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PREFACE

Oklahoma State University is pleased to present the enclosed reports of the 2022-23 Niblack
Research Scholars.

Thanks to the continued support of OSU alumnus and retired Pfizer executive Dr. John
Niblack, the Niblack Research Scholars program affords OSU students the unique opportunity to
conduct real scientific research as undergraduates. Dr. Niblack himself participated in research at
OSU during his undergraduate experience and believes it impacted his decision to pursue science as
a career. His vision and passion to inspire a new generation of scientists lives on in this program.

Dr. John and Heidi Niblack with the 2022-23 Niblack Research Scholars.

(front row, L to R)
Sam Glenn, Natalee Richardson, Heidi Niblack,
Dr. John Niblack, Samantha Stobbe, Rabeca Richardson

(back row, L to R)
OSU V.P. for Research Dr. Kenneth Sewell, Sarah Teeman, Kaitlyn Cotton,
Rebecca Wilson, Chatrlie Vermeire, Mary Erdmann, Brinkli Abbitt, Dr. Stephen McKeever
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Effects of drought and clipping timing on mycorrhizal symbiosis and
growth of Johnsongrass, an invasive grass in Oklahoma

Rabeca Richardson
Integrative Biology

Faculty Sponsor: Bo Zhang
Graduate Student Mentor: Allasandra Valdez

ABSTRACT

Invasive species threaten ecosystem stability and biodiversity, particularly in rangelands,
where drought-resistant grasses cause biodiversity loss. Understanding the role of the soil
microbiome, specifically mycorrhizal fungi, in controlling invasions under climate change is
crucial. We conducted a greenhouse experiment on Johnsongrass, Sorghum halepense, to
examine the effects of drought and clipping treatment intervals on mycorrhizal colonization.
We examined various physiological parameters driving plant growth such as biomass, leaf
nutrient content, and fungal abundance. No significant differences were observed in biomass
measurements across the different clipping and drought treatments. Similarly, there were no
significant findings in arbuscular mycorrhizal associations. This might suggest that
Johnsongrass does not heavily rely on arbuscular mycorrhizal fungi for nutrient acquisition
or growth. Additionally, clipping treatments were ineffective in managing the grass itself.
The lack of significant findings in this study only suggests that further exploration into
factors influencing the success of invasive C4 grasses like Johnsongrass is needed to develop
more effective control strategies against invasive species during drought.

1. Introduction:

The competitive success of invasive species threatens the overall stability of the
environment by decreasing biodiversity and potentially altering the functionality within
ecosystems (Vetter et al, 2020). Rangelands are one of the best areas for carbon
sequestrations and consist primarily of native plant communities managed, typically, for
livestock production; unfortunately, rangelands are being plagued by invasive grasses,
especially drought resistant C4 grasses, resulting in a cascading effect of biodiversity loss
(Flanders et al.,2006). Notably, species invasion is expected to be promoted by impacts of
climate change, e.g., increasing drought favors invasion of the above C4 grasses (Bradley, et
al., 2012).



Previous studies have considered multiple mechanisms of species invasion and related
control strategies under changing climate conditions (Bradley, et al., 2010; Bajwa et al.,
2016). However, little is known about roles of soil microbiome in affecting invasive species
and native species relations, let alone if they play a major role as an invasion mechanism.
Although mycorrhizal symbiosis has been shown to improve plant growth and competitive
ability by increasing nutrient and water uptake for the host (Rashidi et al., 2021), the effects
of the symbiotic association on invasive species under drought remain elusive, and the
existence of variation in association with specific invasion-control treatments (e.g., clipping)
is largely unknown. In the absence of such knowledge, the capability to project species
invasion under future drought is restricted, and there would be a critical uncertainty to apply
invasion-control treatments effectively.

The preservation of native biodiversity and ecosystem stability necessitates the effective
control of invasive grasses (Beaury et al., 2020; DiTomaso et al., 2010). Among the most
employed strategies is physical removal management (PRM), which encompasses techniques
such as clipping, grazing, and mowing to control species invasion (Weidlich et al., 2020).
Nevertheless, considerable uncertainty persists regarding the true efficacy of this approach,
particularly in the face of escalating drought conditions. Given the substantial costs and
labor-intensive nature associated with managing invasive grasses, enhancing the efficiency of
management strategies assumes great importance (Eiswerth and Johnson, 2002). Prior
research has established the significant influence of management timing and intensity on
efficacy (Gao et al., 2009; Tang et al., 2009). However, it remains unclear how increased
drought may impact the established benchmarks for enhanced efficiency. To bridge this
knowledge gap, we conducted a greenhouse experiment investigating the interactive effects
of various drought and clipping treatment timings on the colonization of arbuscular
mycorrhizal (AM) fungi in an urgent invasive species prevalent in Oklahoma, Johnsongrass
(Sorghum halepense).

2. Experimental Details

We conducted a factorial-designed greenhouse experiment with two levels of drought,
presence and absence, and three clipping treatment intervals, early-season applied, late-
season applied, and a control with no clip. The study took place over the course of 14 weeks
using an open-air-rain-out shelter at the Rigdon-Afansiev Memorial Arboretum in Stillwater,
OK. We used Johnsongrass, Sorghum halepense, as our model species due to its ability to
outcompete native species and ability to thrive in warm conditions (Schwinning et al., 2017).
Johnsongrass is a highly invasive C4 grass plaguing grasslands all over the United States and
costing farmers tens of millions of dollars to cover management and yield losses (Sezen et

al., 2016).



2.1 Experimental Design

We used a randomized block design with two types of treatment: (1) Drought: there were
two levels for drought—presence and absence. (2) Clipping interval: there were three levels
of clipping intervals—early applied (every two weeks), late applied (every 4 weeks), and a
control no clipping (14 weeks final harvest). There were three repeats for each treatment
combination, totaling 18 beds (2 drought X 3 clipping X 3 repeats). The planting beds were
built with three layers of landscaping material lining the bottoms of the beds to prevent
rhizomes and roots from breaking through. Additionally, the beds were organized into 3
blocks of 6 beds, with 1 of each treatment combination organized in a random placement
within each block. This was to account for the potential difference in light availability and
other external factors. The soil used for each bed was collected from the Cross Timbers
Experimental Range, Stillwater, OK to mimic the natural soil conditions of Oklahoma and
including native AM fungi composition. The soil was then mixed in a 3:1 ration with sand.
We transplanted Johnsongrass rhizomes that were collected from the surrounding area from
naturally occurring Johnsongrass colonies. The rhizomes were planted in 5 rows across the
width of each bed (See Fig. 1).
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Figure 1: Schematic layout of the greenhouse design. Blue beds indicate drought absence,
and yellow beds indicated drought presence. The gray border indicates the control, the red



border indicates the long clipping (late applied), and the green boarder indicates the short
clipping (early applied).

2.2 Treatments

The drought intensity was determined using soil water content (SWC) and leaf water
potential (LWP). The SWC was taken daily using the HydroSense II Soil Moisture Sensor.
The LWP was monitored once the SWC reached 5% using a pressure chamber. The non-
droughted beds were watered once the SWC dropped below 10%, while the droughted beds
were only watered once the SWC dropped below 3% and the pre-dawn LWP reached -
1.7MPa~ -2.2 MPa. This range of negative pressure indicates drought stress on Johnsongrass,
as it leads to a 50% loss in rate of photosynthetic assimilation (Nunez, 1983). The beds were
watered to saturation (42 L) on watering days.

There were three clipping intervals: short, long, and a control no clipping. The clipped
beds were cut down to 7.62 cm (3 inches) aboveground, which is the standard clipping height
for most larger mowers in this study region. All clipped materials were dried at 60°C and
immediately weighed for biomass measurements and included in the final biomass readings.

2.3 Sample Testing Procedures

The belowground biomass was collected at the final harvest. Three leaf samples were
randomly selected from each bed to analyze P and K contents through the Soil, Water, and
Forage Analytical Lab at Oklahoma State University.

A subsample of live roots was collected and washed for determination of AM fungal
abundance intra-radically. The roots were first bleached with 10% KOH and stained blue for
visibility using trypan blue in lacto-glycerol (Phillips & Hayman, 1970). Mycorrhizae were
counted under a digital microscope (Hirox KH 7700, Hirox, Japan), using the magnified
gridline intersect presence-absence method (McGonigle et al., 1990) to determine percent
colonization. Extra-radical AM fungi abundance (hyphae and spores) was measured using the
surrounding rhizosphere soil, which was collected as a composite sample for each bed. We
determined the relative abundance extra-radically using phospholipid fatty acid (PLFA) and
neutral lipid fatty acid (NLFA) analyses. Since PLFAs are major components of cell walls
strongly related to biovolume, they are often used in determining fungal biomass (Tunlid &
White, 2021). NLFAs were used in assessing the AM fungal spore biomass, as NLFAs act as
a major storage product and energy reserve for many fungi (Larsen & Badker, 2001). The
lipids were extracted and separated for analysis.



2.4 Statistical Analysis

We employed a combination of generalized least squares and mixed models to measure
the extent of variation in drought, clipping, and their interactions. To determine random
variables and potential variations in light availability, we utilized a block design approach.
Additionally, the bed factor was treated as a random variable. The statistical analysis
described above was performed using the ‘nlme’ package (Pinheiro et al., 2022) within the R
environment Field.

3. Results
3.1 Biomass

There were no statistically significant differences in biomass observed between the
treatments with no clipping and late-season management. This lack of variation was evident
in both absence of drought conditions (p = 0.36, total biomass, Fig. 2A; p = 0.68,
aboveground biomass, Fig. 2B; p = 0.26, belowground biomass, Fig. 2D) and the presence of
drought conditions (p = 0.99, total biomass, Fig. 2A; p = 0.99, aboveground biomass, Fig.
2B; p =0.99, belowground biomass, Fig. 2D).

Similarly, there were no significant differences observed between the no clipping and
early-season management treatments in the absence of drought conditions (p = 0.24, total
biomass, Fig. 2A; p = 0.71, aboveground biomass, Fig. 2B; p = 0.13, belowground biomass,
Fig. 2D) and in the presence of drought conditions (p = 1.0, total biomass, Fig. 2A; p =0.99,
aboveground biomass, Fig. 2B; p = 0.99, belowground biomass, Fig. 2D). Additionally, there
were no significant differences observed between the two management strategies of early-
season and late-season interval clippings for drought absence (p = 0.99, total biomass, Fig.
2A; p=0.99, aboveground biomass, Fig. 2B; p = 0.99, belowground biomass, Fig. 2D) or
drought presence (p = 0.99, total biomass, Fig. 2A; p = 0.92, aboveground biomass, Fig. 2B;
p =0.99, belowground biomass, Fig. 2D). However, there was a significant decrease in
aboveground biomass at harvest under drought between no clipping and early-season interval
(p =0.03, Fig. 2C) as well as the late season interval (p = 0.02, Fig. 2C). There was no
significant difference between the two interval clipping treatments (p = 0.99, Fig. 2C). This
reduction was not observed under drought presence between the no clipping and early-season
strategy (p = 0.70, Fig. 2C), between the no clipping and late-clipping treatment (p = 0.57,
Fig. 2C), or between the interval-based treatments (p = 0.99, Fig. 2C).
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Figure 2: The total biomass (A), total aboveground biomass (B), aboveground biomass at
harvest (C), and belowground biomass (D). The total biomass consisted of both above- and
belowground biomass. The box plot components include the mean and whiskers, one
standard deviation above and below the mean of the data. Significance was determined by
p<0.05.

3.2 Extraradical AMF, intraradical AMF, and leaf phosphorous content

No significant differences were observed in NLFA extraradical AMF (Fig. 3A), PLFA
extraradical AMF (Fig. 3B), or intraradical AMF (Fig. 3C). However, in the absence of
drought conditions, a significant increase in leaf phosphorous content was detected for late-
season clipping compared to no clipping (p < 0.01, Fig. 5D). Additionally, there was a
marginal increase, though not statistically significant, in leaf phosphorous content for early-
season clipping compared to no clipping in the absence of drought (p = 0.09, Fig. 5D).

