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Neonicotinoids are one of the most widely used classes of insecticides in agriculture. They are systemic 
insecticides mainly used as seed treatments to manage sucking insect pests in a wide range of field 
crops. Environment and growing conditions can impact the efficacy of neonicotinoid seed treatments. 
To evaluate this, an experiment was conducted to study the interactive effect of soil, water levels on 
the neonicotinoid concentration and plant growth in cotton. The experiment was laid out in a split-plot 
design, with three water levels, 30%, 60%, and 100% (control) of recommended irrigation and four 
seed treatments, including clothianidin, thiamethoxam, imidacloprid and an untreated control. Cotton 
seedlings were collected and analyzed for physiological changes and neonicotinoid concentrations at 
15, 30 and 45 days after germination (DAG). Data were collected on plant height, fresh biomass and 
leaf area. The neonicotinoid concentrations were analyzed in leaf tissues using LC-MS/MS. The 30% 
and 60% of recommended irrigation treatments resulted in significantly taller seedlings with greater 
biomass and leaf area compared to the 100% water saturation (control) treatment. Thiamethoxam-
treated seedlings had greater plant height and shoot fresh mass compared to clothianidin 
and the untreated control, whereas imidacloprid-treated seedlings had greater leaf area than 
thiamethoxam, clothianidin, and control at all water levels. 30% recommended irrigation increased 
neonicotinoid concentrations in leaf tissues, with clothianidin showing higher levels compared to 
other neonicotinoids at 45 DAG. Neonicotinoid seed treatment efficacy may vary with environmental 
factors, impacting sustainable pest control.
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Cotton (Gossypium hirsutum L.) holds significant agricultural importance in Texas, particularly in the Texas High 
Plains (THP) region where up to 40% of the state’s cotton is grown1. Neonicotinoid seed treatments are extensively 
used against various sucking insects including thrips (Thysanoptera: Thripidae), and aphids (Hemiptera: 
Aphididae), common early-season pests of cotton2. Neonicotinoids, imidacloprid and thiamethoxam, applied as 
seed treatments and foliar application are extensively utilized throughout the Texas High Plains3.

These insecticides show moderate persistence in the environment, where in soil, their half-lives could range 
from a few weeks to several months4. When applied to the seed, a portion of the active neonicotinoid ingredient 
is transported throughout the entire seedling via vascular tissue (xylem), providing protection against piercing-
sucking insects5. The movement of neonicotinoids from the treated seed to the surrounding soil is influenced by 
irrigation and water flow within the soil5. Seed treatments protect the plant from target pests for approximately 
3 to 4 weeks after seedling emergence6,7. Previous studies of neonicotinoid seed treatments in other crops have 
shown that insecticide concentrations change over time, which could result in changes in efficacy8. As the plant’s 
biomass increases throughout the growing season, the concentration of neonicotinoids in the plant decreases7. 
Detection of neonicotinoids active ingredients such as imidacloprid and thiamethoxam in the leaves of plants 
grown from treated seeds up to 3 to 4 weeks post-planting or beyond suggest that there may be longer term 
activity and efficacy of these products9. It is also reported that neonicotinoids used as seed treatments persisted 
in the soil for months post planting and could be present in runoff7.
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Neonicotinoids have traditionally been investigated for their efficacy against early-season thrips in cotton 
fields. However, recent studies have revealed that these substances also exert physiological impacts on plants, 
influencing their metabolism and structure, thus affecting their overall growth and productivity10. When 
an agricultural chemical demonstrates such effects on plant metabolism and structure, it falls under the 
classification of a bio-activator11. Research suggests that neonicotinoid systemic pesticides may bolster plant 
vigor and offer better protection during drought conditions12. The potential for neonicotinoids to serve as bio-
activators has sparked interest in utilizing them, especially to bolster growth during the susceptible stages of 
seedlings13. For example, thiamethoxam has been observed to function as a bio-activator in rice plants (Oryza 
sativa L.), influencing photosynthetic pigments, phenylalanine ammonia-lyase activity, root development, and 
nitrate reductase activity14. Additionally, thiamethoxam seed treatments in soybean (Glycine max L.) enhanced 
germination under water deficit conditions12. Thiamethoxam and clothianidin effectively mitigated drought 
stress effects on sugarcane (Saccharum officinarum), resulting in greater total plant weight, increased plant 
height, and improved photosynthetic activity, along with reduced proline accumulation in drought-stressed 
plants15. Moreover, thiamethoxam seed treatments boosted root development, protein content, shoot dry matter, 
and ear dry weight in spring wheat (Triticum aestivum L.) crops10.

