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ABSTRACT 
 
Arbuscular Mycorrhizal Fungi are obligate biotrophs, meaning they extract nutrients solely from living plant tissues 
and cannot grow apart from their hosts (Besemer, 2021). AMF also are symbionts; they are able to form a mutualistic 
relationship with plants (Tracey Besemer, 2021). To find the ideal amount of fungus that accelerated plant growth, 
research was conducted on Golden Self-Blanching Celery seeds, also known as Apium graveolens. The hypothesis 
states that the celery plants with AMF would exhibit more growth than the control because AMF can aid in reducing 
fertilizer amounts that cause pollution and conserve water during droughts in the future. The experiment was con-
ducted in bins with equal amounts of soil and differing quantities of AMF. The results showed that the control group 
without any AMF grew the best due to a multitude of reasons such as the altering amounts of water during the exper-
iment and a lack of natural sunlight. One goal for future experiments is to control confounding factors that can inhibit 
or improve the growth of the Golden Self-Blanching Celery plant.  
 

Introduction 
 
The world’s population has recently hit eight billion and is estimated to reach 9.1 billion in 2050 (Ortez, 2022). More 
than one billion more people will be on Earth in less than 30 years. Research shows that food production must increase 
by 70% to meet the needs of the rapidly increasing population (Ortez, 2022). Production of common foods like fruits 
and vegetables must be escalated in order to meet the demands of the growing population. Among the various types 
of vegetables, celery is one of the top ten  bought by consumers (Top 20 Fruits and Vegetables Sold in the U.S., 2021). 
Celery is a member of the parsley family and has many unique uses and benefits (“Celery”, n.d.). Not only are the 
stalks and leaves of celery used for many popular foods such as sandwiches, soups, and tacos, but also, celery seeds 
and oil have numerous benefits as well. For example, celery seeds are used for flavoring, garnish herbs, and celery oil 
is used as a natural herbal medicine to prevent cancer, bladder infections, and lower blood pressure (“Celery”, n.d.). 
California produces about 95% of the United States celery crop, and Ventura and Monterey produce about 80% of 
California’s production of celery (Lazicki et al., 2016). Research indicates that celery production has many demanding 
qualities; it is a nutrient-hungry crop that receives one of the heaviest nitrogen fertilizations. Celery production also 
requires a large water supply to grow and needs extensive care to avoid stingy or dry celery stalks (“Celery”, n.d.).  

AMF's long evolution period resulted in its mutualistic relationship with plants which has led to numerous 
advantageous effects. The symbiosis of AMF was first observed 400 million years ago and is now found in 80% of 
vascular plant families today (Begum et al., 2019). AMF (arbuscular mycorrhizal fungi) form mutually beneficial 
partnerships with the roots of most land plants. These fungi play a vital role in assisting host plants in absorbing and 
transporting nutrients such as phosphorus and other immobile soil nutrients. These natural root symbionts also con-
tribute to plant growth promotion and enhance the plants' ability to tolerate stressful conditions (Yurong Yang et al., 
2016). AMF is a soil-borne fungus (transmitted by or in soil) which vastly improves a plant’s nutrient uptake and 
resistance to stress factors (“Soilborne,” 2023; Begum et al., 2019). 

One benefit of AMF on plants is an increase in surface area of the plant, which in turn increases phosphorus, 
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water, and nutrient uptake, enabling the plant to absorb the nutrients needed from the soil efficiently (Mohammadi et 
al., 2011). AMF’s ability to take in more water, nutrients, and increase surface area also improves a plant’s rate of 
photosynthesis (Yurong Yang et al., 2015). Additionally, AMF can help plants in changing or stressful conditions, 
such as droughts and wildfires (Mohammadi et al., 2011). This fungus can especially be beneficial to celery because 
California is the largest producer of celery in the United States (Lazicki et al., 2016). In California, droughts and 
wildfires are very prevalent. The most recent drought in California lasted five years from 2012-2016 (California De-
partment of Water Resources, 2015). In 2021, 7,396 fires occurred in California (“Statistics”, 2023). AMF  increases 
the growth of crops and decreases the uptake of sodium chloride (Begum et al., 2019). Concentrations above three 
g·L−1 of sodium chloride can prevent plants from taking in other essential nutrients, such as phosphorus (Mandy 
Bayer et al., 2016). Large amounts of fertilizers are currently necessary in order to increase plant growth and provide 
food at a fast rate (“Celery”, n.d.). Fertilizer causes absorption of heavy metals into the plants and soil, and fertilizer 
runoff can enter the water system causing pollution, so the replacement of fertilizer with AMF for accelerated celery 
growth can benefit the environmental issue of pollution levels (Serpil Savci, 2012). AMF may be ineffective based on 
the plant as ten percent of plant species cannot become interdependent with AMF (Begum et al., 2019). The goal of 
this experiment is to examine the effects of AMF on Golden Self-Blanching Celery, also known as Apium graveolens, 
to identify the beneficial and damaging effects of AMF on celery production. If ten grams of Arbuscular Mycorrhizal 
Fungi were added per celery plant, the growth of Apium graveolens will increase because the fungus will stimulate 
plant growth and increase nutrient uptake. 
 

