for 11 days
at 1/2xand 1 x the recommended concentration, which was different from the results of short-term memory
in the report by Herbert et al. Those authors reported that long-term exposure to sublethal glyphosate had no
effect on the establishment of short-term (15-min) memory"’. It was speculated that memory was not affected
because of the relatively low trace concentration and toxicity when pure GLY was used, as in the study by Herbert
et al. Unexpectedly, although the learning ability was significantly inhibited in response to 2 x the recommended
concentration, memory was not affected. These results are consistent with those of Gonalons et al. The effect of
glyphosate combined with imidacloprid was weaker than that of imidacloprid alone. It seems that the action of
imidacloprid is not detectable in the presence of glyphosate*. Foraging activities may require decision making
based on information previously acquired through learning and memory*”*. Therefore, the results of our study
suggest that chronic honeybee exposure to Roundup at 1/2 x and 1 x the recommended concentration may have
a negative impact on the search and collection of resources and the coordination of foraging activities. The neu-
rotoxin of Roundup also found in rainbow trout and rats. It evoked electro-olfactogram (EOGs) which indicated
the formulation may had acted as an odorant, and generated a behavioral response in rainbow trout. This was
avoided at glyphosate isopropyl amine concentrations > 10 mg/L%. Tierney et al. (2006) also found significant
electro-olfactogram reductions occurred within 10 min of exposure to 1 mg a.i./L and more rapidly with higher
concentrations with the water-soluble herbicide glyphosate?. The effects that the prolonged immobility time
and decreased time of climbing after Roundup exposure (3600 mg a.i./L, quivalent to 70 mg a.i./Kg/day) on rats
were associated with oxidative stress and depressive-like behavior in offspring®.

We found that the climbing ability of honeybees significantly decreased after treatment with the recommended
concentration of Roundup. The greater the concentration was, the faster the climbing ability decreased. Many of
the tasks of honeybees involve climbing ability, so Roundup may affect the working ability of bees. Herbert et al.
reported no changes in locomotive or directional activity between honeybees exposed to glyphosate at a concen-
tration of 2.5 mg/L and those exposed to glyphosate at 5 mg/L for 15 days. The use of trace concentrations and
pure glyphosate was less toxic than commercially formulated glyphosate without the surfactant. The impact of
Roundup on honeybee locomotion was consist in other insects and soil invertebrates. Roundup residues (14.24 g
a.i. /L, fresh or one-day old) did not alter the speed of locomotion of Pardosa spiders, but significantly reduced
the crawled speed of Poecilus beetles exposed to residues than the control group®*. Damselfly larvae exposed
to Roundup (0.59 mg a.i./L and 1.19 mg a.i./L) had a higher foraging activity and a lower escape swimming
speed, while it was only true at the highest concentration for glyphosate-exposed larvae®. In soil invertebrates,
Roundup inhibited locomotion on C. elegans in a dose-dependent manner up to 86% at 10 uM (1.69 mg/L)?.
Moreover, honeybees fed with glyphosate (0.5 pg/bee) solution were shown to spend more time flying home
than were honeybees fed a pure sucrose solution or low concentrations of glyphosate (0.125 ug/bee and 0.25 pg/
bee)?2. Therefore, studying the effects of Roundup on honeybee navigation ability in response to recommended
concentrations is necessary.

Honeybee behaviours might be severely affected when beekeepers fail to receive early warning and the bees in
the colonies continue to forage the nectar and pollen sprayed with herbicides such as Roundup. And this herbi-
cide could also alter the structures of royal jelly producing glands which can trigger damage to the development
and survival of honeybee colonies®. In practice, rural farmers often double the concentration of herbicides to
address resistance'’. Therefore, it is necessary to evaluate the actual applications of commercially formulated
glyphosate (CFG) at the recommended or higher concentration rather than the pure glyphosate on honeybees.
In addition, China is a major beekeeping and bee product exporter worldwide, so it is strongly recommended
that the relevant departments of the government establish an early warning and notification system to notify
beekeepers before such herbicides are sprayed. Besides, commercially formulated glyphosate is widely used in
agriculture and ecotoxins impact developing organisms differently than adults?>*. Increased amounts of atten-
tion should be paid to commercially formulated glyphosate because it not only is harmful to honeybees but also
reportedly can cause human diseases after long-term use**>*%1,
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Conclusions