Among the most prevalent plant stressors in the Texas High Plains region is moisture stress due to dwindling 
water resources and increased frequency of drought16. While neonicotinoids are known to increase plant 
health and vigor, little is known about their persistence and impacts on cotton plant physiology under drought 
conditions17. Warmer climates constitute the primary regions for cotton cultivation, thereby rendering it 
susceptible to drought stress at various critical stages throughout its growth cycle18,19. Nevertheless, conditions 
of water scarcity pose significant threats to sustainable cotton production19. Thus, drought is one of the most 
detrimental factors constraining plant growth and ultimately crop yield in cotton. Throughout development, 
growth, and reproduction stages, plants exhibit heightened vulnerability to abiotic stresses20. Cotton has 
developed diverse morpho-physiological and biochemical mechanisms to counteract drought stress and distinct 
plant traits serve as key indicators of drought stress tolerance21. Drought stress can impact seedling growth, 
encompassing parameters such as shoot length, leaf size, leaf area, and dry leaf weight. The reduction in various 
physiological traits, including photosynthesis and chlorophyll content, becomes evident with increasing plant 
water stress22,23. The decline in photosynthesis is primarily attributed to leaf relative water content (RWC), and 
stomatal limitation is also observed20. Consequently, varying moisture levels emerge as primary abiotic stressors 
defining seedling establishment and early root growth in arid and semi-arid regions across much of the global 
cotton-growing regions22.

To determine how neonicotinoid seed treatments may act as bioactivators in deficit irrigation, greenhouse 
studies were conducted to simulate these conditions involving seed treatments and deficit irrigation levels. 
Neonicotinoid concentrations in cotton leaf tissues were measured in response to varying levels of soil water 
deficit to determine if neonicotinoids were present and at what concentrations. Plants were also evaluated for 
growth, biomass, and overall health for better understanding of any bioactivator effects neonicotinoid seed 
treatments had on cotton seedlings.

Materials and methods
Experimental setup
Staggered replicated experiments were conducted from December 19, 2021, to February 5, 2022 (Trial 1), and 
from March 3, 2022, to April 20, 2022 (trial 2), at the Texas Tech University Gardens and Greenhouse Complex 
in Lubbock, Texas, USA (33.583242, -101.882068). Greenhouse conditions were controlled throughout the 
duration of study and the temperature ranged from 20 to 35°c and relative humidity up to 50%. Supplemental 
LED lighting was set at 14/10hrs on/off every day. Environmental data including temperature, relative humidity, 
and photosynthetically active radiation (PAR) were collected periodically throughout the experiments. Both 
experiments were set up in a split-plot design, with four seed treatments [clothianidin (Poncho Votivo®), 
imidacloprid (Gaucho®), and thiamethoxam (Cruiser®) and control] and three water deficit levels [no deficit, 
moderately deficit, and highly deficit corresponding to 100%, 60% and 30% of recommended irrigation rate 
(250 ml/day)]24. Cotton seeds obtained from Dr. Vyavhare, Deltapine® (DP 1646 B2XF), were treated with each 
neonicotinoid treatment prior to planting and planted in pots filled with all-purpose soilless media (Berger 
BM6®). Irrigation in the greenhouse was controlled by a timer to deliver target amount of water per pot at 6-, 8- 
and 12-hours intervals using 0.5 GPH emitters to maintain adequate soil moisture without any drainage of water 
or insecticide leaching through the bottom of the pot24. Irrigation timers were tested for 20 min per day based 
on the needed amount (250, 187 and 125 ml for 100%, 60% and 30%, respectively) to verify that the appropriate 
amount was being applied per pot. Each treatment had five biological replications seeded, and each trial in the 
experiment consisted of 180 plants altogether since 60 plants were sampled three times at 15, 30, and 45 days 
after germination (DAG).

