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Abstract

Globally, drought is a major agricultural and economic
problem, specifically due to its effects on crop yield. Effective
and economical strategies to mitigate drought stress in
agricultural plants must be developed as drought continues
to escalate in both frequency and intensity. Substances
known as biostimulants have been studied for their
agricultural outputs, as they are capable of increasing
nutrient uptake in plants, enhancing crop quality traits, and
increasing tolerance of abiotic stress, such as drought.
Currently, commercially produced biostimulants are
expensive. A cost-effective alternative to commercial
biostimulants is honey, which is considered a natural
biostimulant by-product of sustainable agriculture. Honey
has been shown to be beneficial when sprayed directly onto
the leaves (i.e, the foliar method) of crops that are
experiencing abiotic stress, such as drought. However, the
precise study of drought mitigation using diluted honey has
not been studied using the dicot model plant Arabidopsis
thaliana or by using the subirrigation method. In this study,
we hypothesized that exogenous diluted honey reduces the
effects of drought stress on A. thaliana, and its beneficial
effects are due to the biostimulants in honey. To test this
hypothesis, plants exposed to drought and normal conditions
were administered various concentrations of honey,
phosphate solution, and water. Seed volume and biomass,
which are measures of plant yield, were evaluated and
recorded. We found that diluted honey reduced crop lifespan
while maintaining or increasing crop yield when applied by
the subirrigation method to plants under both normal and
drought conditions. Additionally, diluted honey increased
seed size in plants subjected to drought stress, but it does not
affect the seed volume of plants under normal and drought
conditions. Given that the diluted honey treatments produced
the same biomass in less time than the control groups under
drought stress, our results supported the view that
application of diluted honey by subirrigation may prove to be
a sustainable, naturally available, and economically
advantageous agricultural practice to overcome drought
stress.

Introduction

Drought has long been a major concern when it comes to crop
yield. A prolonged dry period, known as a drought, develops
slowly and is characterized by a lack of precipitation that

causes water scarcity due to a lack of rainfall. Higher
temperatures, a result of global warming, have resulted in
increases in soil evaporation. Consequently, single and multi-
year droughts have been increasing in frequency across the
United States of America (US). Therefore, in order to prevent
severe drought events, more feasible, economical, and
efficient alternatives must be devised. One viable solution to
the impact of drought on agriculture is the use of
biostimulants.

When a community is affected by drought, the effects can be
disastrous. Decreased food production and decreased water
supply and quality are just a few of these effects that can
cause an increase in health risks to people. These effects can
be extensive, intricate, and expensive. An estimated 55
million people globally are affected by droughts every year
(Stanke et al. 2013). Droughts are among the most costly
natural catastrophes. Over 41 years (1980-2021), there were
29 drought events recorded in the US that caused severe
economic impact, totaling $285.4 billion USD and loss of life,
resulting in 4139 deaths (Jalalzadeh Fard et al. 2022). Based
on the Palmer Drought Index, severe to extreme drought
affected approximately 27% of the contiguous US as of the
end of October 2022 (NCEI 2022). In the state of California
alone, the current western drought has cost over $4.9 billion
thus far and has contributed to the loss of more than 21,000
jobs.

Biostimulants are informally defined as any microorganism
or substance applied to plants that increase the efficacy of
nutrient uptake, enhance tolerance against abiotic stresses,
and/or enhance crop quality traits (du Jardin 2015).
Emphasis is placed on “informally defined” because specific
framework regarding such substances is lacking in the US
and, consequently, there is little regulation. Biostimulants are
widely defined by having agricultural outputs, such as effects
on drought or salinity tolerance. Those containing
phytohormones have been noted to play a key role in
regulating plant physiological behaviors, such as seed
germination or protecting plants from abiotic cues (Fahad et
al. 2015). The challenge is that many commercially produced
biostimulants, such as antioxidants or phytohormones, are
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expensive. In addition to a formal definition, proper
regulation and obtaining biostimulants through more
economical sources is critical. Some naturally occurring
substances, such as plant extracts and bee honey, contain
essential components - particularly phytohormones and
osmoprotectants - that shield plants from abiotic stress. The
effects of exogenous diluted bee honey on model species A.
thaliana after a period of drought stress will be studied in this
experiment in order to increase our knowledge of honey's
capabilities as a biostimulant.