However, under droughted conditions, there were no significant differences in leaf
phosphorous content between no clipping and late-season clipping (p = 0.90, Fig. 5D) or
early-season clipping (p = 0.30, Fig. 5D). Similarly, there were no significant differences
between early-season clippings and late-season clippings in terms of leaf phosphorous



content, both in drought absence (p = 0.12, Fig. 5D) and drought presence (p = 0.84, Fig.
5D).
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Figure 3: NLFA extraradical AM fungi (A), PLFA extraradical AM fungi (B), intraradical
AM fungi within roots (C), and leaf phosphorous (D). The figure components are the same as
those defined in Fig. 2.

4. Discussion and Conclusions
4.1 Growth of invasive grass was not inhibited by clipping treatments or their timing.

Based on the findings of this study, it can be deduced that the efficiency of PRM is
limited, particularly when drought conditions are present. While a significant decrease in
aboveground biomass at harvest was observed during drought absence, we did not observe
comparable patterns in above-, below-, or total biomass (Fig. 2). Furthermore, we did not
detect any variance between late- and early-season management strategies over all the
biomass measures (Fig. 2). The findings of this study contradict previous research, which has
indicated that altering the timing and intensity of clipping during various stages of the



growing season can effectively reduce biomass of invasive grasses (Jacobs and Sheley, 1999;
Tang et al., 2010).

In future studies, it may be advantageous to explore the potential benefits of increasing
the interval between clipping treatments as well as increasing the total number of clippings
performed. This approach could help enhance the effectiveness of the PRM performed. Prior
research has demonstrated that augmenting the frequency of clippings to four or more
treatments can potentially enhance the efficiency of PRM (Milbrath et al., 2016). Combining
increased frequency with longer intervals between treatments may prove to be a more
effective management strategy compared to our current study design. Additionally, the
limited sample size used in our study may have influenced the results. Increasing the sample
size would be an important consideration for future studies aiming to comprehensively
understand the impacts of PRM and species management under changing climate conditions.

4.2 AM fungi did not play a role in the decreased efficiency of clipping treatments.

Plant-associated microbes play a crucial role in enhancing nutrient acquisition and
improving tolerance to various stresses, including drought or defoliation (PRM) (Smith et al.,
2011; Pieterse et al., 2014). Mycorrhizae can enhance the tolerance of grassland plants by
influencing the availability of phosphorus (P) and nitrogen (N) and modifying biomass
allocation patterns. This promotes resilience after defoliation or facilitates compensatory
regrowth (Coughenour et al., 1985; Kula et al., 2005; McNaughton et al., 1983). Our study
did not find significant differences in intraradical or extraradical AM fungi associations (Fig.
3A-C). These findings are not consistent with previous studies, which found demonstrated
that AM fungi possess the capacity to withstand a reduction in carbohydrate input from the
host plant, enabling them to sustain or potentially increase their growth and abundance (Barto
& Rillig, 2010; Eom et al., 2001; Su & Guo, 2007). For example, subsequent to the clipping
of a solitary host plant species, there were disparities observed in the relative abundance of
intraradical structures among various AM fungal species (Klironomos et al., 2004). The
absence of significant findings might imply that S. halpense does not heavily depend on AM
fungi for growth or nutrient update. This conclusion is supported by the fact that neither
drought conditions nor clipping treatments had any discernible impact on the associations
between intraradical or extraradical AM fungi.

Nevertheless, it remains important to study the factors contributing to the success of
Johnsongrass and other invasive C4 grasses to develop effective strategies against them.
Future studies can focus on identifying the most effective treatments or combinations thereof
to combat these invasive grasses plaguing our grasslands.



5. Summary

Johnsongrass is a highly invasive C4 grass plaguing grasslands all over the U.S.. We
conducted a study focusing on how Johnsongrass responds to drought and physical removal
management, specifically focusing on how the interval of the applied mechanical treatment
impacted its efficiency. Overall, Johnsongrass showed no significant response in biomass or
mycorrhizal associations under drought or varying interval clipping treatments, leaving us
only to continue to hypothesize how we can manage it more effectively.

6. Appendices
6a. Acknowledgements

I would like to thank Dr. and Mrs. Niblack as well as Oklahoma EPSCoR for their
financial support. I would also like to thank my mentors, Bo Zhang, Lu Zhai, and Ally
Valdez, as well as the Departments of Integrative Biology and Natural Recourse Ecology
Management for their support on this project.

6b. Papers Published

Co-authorship on Papers:

e Valdez, R. Richardson, E.B. Duell, R. Will, G. Wilson, B. Zhang, L. Zhai. Drought
Decreases Efficacy of Physical Removal Management in Limiting Growth of
Invasive Plant Species. (To be submitted).

e Valdez, R. Richardson, R. Will, G. Wilson, B. Zhang, L. Zhai. The Efficacy of
Physical Removal Management in Controlling an Invasive Plant Growth during
Early-season and Late-season Interval Clippings. (To be submitted).

Poster Symposiums:

e Apr 2023 — R. Richardson, A. Valdez, L. Zhai, B. Zhang. Projecting mechanical
treatment outcomes on invasive grass to improve control efficiency. 2023 Karen L.
Smith Symposium, Stillwater, OK, US. (Poster)

e Apr 2023 — R. Richardson, A. Valdez, L. Zhai, B. Zhang. Projecting mechanical
treatment outcomes on invasive grass to improve control efficiency. 2023 OSU
Undergraduate Research Symposium, Stillwater, OK, US. (Poster)

e Apr 2023 — R. Richardson, A. Valdez, L. Zhai, B. Zhang. Projecting mechanical
treatment outcomes on invasive grass to improve control efficiency. 2023 Research
Day at the Capitol, Oklahoma City, OK, US. (Poster)



Awarded:

e First place in the research-intensive institution category in the 2023 Research Day at
the Capitol event, $500

e First place in the Karen Smith Symposium, OSU, $250
6¢. Literature Cited

Bajwa, A.A., Chauhan, B.S., Farooq, M., Shabbir, A., Adkins, S.W., 2016, What do we
really know about alien plant invasion? A review of the invasion mechanism of one
of the world’s worst weeds. Planta, 244: 39-57.

Barto, E. K., Rillig, M. C., 2010. Does herbivory really suppress mycorrhiza? A meta-
analysis. Journal of Ecology, 98(4): 745-753.

Beaury, E. M., Fusco, E. J., Jackson, M. R., Laginhas, B. B., Morelli, T. L., Allen, J. M.,
Pasquarella, V. J., & Bradley, B. A., 2020. Incorporating climate change into invasive
species management: insights from managers. Biological invasions, 22(2): 233-252.

Bradley, B.A., Blumental, D.M., Early, R., Grosholz, E.D., Lawler, J.J., Miller, L.P., Sorte,
C.J., D’Antonio, D.M., Diez, J.M., Dukes, J.S., Ibanez, I., Olden, J.D., 2011, Global
change, global trade, and the next wave of plant invasions. Frontiers in Ecology and
the Environment, 10(1): 20-28.

Bradley, B.A., Blumenthal, D.M., Wilcove, D.S., Ziska, L.H., 2010, Predicting plant
invasion in an era of global change. Trends Ecol Evol., 35(5): 310-8.

Coughenour, M., McNaughton, S., & Wallace, L., 1985, Responses of an African graminoid
(Themeda triandra Forsk.) to frequent defoliation, nitrogen, and water: a limit of
adaptation to herbivory. Oecologia, 105-110.

DiTomaso, J. M., Masters, R. A., & Peterson, V. F., 2010. Rangeland invasive plant
management. Rangelands, 32(1): 43-47.

Eiswerth, M.E., Johnson, W.S., 2002, Managing nonindigenous invasive species: insights
from dynamic analysis. Environmental and Resource Economics 23: 319-342.

Eom, A.-H., Wilson, G. W., Hartnett, D. C., 2001. Effects of ungulate grazers on arbuscular
mycorrhizal symbiosis and fungal community structure in tallgrass prairie.
Mycologia, 93(2): 233-242.

10



Flanders, A.A., Kuvlesky, W.P., Ruthven, D.C., Zaiglin, R.E., Bingham, R.L., Fulbright,
T.E., Hernandez, F., Brennan, L.A., 2006, Effects of invasive exotic grasses on South
Texas rangeland breeding birds. The Auk, 123(1): 171-182.

Gao, Y., Tang, L., Wang, J., Wang, C., Liang, Z., Li, B., Chen, J., Zhao, B., 2009, Clipping
at early florescence is more efficient for controlling the invasive plant Spartina
alterniflora. Ecological Research, 24: 1033-1041.

Hartnett, D. C., & Wilson, G. W., 2002, The role of mycorrhizas in plant community
structure and dynamics: lessons from grasslands. Plant and Soil, 244, 319-331.

Jacobs, J. S., & Sheley, R. L., 1999. Grass defoliation intensity, frequency, and season
effects on spotted knapweed invasion. Rangeland Ecology & Management/Journal of
Range Management Archives, 52(6): 626-632.

Klironomos, J. N., McCune, J., Moutoglis, P., 2004. Species of arbuscular mycorrhizal fungi
affect mycorrhizal responses to simulated herbivory. Applied Soil Ecology, 26(2):
133-141.

Kula, A., Hartnett, D., & Wilson, G., 2005, Mycorrhizal symbiosis and insect herbivory in
tallgrass prairie microcosms. Ecology letters, 81, 61-69.

Larsen, J., & Badker, L., 2001, Interactions between pea root-inhabiting fungi examined
using signature fatty acids. New Phytologist, 149(3), 487-493.

McGonigle, T. P., Miller, M. H., Evans, D., Fairchild, G., & Swan, J. A., 1990, A new
method which gives an objective measure of colonization of roots by vesicular—
arbuscular mycorrhizal fungi. New Phytologist, 115(3), 495-501.

McNaughton, S., Wallace, L. L., & Coughenour, M. B., 1983, Plant adaptation in an
ecosystem context: effects of defoliation, nitrogen, and water on growth of an African
C4 sedge. Ecology, 64(2), 307-318.

Milbrath, L.R., DiTommaso, A., Biazzo, J., Morris, S.H., 2016. Tolerance of swallowworts
(Vincetoxicum spp.) to multiple years of artificial defoliation and clipping. Invasive
plant science and management, 9(1): 1-11.

Nunez, J. R., 1983. Diurnal fluctuation of leaf solutes and their role in the osmotic
adjustment of a johnsongrass (Sorghum halepense (L.) Pers.) cultivar in response to
low-water stress. Texas A&M University.

11



Phillips, J. M., & Hayman, D. S., 1970, Improved procedures for clearing roots and staining
parasitic and vesicular-arbuscular mycorrhizal fungi for rapid assessment of infection.
Transactions of the British Mycological Society, 55(1), 158,IN116-161,IN118.

Pieterse, C.M., Zamioudis, C., Berendsen, R.L., Weller, D.M., Van Wees, S.C., Bakker,
P.A., 2014, Induced systemic resistance by beneficial microbes. Annu Rev
Phytopathol, 52:347-75.

Pinheiro, J., Bates, D., DebRoy, S., & Sarkar, D., 2022, R Core Team. 2021. nlme: linear and
nonlinear mixed effects models. R package version 3.1-153. Availble at: https://cran.
r-project. org/web/packages/nlme/index. html (Accessed March 31, 2022).

Rashidi, S., Yousefi, A.R., Pouryousef, M., Goicoechea, N., 2021, Mycorrhizal impact on
competitive relationships and yield parameters in Phaseolus vulgaris L. — weed
mixtures. Mycorrhiza, 31(5):599-612.

Schwinning, S., Meckel, H., Reichmann, L. G., Polley, H. W., & Fay, P. A., 2017,
Accelerated development in Johnsongrass seedlings (Sorghum halepense) suppresses

the growth of native grasses through size-asymmetric competition. PLoS ONE, 12(5),
e0176042.