Seed treatments were applied by adding the recommended rate of each chemical to 5 kg of seeds (12.04 mL/
kg seed for clothianidin, 9.04 mL/kg seed for imidacloprid, and 8.20 mL/kg seed for thiamethoxam). Seeds were 
allowed to dry at room temperature for 24 h prior to sowing and one seed per pot was planted.

Plant physiological measurements
Five plants from each treatment were destructively sampled three times at 15 days intervals (15, 30, and 45 
DAG), resulting in 60 plants sampled at each sampling date. Plants were cut at the base of the stem, just above 
the soil. Fresh weight, plant height, and leaf area were measured immediately after cutting each plant. A leaf area 
scanner (CID Bio-Science, Camas) was used to determine leaf area of all leaves for each plant. Leaf samples were 
immediately packed in a plastic bag and placed in a small, ice-filled cooler until they could be brought to the 
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laboratory, then frozen at -80 °C until further processing. Plant height was measured by using a standard ruler 
from the base of the stem to the tip of the apical meristem.

Neonicotinoid concentration analysis
To determine neonicotinoid concentrations in leaves, cotton leaf samples weighing 1 gram each were placed in 
50-mL conical tubes, followed by the addition of 25 mL of acetonitrile to each sample. Cotton leaf tissues were 
homogenized using VWR 200 homogenizer. All samples underwent agitation on a shaker table for 2 h. After 
this agitation period, the samples were left for 24 h, after which they were centrifuged at 5,000 rpm for 15 min. 
The decantation process aimed to remove as much acetonitrile as possible from each sample into a 15-mL 
conical tube, with recorded volumes. Following evaporation to dryness, the samples were reconstituted in one 
mL of a 1:1 mixture of high-performance liquid chromatography (HPLC)-grade acetonitrile and HPLC-grade 
water. Quechers salts (Thermo Fisher Scientific Inc., Waltham) were added to sample for extraction as well. The 
samples were filtered and decanted into syringeless auto-sample vials with a 0.45 μm glass microfiber filter, then 
subsequently analyzed. Acetamiprid served as a surrogate spike for quality assurance, chosen for its absence in 
the experiment and, consequently, were not expected in the leaf samples. Each cotton leaf sample underwent 
spiking with a stock solution of acetamiprid in methanol. Spike-recovery tests conducted on blank plant samples 
for neonicotinoids indicated that the extraction efficiency was both quantitative and reproducible25. Instrumental 
analysis was performed using triple-quadrupole liquid chromatography and tandem mass spectrometry [(LC-
MS/MS); thermo TSQ Endura: thermo scientific]26.

Statistical analysis
Statistical analysis was performed using JMP Pro 16.0.0 (SAS Institute, Cary, NC) software. Both experiments 
were analyzed separately because they were conducted at different time of the year in the greenhouse. Data were 
analyzed for normality using the Shapiro-Wilk test for goodness of fit. When data were normally distributed, 
analysis of variance (ANOVA) was used to determine significance differences between treatments at p < 0.05. 
Where significant differences were found, Tukey’s HSD was used to separate treatment means at p < 0.05. Data 
that were not normally distributed were analyzed using the Kruskal-Wallis Tests to determine significance. 
When significant differences were found, nonparametric comparisons using the Wilcoxon method were used to 
compare means. Correlation analysis was performed using Pearson’s pairwise comparison.

Results
Environmental data
In both experiments, there was an increase in temperature over time, with the highest temperatures observed 
at 45 DAG and the lowest on the 15 DAG (Fig. 1A and B). However, relative humidity levels displayed notable 
fluctuations throughout the duration of both experiments.

Plant physiological data
Plant height, shoot biomass, and leaf area increased significantly over time at each sampling day (p < 0.001) in 
each experiment (Fig. 2). Plant height, shoot biomass, and leaf area were significantly affected by seed treatment 

Fig. 1.  Temperature (°C) profile during the experiments for (A) Trial 1 and (B) Trial 2.
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and water levels in both trials, however, interaction effects of seed treatment and water levels were not observed 
for plant height, shoot biomass, and leaf area for both trials (Fig. 2).