Bee honey in particular contains osmoprotectants, mineral
nutrients, and vitamins that take on the role of antioxidants,
all of which also contribute to promote plant growth; it has
proteins, enzymes, and amino acids as well as fatty acids that
are beneficial to plants (Semida et al. 2019). Honey also
contains a variety of phytohormones, a group of organic
substances that occur naturally, which help in regulating
plant growth in low concentrations (Wang et al. 2016). These
phytohormones in honey, such as abscisic acid and salicylic
acid, have also been shown to promote resistance to drought
stress in plants (Igbal et al. 2022). Abscisic acid has been
found to contribute in regulating stomatal closure, keeping
up osmolyte synthesis, and helping with gene upregulation
(Igbal et al. 2022). Salicylic acid will start being produced in
response to drought stress and will accumulate in order to
benefit the plant. It responds to drought stress with its
antioxidant activity and protects photosynthetic machinery,
leading to protection against electron leakage (Igbal et al
2022). Diluted concentrations of bee honey have been used
before to study its effects on plants that have been subjected
to stress. It has mitigated the effects of drought stress on cell
membrane stability as well as ion-leakage, helping with water
content in plants that were placed under drought stress
conditions. It had positive effects on crops such as onions
(Semida et al. 2019), monocotyledons, and chili peppers
(Semida et al. 2019), dicotyledons. This is especially relevant
since the model of interest in this project is A. thaliana, a
dicot. Quantifying the effects of raw bee honey on A. thaliana's
tolerance to drought stress is necessary as the effects of
honey as a biostimulant on the model plant still needs to be
addressed in the scientific literature.

A. thaliana is a model plant that can grow under simple
laboratory conditions. It became an essential model organism
because of the availability of various information and tools,
such as whole genome sequence, molecular genetic markers
and large collections of sequence-indexed DNA-insertion
mutants, in addition to the ease of generating transgenic
plants (Hayashi and Nishimura 2006). It offers a window into
the molecular, cellular, and developmental mechanisms
underlying life as a multicellular photoautotroph (Woodward
and Bartel 2018). Also, its small size and simple growth
requirements make it easy to grow in laboratory conditions.

It has a short life cycle of ~8 weeks and is a self-fertilizing
diploid that produces thousands of seeds from one individual
(Somerville and Koornneef 2002).

In this study, seed count and biomass were measured to
assess drought tolerance. The primary determinant of the
economic feasibility of grain agricultural crops is seed yield,
hence the main method for estimating seed yield is by
assessing the biomass and seed count parameters.
Additionally, detailed phenotypic information for numerous
mutants affecting seed parameters and biomass is available,
making seed count and biomass good parameters to include
for future studies (Van Daele et al 2012). Wheat
establishment is known to require biomass during the early
vegetative stage, particularly in regions with insufficient
water availability. Good wheat establishment requires shoots
to emerge from the soil and to develop leaf area as quickly as
possible, which would allow the plants to increase their
competitiveness and reduce loss of water and nutrients (Kaya
2016). A significant benefit in agricultural applications would
be the ability to maintain a typical biomass (i.e., plant biomass
under normal conditions) while under drought conditions. As
a conclusion, in this experiment, biomass is measured for
each plant that is exposed to both normal and drought
conditions.

Due to an abundance of phytohormones, antioxidants, and
antibacterial characteristics in honey, it is anticipated that
honey application will enhance the resistance to drought
stress. Our data supports the hypothesis that diluted raw
clover honey would act as a biostimulant for A. thaliana under
drought conditions. Given this data, honey could be a good
option for an inexpensive and more widely available
alternative to synthetically produced biostimulants.