Sezen, U. U., Barney, J. N., Atwater, D. Z., Pederson, G. A., Pederson, J. F., Chandler, J. M.,
Cox, T. S., Cox, S., Dotray, P., Kopec, D., Smith, S. E., Schroeder, J., Wright, S. D.,
Jiao, Y., Kong, W., Goff, V., Auckland, S., Rainville, L. K., Pierce, G.J., . ..
Paterson, A. H., 2016, Multi-Phase US Spread and Habitat Switching of a Post-
Columbian Invasive, Sorghum halepense. PLoS ONE, 11(10)

Smith, S.E., Jakobsen, 1., Gronlund, M., Smith, F.A., 2011, Roles of arbuscular mycorrhizas
in plant phosphorous nutrition: interactions between pathways of phosphorous uptake
in arbuscular mycorrhizal roots have important implications for understanding and
manipulating plant phosphorous acquisition. Plant Physiology, 156: 1050-1057.

Su, Y.-Y., Guo, L.-D., 2007. Arbuscular mycorrhizal fungi in non-grazed, restored and over-
grazed grassland in the Inner Mongolia steppe. Mycorrhiza, 17: 689-693.

Tang, L., Gao, Y., Wang, J., Wang, C., Li, B., Chen, J., Zhao, B., 2009, Designing an
effective clipping regime for controlling the invasive plant Spartina alterniflora in an
estuarine salt marsh. Ecological Engineering, 35(5): 874-881.

Tang, L., Gao, Y., Wang, C., Wang, J., Li, B., Chen, J., & Zhao, B., 2010. How tidal regime
and treatment timing influence the clipping frequency for controlling invasive

Spartina alterniflora: implications for reducing management costs. Biological
invasions, 12(3): 593-601.

12


https://cran/

Tunlid, A., & White, D. C., 2021, Biochemical analysis of biomass, community structure,
nutritional status, and metabolic activity of microbial communities in soil. In Soi/
biochemistry (pp. 229-262). CRC Press.

Vetter, V.M., Kreyling, J., Dengler, J., Apostolova, 1., Arfin-Khan, M. A., Berauer, B.J.,
Berwaers, S., De Boeck, H.J., Nijs, L., Schuchardt, M.A., Sopotlieva, D., Gillhausen,
P., Wilfahrt, P.A., Zimmermann, M., Jentsch, A., 2020, Invader presence disrupts the
stabilizing effect of species richness in plant community recovery after drought. Glob
Change Biol., 26(6): 3539-3551.

Weidlich, E. W., Flérido, F. G., Sorrini, T. B., & Brancalion, P. H., 2020. Controlling
invasive plant species in ecological restoration: A global review. Journal of Applied
Ecology, 57(9): 1806-1817.

13



Z3p|e/\ eipuese||y 403U\ JUSPNIS Slenpelo
Sueyz og :4osuods Aynoe4
ASojo1g aA11e 891u] JO JUBWlIedaq
uospJeydly eaaqgey :Ag

sselguosuyor aAIseAul JOo YiMmoas pue sisolquiAs
|eziysa02Aw uo Suiwiy suiddijd pue y3nouap o S329443




(esuadjey wny310g) sseiduosuyor

‘[9] suonIpuOod wLIEM UL QALY pUB $ADAdS
dA1IRU 912dw0oINo 03 A1Ige s3I 03 ANp SIS
[9POW INO SB PIJIJ[IS SeM SSBISUOSUYOL .
“WAY} UIYIM AJISIDAIPOIQ Y} PUB SWIISAS0Id
pue[sseid Auew Jo Ajigels ay3 urudjeary) [g]

S91BIS PAIIU() Ay} INOY3NOIY} [[& PUL BWOYRO
Ul 919U $A103ds dAISBAUI JUISIN UR SI SSBISUOSUYO[

‘A[[enxase pue A[[enxas saonpordar )] «

'$20319pun
1 sisoyiuAsoloyd Jo adAy oy) 01 SIJAI §) e

[s]eoryv
UWIQULION pUR BISY 0} dAIIRU SSeIS 7)) JUuR)SISAI-IY3noIp
€ — SSRISUOSUYO SB UMOUY| OS[® ‘2suadjpy wnys.iog

SSYAONOSNHOI - ANNOYDHIOVE




JOHNSONGRASS CONTINUED

ith a new shoot

1zome w1

Pictured on the left is a rhizome connecting two Johnsongrass plants. The image to the right shows a rhizome and a rh

sprouting up from it.



wandg Surddepy sonnquingy 3 wonmiy dpeg e 10z '€ JaqwanoN :pajessusb de - £1.0Z ‘1| 1990120 UOHEAISSUO ISk

ssuadajey wnybios

NOILNGI41S1d SSYVAONOSNHOI LNJddNO



sse13uosuyo[ — s313ds [opour & Jo $s3IInS "peo © opis3uofe sseiduosuyof Jo yoreq
JAISBAUI JY) Ul J[0J B Av[d IBZIYLI0IAW JIYIOYM JUIWLIIR(

SUONIPUO0) JY3NO.Ap-uou pue
3IYSnoap Jopun gurup juduneda) surddipd pwundo ue Ayuapy .

'S[e0S I
WSTURYOIUW
UOISBAUI UB SB 9[01 B Ae[d UOAQ OBZIYLIOOAW JI SB [[OM S »
UONBZIUO[0)) [BZIYLIOOAIN o

NV Jo Aoudmonjo oy,
:spoedwr Surwn 3urddijo Moy U0 pasndoy sey YoIeasal (NI AIOA

‘[] sassei8 ) JueISISAI-1y3NnoIp
A[reroadso ‘sasseid oAIseAul Aq pange[d Suroq a1e spue[oduey .

‘[ €] yudwuosiAud oy
JO A1[1qeIs [[BI9A0 ) 03 Jeaay) 1813 & 950d So109dSs QAISBAUL 9SAYL,

‘[Z] saroads jued aarseAur Jo uorsuedxd
oy Ajisuajur 03 pajoafod st o3ueyd djewI[d 0} NP JYSNOIP PISLAIIU]

¢INVLHOdIAIT SIHL ST AHM



JuowIddxa asnOYuaaIs3 Iy J0J Pasn I[AYs Jnourel me-uad

"Ure}IadUn Surewal ‘(Jysnoip
8°9) SuONIPUOI SSANS SNOLIBA Jdpun A[[erdadsd
‘A391e13S SIY) JO SSQUIANIYJD ANL} AY) “IOAIMOH

"$9139)81)S [0IIU0D JAISBAUI pakojdud
ATuowrtod 3sow a1y Jo duo sI ‘Fuizeid pue ‘Surmowr
‘Surddryo se yons ‘(JAY ) JUdWISBURBIA] [BAOWIIY [BIISAYJ

"SSBI3 /) QAISBAUI UR JO JIMO0I3 9y} UO
Surwmn juounean surddi[d pue 1y3Snoip Jo $199JJ9 dANIRI)UL
A} UO FUISNI0J JUIWLIAAXI ISNOYUIAIS B PAJONPUOD IAN

MIINGINO LNIINTdIdXd



WOIqOoIdTL
[10S dY) U0 PIsnd0J JudwLIddxd oy Jo uorzod AN

0)0 ‘o1e1 uoneIIdsue) ‘Ojel UOTJB[IWIISSE UOQIR))
SSBUWIOI( PUNOISMO[Iq PUB JAOQY
uoneoso[[e pue uondiosqe JuaLnnN

:IOPISUO)) 0} SI0}0B

'spaq oy Jo Surddiy

‘umouun A[o3Ie|
st diysuone[a1 siy) uo A ¥Yd pPue 3ySnoIp Jo 10952 YL,
“WISTUBYOIW
uoIseAul ue se 901 Jofew e Aejd £9yj J1 quo[e 19]
‘suorye[al sa10ads dAneU pue sa103ds dAIseAUl SUnjod)ye
Ul QWOIQOIDIW [I0S Y} JO SI[OI Y} INOQE UMOUY] SI I[P

‘[ 1] (s9reapAyogied 3°9) sjudLnNu [BUISSI

J0J 93ueyoxa ur sjue[d ur 90uB)SISAI $SAI)S pue ayeidn JuaLNU

paseaxour urpraoid ‘saroads juerd Jo 94,08 Isowe yirm
A[eono1quiAs A1 (JIAV) 1ISUny [BZIY.LIOIATA J1B[NISNQLY

1INOJ — MJIAYIAO LNINITHIdX




J001q Yoed uryiim judwdde(d wopuex
€ Ul paZIue310 UONBUIqUIOD JUSWIBII]} OB
JO U0 ‘g JO SYI0[q € OIUI PIZIUBTIO JIIM SPIY
I91[9YS Ino-urer-1re-uddo
ue 3uIsn SYAIM 1 [I9A0 d0e[d J00) ApnIS Y],
[€103 Spaq
Q[ = s1eadar ¢ X SUOBRUIqUIOD JUIUIRIT} § o
(3soArey
[eul) s)oom 11 1k paddro) Surddijo oN
(SYooMm  AI19Ad paddrd) uoseas-aje| .
(S99m 7 A19A9 paddi[o) uoseas-Ajieq .

STuSUIeaT) surddijd o3Iy,
OUISqY e
Q0USAIJ o

TJSNOIP JO S[OA] OM],
JUUWILIIAXI ISNOYUIIIL) PIUSISIP-[BLIONIB o

[easzyu| Hoys

[easspu| Buo] D
|oayuod /Buiddijy o i‘

Buiddi| [eassyug

@duasald }ybnoig

wwwww ay Wbnoiq
ad£Lybnoig

LN

AR ,M—‘

LL 6 |

8L oL

14"

€3P0o|d

2L Lol

12019

‘u8isap >20|q paziwopuey

ws9/

9

w05 L

14

L X204

NDISIA TVLININI4dIdXd — SAOHLIN




“(ysu) [

PUBS )M PIXIW [I0S PIJOJ[[0 oY) Ypm -
dn j0s [[& spaq Suimoi3 ay . “(o[pprur)
PIe Y} WOI} SOWIOZIYI SSBITUOSUYO[
JO uonoa[[o) "(Jor) PloYy oy
woIJ [10S SUNI9[[0d (J[9sAw Surpnjour)
qe[ Ino ur sajenperdiopun Jo dnoin

"PAq OB JO YIPIM dY) SSOIOB SMOI G Ul pajue[d 91om SOWOZIYY
‘Jue[dsuea) € pajonpuod oA\ .

"SUOT}IPUOD [10S BWOYR(O)
OIWIW 0} JOPIO Ul I9JeM[[1}S UI 2107 d5ury [BIUSWILIdAXH SIOQUIL], SSOID) AU} WO [I0S JNO PAIIJ[[0] A\

1NODJ NSISAd 1VININIdddXd



‘sjuowaInseaws J T umep-a1d 1oy ojdwres jeo| e Surddijy

"SJUAWIAINSBAW
SSBWOIq JOJ PAYSIam pue H()9 1. PALIp 1M s3urddi[do Y],

‘(U1 ¢) wd 79°/ IN0Qe 03 UMOP IND AIIM SPAq Y} UIPIM
syue[d oy ‘pownrojrad sem juounean urddijo e own yory
suddry

"BdIN T'C- ~ dINL T- PAUYIBAI JMT oW PUB %€ MO[dq
PAYIBAI DS Y} QU0 PAIIBM JIdM SPAQ PAYSNOI(]

%01 MO[2q
PAYOBAI DA\ S Y} 9OUO PAIdeM 9Id9M SPaq JYSNOIPUON]

‘(dAT) Tenuajod a1ajem
Jed[ pue (DAAS) JUIU0D II)BA [10S 3} SUISN PIUIULIANI(] o

AJISUIUT JUYSNOI(]

SININ1VIdl — SAOHLIN



*SjuaAd Suiddi|d ay3 4O SuO 1e Pa1IJ||0I SSewolq punodanoqy

NSO e qeT] [ednk[euy

03v10,] pue ‘I9BA\ TI0S Y} Yy3noiy)

SISAJeue [ pue J 10} Paldd]as Ajwopuelr
Q1M Pq [oBd woJJ soduwres 0ABI[ 1Y}

— SJUIIUOD Y pue J .