In this study, we provided new information on the influence of commercially formulated glyphosate at the
recommended concentration on the behaviours of honeybees. Our findings showed that the water responsive-
ness, sucrose responsiveness, learning and memory ability and climbing ability of honeybees were affected by
commercially formulated glyphosate at or below the recommended concentration. Additional research needs
to be conducted to determine the effects of actual applications of commercially formulated glyphosate at the
recommended or lower concentration rather than the pure glyphosate on honeybees.

Materials and methods

LDso. LDs, was tested to assess the dose level used in this study. Sampling sites were located at the Zhuifeng-
shan Forest Apiary, Dachengzi town, Miyun district, Beijing. In order to avoid taking too many emerging bees
at one time and affecting bee colonies, each experiment randomly selected six capped combs in six colonies
from forty colonies and maintained in an incubator (these combs were put back into the original colonies after
collection). Each cage (15x15x10 cm, with mesh on two sides) contained 70 honeybees that were captured
within 24 h. A total of 4 cages were randomly selected for four treatments. The sucrose solution contained 41%
glyphosate isopropylamine salt (Monsanto Roundup Original; 356 g of glyphosate acid equivalent per liter) at
concentrations of 0, 0.72, 3.6, 7.2 g(s) of glyphosate acid equivalent per liter respectively (abbreviated as g/L).
Plastic feeder were inserted vertically into the cages and changed daily. On the basis of the number of honeybees
that survived daily, each honeybee was fed with an average of 33 pl of sucrose solution which can be guaranteed
to be completely eaten to ensure that the average dose of each bee is fed, and then fed with sucrose solution
(50%, w/w) and water ad libitum?®*. The honeybees were fed in an incubator whose temperature was 30+ 1 °C
and whose relative humidity was 65% ~ 70%. The insects in the control groups were fed 50% (w/w) sucrose solu-
tion and water. The total mortality rate was calculated at 48 h after treatment. Then six more combs from the rest
colonies with capped pupae were randomly selected, and the entire experiment was repeated for 6 times in total
and thirty-six colonies involved.

Water responsiveness. The sampling sites and methods of honeybee collecting and feeding were the same
as those above. Six combs with capped pupae were randomly taken from six healthy colonies and put them in
the same incubator to take the emerging honeybees the next day. A total of 16 cages (70 bees/cage), 4 of which
were randomly selected for water responsiveness assay (four treatment: 0, 1/2, 1, and 2 xrecommended con-
centrations), and the rest for sucrose responsiveness, learning and memory and climbing assay (4 cages for four
treatments in each behavioral experiment) respectively. Six combs were randomly selected again after such an
experiment completed, and the entire experiment was repeated for a total of 3 times and 18 colonies involved (5
times for climbing assay).

At the beginning of the experiment, to keep the honeybees at the same age and adapt to the laboratory feeding,
the honeybees were fed 50% sucrose for one week (during which each caged honeybee was fed with sufficient
amounts of pollen, which was replaced daily). The recommended concentration of Monsanto Roundup Original
was 50 ml-500 ml formulation solution in 30-40 L water according to different application?*?*°%%3, The formu-
lation in our study was applied at a rate equivalent to 50 ml formulation solution in 40 L water, which was the
lowest recommended concentration and equal to 445 mg a.i./L (1 x recommended concentration). Beginning
when they were 8 days old, the honeybees were continuously fed three concentrations of glyphosate (the 1/2 %,
1 xand 2 xrecommended concentrations used in this study), which were equal to doses of 7, 14 and 28 pg/bee/day
in 33 ul of 50% sucrose solution/day, on average. A honeybee age of 18 days old is the age at which nest working
and foraging occur. Thus, 18 days old is a suitable age for testing a variety of working abilities and undertakings
that are conducive to detecting the influence of the formulation®. The control groups were fed with a 50% sucrose
solution. All tested honeybees were starved for 4 h before the test.