In trial 1, neonicotinoid seed treatments and irrigation levels had no significant effect on plant height at 15 
DAG and 30 DAG but the plant height varied with seed treatment x irrigation water interactions at 45 DAG 
(Fig. 2). At 45 DAG, thiamethoxam and imidacloprid treated seeds produced the tallest seedlings, followed by 
untreated control and clothianidin treated seeds. Similarly, cotton seedling heights were significantly influenced 
by seed treatments in 30% and 60% water while plant growth did not vary across seed treatments in 100% 
moisture regime at 45 DAG (p = 0.02). In trial 2, neonicotinoid seed treatments and water treatments had 
no significant effect on plant height at 15 DAG and 45 DAG but the height varied at 30 DAG. Clothianidin 
treated and untreated control plants were taller at 30 DAG followed by imidacloprid and thiamethoxam treated 
seedlings. Nevertheless, effects of irrigation level were not consistent between trial 1 and trial 2. In trial 2, the 
60% irrigation resulted in significantly taller plants than those in 30% irrigation.

Fig. 2.  Cotton seedling physiological parameters for each trial, irrigation level, sampling day and seed 
treatment. (A) Plant height at 30% water level; (B) Plant height at 60% water level; (C) Plant height at 100% 
water level; (D) Plant fresh weight at 30% water level; (E) Plant fresh weight at 60% water level; (F) Plant fresh 
weight at 100% water; (G) Leaf area at 30% water level ; (H) Leaf area at 60% water level and (I) Leaf area at 
100% water level at p ≤ 0.05. Asterisks indicate significant at *p < 0.05, **p < 0.001, ***p ≤ 0.0001. Dashed lines 
represent trial 1 data and solid lines represent trial 2 data. Error bars represent ± 1 standard error of the mean.
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Additionally, there were no differences between seed treatments or irrigation levels in fresh plant biomass of 
seedlings in 15 DAG (trial 1), but irrigation level and seed treatment affected plant biomass at 30 and 45 DAG 
(Fig. 2). Imidacloprid and thiamethoxam treated seedlings had greater biomass than the clothianidin and control 
seedlings at 30 DAG and 45 DAG (p ≤ 0.0001 and 0.001, respectively). Interestingly, deficit water level of 30 and 
60% of recommended irrigation had significantly greater seedlings biomass at 30 DAG and 45 DAG (p ≤ 0.0001 
and 0.001, respectively). In trial 2, the clothianidin treated seedlings were significantly greater in fresh biomass 
than thiamethoxam after 15 DAG and 30 DAG while there were no significant effects of seed treatments at 45 
DAG. Irrigation water level did not exhibit significant treatment effects on seedling biomass in trial 2.

Leaf area was also significantly affected by seed treatments and water level in both trials (Fig. 2). In trial 
1, clothianidin treatments had significantly lower leaf area than imidacloprid treated seedlings at 30 and 45 
DAG (p = 0.049 and p ≤ 0.0001, respectively). Irrigation treatments also significantly affected seedling leaf area 
at 30 and 45 DAG, where seedling leaf area increased with increased amount of irrigation water. In trial 2, 
clothianidin treatments had significantly higher leaf area than thiamethoxam and imidacloprid after 15 and 
30 DAG (p = 0.043 and p = 0.003, respectively), while no significant effects of seed treatments or irrigation level 
were found on leaf area at 45 DAG. In trial 2, there were variable effects of irrigation level on leaf area. At 15 
DAG, the 60% water resulted in greater leaf area, followed by 30% and 100% saturation (Fig. 2). However, by 30 
DAG the 100% irrigation level treatment resulted in significantly greater leaf area in plant samples. There was no 
significant effect of irrigation level on leaf area of seedlings at 45 DAG in trial 2.

Neonicotinoid concentrations
Neonicotinoid concentration analysis of cotton seedlings was performed after 15, 30 and 45 DAG for each trial 
and treatment (Fig. 3).