‘SISAJeUR 10] PAYSIoM 9q

0} D) $93139p ()9 J& PALIP PuE PAJIJ[[0 Sem

‘s3urddiyo snoraaxd woly sseworq Surpnoul
‘SSeWOIq PUNOISMO[dQ PUE -9AOQE

— SSBWIoIy

ONILSIL
F1dINVS — SAOHL3IN




‘(do3) uinunod aduasqge
-92u3saud uoy dnias 9doaso|A {(wonoq) 0ogx paijiudew ajdwesqns 100y

‘[8] ssewo1q a10ds
[esuny yirm pajeroosse A[3uoi)s d1e Sy IN —
sisATeue (VIN) sproe Anej pidi] [ennau — sa10dS .
‘(L] strem 192
ul SV 1d 9y} Suisn ssewolq [e3uny saInseowt —
sisJeue (Vd1d) proe Anej pidijoydsoyd — SeqdAy .
Paq yoe?d 10§
A1onsodwod pa3od[[od ‘[ros d13ydsoziya surpuno.ins
3ursn —3duepuNqe 1ISUNJ Y [BOIPeI-BIXH

‘paurels pue ‘payoedq
‘paysem ‘pajd[0d 1M $)00.1 JAI[ Jo sojdwresqns
9211]) - UONBZIUO[0J JUdJIdd T3UNJ AV [BJIPRI-BIU] «

— Jduepunge pue UOHBZIUO[0I IBZIYIIOIAJA]

1NODJ DNILSAL 1dINVS




60’ 0>d £q pouruIRIp sem 20ueoIuSIS

“BJep ) JO UBSUI 9} MO[9q PUE 9AOQE UONEBIASD PIEPUER)S JUO ‘SIASIYM

pue ueaw oy} apnjoul sjusuoduwos joid x0q Y, "SSEWOIq PUNOITMO[oq PUL -9A0qE
[)0q JO PIISISUOD SSeWOIq [8)0} oY ], () SSLWwoIq punoIsmo[oq pue (D) 1sdAley

Je SSewolq punoIgaAoqe (g) ssewolq punoi3aAoqe 1303 () SSewolq [e303 Y[,

BuiddiD oN m uoseag sje . uosesg Aueg ' juswabeuey

0oL

00e

00€

ooy

bnoiq ybnoiq
aousasald ybnoiq aouasqy Jubnoiqg aouasald wbnoiqg aouasqy ybnoiq
e e e e B ¢ 0 qge MMI q e q q
I + S _ + + 3
o
=]
002
&
=
o
c
>
[s}
00% m
-ta 5
3
> -t
73
»
009 )
008q
wbnoig bnoig
aouasald ybnoig aouasqy 1ybnoiq aouasald Jybnoig aouasqy ybnoiq
e e e e 0 e M e e e e
00} W” |*l T :%!
o
<
&
- =
d ooz 2
>
o
@
00€ m -+=
e 1 4
w
»
ooy @

o
=1
o]

[=-]

00§

00v

008

00c¢t

~ (B) ysantey je ssewolg punoibanoqy

(B) ssewoig |ejo]

"(S0°0<d)
90uasa1d Jy3noIp I9puUn SSEWOI] ISIAIRY [BULJ JOJ SJUSUBAI)
AU} USIMJAQ PIAIISYO JDUIIJJJIP JUBOYIUSIS OU SBM JIJYL,

(50" 0<d) sSurddryo TeArdur
0M]} AU} UM} OUILJIP JUBDJIUSIS OU SBM I,
‘syuawyedn) gurddipd (7o 0=d) uoseas-aje[ pue (¢ o=d) -AJ1ed
A} Y10q I0J PAAIISQO SBM SSBUIOL] UL 9SBAIIIP JUBIYIUSIS
© ‘SSewolq punoi3aA0qe 1SOAIRY [BULJ JO 9OUSSJE JYSNOIP U]

(§0°0<d) sseworg
PUNOIZMO[A pUB ‘SSBWOIg PUN0IZIA0QY ‘SSewoIq [e10], 10

SIUQWIIBAL) O} UDIMID( SQOUIIYIP JUBOYIUTIS OU OIOM I,
:$)[NSIY sseworg

~ ut o3exoed
1SBJ] PIZI[RIOUST JO UONBUIQUIOD B PAAO]

S11NS3d ANV SISATVNV

ouIu, 9y} 3uIsn pajeaId wocoE paxIw pue sarenbs
WO OM ‘SISA[BUER .INO 10



o131y snoraaid oy ur paulgep osoys se

quwres a3 a1e syusuodwos aIn3iy oy T, () snoloydsoyd jes| pue ‘() S100I UM 1Uny
AV [ed1perenut (g) 15uny WV [eo1perenxa vi1d (V) ISunj NV [eQIpeIenxa Vi IN

aouasald ybnoiqg

Buiddijo oN m uosesg aje ' uosesg Aue3 ' jusweabeue|

wbnoiqg
@ouasqy Jybnoig

ybnoiq

aoussald 1ybnoig aouasqy ybnoig

q q qe

Ty

soussald ybnoig

q e qe

: 4

t 4

1ybnoug
9ouasqy Jybnoiqg

<}

N
o

@
o

=
=)

i
o
a

(%) Jusuoy snioydsoyd jea

e e e e e e

ybnoug

souasald yybnoig souasqy ybnoig

e e

¢

e

e e e

® o~ -~

(%) 4NV [edpesx® Y41d

<

-]

+Ht (1

co

(%) 4NV [edtpenu

€0

o

(%) 4NV ledlpenx Y4IN

<

‘(50" 0<d) 9ouasaid pue aoudasqe y3noIp
Iopun snoioydsoyd jea| uoseas-aje[ pue -A[Ied UddaM)dq
SQOUQIJJIP JUBIYIUSIS OU AIIM JIJY} ‘A[[BUONIPPY o

(50" 0<d) Surddipo ou 03 paredwod
UOSBIS-A[IBY PUB -918[ AY) UIIMIIQ SIOUIIJIP
JUBDIJTUSIS OU AIIM JIJY} ‘90udsaid Jysnoip uy .

‘(60°0=d) Surddr[d ou 03 paredwod

U0Seas-A[Ied ) JoJ aseardul Jeurdrew e pue ([(°0>d)

3urddipo ou 03 paredwod uoseas-ae[ Ay 10J snooydsoyd
Jeo[ Ul 9SBAIOUI JUBDIJIUSIS B SBM 9IdU) QOUISqE JYSNOIP U]

UOI}BZIUO[0d

JINV [ed1peIenur JO Tedrperenxd V4 1d ‘[edIperenxd Vi IN
(50" 0<d) 10J POAIISQO JOUIISIJIP JUBDJIUIIS OU SBM I,

:$3NSAY Juduo0)) snosoydsoyg
Jear] pue YAV [edIpeIenU] TV [BdIpeIenxy

S11NS3d ANV SISATVNV



9z1s 9[dwes asedIdu]

s3urddi[o yo Joquinu 3sBAIOU] .

s3urddi[d uoam}aq wir) ISLAIOU]
'SOIpMS IMN

'Spaq 9y} ul ymmoad punoidanoqy

[011[6] sseworq donpai
A19A1303139 ued s3urddipd Jo Ayrsuajur/3urtun Surid)fe
e} SUIMOUS [[2JBISAI SNOIAId SIOIPeUOD SIY ],

"SjuaUIBAI) AY) JO Aue
J0J S9132781)S JUIWAFLUBW ) UIIMIAQ PIIIAAP Sem
QOUBILIBA OU ‘A[[RUONIPPY "SAINSBIW SSBWOlI] [8)0)
, IO ‘MOJ9q “-9A0QR A) Ul PIAIISCO 10U SeM SJUdUI) BT}
g, Surddio o) 10} SSBWOIq JSIATRY [BULJ UL ISBAIIIP Y,
D

"SUONIPUOD
pay3noap ropun Aqperdadsa pajrwarf st (AYd)
juowoeurW [BAOWAI [BIISAYd JO AU YT,

‘Suruan JI1y) J0 Sjudu)eda)
surddip Aq paqIyur jou seA SSBIA3 JAISBAUI JO YIMOID) .

NOISSNOSIA



‘spue[sseld ano Sumged sosseisd
QAISBAUI S} JBqUIOD 0} JOAIIY) SUONBUIQUIOD JO SJUIWILAI) JAIIOIYJO JSOW Y} AJIUIPI 03 SUIAI) UO SNO0J 0} ANUNUOD UBD SAIPNYS 1NN,

WAy} Jsurege sa139)e1s dA110JJ0 do[oAdp 03 sasseid
D QAISBAUL JOYIO PUB SSMBISUOSUYO[ JO SSOIONS JAISBAUL A} 03 SUNNQLIIUOD SI0JOBJ Y} ApnIs 03 Jue)iodl SUTBWAL 1 ‘SSO[OYIIOAIN

TNV [EJIPBIBIIXS JO [EJIPBIBIUL Ul SOOUAIJIP S[BUIISIP
OU dJOM 19y} sk ‘oyeidn jusarnnu 10 Yimoi1s 10y 1I3uny Ay uo puadap AJiaeay
10U SQ0p asuadipy *S yey) Ajdwr Jysiw s3urpuly JuedIJIUSIS JO 0UISR YL,

[01] syuerd aso Jo Surddijo 03 yuanbasqns uonezIuoj0d JINV
1S0Y Ul SanLIedsIp punoj yorym ‘goreasar snorAdxd yirm JudiSISuOdUL SI SIY,

"SUOIIRIJOSSE ISUNJ AV [BJIPEBIBIIX JO [BJIPRIBIIUL Ul SOOUAIIYJIP JUBIIJIUSIS
pulj JOou PIP APMNJS INO ‘SISSANS SNOLIBA 0} 20UBII0) Suraoxdwr pue uonisimboe
juoLnu SuIOUBYU Ul 9[0I Jeronid e Aejd soqoiorwr pajeroosse-jue[d S[IYA\
sjudueda) surddipd Jo ASUIIDIJI PSP IY) ul J[oa B Ae[d jJou pIp 1IUN} AV

NOISSNOSIA




Z3p[eA ATV
Ieqz 7] pue Sueyy og
qe[ AU} Ul sdjenpet3Iopun) MO[[o]

K30]097 221n0SY [eINjeN pue
K3o101g 2A1RIZNU] JO syuduneda(

Y0DSdH BWORMO
JORIQIN ST PU® 1

SIN3INIOAITMONIDV




171-€€1 :(2)9¢ “480j027 108
pa1ddy “A10A1I0Y paje[nuwis 0} sasuodsal [BZIYLI00AW Jo9)je 13Un] [BZIYLI00AW Je[nosnge Jo sa10adS 007 “d ‘SISOIMON [ ‘QUn)OIN N ‘[ ‘sowouo ] [11]

"109-€6S :(£)z [ ‘suoisvaui [p2130j01g *SISOJ JudUIdFRUBW FUIONPAI J0J suoresrduwl eIo[jiuIalfe euniedS oAISeAUl SUI[[OIIUOD
10} Aouanbaiy Surddpo oy oousnyjur Surwir) Juswyeal) pue awWISal [Bp1} MOH "0[10Z g ‘0eYZ 29 [ ‘UayD g IT “[ ‘Suepp D ‘uepp “A ‘oen) 1 ‘Suel, [01]

"2€9-979 (9)Z ¢ ‘Soa1yody JuudIVUDPY dSUDY JO [DUINOL/JUIMISDUDIN
2 £30]027] puvja3uvy "uoiseAul paamdeus] panods Uo $109]J0 Uoseas pue ‘Kousnbaiy AIsusjur UONBI[OJIP SSBID) 6661 <1 M A9[oUS 29 'S ‘[ ‘sqooer[g]

Co-L8Y ((€)6F [ 15130710314y J map “Sp1oe A1e] ainjeudIs Sulisn paurexd 13uny Suniqequi-1001 ead uaamiaq SUONOBINU] ‘100Z T Ipeg & [ ‘uasieT [8]