The honeybees were fixed in a tube such that the antennae and head could move freely. Water was placed on
the antennae of the honeybees to detect the proboscis extension response (PER) as described in the study of El
Hassani et al*!. The honeybees were tested twice: at both 1 h and 3 h after treatment. Thirty honeybees were tested
per replicate, and three replicates were used per treatment (0, 1/2 x, 1 x and 2 X recommended concentrations).

Sucrose responsiveness. The bee rearing, treating and fixing methods are the same as previously men-
tioned methods. Water was first put on the antennae of the honeybees to determine whether the insects sucked
water, eliminating the proboscis extension response phenomenon due to thirst. The proboscis extension response
was then used to test honeybee sucrose responsiveness to increasing concentrations of sucrose solution (0.3%,
1%, 3%, 10%, 30%; w/v). The sucrose solution was absorbed and placed on the antennae of the honeybees to
detect the proboscis extension response as described by El Hassani et al*!. For each concentration, the percentage
of proboscis extension response released by the honeybees was recorded.

Olfactory learning and memory ability. The bee rearing, treating and fixing methods are the same as
those mentioned above. Water was first placed on the antennae of the honeybees as described above. A 30%
sucrose solution was used for the proboscis extension response assay, and the percentage of proboscis extension
response was recorded. Linalool (Sigma, 95% purity) was used as the conditioned stimulus and was presented
for 6 s first. During odour presentation, the proboscis extension response was elicited after 3 s by contacting the
antennae with the sucrose solution (30%), and the same solution was immediately given as a reward. Condition-
ing trials were conducted three times (C1, C2, C3) at 20-min intervals. Five test trials (T1, T2, T3, T4, T5) were
then conducted with linalool stimulation for 6 s without sucrose feedback as described previously®. Proboscis
extension responses were also recorded at 20-min intervals.
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Climbing ability. Bee rearing and treating were the same as those mentioned above. After 11 days of con-
tinuous feeding, the honeybees were starved for 1 h before testing. A box (65 cm in length, 35 cm in width and
4 cm in height) was divided into 10 lanes (50 cm x 3.5 cm x 4 cm) with a fluorescent lamp on the top and covered
with glass as described by Zaluski et al*®. The tests were conducted in the dark and with the box tilted at 45°. One
honeybee per lane was placed in the box, and the lamp was on. The time it took for a honeybee to climb 50 cm
was recorded. Ten honeybees were tested in each trial (which was performed in five replicates) in the control
and treatment groups.

Statistical analysis. All the data were processed by SPSS 19 (IBM Corp., Armonk, NY, USA). The ingestion
LD;, was determined on the basis of the mortality of honeybees for each dose via Probit analysis. The effects on
water responsiveness, sucrose responsiveness, learning and memory and climbing were analyzed by ANOVA
for both the Roundup-treated and control groups. And LSD (homogeneity of variance) or Tamhane’s T2 test
(heterogeneity of variance) was performed. A difference was considered significant when the p-value was < 0.05.

Received: 6 April 2020; Accepted: 21 December 2020
Published online: 22 January 2021

References

1. Gallai, N,, Salles, J., Settele, J. & Vaissiére, B. E. Economic valuation of the vulnerability of world agriculture confronted with pol-
linator decline. Ecol. Econ. 68, 810-821 (2009).

2. Carreck, N. L. & Ratnieks, F. L. W. The dose makes the poison: have “field realistic” rates of exposure of bees to neonicotinoid
insecticides been overestimated in laboratory studies?. J. Apicult. Res. 53, 607-614 (2014).

3. Gross, M. New fears over bee declines. Curr. Biol. 21, 137-139 (2011).

4. Lundin, O., Smith, H. G,, Fries, I. & Bommarco, R. Neonicotinoid insecticides and their impacts on bees: A systematic review of
research approaches and identification of knowledge gaps. PLoS ONE 10, 2 (2015).

5. Rucker, R. R., Thurman, W. N. & Burgett, M. Honey bee pollination markets and the internalization of reciprocal benefits. Am. J.
Agr. Econ. 94, 956-977 (2012).