Materials & Methods

A. thaliana Culture

Seeds were sown in Murashige and Skoog (MS) media, which
was made with 7.5 g Bacto Agar and 1 L MS solution. This was
autoclaved on the liquid cycle for 25 minutes and cooled to 60
°C. In the sterile hood, 1 mL Gamborg’s vitamins were added.
After the seeds were sown in the media, they were placed in a 4
°C fridge for 48 hours. After this, the media containing the seeds
were placed in the room with the below indicated conditions
for about 12 days to germinate, then they were transferred to
the below described pots.

For initial growth and development of A. thaliana prior to
inducing drought conditions, plants were grown under 5000
Lux light intensity in a 16 hour light/8 hour dark cycle at a
constant room temperature of 22 °C. The plants were grown in
a mixture of two parts soil, one part perlite, and one part
vermiculite. Plants were sub-irrigated (1 cm of water from
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bottom of tray) every three days for the first two weeks. By the
end of the two weeks, most of the plants began to sprout, which
was earlier than expected. Due to this, drought conditions were
induced on three (3) pots of each experimental group after the
end of the two weeks.

Experimental Design

Four different groups of plants were assessed in this
experiment. The first and second groups were designated as the
plants that were administered 10 g/L and 20 g/L honey,
respectively, after experiencing drought conditions. The third
group was designated as the plants that were administered
0.75 g/L phosphate solution (e.g., Miracle Gro) after drought
conditions, which would serve as the positive control.
Phosphate fertilizer has been studied in the past for its positive
effect on drought tolerance of plants. The fourth group included
the plants that were given water after experiencing drought
conditions, which would serve as the negative control. Each
group included three pots that underwent drought stress and
three pots that experienced normal conditions. Each pot held
four plants. Normal conditions involved regular watering,
whereas drought conditions involved a lack of watering. The
seed count, biomass, lifespan, and seed size would be evaluated
after treatment was completed.

Drought Assay

Drought conditions were induced by not watering the plants
until the effects of drought began to present themselves
phenotypically, namely by loss of cell turgor (i.e., wilting), rate
of cell senescence and drooping, leaf rolling and brittleness, and
leaf yellowing. It took nine (9) days for these phenotypic signs
to occur. After experiencing drought stress, plants were
selected and grouped according to their similarities in primary
shoot height before inducing experimental conditions.

Both the honey and Miracle Gro were diluted with water and
plants were watered with the experimental treatments by the
sub-irrigation method as needed (i.e., when the solutions were
completely uptaken by the plants in each tray) for one week.
This ended up being about 500 mL of treatment every other
day. This method was employed to keep a consistent watering
technique among the treatment groups.

Seeds were collected using the “hand threshing method”
(Rivero et al. 2014). A few white papers were placed on the
bench for collection of the threshed seeds. Plants were cut from
right above the soil, then dry plants were crushed, one by one,
using hands to remove all the seeds from siliques over a clean
sieve placed on top of the white paper. The seeds were sifted
through the mesh until they were free of chaff. Each pot
contained four plants, and each pot is considered one
experimental unit. The seeds of all the plants in one pot were
combined into one graduated Eppendorf tube. After collecting

the seeds, the remaining plant material consisting of the shoot
system was placed in a sealed plastic bag until they were dry.
Plant material of the same pots (1 pot = 4 plants) were put into
the same bags and seeds of the same pots were placed into the
same Eppendorf tubes.

Seed size was measured by placing approximately 10
microliters of seeds from each treatment group under drought
conditions into a Petri dish and taking images with a
microscope. After the images were taken, they were evaluated
using Image] (National Institutes of Health). Due to there being
a large difference in seed count for each 10 microliter sample,
a random sample of 200 seed measurements were taken from
each treatment group and the average was found. The
statistical test that was performed is the two-way ANOVA using
GraphPad Prism (Dotmatics). Each experimental group was
compared to the negative control experiencing normal and
drought conditions.

Statistical Analyses

The statistical test that was performed is the two-way ANOVA
using GraphPad Prism (Dotmatics). Each experimental group
was compared to the negative control experiencing normal and
drought conditions.