'ssa1d DD (292-6¢¢ "dd) Lysiuayd01q j108 uj ‘108 Ul
SANIUNWIIOD [BIGOIJIW JO AJTAIIOR OI[0QRISWL PUR ‘SJB)S [BUONLINU ‘QIMOoNNSs AJIUNWIIOD ‘SSBWOIq JO SISA[BUR [BIIWAYI0LT ‘TZ0T <D "d “MYM 2 “V ‘prung, [L]

“TH09L10° ‘(S)ZI “ANO SO071d "uonnaduwod SLIoWWASe-9ZIS Y3Nnoay} sasseld oAneu Jo yymolis oy sassaxddns
asuadorey wny310Q) sFUI[Paas sseIFUOSUYO[ Ul JUSdO[OAIP PIIRIS[IIIY ¢/, “v 'd ‘A ® “M H 497104 D T ‘UuBWYOIY “H TN ©°S ‘Suruurmyo
[EY WS I0S Ip LI [9A3p P [999V "L10C "V » 110d *D L 19X S| SUIUULAYDS |9

O1DII ‘ANO SO0Td "osuadajey wny3I0S ‘OAISBAU] UBIQUIN[0)-}SOJ © JO SUIYOIIMS JBIIqRH
pue peaids SN dSeYd-BINA ‘9107 “H °V ‘UOSIdNR " [ D ‘9013l “Y “T D[IIAUIEY 'S ‘PUBPINY “A ‘OO “M Buoy “A ‘Orlf “( S WYSLM “[ I9p01Yog
n.m m nﬁz:\:m ?Q AOOQOM n.m n\ﬂﬁhuom a.m BNOO n.m rﬁ nNOO A.E H QO#UQ@QO n._m H aQOmHDMvDAM T< O ngow.HOﬂva A.N Q AHOPN\K/H< n.z —: a\ﬂoaﬁm ?D D ;HDNDM _”WH_

(9007) Z8I-1L1 ‘€ZI 430oj0y11u.1() *spIiq Surpaaiq pue[oSuel SeXa], YIN0S U0 SASSLI3 01J0Xd JAISBAUIL JO SI0aJJH T8 19 sIopuel] 'V'V [v]

"16S€-6€S€ ‘9T
jo1g 23uvy’) [pqoJL) “JY3NOIP I} AI9A0931 Ajunwtod jueld ur ssouydLr sa10ads Jo 1099 uizifiqess ayi sydnisip 90udsaxd 1peAu] ()z0z) 10 12 319A ‘N A [€]

€] ‘20uU2198 JUD]J Ul S421JU04, “UOWIIOIUN I8 S)OJLJS JANIPPY :UOISBAUL
yue|d uo SI9ALIP 93uLYD [qO[3 Sdn[NW Jo 2dUMNPU] *(TZOT) *S [ “UeM ¥ S ‘PIojIOYINY “Z Te@ “D VT D ‘Buep “[ I D ‘UY “A ‘N “W ‘M) g “Sue [¢]

"T19-665:(S) [ € “PZ11L1024p) "SAIMIXIUW PIIM — ]
sue3[na snjoaseyd ut siojowered proiA pue sdiysuone[ar 2annadwod uo joedul [BZIYLIOIAIA ‘1707 <N “BaYI209100) “JA FOSNOAIMOod “Y'V ‘Posnox S ‘iprysey [1]

d4lid JdN1vddlli






Effects of Organoantimony Compounds on the Fungal Pathogen
Cryptococcus neoformans
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Microbiology & Molecular Genetics

Faculty Sponsor: Dr. Karen Wozniak
Graduate Student Mentor: Brittney Conn

ABSTRACT

Cryptococcus neoformans 1s an opportunistic pathogen that causes pulmonary cryptococcosis
and cryptococcal meningitis in immune-compromised individuals. Overall, fungal infections
are responsible for approximately 1.5 million deaths each year. In contrast to antibacterial
drugs, the quantity of antifungal drugs capable of combating fungal infections remains low.
With the high toxicity and increased resistance to antifungals in recent years, the importance
of finding new options for antifungal therapy is even more crucial. We hypothesized that a
series of organoantimony compounds that previously exhibited antifungal activity could
serve as effective antifungal drugs. Preliminary research identified several compounds that
were antifungal against C. neoformans and non-toxic to mammalian cells. RNA sequencing
identified several C. neoformans genes and pathways (including those associated with
membrane transport and formation, ribosome biogenesis, and gene expression) that were up-
or down-regulated following treatment with three of the compounds. EM studies show
altered morphology and membrane/cell wall damage following the treatment of C.
neoformans with five of the compounds. Galleria mellonella infection models with C.
neoformans exhibited the effectiveness of compound SbPh4(ECO) at 120 ug/ml in vivo.
These studies show that organoantimony compounds are promising antifungal therapies, and
more studies are currently underway to narrow down their mechanism of anti-fungal activity.

1. Introduction:

Fungal infections are a large concern in the world today, with upwards of 1 billion cases
and over 1.5 million deaths annually (Bongomin et al., 2017). Of those fungal infections,
220,00 cases and 181,000 deaths can be attributed to the fungal pathogen Cryptococcus
neoformans (Rajasingham et al., 2017). Cryptococcus neoformans is an opportunistic fungal
pathogen found around the world in soil and bird droppings, which can cause infections
through the inhalation of spores (Levitz, 1991). Individuals who are immune-compromised,
such as patients with HIV-AIDS, transplants, or chemotherapy, can develop pulmonary
cryptococcosis, or an acute or chronic infection in the lungs, and cryptococcal meningitis, an
infection of the brain and spinal column (Sabiiti and May, 2012, Williamson, 2017).



In contrast to antibiotics, the quantity of available antifungal drugs remains low. There
are currently only four main classes of antifungal drugs approved for use in the US: polyenes,
azoles, echinocandins, and pyrimidines (Houst et al., 2020, Robbins et al., 2016). Such a
limited drug arsenal exists largely due to the high cytotoxicity of antifungals. Fungal
pathogens are eukaryotic, making them much more like their human hosts than bacterial
pathogens. As a result, the number of molecular targets for antifungals that do not also
induce high host cytotoxicity is greatly reduced compared to those of bacteria (Robbins et al.,
2016).

Rising resistance to antifungals in recent years coupled with the toxicity of available
antifungal drugs makes it crucial to develop new antifungal therapies (Perlin et al., 2017). A
recent study by Gerasimchuk et al. developed novel organoantimony(V) cyanoximates
(SbPh4(ACO), SbPh4(MCO), SbPh4(ECO), SbMe3(TCO)2, SbMe3(ECO)2, and
SbMe3(MCO)2) that exhibited activity against several bacterial species and fungal pathogens
C. neoformans and Candida albicans, while remaining non-toxic to mammalian cells
(Gerasimchuk et al., 2022). In this article, we further examine the activity of those
compounds on C. neoformans and examine their potential as future antifungal drugs.

2. Materials and Methods:

Strains and Media: C. neoformans strain H99 was grown in a Yeast Peptone Dextrose
(YPD) broth at 30°C in a shaking incubator for 18hrs. The cells were then washed with sterile
phosphate-buffered saline (PBS) three times. The concentration of cells was counted using a
hemacytometer, with trypan blue being used to exclude dead cells. The concentrations for the
assay inoculums were determined using the hemacytometer counts.

Compounds: Novel organoantimony compounds SbPh4(ACO), SbPh4y(MCO),
SbPh4(ECO), SbMe3(TCO)2, SbMe3(ECO)2, and SbMe3(MCO), produced by Dr. Nikolay
Gerasimchuck (Missouri State University, Springfield, MO) were tested to determine their
fungistatic and fungicidal properties (Gerasimchuk et al., 2022).

RNA Extraction and Sequencing: C. neoformans at concentrations of 10x10° cells/ml
were incubated with different organoantimony compounds at the minimum inhibitory
concentrations (MICs) for 24 hours. RNA was then extracted and purified according to the
Qiagen AllPrep Fungal DNA/RNA/Protein Quick-Start Protocol. RNA purity was verified
via 260/280 optical density measurements on a plate reader (BioTek). RNA was sent to
Novogene (Novogene Corp, Sacramento, CA) for sequencing. Genes with significantly
different expression values were grouped into signaling pathways using GO Enrichment
Analysis (Gene Ontology Consortium).

Scanning Electron Microscopy: C. neoformans at a concentration of 10x10° cells/ml
were incubated with different organoantimony compounds at the MIC concentrations for 4,
8, and 12h. Following incubation, the samples were washed three times with a 0.2M
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cacodylate buffered wash and fixed for a minimum of 2h in a 0.1M cacodylate and 2%
glutaraldehyde fixative. The sample was washed again, rinsed three times with the buffered
wash, and fixed in osmium tetroxide (OsOs) for 1h. Following another set of three buffered
wash rinses, the samples were dehydrated with a series of ethanol washes. Two
hexamethyldisilane (HMDS) washes were performed before the samples were mounted on
stubs and given an Au-Pd coat. Samples were then imaged at 20,000X magnification using
an FEI Quanta 600 field emission gun ESEM with Bruker EDS and HKL EBSD.

Galleria mellonella Infection Model: G. mellonella larvae were separated into groups of
ten and injected with H99 at a concentration of 1x10* cells/ml. Control groups were also
created with 10 pl injections of heat-killed H99 at the same concentration or PBS. Following
a 2-hour incubation period, the larvae were injected with 10 pl of the selected compound at
the desired concentration (treatment) or 10 pul PBS (control). The larvae were incubated at
37°C and survival was measured for 10 days.

Data Analysis: GraphPad Prism version 5.00 for Windows was used to create graphs and
conduct statistical analyses. One-way ANOV A with Tukey’s multiple comparison test (to
compare pairs of columns) was used to compare data between 3 groups, and an unpaired t-
test was used to compare data between 2 groups. The log-rank test was used to compare the
survival of groups in the infection model.

3. Results:

Treatment With Compounds Affects Gene Expression of C. neoformans. In an effort
to reveal the underlying mechanism of action behind the experimental compounds’
antifungal activity, RNA sequencing was performed to determine the difference in the gene
expression between treated and untreated C. neoformans cells. C. neoformans cells were
incubated in RPMI-MOPS alone, or along with each compound diluted to its respective MIC
(at 10x10° C. neoformans cells/ml) using RPMI-MOPS for 24h at 37° C in a humidified
incubator. The RNA was then extracted and purified from the cryptococcal cells using the
AllPrep Fungal DNA/RNA/Protein kit (Qiagen). Following confirmation of RNA purity via
260/280 optical density measurements, the RNA was sent to Novogene (Novogene Corp,
Sacramento, CA) for sequencing and analysis. Using GO Enrichment Analysis, Novogene
identified multiple signaling pathways that were significantly (p < 0.05) up- or down-
regulated in the treated C. neoformans cells (Figure 1). Treatment with SbPh4(ECO) resulted
in the significant (p < 0.05) up-regulation of pathways associated with membrane transport
and membrane formation, and the down-regulation of pathways associated with ribosome
biogenesis and rRNA processing. Treatment with SbPh4(MCO) resulted in the up-regulation
of pathways associated with peptidase activity, organelle and ribosome formation, and DNA
replication, and the down-regulation of an oxidoreductase pathway. Finally, treatment with
SbPh4(ACO) resulted in the down-regulation of pathways associated with gene expression,
RNA processing, and ribosome biogenesis.