6. Kremen, C., Williams, N. M. & Thorp, R. W. Crop pollination from native bees at risk from agricultural intensification. Proc. Natl.
Acad. Sci. USA. 99, 16812-16816 (2002).

7. Koh, I, Lonsdorf, E. V., Artz, D. R,, Pitts-Singer, T. L. & Ricketts, T. H. Ecology and economics of using native managed bees for
almond pollination. J. Econ. Entomol. 111, 16-25 (2018).

8. Stein, K. et al. Bee pollination increases yield quantity and quality of cash crops in Burkina Faso, West Africa. Sci. Rep.-UK 7,
17610-17691 (2017).

9. Claudianos, C. et al. A deficit of detoxification enzymes: Pesticide sensitivity and environmental response in the honeybee. Insect
Mol. Biol. 15, 615-636 (2006).

10. Abraham, J. et al. Commercially formulated glyphosate can kill non-target pollinator bees under laboratory conditions. Entomol.
Exp. Appl. 166, 695-702 (2018).

11. Polyzou, A., Froment, M., Masson, P. & Belzunces, L. P. Absence of a protective effect of the oxime 2-PAM toward paraoxon-
poisoned honey bees: Acetylcholinesterase reactivation not at fault. Toxicol. Appl. Pharm. 152, 184-192 (1998).

12. Stanley, J., Sah, K., Jain, S. K., Bhatt, J. C. & Sushil, S. N. Evaluation of pesticide toxicity at their field recommended doses to hon-
eybees, Apis cerana and A. mellifera through laboratory, semi-field and field studies. Chemosphere 119, 668-674 (2015).

13. Christen, V. & Fent, K. Exposure of honey bees (Apis mellifera) to different classes of insecticides exhibit distinct molecular effect
patterns at concentrations that mimic environmental contamination. Environ. Pollut. 226, 48-59 (2017).

14. Friol, P. S., Catae, A. F, Tavares, D. A., Malaspina, O. & Roat, T. C. Can the exposure of Apis mellifera (Hymenoptera, Apiadae)
larvae to a field concentration of thiamethoxam affect newly emerged bees?. Chemosphere 185, 56-66 (2017).

15. Fulton, C. A. et al. An assessment of pesticide exposures and land use of honey bees in Virginia. Chemosphere 222, 489-493 (2019).

16. Report, C. R. . Glyphosate industry overview in China, 2011-2020 (CRI, Shanghai, 2018).

17. Herbert, L. T., Vazquez, D. E., Arenas, A. & Farina, W. M. Effects of field-realistic doses of glyphosate on honeybee appetitive
behaviour. J. Exp. Biol. 217, 3457-3464 (2014).

18. Motta, E. V. S., Raymann, K. & Moran, N. A. Glyphosate perturbs the gut microbiota of honey bees. Proc. Natl. Acad. Sci. USA.
115, 10305-10310 (2018).

19. Rahimian, Y. Effect of glyphosate on honey bee (Apis mellifera) performance. Arthropods. 7,77-81 (2018).

20. Thompson, H. M. et al. Evaluating exposure and potential effects on honeybee brood (Apis mellifera) development using glyphosate
as an example. Integr. Environ. Asses. 10, 463-470 (2014).

21. FAO, China at a glance. http://www.fao.org/china/fao-in-china/china-at-a-glance/en/. (2019) Available.

22. Hou, J. H. Path construction for the reform of the rural land property system. J. Huaiyin Inst. Technol. (2019).

23. Zhang, C. et al. Health effect of agricultural pesticide use in China: Implications for the development of GM crops. Sci. Rep.-UK
6,2 (2016).

24. Michalkov, V. & Pekar, S. How glyphosate altered the behaviour of agrobiont spiders (Araneae: Lycosidae) and beetles (Coleoptera:
Carabidae). Biol. Control. 51, 444-449 (2009).

25. Janssens, L. & Stoks, R. Stronger effects of Roundup than its active ingredient glyphosate in damselfly larvae. Aquat. Toxicol. 193,
210-216 (2017).