In both trials, the average concentrations of neonicotinoids in cotton leaves varied across water level 
treatments and sampling dates. Generally, concentrations of all seed treatments declined with time. Data were 
not normally distributed and therefore, nonparametric analyses were performed. Nonparametric analysis 
showed no significant differences between neonicotinoid compounds, but there was a significant impact of 
harvest date on concentrations at 30% irrigation in trial 2. Where 30% irrigation had higher concentrations of 

Fig. 3.  Neonicotinoid concentrations in cotton seedlings at different sampling dates and water levels in 
trials 1 and 2. (A) 30% Water level, trial 1; (B) 60% Water level, trial 1; (C) 100% Water level, trial 1; (D) 30% 
Water level, trial 2; (E) 60% Water level, trial 2; and (F) 100% Water level, trial 2; at p ≤ 0.05. Letters indicate 
significant differences at *p < 0.05. Error bars represent ± 1 standard error of the mean.
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neonicotinoids followed by the 60% and 100% treatments (p = 0.008). Overall, clothianidin concentrations were 
greatest at 15 DAG for 60% irrigation, while concentrations were lower for the 30 and 45 DAG seedlings at 30% 
and 100% irrigation levels. Thiamethoxam concentration was also greatest in the 15 DAG seedlings for the 30% 
irrigation level. Notably, the concentrations of neonicotinoids for 30% irrigation were generally higher at 15 
DAG compared to that on higher irrigation levels.

Correlation
The relationships between the variables examined in both trials 1 and 2 are clarified by the correlation matrix. 
irrigation level only significantly affected the final concentration of neonicotinoids in plant tissues, while 
irrigation level increased neonicotinoid concentration declined in both trials. Furthermore, as temperature 
increased, the concentration of neonicotinoids decreased. Plant height, fresh weight, and leaf area were positively 
related to temperature and relative humidity as well as each other in both trials.

Discussion
Environmental data
Environmental variations exert significant impact on the performance of crop chemicals thereby influencing 
crop’s response to variations in chemical performance. Several contrasting responses observed in our study are 
attributed to these complex plant-environment relationships. In our study, temperature and relative humidity 
in the greenhouse exhibited significant fluctuations over the course of both trials, with temperature highest 
at 45 DAG. The sensitivity of environmental conditions to experiments in greenhouse settings has been well 
documented27. This highlights the variability in soil responses to experimental conditions and emphasizes the 
importance of considering site-specific factors in experimental design27,28.

Plant physiological data
Plant height and leaf area are generally reliable indicators of a plant’s health and overall growth29. The delayed 
growth in cotton plant, reflected by shorter plant height and smaller leaf sizes, due to deficit soil moisture is 
a direct consequence of the scarcity of irrigation water, which plays a vital role in most metabolic processes 
essential for the growth and development of plants. Additionally, the lack of water implies a slow import of 
nutrients necessary for growth30. In this study we saw differing influences of irrigation levels on bioactivator 
effects of neonicotinoids. This varied by neonicotinoid, irrigation applied, and trials.

The sensitivity of cotton plants to water supply or irrigation volume is well known, where water deficit stress 
adversely affects various morphological characteristics, including a reduction in cell expansion that impacts 
leaf and stem growth31. Of the physiological indicators of stress conditions, leaf area is a key component for 
cotton plants because regulating water balance drives cellular expansion and thus leaf area. Several studies have 
documented a significant reduction in both leaf area and plant height in cotton plants as a result of water deficit 
stress32. While there were no significant interactions between seed treatment and irrigation level, each of those 
factors influenced seedlings separately. Moreover, the leaf area and plant growth parameters varied between the 
two trials, indicating that the environmental conditions may have influenced the plant parameters, driving the 
differences between seed treatments and irrigation treatments, also temperature influenced cotton’s water use 
(evapotranspiration) dynamics33. Variation in fresh shoot biomass and plant height was similar to the trends 
observed for other parameters as most plant parameters are correlated (Tables 1 and 2).

The three neonicotinoids we tested had a positive impact on cotton plants in terms of plant height, shoot 
biomass, and leaf area for 45 days, regardless of the amount of soil moisture. Interestingly, stem elongation 
appears to be more sensitive to the tested neonicotinoids than leaf expansion under water deficit conditions 
as maximum height was observed at 60% irrigation30,34. However, their significant impact on increasing leaf 
area was observed only under stressed conditions10. Under optimal irrigation conditions, the neonicotinoids 
generally increased leaf area and plant vigor at all three sample dates. Specifically, imidacloprid showed growth-
promoting effects, such as increased leaf area and plant height followed by clothianidin. However, thiamethoxam 
was not significantly different from untreated control in influencing plant growth parameters35. Findings of this 

Trial 1 Plant height (cm) Shoot fresh weight (mg) Root fresh weight (mg) Leaf area (cm2) Final Concentration (ng/g)
Temp 
( C ) R.H ( % )