Treatment With Compounds Results in Morphological Changes in C. neoformans
Cells. In an attempt to further narrow down the antifungal mechanism of action, scanning
electron microscopy (SEM) was performed on treated and untreated C. neoformans cells. C.
neoformans cells were incubated in RPMI-MOPS alone, or along with SbPh4(ACO) or
SbPh4(ECO) diluted to their respective MIC (at 10x10° C. neoformans cells/ml) using RPMI-
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Figure 1. Pathways up- and down-regulated in C. neoformans treated with experimental compounds. RNA sequencing
of untreated C. neoformans was compared with C. neoformans treated with compounds (A) SbPh,(ECO), (B) SbPh,(MCO),
and (C) SbPh,(ACO). Pathways that were mostly up-regulated are shown in green, while pathways that were mostly down-
regulated are shown in red. (A) Treatment with SbPh,(ECO) resulted in the up-regulation of pathways associated with
membrane transport and membrane formation, and the down-regulation of pathways associated with ribosome biogenesis
and rRNA processing. (B) Treatment with SbPh,(MCO) resulted in the up-regulation of pathways associated with peptidase
activity, organelle and ribosome formation, and DNA replication, and the down-regulation of an oxidoreductase pathway.
(C) Treatment with SbPh,(ACO) resulted in the down-regulation of pathways associated with gene expression, RNA
processing, and ribosome biogenesis. SbPh,(MCO) and SbPh,(ACO) experiments were conducted three separate times and
sent for sequencing together. The data shown are compiled data from the three independent experiments. The SbPh,(ECO)
experiment was conducted once and the data is representative of that single experiment. * indicates a significant difference
between gene expression of treated and untreated C. negformans cells (p<0.05).

MOPS for 4h, 8h, or 12h at 37° C in a humidified incubator. The 4h, 8h, and 12h timepoints
were chosen to allow the compounds’ effects on the fungal cells to be viewed at multiple
time points throughout treatment while still ensuring the survival of some fungal cells.
Following fixing, processing, and sectioning, the samples were imaged at 20,000X using an
FEI Quanta 600 field emission gun ESEM with Bruker EDS and HKL EBSD. Images were
arranged by treatment group and incubation time (Figure 2). The control samples (C.
neoformans cells incubated alone) exhibit globose, budding cells with a fibril network
radiating out from the cell capsule, all indicative of a healthy C. neoformans sample (Cleare
and Casadevall, 1999). Treatment with SbPh4(ACO) resulted in smooth capsular morphology
that lacks the fibril network as well as multiple connected cells that did not separate



4 Hours 8 Hours 12 Hours following cell division
events. By 8 hours cracks
are forming in the capsule
between the connected
cells and by 12 hours cell
death is seen through the
leakage of intracellular
components into the
surrounding environment.
In contrast, treatment with
SbPh4(ECO),
SbMes3(TCO)z,
SbMe3(ECO)», and
SbMe3(MCO); resulted in
cell death throughout all
the time points, as shown
by the presence of c-
shaped cryptococcal cells
(Hole et al., 2012). Also
seen throughout all three
timepoints of samples
treated with SbPh4(ECO),
SbMe3(TCO)a, and
SbMe3(ECO), was the
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HO9 +
ShPh,(ACO)

H99 +
SbMe,(TCO),

H99 +
ShMe,(ECO),

Ho9 +
SbMe,(MCO),

Figure 2. Treatment with experimental compounds results in distinct
morphological changes in C. neoformans cells. Scanning electron microscopy (SEM)
with C. neoformans (H99) alone, treated with SbPh,(ECO), SbPh,(ACO),
SbMe,(TCO),, SbMe4(ECO),, or SbMe;(MCO), at 4, 8, or 12 hours of incubation. C.
negformans alone exhibits a round morphology with dividing cells and stringy capsular
components. The treatment with SbPh,(ECO), results in a smoother capsular
morphology and a lack of cell separation following budding. Cracks can be seen in the
capsule between cells at the 8hr timepoint (blue arrow) and cell death is seen at the
12hr time point (red arrow). The treatments with SbPh,(ACO), SbMe,(TCO),, and
SbMe,(ECO), resulted in cellular death, as seen by the c-shaped cells at multiple time
points (red arrows), and the formation/release of an unknown extracellular structure
(green arrow). Treatment with SbMe;(MCO), also resulted in c-shaped cells indicative
of cellular death (red arrows). Images were taken at 20,000X magnification and are
representative of at least 10 fields per condition and time point.
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SbPh4(ECO) is an Effective Antifungal Therapy in a Galleria mellonella Infection
Model. To examine the effectiveness of these experimental compounds in vivo, a G.
mellonella infection model with C. neoformans was used. For this model, G. mellonella
larvae were infected with C. neoformans and subsequently treated with the experimental
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Figure 3. Infection model using Galleria mellonella shows in vivo effectiveness of only one compound against
Cryptococcus neoformans infection. G. mellonella larvae were infected with 1x10* cells/ml of C. neoformans strain
H99, heat-killed H99, or injected with PBS. Larvae were treated with either PBS or antifungal compounds, (A)
SbPh,(ECO), (B) SbPh,(ACO), (C) SbMe,(TCO),, (D) SbMe,;(ECO),, or (E) SbMe;(MCO),, diluted in PBS and
monitored for survival for 10 days. For all groups, the heat-killed (non-infectious) C. neoformans and PBS controls
resulted in 100% survival. (A) Treatment with SbPh,(ECO) at 120 pg/ml resulted in longer survival than the C.
neoformans (H99) control (p-value < 0.05), while treatment with SbPh,(ECO) at 90 pg/ml and 150 pg/ml resulted in
similar survival to the C. neoformans control. (B) Treatment with SbPh,(ACO) at 150 pg/ml, 200 pg/ml, and 250
pg/ml resulted in similar survival as the C. neoformans control. (C) Treatment with SbMe,(TCO), at 90 pg/ml, 120
pg/ml, and 150 pg/ml resulted in similar survival as the C. neoformans control. (D) Treatment with SbMe,;(ECO), at
150 pg/ml, 200 pg/ml, and 250 pg/ml resulted in similar survival as the C. neoformans control. (E) Treatment with
SbMe,(MCO), at 150 pg/ml, 200 pg/ml, and 250 pg/ml resulted in similar survival as the C. neoformans control.
Each experiment was conducted with 10 G. mellonella larvae per group. * indicates a significant difference in
survival between the treatment and the control groups (p<0.05).

compounds (at roughly 7.5X, 10X, and 12.5X the in-vitro MIC) with PBS-infected, heat-
killed C. neoformans-infected, and C. neoformans-infected with PBS-treated larvae serving
as the controls. Survival was monitored over 10 days to determine if any of the treatments
resulted in increased survival of G. mellonella larvae relative to the C. neoformans-infected
control. The negative controls (PBS-infected and heat-killed C. neoformans-infected larval
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groups) exhibited 100% survival over the 10 days. Treatment with SbPh4(ECO) at 120 pg/ml
resulted in significantly (p < 0.05) increased survival of G. mellonella larvae compared to C.
neoformans alone (Figure 3A). The other concentrations of SbPhy(ECO) tested, as well as all
the concentrations of SbPh4(ACO) (Figure 3B), SbMe3(TCO): (Figure 3C), SbMe3(ECO)»
(Figure 3D), and SbMe3(MCO). (Figure 3E) tested were not effective at extending the life of
the infected G. mellonella larvae relative to the control.

4. Discussion:

Fungal infections are a rising concern in the world today. Thanks to medical advances in
the treatment of HIV-AIDS and other immunocompromising diseases, we are seeing a jump
in opportunistic fungal infections in recent decades (Badiee and Hashemizadeh, 2014). We
are also seeing an increase in multi-drug resistant fungal strains, the rise of infections by
dimorphic fungal pathogens, and the spread of fungal pathogens to new regions, likely due to
climate change (Friedman and Schwartz, 2019). Due to the limited drug arsenal against these
fungal pathogens (coupled with the high cytotoxicity of many of those existing anti-fungal
drugs), it is important to discover new antifungal therapies (Perlin et al., 2017).

Novel organoantimony(V) cyanoximates produced by Gerasimchuk et al. showed
promising antifungal activity in a disc assay against C. neoformans and C. albicans
(Gerasimchuk et al., 2022). Based on those results, we hypothesized that these
organoantimony(V) cyanoximates could prove to be effective antifungals.

The gene expression of untreated C. neoformans cells and the gene expression of C.
neoformans cells treated with SbPh4(ACO), SbPh4(MCO), and SbPh4(ECO) were compared
to understand the genes/pathways that were significantly up- or down-regulated following
treatment. Looking at the overall pathways that were up- or down-regulated following
treatment with the three compounds, treatment with SbPh4(ECO) and SbPh4(ACO) resulted
in the down-regulation of pathways associated with ribosome biogenesis and rRNA
processing, with SbPh4(ECO) also causing the up-regulation of pathways associated with
membrane transport and membrane formation. This indicates that the cryptococcal cells are
diverting energy away from growth and metabolism and instead focusing that energy towards
strengthening the membrane and fighting off the anti-fungal compound. In contrast,
treatment with SbPh4(MCO) resulted in the up-regulation of pathways associated with
growth (organelle/ribosome formation and DNA replication). This is the opposite of what we
saw with SbPh4(ECO) and SbPh4(ACO), and future studies will be performed to try to
understand the reasoning behind this.

Overall, these RNA sequencing results indicate that these compounds may be inhibiting
C. neoformans growth by interfering with cell metabolism, membrane production, or
membrane transport, decreasing the uptake of nutritional requirements while increasing the
export of materials from the cell. However, more studies will need to be performed using



mutant libraries to narrow down exactly what genes/pathways these compounds are targeting
to produce their anti-fungal activity.

To look further into the possible mechanism of anti-fungal activity, scanning electron
microscopy (SEM) was performed. The SEM images confirmed that organoantimony
compound treatment affects the C. neoformans cells, with SbPh4(ECO) treatment resulting in
altered morphology and killing of the cells, SbMe3(MCO); treatment resulting in killing of
the cells, and SbPh4(ACO), SbMe3(TCO)2, and SbMe3(ECO): treatments resulting in the
killing of the cells in addition to the presence of an unknown structure. It is unknown
whether this extracellular component contributed to the anti-fungal activity, or if it is just an
artifact, byproduct, or compound precipitant, so more research will be acquired to determine
the importance of this unknown structure. Also unknown is whether or not the cracks in the
capsule of cells treated with SbPh4(ECO) extend through the cell wall and/or membrane of
the cryptococcal cells and if they contribute to cell death. Future transmission electron
microscopy (TEM) studies can give more insight into these questions and indicate a possible
antifungal mechanism of action.

Many anti-microbial treatments that are effective in-vitro are not effective in-vivo due to
complicated interactions in living models (Shi et al., 2019). For this reason, we wanted to test
the effectiveness of the organoantimony compounds in-vivo using a G. mellonella infection
model with C. neoformans. Only SbPh4(ECO) at 120 pg/ml was effective at extending the
survival of G. mellonella larvae infected with C. neoformans. This could be because the
majority of the organoantimony compounds are not effective in-vivo, are not effective in this
particular in-vivo model, or are toxic at these higher infection model concentrations. The
toxicity of these compounds in the G. mellonella model can either be confirmed or ruled out
via the use of additional control groups that are treated with the compounds alone, but not
infected with C. neoformans.

Overall, these organoantimony(V) cyanoximates, while not effective in-vivo using a G.
mellonella infection model, can provide valuable information for antifungal research.
Through the identification of their mechanism of action, novel anti-fungal molecular targets
can be identified for future research and drug production. Future studies include TEM studies
to identify the compounds’ effects on the fungal cell wall and membrane as well as studies
that test compounds against a C. neoformans mutant library to further identify specific genes
involved in antifungal resistance and point to the antifungal mechanism.