Results

To test our hypothesis, we grew A. thaliana under normal
conditions (regular watering using the subirrigation
method). Once the plants began to sprout, we put half of them
under drought conditions (no watering) and kept half under
normal conditions. Once phenotypic signs of drought
presented themselves, we placed three (3) pots that had been
under normal conditions and three (3) pots that had been
under drought conditions into one tray. There were four (4)
trays in total - two (2) experimental groups and two (2)
control groups. The trays were then given their respective
treatments (20 g/L honey, 10 g/L honey, phosphate solution,
water) for one week using the subirrigtion method. Biomass,
seed volume, seed size, and lifespan were the parameters
used to determine the viability of bee honey as a biostimulant.

The biomass was found by weighing the shoot system of the
plants after removing the siliques for seed collection and
allowing the plant material to dry. To determine if there was
a significant difference in biomass, the average weight of each
pot from each of the four experimental groups: Honey 10 g/L,
Honey 20 g/L, Phosphate, and Water, were compared to each
other under both normal and drought conditions (Fig. 1A). No
significant difference was found when comparing Honey 10
g/L (0.193 +/- 0.040) to Phosphate (0.153 +/- 0.055) or
Honey 10 g/L to Water (0.173 +/- 0.084) under drought
conditions (2- way ANOVA, p > 0.05) (Fig. 1A). A significant
difference was also not found between Honey 20 g/L (0.267
+/-0.071) and Phosphate or Honey 20 g/L and Water under
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drought conditions (2-way ANOVA, p > 0.05) (Fig. 1A). the
experimental and control groups under drought conditions. A
comparison of Honey 10 g/L (0.383 +/- 0.057) and Water
(0.220 +/- 0.053) under normal conditions was found to be
statistically significant, indicating that the addition of diluted
bee honey contributes to a larger biomass (2-way ANOVA, p
<0.05) (Fig. 1A). A comparison between Honey 20 g/L (0.363
+/- 0.072) and Water under normal conditions was also
found to be statistically significant (2-way ANOVA, p < 0.01)
(Fig. 1A).
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Figure 1: (A) This represents the average dried biomass of A.
thaliana across normal and drought conditions with applied
treatments. Honey 20 g/L compared to Water experiencing
normal conditions was statistically significant (2-way
ANOVA, p <0.01) as well as Honey 10 g/L compared to Water
experiencing normal conditions (2-way ANOVA, p < 0.05). (B)
Represents the seed size of A. thaliana in drought conditions
upon treatment. All groups were statistically significant (One-
way ANOVA, p < 0.05). (C) This data was derived from
measuring the volume of the seeds (0.1 mL = 625 seeds) from
plants experiencing drought stress. All groups were
insignificant. (D) Represents the lifespan of A. thaliana
experiencing treatments. Honey treatment groups had a
significantly shorter lifespan than both control groups (One-
way ANOVA, p < 0.0001). Note: (****, p < 0.0001), (***, p
< 0.001), (**, p<0.01), and (*, p < 0.05).

The seed size was found by evaluating the seeds using
microscopic photos on Image] (Fig. 2). To determine if there
was a significant difference in seed size, the average
measurement of a 200-unit randomized sample from each of
the four experimental groups: Honey 10 g/L, Honey 20 g/L,

Phosphate, and Water, were compared to each other under
drought conditions (Fig. 1B). A statistical significance was
determined when comparing Honey 10 g/L (0.288 +/- 0.085)
to Phosphate (0.267 +/- 0.079) and Honey 10 g/L to Water
(0.236 +/- 0.078) under drought conditions, indicating that
the application of diluted bee honey increases seed size (One-
way ANOVA, p < 0.05) (Fig. 1B). A significant difference was
also found when comparing Honey 20 g/L (0.302 +/- 0.059)
to Phosphate and 20 g/L Honey to Water under drought
conditions (One-way ANOVA, p < 0.05) (Fig. 1B).

Figure 2: Image] was used to quantify the average size of
seeds in a 10 microliter sample. (A) An image taken of seeds
from the Honey 10 g/L group that had experienced drought
conditions. (B) Same image after being processed in Image] to
assess average seed size.