Experimental Procedures 
 
Paper Towel Method 
 
Golden Self-Blanching Celery seeds were placed in paper towels to begin the growing process. This involved using a 
moist paper towel, Golden Self-Blanching Celery seeds, and Ziploc bag. Each Ziploc bag contained about 30 to 40 
seeds spread apart from each other. Three milliliters of water were added to the Ziploc every two days. This process 
continued for one week until the seedlings began to sprout without growing through the paper towel. 
 
Greenhouse Set-up  
 
Four 40-quart bins were placed inside the greenhouse with a red and blue LED light above them. 1280 grams of soil 
were placed in each bin along with different concentrations of AMF referenced in Table 1. There were two Kollea 
automatic watering systems and each watered two of the bins (Kollea Automatic Watering System, Indoor Plant Self 
Watering System, n.d.). Water flowed into each bin from three different corners. Two rows with 5 divots each were 
made in every bin. Each divot was seven thirds inches apart and each of the rows was ten thirds inches apart. One 
seedling was placed in every divot. 
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Table 1. Concentrations of Arbuscular mycorrhizal fungi in control group, group one, group two, group three. The 
mass of Arbuscular mycorrhizal fungi in each bin was measured in grams and the number of grams of Arbuscular 
mycorrhizal fungi per plant was calculated. 
 

Group Mass of AMF (measured in grams) Number of grams of AMF per plant 

Control 0 0 

#1 30 3 

#2 100 10 

#3 250 25 

 
Seedling Transfer  
 
After the paper towel method was used to sprout the seeds, the seedlings were placed into the soil. Each paper towel 
contained about 20 sprouted seeds. The seedlings were carefully selected and picked up to ensure the seed ends could 
be seen and were not damaged. One seed was placed in each of the ten divots in every bin, then each divot was covered 
with a thin layer of soil. 
 
Data Collection 
 
Data was collected for the height of plants in centimeters, the number of leaves, and the relative health of the plants 
based on leaf color.  
 
Water Regulation 
 
At the beginning of the experiment, the watering system for all the bins was set at 200 mL every 24 hours. After a 
week, the bins were flooded with water. Thus excess water from each bin was disposed of in order to return the plants 
to their normal state. The watering system was reduced to 150 mL per day for all plants. Two weeks later, water levels 
within the bins were rising again. To prevent the possibility of flooding, the watering system was turned off for 20 
days. The plants remained brightly green, and the control bin still had the healthiest plants. The plants were watered 
at 100 mL every day because 200 mL and 150 mL resulted in overflowing of water in the bin. They were watered at 
this rate throughout the rest of the experiment because it prevented underwatering and overwatering.   
 

Results 
 
This experiment was conducted over the course of 78 days, and throughout this time period, all of the Self-Blanching 
Celery plants were kept under the same conditions. In the experiment, four different groups were created with 10 
celery plants each as shown in Table 1. Each plant’s height and number of leaves were measured about every 14 days.  
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Figure 1. Mean plant height from each bin that contains different amounts of fungi  
 
Based on the results, the control group had the greatest increase in height (Figure 1). The height and growth of plants 
is correlated with the absorbance of nutrients such as light and water that can alter the rate of photosynthesis and affect 
the height of plants (Proulx, 2021). 
 
Table 2. Mean number of leaves on day 78 in the control group, group one, group two, and group three. Each group 
contained ten self-blanching celery plants. The number of leaves in each of the ten plants in each group was counted 
on day 78 and the average of the number of leaves of each group was calculated.  
 

Group Mean number of leaves 

Control 4 

#1 2.4 

#2 3 

#3 3.1 

 
Average Number of Leaves Chart 
 
The number of leaves are an indication of the amount a plant photosynthesizes, and the more leaves the plant contains 
the more nutrients and resources it has to grow and photosynthesize. A greater number of leaves correlates to healthier 
plants (Plant growth—patterns, limitations and models, n.d.). The control group (2A) contained the plant with the 
greatest average amount of leaves and group 2B contained the lowest mean number of leaves (Table 2).  
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Figure 2. Day 35 
 

 
Figure 3. Day 78 
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Leaf Color 
 
The color of leaves provides information on whether the plants have enough resources for photosynthesis. Photosyn-
thesis is a process that transforms sunlight (and other components) into sugars for the plants as the autotroph's food 
source. If a plant isn’t getting enough sunlight, it cannot convert the other components into food for energy, which 
can cause the plant’s leaves to turn yellow (“When Plant Leaves Turn Yellow”, n.d.). Photosynthesis uses chlorophyll, 
which does not absorb light energy from green light waves and instead reflects the green light waves (Photosynthesis, 
n.d.). Therefore, a higher rate of photosynthesis results in greener leaves. Group D contained the most green pigment 
within its plants on day 78 (Figure 3).  
 