5. Summary:

A series of novel organoantimony compounds exhibited antifungal activity against the
fungal pathogen Cryptococcus neoformans and were non-toxic to mammalian cells,
indicating their potential use as antifungal drugs in the future. Further research began looking
into possible antifungal mechanisms of action by identifying several signaling pathways that



were up- or down-regulated following treatment with the compounds and by looking at the
effect of the compounds on the morphology of the cryptococcal cells. The overall
ineffectiveness of the compounds in an in-vivo model (barring SbPh4(ECO) at 120 pg/ml)
indicates that these compounds may not be effective antifungal drugs, however, the
compounds can still be studied to provide insight for future drug production through the
identification of mechanisms of action and novel molecular targets.
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ABSTRACT

There are many virulence factors in Pseudomonas aeruginosa that contribute to this
opportunistic pathogen’s ability to evade the immune system and persist during drug therapy.
Previous studies recognized the protein PtsN of the nitrogen-related phosphotransferase system
(Nitro-PTS) as having a connection to virulence in P. aeruginosa by impacting biofilm levels
through an unknown mechanism. Preliminary transcriptomic sequencing data identified that
PtsN differentially regulates another virulence factor: the Type III Secretion System (T3SS).
The T3SS is a needle-like protein structure embedded in the membrane of many Gram-
negative, pathogenic bacteria. This protein complex gives bacteria the ability to inject effector
proteins directly into host cells’ cytoplasm, increasing the pathogen’s ability to colonize the
host. My research utilizes luciferase reporter strains to measure the activity of promoters of
T3SS genes identified in transcriptome data. These experiments will observe the effect of PtsN
on T3SS gene expression, help determine if PtsN is a novel regulator of T3SS in P. aeruginosa
and develop a hypothesis for how PtsN interacts with the regulatory proteins that control the
expression levels of the T3SS.

1. Introduction

Pseudomonas aeruginosa is an opportunistic pathogen that commonly causes nosocomial
infections due to its antibiotic resistance, posing an ongoing medical threat. The P.
aeruginosa strain studied here, PA14, is a highly virulent isolate that is frequently
encountered in clinical settings (Mikkelsen, et al., 2011). Its virulence has been attributed to
drug therapy resistance via virulence factors, including the production of biofilm—a self-
secreted substance made of polysaccharides, DNA, and proteins that binds cells together,
shielding colonies from their environment (Iglewski, 1996). Previous work identified PtsN,
part of a phosphorelay called the Nitro-PTS, as a negative regulator of biofilm formation
when PtsN is unphosphorylated (Cabeen, et al., 2016) (Liittmann, et al., 2012). Wild-type
(phosphorylated) PtsN displays high wrinkling (high biofilm production). In contrast,
deleting an upstream kinase, PtsP, shows a smooth (low biofilm) morphology. Although
PtsN shows striking phenotypic changes, few gene targets of PtsN regulation are known.



Because PtsN does not contain a DNA binding domain, it is hypothesized that PtsN imposes
its effect on gene expression and protein function on a post-translational level or post-
transcriptionally.

Transcriptomic sequencing was utilized to find genes differentially expressed when
comparing the absence of PtsN (PA14AptsPAptsN) versus an unphosphorylated version of
PtsN (PA14AptsP). Again, the unphosphorylated PtsN background was utilized due to its
ability to be a negative regulator of biofilm formation. Additionally, this comparison exposes
the impact of deletion of PtsN versus in reference to an unphosphorylated PtsN background.
Due to the previous studies which observed PtsN having an impact on biofilm, it was
expected to see biofilm related genes in the transcriptomic data. However, transcriptomic
data did not suggest any known biofilm genes to be differentially regulated when PtsN is not
phosphorylated versus when it is absent. Instead, transcriptome sequencing analysis
uncovered other virulence genes that were differentially regulated in the PA14AptsPAptsN
versus PA14AptsP comparison. Among these were genes constituting the Type III Secretion
System (T3SS).

The T3SS is a virulence determinant of PA14 and other Gram-negative bacteria. The
T3SS forms a needle complex that can inject, deliver proteins, and therefore manipulate host
cells. The PA14 T3SS is under two levels of regulation: 1) signals which initiate T3SS
endotoxin secretion and 2) gene transcription (Williams McMackin, 2019). The mechanism
of the regulatory proteins of the T3SS is displayed by Figure 1. Gene transcription regulation
is activated by a protein called ExsA. This protein is bound to an anti-activator called ExsD
in a 1:1 complex. For ExsD to release ExsA, it will preferentially bind to ExsC which is in a
—— 2:1 complex with a protein called

Host cells  ExsE. When environmental signals
(such as low environmental Ca

Absence of inducing signals

2+)

z

ExsE

ExsD

\\

N

)

?

LL \
= \
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Figure 1: This image describing the regulatory protein mechanism of the
T3SS is from the paper “Fitting Pieces into the Puzzle of Pseudomonas
aeruginosa Type 111 Secretion System Gene Expression” by Williams
McMackin, et.al. It shows ExsA as the T3SS activator, ExsD as the
antiactivator, ExsC as the antiantiactivator, and ExsE as the secreted protein.

are sensed by the cell, ExsE
disassociates from ExsC, allowing
ExsD to preferentially bind to
EsxC in a 2:2 complex (Williams
McMackin, 2019). This releases
ExsA to bind to the promoter of
T3SS genes and activate
transcription. Transcriptomic data
showed that expression of exsE,
exsC, and exsD is increased in
PA14AptsPAptsN in the
comparison to PA14AptsP.
Perhaps PtsN is interacting with
one or more of these regulatory



proteins to have an impact on T3SS expression. A sample of genes upregulated when PtsN is
deleted is shown in Table 1.

Table 1: Sample of Upregulated Genes from the PA14AptsPAptsN versus PA14AptsP
Transcriptomic Data Analysis

GenelD

PA14_RS17140

PA14 RS17145

PA14_RS17150

PA14 RS17155

PA14_RS17160

PA14 RS17165

PA14_RS17170

PA14 RS17175

PA14_RS17180

PA14 RS17185

PA14 RS17190

PA14_RS17255

PA14 RS17260

PA14_RS17280

PA14 RS17285

PA14_RS17295

PA14 RS17300

PA14_RS17305

PA14 RS17310

PA14_RS00230

Product

SctL family type III secretion system stator protein PscL

type 11 secretion system sorting platform protein PscK

SctJ family type III secretion inner membrane ring lipoprotein Psc

Sctl family type III secretion system inner rod subunit Pscl

YopR family T3SS polymerization control protein PscH

YscG family type III secretion system chaperone PscG

type III secretion system needle filament protein PscF

YscE family type 111 secretion system co-chaperone PscE

SctD family type 111 secretion system inner membrane ring subunit PscD

SctC family type III secretion system outer membrane ring subunit PscC

YscB family type III secretion system chaperone PscB

type III secretion system chaperone PscY

type III secretion system protein PscX

SctN family type 111 secretion system ATPase PscN

type 11 secretion system central stalk protein PscO

SctQ family type 111 secretion system cytoplasmic ring protein PscQ

SctR family type III secretion system export apparatus subunit PscR

SctS family type III secretion system export apparatus subunit PscS

SctT family type III secretion system export apparatus subunit PscT

T3SS effector bifunctional cytotoxin exoenzyme T

P value

2.66E-17

7.66E-24

5.98E-27

7.40E-22

1.86E-29

2.22E-18

1.79E-17

4.16E-15

4.81E-25

3.62E-30

3.70E-21

2.28E-05

2.31E-19

6.91E-25

8.13E-13

2.86E-35

7.22E-21

6.17E-13

5.71E-17

2.90E-27

logFC

2.472381088

3.200645447

2.602528845

2.547524495

3.045112514

2.852697727

2.08267887

2.017600326

2.766198974

2.377287965

2.506663586

2.188767872

3.907969927

3.473114914

2.90035456

3.76232678

3.520844904

2.972934615

2.822693488

2.811925579

Product ID

WP_003087735.1

WP_003087734.1

WP_003120329.1

WP_003120330.1

WP_003100725.1

WP_003140037.1

WP_003087729.1

WP_003100751.1

WP_003132859.1

WP_003140040.1

WP_003109510.1

WP_003113547.1

WP_003140044.1

WP_003100796.1

WP_003140046.1

WP_003140061.1

WP_003087674.1

WP_003087672.1

WP_003132884.1

WP_003136948.1

Table 1: This list highlights the psc/N-T operon genes that were upregulated when comparing the transcriptome
data of PA14AptsPAptsN versus PA14AptsP. The pscN-T operon was utilized to construct luminescent reporters
to track T3SS gene expression. The pscN-T operon comprises genes that are part of the T3SS machinery.



2. Experimental Details

Transcriptome sequencing data was analyzed by sorting through genes in a
PA14AptsPAptsN versus PA14AptsP comparison which had a log» fold change (logz FC)
value larger than = 2.00. A log; fold change of = 2.00 is a good statistical value to identify
genes whose differential expression is due to the deletion of PtsN. Among these candidates
were genes responsible for the T3SS. Among these T3SS genes, we selected the pscN-T
operon—which encodes parts of the secretion machinery—to drive a luminescent reporter for
T3SS expression detection. The luminescent reporter is encoded on a CTX-1 plasmid. To
create an insert for this plasmid, the first gene in the pscN-T operon was determined and the
200 nucleotides before this position was used for the insert. Using these nucleotides for the
insert would ensure that the promoter for the pscN-T operon was present, since promoters
tend to be within 100 bp upstream of the first gene in an operon.

Luciferase luminescence assays ran for 24 hours with continual shaking. Cultures were
placed into the 96 well plate around an OD of approximately 0.1. Readings for luminescence
and ODsoo were read every 10 minutes. For each strain we performed 3 biological replicates
and 3 technical replicates for each condition. LB with 25 pg/ml of tetracycline was the media
used for the luminescence assays because our strains have the CTX-1 plasmid with a
tetracycline resistant gene cassette and our luminescent reporter integrated into the genome.
Our LB with 25 pug/ml of tetracycline media has a low Ca?" concentration, which is a
favorable environment for inducing the T3SS and provides cells with enough nutrients to
have strong growth rates (Williams McMackin, 2019). A BioTek Synergy H1 Multi-Mode
Microplate Reader was used to measure ODgoo and luminescence.

Luminescent reporters (CTX-1-pscN-T-lux) were constructed and put into E. coli strain
SM10 for mating with PA14 strains. The following strains were made: PA14 attB::CTX-1-
pscN-T-lux, PA14AptsP attB::CTX-1-pscN-T-lux, PA14AptsN attB::CTX-1-pscN-T-lux, and
PA14AptsPAptsN attB::CTX-1-pscN-T-lux. A luminescence assay was conducted with these
strains to confirm the transcriptomic data.

Deletions of exsC and exsE were made to create a strain with a constitutively off and a
strain with a constitutively on T3SS, respectively. Luminescence assays were conducted with
the PA14 PscN-T-lux, PA14AptsP attB::CTX-1-pscN-T-lux, PA14AptsN attB::CTX-1-pscN-
T-lux, PA14AptsPAptsN attB::CTX-1-pscN-T-lux, PA14AexsC attB::CTX-1-pscN-T-lux,
PA14AexsE attB::CTX-1-pscN-T-lux, PA14AptsNAexsC attB::CTX-1-pscN-T-lux, and
PA14AptsNAexsE attB::CTX-1-pscN-T-lux.



3. Results

DptsPDptsN vs. DptsP
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Figure 2: This volcano plot visualizes the genes upregulated and down regulated when comparing
a ptsN deletion to an unphosphorylated PtsN form. Genes with a log fold change (logFC) value
larger than + 2.00 were considered differentially regulated.

Blue dots are upregulated by PtsN deletion, red dots are downregulated by PtsN deletion, and the
orange dots are the genes of the T3SS. The black dots are genes that are not differentially
regulated.

To discover genes that PtsN differentially regulates in its absence and presence and in its
phosphorylated and nonphosphorylated states, transcriptomic sequencing data in the PA14
AptsPAptsN versus PA14 AptsP comparison was analyzed. Figure 2 is a volcano plot which
displays genes that were upregulated and downegulated. These data suggest that the deletion
of ptsN increases the expression of the T3SS genes, indicating that PstN might impact T3SS
regulation as a repressor. To continue investigating how PtsN is differentially regulating
these genes, we used luminescence reporters.

Initial luminescence assays were conducted to validate transcriptome sequencing data
that suggested PtsN could be a regulator of T3SS genes. A luminescence reporter for the
pscN-T operon—which codes for T3SS machinery—was constructed and mated with PA14,
PA14AptsP, PA14AptsN, and PA14AptsPAptsN. To test the hypothesis that PtsN is a novel
regulator of the T3SS, we measured T3SS expression in the presence and absence of PstN
and when PtsN is phosphorylated versus unphosphorylated.