Plant height (cm) 1

Shoot fresh weight (mg) 0.804 1

Root fresh weight (mg) 0.332 0.525 1

Leaf area (cm2) 0.751 0.806 0.408 1

Final Concentration (ng/g) −0.095 −0.108 0.139 −0.166 1

Temp (C) 0.434 0.316 0.093 0.484 -0.231 1

R.H (%) 0.08 0.073 -0.187 0.039 0.065 -0.545 1

Table 1.  Pairwise correlation among cotton seedling physiological parameters, environmental data and water 
level for trial 1, relative humidity (RH%), temperature (temp) and final neonicotinoid concentration (final 
conc.). Bold numbers indicate significance at p < 0.05. Italicized numbers indicate significance at p < 0.01. Bold 
and italicized numbers indicate significance at p < 0.0001.
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study are in general agreement with36, who reported similar bioactivator effects of imidacloprid when used as 
seed treatment cotton seedlings.

Neonicotinoid concentrations
The concentrations of individual neonicotinoids on cotton seedlings were compared across all treatments for 
all three sample dates. Leaf concentrations of neonicotinoids during the initial sampling surpassed those in 
subsequent dates, clearly demonstrating the declining amount of neonicotinoid resides on seedling with time. 
However, it is important to note that concentrations of neonicotinoids were greatest under 30% irrigation level at 
15 DAG. This indicates that higher irrigation levels may reduce concentrations and, consequently, the efficacy of 
neonicotinoid concentrations during early season growth. It is plausible that the availability of sufficient moisture 
enhanced plant growth and the greater plant growth activity lowered the overall neonicotinoid residues in the 
tissues. When considering the water level and the duration of neonicotinoid insecticides in the soil-plant system 
(15, 30 or 45 days after germination), the average concentrations of thiamethoxam tended to be slightly higher 
in plant tissues than those of imidacloprid and clothianidin. This suggests that thiamethoxam, being more water-
soluble, might be more readily translocated through the plant via xylem. However, it is important to acknowledge 
a substantial amount of sample variation, as evidenced by relatively high standard errors among samples9. 
Consequently, any interpretation should be approached with awareness of this variability. The concentrations of 
imidacloprid decreased between 15 DAG and 45 DAG for all treatments. On average, concentrations generally 
dropped by an order of magnitude to around 250 ppb or lower. At 15 DAG, the 30% irrigation level (high water 
stress) showed highest concentrations of neonicotinoids. Clothianidin and thiamethoxam was the highest in 
concentration followed by imidacloprid in both trials7.

When neonicotinoids are administered through seed treatment without additional applications, there 
is a limited amount of active ingredient for plant uptake. Initially in trial 1, when plants emerged with low 
biomass in slightly colder environment, the neonicotinoid concentrations were relatively varied in comparison 
to trial 2. However, as the plants grew and biomass increased, this concentration got diluted or metabolized, 
leading to a lower concentration of active ingredients in the plant tissue37. The factors affecting neonicotinoid 
concentrations, like varying water levels and runoff, can vary significantly over time. Given the fluctuating 
water levels and infrequent major rain events in the Texas High Plains, it would be advantageous to measure 
neonicotinoid concentrations during both wet and dry seasons and immediately after significant rain events. 
In a cotton field with neonicotinoid-coated seeds, concentrations are naturally higher in late spring and early 
summer, corresponding to the planting season and during the winter, when harvesting is complete and fields are 
inactive, neonicotinoid concentrations would likely be lower7. Seasonal farming practices could also influence 
the availability of neonicotinoids in runoff. Furthermore, the levels of neonicotinoids in fields can fluctuate from 
year to year. This variability is likely influenced by the annual weather conditions, such as extremely dry or wet 
years, which affect runoff and leaching38. Additionally, years with a high prevalence of cotton pests may lead 
to greater variations in response data. Because of these potential environmental factors, obtaining an accurate 
representation of neonicotinoid concentrations in cotton leaves is challenging without periodic sampling over 
time and at different soil types and production regimes.

Correlation analysis
As expected, a strong positive association between plant height and fresh weight indicates that taller plants 
typically possess higher fresh weights, reflecting robust growth patterns. These findings align with previous 
studies highlighting the interdependence of plant morphological traits38,39.