26. Garcia-Espineira, M., Tejeda-Benitez, L. & Olivero-Verbel, J. Toxicity of atrazine- and glyphosate-based formulations on Caeno-
rhabditis elegans. Ecotox. Environ. Safe. 156, 216-222 (2018).

27. Tierney, K. B,, Singh, C. R, Ross, P. S. & Kennedy, C. J. Relating olfactory neurotoxicity to altered olfactory-mediated behaviors
in rainbow trout exposed to three currently-used pesticides. Aquat. Toxicol. 81, 55-64 (2007).

28. Tierney, K. B,, Ross, P. S., Jarrard, H. E., Delaney, K. R. & Kennedy, C. J. Changes in juvenile coho salmon electro-olfactogram
during and after short-term exposure to current-use pesticides. Environ. Toxicol. Chem. 25, 2809-2817 (2006).

29. Cattani, D. et al. Developmental exposure to glyphosate-based herbicide and depressive-like behavior in adult offspring: implica-
tion of glutamate excitotoxicity and oxidative stress. Toxicology 387, 67-80 (2017).

30. Zaluski, R., Kadri, S. M., Alonso, D. P., Martins Ribolla, P. E. & de Oliveira, O. R. Fipronil promotes motor and behavioral changes
in honey bees (Apis mellifera) and affects the development of colonies exposed to sublethal doses. Environ. Toxicol. Chem. 34,
1062-1069 (2015).

31. ElHassani, A. K. et al. Effects of sublethal doses of acetamiprid and thiamethoxam on the behavior of the honeybee (Apis mellifera).
Arch. Environ. Con. Tox. 54, 653-661 (2008).

32. Balbuena, M. S. et al. Effects of sublethal doses of glyphosate on honeybee navigation. J. Exp. Biol. 218, 2799-2805 (2015).

Scientific Reports|  (2021) 11:2115 https://doi.org/10.1038/s41598-020-80445-4 natureresearch


http://www.fao.org/china/fao-in-china/china-at-a-glance/en/

www.nature.com/scientificreports/

33. Company, Monsanto. Material safety data sheet for Roundup Original Herbicide. https://www.fumigationzone.com/files/53/Round
up+Original+-+EPA. (2006).

34. Decourtye, A., Lacassie, E. & Pham-Delegue, M. Learning performances of honeybees (Apis mellifera L.) are differentially affected
by imidacloprid according to the season. Pest. Manag. Sci. 59, 269-278 (2003).

35. Haydak, M. H. Honey bee nutrition. Annu. Rev. Entomol. 15, 143-156 (1970).

36. Winston, M. L. The biology of the honey bee. Q. Rev. Biol. 27, 239-243 (1987).

37. Wang, N. et al. Influence of sediment on the fate and toxicity of a polyethoxylated tallowamine surfactant system (MON 0818) in
aquatic microcosms. Chemosphere 59, 545-551 (2005).

38. Brausch, J. M., Beall, B. & Smith, P. N. Acute and sub-lethal toxicity of three POEA surfactant formulations to Daphnia magna.
Bull. Environ. Contam. Toxicol. 78, 510-514 (2007).

39. Brausch, J. M., Brausch, J. M., Smith, P. N. & Smith, P. N. Toxicity of three polyethoxylated tallowamine surfactant formulations
to laboratory and field collected fairy shrimp Thamnocephalus platyurus. Arch. Environ. Con. Tox. 52, 217-221 (2007).

40. Benachour, N. & Seralini, G. Glyphosate formulations induce apoptosis and necrosis in human umbilical, embryonic, and placental
cells. Chem. Res. Toxicol. 22, 97-105 (2009).

41. Gasnier, C. et al. Digl protects against cell death provoked by glyphosate-based herbicides in human liver cell lines. J. Occup. Med.
Toxicol. 5,29 (2010).

42. Tsui, M. T. K. & Chu, L. M. Aquatic toxicity of glyphosate-based formulations: Comparison between different organisms and the
effects of environmental factors. Chemosphere 52, 1189-1197 (2003).