Discussion 
 
Watering Fluctuations 
 
In order to prevent the celery plants from overwatering, the amount of water was reduced from 200 mL every day to 
100 mL every day starting from day 55 of the experiment. Research proves that overwatered celery droops and wilts 
due to a burst of cell walls (“How Much Water Does Celery Need", 2023). AMF cannot fix its own carbon since it 
does not photosynthesize, so it receives its carbohydrates from the host plant and absorbs nutrients from the soil which 
are passed along to the plant (Wyatt, Arnall, et. al, 2019). Emptying the excess water out of the bins may have extracted 
some nutrients from the soil. These water fluctuations may have altered the results discovered once the experiment 
was complete. 
 
Saprophytic Fungus 
 
After 20 days of watering the plants, a powdery white film appeared over the soil (Figure 4). This white mold is 
saprophytic fungi, a common fungus that grows on the surface of soil, usually on plants growing indoors (Frąc et al., 
2019). Research indicates that this fungus is harmless to the plant (Lucca, 2007). Since the celery plants were grown 
inside a greenhouse with no direct sunlight, this fungus layered over the soil (Frąc et al., 2019). Another cause for the 
growth of this fungi was overwatering (Knodel et al., 2009). Overwatering at the start of the experiment ended up 
flooding the plants, which created moist conditions that were suitable for the growth of saprophytic fungus. In order 
to eliminate the fungi, the top layer of soil was removed from each bin and watering levels were reduced.  
 

 
Figure 4. Saprophytic Fungus 
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Mutualistic Relationships 
 
In the case of this experiment, the project was controlled in an indoor environment where water was provided to the 
plants daily. Usually, plants and fungi have a mutualistic relationship in which the fungi help the plants capture water 
and bring it closer to its roots (Mutualistic Relationships, n.d.). Given that the plants were provided enough water, the 
environment and conditions of the plants were not able to accurately represent the benefits of utilizing AMF with 
plants. In addition to capturing water and nutrients for the plants, AMF also fights against pathogens to keep the plant 
healthy (García-Garrido et al., 2002). However, since this was a controlled experiment, the soil was not exposed to 
any pathogens for the AMF to fight against. Recent studies reveal that AMF activates defense regulatory genes to 
fight off diseases; however, since the plants were indoors and protected throughout the duration of the experiment, 
there were no environmental stresses for the fungi to protect against, thus defeating its purpose (García-Garrido et al., 
2002). In addition, a reduced or limited amount of sunlight such as the light in this experiment impairs plant growth. 
In one study, the findings suggest that microbial root symbionts create additive costs resulting in decreased plant 
fitness under light-limited conditions (Yang et al., 2020). Additionally, a study observed that both the quality and 
quantity of light can affect colonization by mycorrhizal fungi. Root colonization is negatively impacted by light dep-
rivation. This can alter the effect of AMF in a favorable, unfavorable, or neutral way (Dunn et al., 2017).  
 
Change in Experimentation 
 
By day 78, the original hypothesis that AMF would increase celery plant growth was not supported due to an  inef-
fective mutualistic relationship between the AMF and plant. In order to see the effects of the fungus in realistic con-
ditions, the watering system was set to water the plants once a week with 150 mL instead of every day with 100 mL 
and the plants were monitored for an additional 34 days. This stimulated a more realistic, dry environment for celery 
plants. With the reduction in water, there were drastic changes. The control group lost the most leaves while the plants 
with fungi were able to sustain the dry conditions (Figure 5). The fungi were able to store excess water during drought 
conditions and release it back to the plant when it needed it to increase the survival chance of the plant (Begum et al., 
2019). The AMF captured water from the soil and brought it closer to the roots while the plants provided the necessary 
resources to keep the fungus alive. This mutualistic relationship kept both the plants and fungus alive in the dry soil. 
Overall, the original hypothesis was better supported in drier conditions with significantly less water.  
 

 
Figure 5. Day 112 
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Conclusion 
 
The insight gained from this experiment is that the amount of water given to the plant and the effectiveness of AMF 
are greatly correlated. When the ideal amount of water is available, AMF is not effective. This experiment determined 
that AMF can damage the growth of Golden Self-Blanching Celery and limit the rate of photosynthesis if the plant is 
placed in optimal conditions with constant light and optimal amounts of water. Future research on this topic can be 
done by continuing the experiment with low amounts of water in each group to simulate celery plants growing in dry 
areas. This can provide more of an insight into how effective AMF is in realistic conditions where a majority of celery 
is grown, drought-stricken areas like California. In addition, it would be beneficial to conduct the same experiment 
and test whether or not the amount of sun exposure and placing plants in ground soil affects the way the fungus benefits 
the celery plants. Such conditions would emulate a more authentic environment conducive to the potential growth of 
plants. 
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