Regarding environmental factors and plant responses, positive correlations between temperature and plant 
height, fresh weight, and leaf area imply that increased temperatures may foster enhanced plant growth and 
development. This aligns with the physiological responses of plants to temperature variations, where optimal 
temperatures can promote metabolic processes and biomass accumulation40. Interestingly, the negative 
correlation observed between the final neonicotinoid concentrations of cotton seedling samples and temperature 
suggests that higher temperatures may lead to reduced final neonicotinoid concentration levels. This indicates 
that higher temperatures may accelerate metabolism of these compounds40. Unfortunately, metabolites of the 

Trial 2 Plant height (cm) Shoot fresh weight (mg) Root fresh weight (mg) Leaf area (cm2) Final Concentration (ng/g) Temp ( C ) R.H ( % )

Plant height (cm) 1

Shoot fresh weight (mg) 0.786 1

Root fresh weight (mg) 0.393 0.287 1

Leaf area (cm2) 0.499 0.684 0.092 1

Final Concentration (ng/g) -0.178 -0.143 -0.038 -0.062 1

Temp (C) 0.496 0.254 0.535 -0.047 -0.258 1

R.H (%) -0.502 -0.258 -0.536 0.044 0.26 -0.999 1

Table 2.  Pairwise correlation among cotton seedling physiological parameters, environmental data and water 
level for trial 2, relative humidity (RH%), temperature (temp) and final neonicotinoid concentration (final 
conc.). The correlations are estimated by Pairwise method. Bold numbers indicate significance at p < 0.05. 
Italicized numbers indicate significance at p < 0.01. Bold and italicized numbers indicate significance at 
p < 0.0001.
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different seed treatments were not examined in this study due to expense and time limitations. However, future 
research should explore this to further elucidate the complex interactions between environmental factors, plant 
physiology and the mechanisms underlying temperature-mediated changes in plant metabolism41. In conclusion, 
the correlation matrix provides valuable insights into the interconnectedness of variables influencing plant 
growth and environmental responses. These findings contribute to our understanding of plant-environment 
interactions and have implications for optimizing agricultural practices and ecosystem management strategies.

Conclusion
In this study, we investigated how neonicotinoid insecticides influenced seedling growth, represented by plant 
height, shoot fresh biomass, and leaf area of cotton seedlings when subjected to water deficit conditions. The results 
revealed the diverse effects of neonicotinoid seed treatments on the growth and physiology of cotton seedlings. 
Notably, clothianidin exhibited robust bioactivation effects in trial 2, extending up to 45 days after germination. 
In trial 1, imidacloprid demonstrated positive effects, although these did not persist until 45 DAG, suggesting 
potentially long-lasting impacts. Thiamethoxam showed limited effects on growth at 45 DAG, contrasting with 
findings from other studies12,14,42–44. Notably, a 60% irrigation rate had a more pronounced impact on growth 
parameters, especially leaf area, when coupled with neonicotinoid seed treatments. The observed variability, 
both within this study and in comparison, to other research, underscores the underexplored nature of this 
area. Further investigation is warranted to comprehensively elucidate the mechanisms of neonicotinoids as 
bioactivators under water deficit conditions.

Neonicotinoid seed treatments appear to provide varying durations of pest protection, influenced by water 
availability and other environmental factors. The discovery of clothianidin and thiamethoxam in the leaves of 
plants grown from treated seeds, especially under lower water levels for up to 45 days after emergence, indicates 
successful translocation of the active ingredient through vascular tissues. The claim that seed treatments protect 
plants for 3 to 4 weeks post-planting seems validated by active ingredient concentrations found in leaf tissues 
and may even be moderately longer, given the detection of traces 45 days after planting. Reduced water levels 
may contribute to less leaching of the compounds from the root zone, making neonicotinoid availability higher 
which could improve the efficacy.

While seed treatments may reduce the total applied active ingredient and mitigate non-target exposure sources 
like pesticide drift over time in comparison to foliar applications, it is critical to understand that neonicotinoid 
residues could persist in plant tissues many days after planting. Future research on flowering samples to detect 
neonicotinoid concentrations in pollen would be useful for assessing whether the recommended application 
rates of neonicotinoid pesticides as seed treatments genuinely poses a threat to pollinators.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.
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