The seed volume was found by removing seeds from the
siliques using the “hand threshing method”, and placing the
seeds into a graduated Eppendorf tube. To determine if there
was a significant difference in seed volume, the total volume
of seeds from each of the four experimental groups: Honey 10
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g/L, Honey 20 g/L, Phosphate, and Water, were compared to
one other under both normal and drought conditions (Fig.
1C). There was no significance between the four groups when
evaluating seed volume under both normal and drought
conditions (2-way ANOVA, p > 0.05).

The lifespan was found by recording the time between life
and death of the plants. All of the plants’ lives began at the
same time. The Honey 20 g/L and Honey 10 g/L groups died
within 1-2 days of one another. The Phosphate and Water
groups died within 1-2 days of one another, but they both
outlasted the honey groups by approximately 20 days. (Fig.
1D). Honey 10 (g/L) (40.3 +/-1.2) and Honey 20 (g/L) (40.5
+/-1.049) had significantly shorter lifespans than the control
groups of Water (60 +/- 1.265) and Phosphate (60.5 +/-
1.265) (One-way ANOVA, p < 0.05). This indicates that diluted
bee honey decreases the lifespan of plants.

Phosphate Drought 20 g/L Drought
Water Drought 10 g/L Drought

Figure 3: Microscopic images of individual seeds. Fungal
contamination was originally a concern, but is not seen here
due to lack of white substrate.

Discussion

Our study investigated the impact of maternal nicotine
exposure before mating on the respiratory rate of the F1
generation in D. melanogaster. COz production levels in
measurement chambers were recorded to assess the
influence of nicotine on respiratory rate. Our results
indicated that maternal nicotine exposure leads to reduced
respiratory rates in adult males of the F1 generation in D.
melanogaster (Fig. 3C). Our findings suggest that maternal
nicotine use can produce enduring health consequences for
offspring, aligning with previous research studies and
demonstrating long-lasting biological effects (Hawkey et al.,
2019).

The parental generation initially served as a control for our
F1 generation observations. However, our data revealed a
significant increase in respiratory rate when the parental

generation was directly exposed to 2.5 mM nicotine
compared to dHz20 (Fig. 3B). This finding confirms that
firsthand nicotine exposure induces physiological effects on
respiration in flies. Firsthand nicotine exposure is known to
elevate blood pressure, heart rate, and myocardial
contractility by stimulating sympathetic neurotransmission
through nicotinic acetylcholine receptors (Haass and Kiibler,
1997). Nicotine activates the release of norepinephrine,
leading to increased heart rate and contractility (Haass and
Kiibler, 1997). A rat model demonstrated that
microinjections of nicotine into preBotC, a group of excitatory
inspiratory neurons, increased respiratory frequency and
reduced inspiratory bursts (Shao and Feldman, 2001). These
findings collectively indicate that firsthand nicotine exposure
influences excitatory neurotransmission, impacts inspiratory
neurons, and heightens respiratory-related motor activity
(Shao and Feldman, 2001).