43. Marg, J. et al. A glyphosate-based pesticide impinges on transcription. Toxicol. Appl. Pharm. 203, 1-8 (2005).

44. Defarge, N. et al. Co-Formulants in glyphosate-based herbicides disrupt aromatase activity in human cells below toxic levels. Int.
J. Env. Res. Pub. He. 13, 264 (2016).

45. NPIC,, Techincal fact sheet for glyphosate. http://npic.orst.edu/factsheets/archive/glyphotech.html (2011).

46. Mengoni, G. C. & Farina, W. M. Impaired associative learning after chronic exposure to pesticides in young adult honey bees. J.
Exp. Biol. 221, 2 (2018).

47. Balbuena, M. S., Arenas, A. & Farina, W. M. Floral scents learned inside the honeybee hive have a long-lasting effect on recruit-
ment. Anim. Behav. 84, 77-83 (2012).

48. Goyret, J. & Farina, W. M. Non-random nectar unloading interactions between foragers and their receivers in the honeybee hive.
Sci. Nat.-Heidelberg. 92, 440-443 (2005).

49. Faita, M. R,, Oliveira, E. D. M., Alves, V. V,, Orth, A. I. & Nodari, R. O. Changes in hypopharyngeal glands of nurse bees (Apis
mellifera) induced by pollen-containing sublethal doses of the herbicide Roundup. Chemosphere 211, 566-572 (2018).

50. Mesnage, R. et al. Glyphosate exposure in a farmer’s family. J. Environ. Prot. 03, 1001-1003 (2012).

51. Samsel, A. & Seneff, S. Glyphosate’s suppression of cytochrome p450 enzymes and amino acid biosynthesis by the gut microbiome:
pathways to modern diseases. Entropy-Switz. 15, 1416-1463 (2013).

52. Ying, C. Brief analysis on the application technique of Roundup. Forest Investig. Des. 2, 39-40 (2007).

53. Jing, X., Qi, J. & Yang, H. Pesticide residue level and dietary exposure risk assessment of Lycium barbarum in Golmud. Ecol. Environ.
28, 1007-1012 (2019).

54. Decourtye, A. et al. Comparative sublethal toxicity of nine pesticides on olfactory learning performances of the honeybee Apis
mellifera. Arch. Environ. Con. Tox. 48, 242-250 (2005).

Acknowledgements

We thank the editors and reviewers for their helpful comments on an earlier draf of this paper. We would like
to thank the National Natural Science Foundation of China (31402148), the Agricultural Science and Technol-
ogy Innovation Program (CAAS-ASTIP-2019-IAR) and the Beijing Excellent Talent Development Foundation.

Author contributions

Q.H.L.: methodology, writing—original draft, funding acquisition. J.G.: writing—review and editing. Y.G.: for-
mal analysis, data curation. Q.Y.D.: project supervision, writing—review and editing. C.L.: writing—review and
editing. Y.Z.M.: methodology, resources. Z.Y.Z.: methodology, resources. PL.D.: methodology. C.S.H.: writing—
review and editing. Y.Y.W.: project supervision, administration, writing—review and editing.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to Y.-Y.W. or Q.-Y.D.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:2115 | https://doi.org/10.1038/s41598-020-80445-4 nature research


https://www.fumigationzone.com/files/53/Roundup+Original+-+EPA
https://www.fumigationzone.com/files/53/Roundup+Original+-+EPA
http://npic.orst.edu/factsheets/archive/glyphotech.html
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Effects of a commercially formulated glyphosate solutions at recommended concentrations on honeybee (Apis mellifera L.) behaviours
	Results
	LD50. 
	Roundup decreased water responsiveness. 
	Roundup affected sucrose responsiveness. 
	Roundup affected olfactory learning and memory ability. 
	Roundup significantly reduced climbing ability. 

	Discussion
	Conclusions
	Materials and methods
	LD50. 
	Water responsiveness. 
	Sucrose responsiveness. 
	Olfactory learning and memory ability. 
	Climbing ability. 
	Statistical analysis. 

	References
	Acknowledgements