While the parental generation demonstrated increased
respiration, the F1 generation exhibited decreased
respiration, which cannot be attributed to differences in
developmental size as we normalized the data (Fig. 3). This
decline in respiration suggests an epigenetic mechanism
involving gene regulation. Epigenetics refers to modifications
in gene expression rather than changes in the genetic code
itself (Howie et al., 2019).HDAC2, an enzyme involved in
histone acetylation patterns, is inhibited by frequent nicotine
exposure, leading to epigenetic changes that reduce gene
expression (Volkow, 2011). Altered histone acetylation
patterns may result in epigenetic modifications (Géranton
and Tochiki, 2015). Histone acetylation levels tend to rise
when HDAC2 is broken down, or its activity is decreased,
altering gene expression. Studies have linked lower HDAC2
activity to changes in gene expression association with
various illnesses (Chen et al., 2015). The epigenetic changes
can be transgenerational through the germline (Bohacek and
Mansuy, 2013). In a mice model, maternal electronic cigarette
exposure led to DNA methylation changes and altered lung
cytokine expression in offspring. Offspring exposed to
electronic cigarette liquid containing 18 mg/ml nicotine
exhibited doubled global DNA methylation levels in their
developing lungs, when compared to the control offspring
exposed to room air (Nguyen et al, 2018). In a D.
melanogaster model, maternal nicotine exposure has been
shown to produce detrimental effects on fertility and various
characteristics of the F1 generation, including size, weight,
and tracheal development, through epigenetic mechanisms
(El-Merhie et al., 2021). Since fruit flies carry eggs rather than
babies, the nicotine exposure conducted in the experiment is
not implemented within an in-utero exposure system. This
further solidifies the idea that the observed effects are
attributed to epigenetic changes.
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Our study had certain limitations in terms of time and
resources. It would have been more feasible to obtain more
conclusive results if the F1 offspring descended from the
same parental father. Each F1 offspring descended from a
different lineage, making it difficult to compare the results
conclusively. Parental likeness would fortify the conclusion
that the decrease in respiratory rate within the F1 generation
resulted from maternal nicotine exposure rather than
differing genes or external influences on each individual
offspring. Additionally, variability in the construction of the
individually made respirometers may have contributed to
errors. Certain exposures resulted in outlier values,
indicating non-functioning respirometers, potentially due to
inadequate glue or clay for airtightness, or insufficient space
between the cotton and the plug for the D. melanogaster flies.
In future studies, these variations may be limited with
improved equipment. Furthermore, conducting experiments
on a larger number of flies over an extended period would
provide more data from a greater number of trials, thereby
strengthening the efficacy of the conclusions.

Referring to evidence in the literature, past studies have
indicated that the concentrations of nicotine used are
subthreshold concentrations for mortality with significant
psychological and functional effects in D. melanogaster (El-
Merhie et al., 2021). The D. melanogaster flies have homologs
of the human cytochrome P450 CYP1A1, which is necessary
for xenobiotic metabolism (El-Merhie et al.,, 2021). However,
a limitation of our study is the difficulty in accurately
predicting how the dose of nicotine administered to the D.
melanogaster flies correlates with human exposure.
Nonetheless, D. melanogaster flies were used in our study to
pose as models of potential health defects in human offspring.
Further studies within other model organisms can further
solidify the nicotine concentration to body ratio, which can be
applied to human health. This study was valuable for further
studying the impact of maternal nicotine exposure on the
respiratory rate of the F1 generation. Specifically, it focused
on nicotine and its approach to decreasing respiratory levels
in offspring. The outcome of this current study revealed that
maternal nicotine exposures administered prior to mating
produce a decrease in the functional capacity of the offspring.
Although the null hypothesis was rejected, future long-term
research could further study different functional aspects of
the offspring that may be affected to try and develop an
understanding of the mechanistic approach behind this
epigenetic effect.

To further explore to what extent maternal nicotine
exposures can produce a decrease in respiratory levels within
the offspring, a potential experimental design for future
studies could involve exposing virgin female flies to nicotine
once per hour for a total of eight times. Following the
exposures, the virgin female flies are isolated for increasing

periods of time. In order, the flies may be isolated for zero,
one, two, three, four, and five days. Following the isolation
period, the females will mate and produce offspring, enabling
the study of differences in respiratory rate, with the potential
for females to abstain from smoking and prevent health
defects in their offspring. Furthermore, a survival assay of the
F1 flies could be conducted, recording the number of
deceased flies until no survivors remain to observe their
survival rates, which may be influenced by the duration of
maternal isolation before pregnancy. The results of this
proposed experiment would contribute to our understanding
of how maternal nicotine exposure impacts offspring
functional capacity and survival.

Our results further demonstrate that maternal exposure to
nicotine is associated with fetal abnormalities in flies.
Currently, there is still rather limited knowledge on the long-
term functional consequences nicotine may cause within
human offspring due to maternal wuse, as the
intergenerational effects are only slightly studied. We hope
our findings highlight the importance of human studies
investigating the effects of maternal nicotine use on the
respiratory health of offspring and their overall functional
capacity. Further, the prominence of such substance
addictions within our society reiterates the importance of
delving into the components of this research and its potential
influence on patients and their offspring in the future.
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