The data in Figure 3 distinctly shows how the deletion of pzsN causes a significant
increase in T3SS expression in comparison to the WT and the unphosphorylated-PtsN strain
(PA14AptsP). PtsN increases the maximum promoter signal activity by a factor of
approximately 4. This observation confirms the transcriptome data we collected and further
supports our hypothesis that PtsN can act as a repressor of the T3SS.
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Figure 3: Luciferase assay displays the effect of pzsN deletion on the expression level on the
T3SS operon PscN-T. We normalize the Luminescence data with OD to ensure that the data

we see is not due to one strain having more cells than the other, but due to the level of T3SS
expression.

To further understand how PtsN is impacting T3SS regulation, we wanted to observe
PtsN’s effect in the absence of known T3SS regulators. Figure 4 shows that when PstN is
deleted in a AexsC background (when the system is constitutively inactive) there is no
substantial change in expression. This indicates that deletion of ptsN does not recover T3SS
expression when ExsC is absent and T3SS is inactive. Because PtsN is known to increase
T3SS, it is surprising that PtsN would not be able to recover an inactive T3SS due to a
deletion of exsC.
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Figure 4: Luciferase assay for the effect of a ptsN deletion when the T3SS is constitutively inactive
(due to a deletion of exsC).

It is possible that ExsC must be present for PtsN to have its effect, but this hypothesis
cannot be determined with the current collection of data. Details of future studies to further
examine this observation are discussed later in this paper. This observation piqued our

6



interest for examining the effect of PtsN on a constitutively active T3SS and if it will show
no significant impact on expression, as in Figure 4 with the constitutively off system.

PA14 PpscN-T-lux
AptsN PpscN-T-lux
AexsE PpscN-T-lux
AexsEAptsN PpscN-T-hux

Lum/ 0D600

1500

Figure 5: Luciferase assay shows the impact of a pzsN deletion when the T3SS is
constitutively active due to deletion of exsE.

Figure S implies that deletion of pstN in a AexsE background (when the T3SS is
constitutively active) causes the T3SS to be even more highly expressed. It is also seen that
the AexsE and AexsEAptsN strain have significantly higher expression levels than previously
seen with the AptsN strain. The delayed curve of the AexsEAptsN strain is reproducible
because the AexsEAptsN strain is a slow grower.

4. Discussion and Conclusion

Initially, luciferase assays seen in Figure 3 determined that the deletion of ptsN causes an
increase in T3SS expression. Before the results reported here, PtsN was not known to impact
regulation of T3SS genes. Furthermore, constitutively inactive (AexsC) and active (AexsE)
T3SS systems were created to determine whether deleting pzsN continued to have an effect
when the T3SS is “turned off” and “turned on.” In other words, can PtsN expression recover
an “off” system or further amplify expression in an active system? Deletion of ptsN could not
recover a constitutively inactive T3SS (AexsC). However, a ptsN deletion in a constitutively
active T3SS strain caused expression beyond the intrinsic limits of the T3SS. The intrinsic
limit of the T3SS is seen by creating a system that is constitutively active in the wild-type
presence of PtsN (deletion of exsE). The deletion of ptsN can bring T3SS expression to levels
that are even higher than a wild-type condition expression limit. It is possible that there is no
effect on T3SS expression when p#sN is deleted in a AexsC background because the protein
that PtsN is interacting with is absent (ExsC). The phosphorylated PtsN form could be
lowering the affinity of ExsC for ExsD, keeping ExsD bound to ExsA, or PtsN could play a



role in keeping ExsE bound to ExsC until the cell receives signaling for T3SS gene
expression.

Future studies that delete exsD will provide more understanding on the intrinsic
expression limits of the T3SS (ensuring that the exsE deletion is showing the maximum
intrinsic expression for T3SS) and on which regulatory proteins PtsN is interacting with.
Based on our current data, it is possible that PtsN could be interacting with ExsC, ExsD or
ExsA to impact T3SS expression levels.

Future studies should aim to discover which T3SS regulatory protein has an interaction
with PtsN. This can be deduced from further luciferase assays with an exsD and exsA
deletions, which provide different versions of an active and inactive T3SS — deleting exsD
would create an active system while deleting exs4 would inactivate the system. Seeing the
impact on expression when deleting pzsN in these strains with the presence of ExsC and ExsE
will provide more evidence to suggest a regulatory protein that PtsN is regulating. Interaction
studies such as co-immunoprecipitation or fluorescence resonance energy transfer can be
performed to see if PtsN is directly interacting with T3SS regulatory proteins on a post-
translational level. Additionally, PtsN could be impacting the activity of these regulatory
proteins via phosphorylation. Therefore, western blotting could visualize phosphorylation
states of T3SS regulatory proteins in the absence and presence of PtsN. If a protein sample is
phosphorylated, the protein band will “shift up,” or have a higher band location on the gel,
than an unphosphorylated control protein.

Additionally, since deletion of ptsN increases T3SS expression, thus identifying PtsN as a
negative regulator of T3SS expression, future experiments can test the expectation that
overexpressing ptsN will lower T3SS expression levels. To that end, an SM10 strain with
pJN105-ptsN, a plasmid containing an arabinose-inducible promoter that will express ptsN,
can be constructed and mated with experimental strains: PA14 attB::CTX-1-pscN-T-lux,
PA14AptsN attB::CTX-1-pscN-T-lux, PA14AexsE attB::CTX-1-pscN-T-lux, and
PA14AptsNAexsE attB::CTX-1-pscN-T-lux. The PA14AexsC attB::CTX-1-pscN-T-lux and
PA14AptsNAexsC attB::CTX-1-pscN-T-lux strains would not be used because it is expected
that ptsN overexpression will drive down T3SS expression, and these strains already show
minimal T3SS expression so overexpression of ptsN would likely have little effect. These
overexpression experiments will further clarify how PtsN is regulating the T3SS.

5. Summary

This study aimed to investigate the ability of PtsN to impact T3SS expression levels.
Initial data suggests that PtsN is a repressor of the T3SS system, meaning its presence
suppresses T3SS gene expression and its absence allows the T3SS to increase expression
levels. Future studies, as proposed in this paper, will clarify exactly how PtsN is impacting



T3SS expression, furthering our knowledge of PA14 and its key virulence factors that allow
this bacterium to have a substantial reputation amongst opportunistic pathogens.
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ABSTRACT

Recent studies suggest that exosomes released by infected host cells induce inflammatory
responses to intracellular pathogens in recipient cells (Cheng & Schorey, 2013; Schorey et al.,
2015; Cheng & Schorey, 2019; Cheng et al., 2020). Further investigation into the mechanisms
by which these exosomes modulate host immune function may promote the development of
more effective treatments for intracellular infections, such as those caused by Mycobacterium
abscessus (M.abscessus), a non-tuberculous Mycobacterium frequently identified in the lungs
of cystic fibrosis patients with respiratory infections (Cheng et al., 2020). To determine the role
of M.abscessus-infected-macrophage-released exosomes on host immune responses, we
prepared exosomes from macrophage cell culture in vitro, then analyzed the vesicles using
biochemical and immunological tools. Exosomes from uninfected and M.abscessus-infected
macrophages were characterized using nanoparticle tracking analysis and electron microscopy.
Bacterial survival assays and qRT-PCR were employed to assess the impact of macrophage-
derived exosomes on mycobacterial killing and macrophage polarization in recipient cells. To
further elucidate the mechanisms of vesicle function, mass spectrometry and protein pathway
analysis were performed. We observed that M.abscessus infection did not affect exosome size
or morphology, but did increase exosome yield. Furthermore, both uninfected and
M.abscessus-infected macrophage-released exosomes promoted mycobacterial killing by
stimulating proinflammatory pathways in recipient macrophages. In whole, our data indicate
that M.abscessus infection induces host immune responses to mycobacterial infection by
inducing exosome biogenesis.

1. Introduction

Non-tuberculous Mycobacteria (NTM) are a group of opportunistic pathogens that are
commonly identified in water and soil (Gardner et al., 2019). Although environmental
exposure to NTM rarely causes infection in healthy individuals, exposure to NTM often results
in serious respiratory infections in immunodeficient patients (Cheng et al., 2020). Individuals
living with cystic fibrosis (CF), a genetic disorder that inhibits lung function, are particularly
vulnerable to NTM infections (Cheng et al., 2020; Shteinberg et al., 2021). The NTM



Mycobacterium abscessus (M.abscessus), for instance, is frequently identified in the lungs of
CF patients and has been linked to a marked decline in the lung function of infected individuals
(Esther et al., 2010; Gardner et al., 2019).

Unfortunately, treatment of such infections is difficult and extended courses of several
antibiotics are often required (Gardner et al., 2019). The treatment of NTM infections is
complicated not only by the expanding antibiotic tolerance of NTM, but also by the ability of
NTM to reside within alveolar macrophages, a survival mechanism that promotes immune
system evasion (Schorey et al., 2015). Though the host immune response may follow several
avenues of defense against invading pathogens, including the production of proinflammatory
cytokines, phagocytosis by non-specific leukocytes, and activation of adaptive immune cells,
all require host immune cell access to components of invading pathogens (Schorey et al., 2015;
Cheng & Schorey, 2020). Antigens of extracellular pathogens are readily available to host
immune cells during infection, but those of intracellular NTM are not so easily accessed
(Cheng & Schorey, 2020).

To compensate, recent studies suggest intracellular pathogenic material is delivered to
immune cells via the formation and release of extracellular vesicles (EVs), such as exosomes,
by infected host cells (Cheng & Schorey, 2019). These membrane-enclosed packages contain
mycobacterial cell wall antigens, RNAs, proteins, and lipids and appear to modulate host
immune responses (Schorey et al., 2015). Notably, exosomes released by Mycobacterium
tuberculosis-infected macrophages have been shown to illicit cytokine production in non-
infected recipient cells, and macrophages infected by Mycobacterium avium (M.avuim) have
been observed to release exosomes containing M.avium components that promote pro-
inflammatory responses in naive macrophages (Bhatnagar & Schorey, 2007; Cheng & Schorey,
2019). Understanding these interactions may promote the development of more effective
treatments for NTM infections, but the mechanism by which macrophage-released exosomes
modulate the host-pathogen interactions of mycobacterial infections currently remains unclear.

In the current study, we examined the functional role of exosomes released from
M.abscessus-infected macrophages in M.abscessus-host interactions and explored the
mechanisms of these functions using an in vitro mouse macrophage cell culture model. Our
results suggest that M.abscessus infection induces host immune responses to mycobacterial
infection by stimulating the production of proinflammatory exosomes by infected
macrophages.

2. Materials and Methods

Mammalian Cell Culture. RAW 264.7 ATCC TIB-71 macrophages were cultured at 37°C
and 5% CO; in Dulbecco's Modified Eagle Medium (DMEM) (Cat. No. SH30243.01;
HyClone) supplemented with 10% (v/v) fetal bovine serum (Cheng & Schorey, 2019).



Streptomycin and penicillin were added at 100 U/mL to uninfected cultures (Cat. No.
SV30010; HyClone) (Cheng & Schorey, 2019).

Bacterial Culture. M.abscessus ATCC 19977 was cultured to mid-log phase in
Middlebrook 7H9 broth (Cat. No. M198; HiMedia Laboratories) supplemented with 10% (v/v)
OADC (oleic acid-albumin-dextrose-catalase, 0.05% Tween 80) and 0.2% glycerol at 37°C
and 5% CO», as done previously (Sullivan et al., 2021; Cheng et al., 2020; Cheng & Schorey,
2013). Before use, culture was passed through a 27-gauge syringe a minimum of 10 times.

Exosome Isolation and NanoSight Analysis. RAW 264.7 macrophages were cultured in
exosome-free DMEM. The macrophages were uninfected or infected with M.abscessus at a
multiplicity of infection (MOI) of 5 for 4 hours, then washed three times with pre-warmed 1x
PBS and incubated for 72 hours at 37°C and 5% CO». Culture supernatant was harvested
following low speed centrifugation at 10,000 x g and 4°C, then passed through a 0.2 um filter
unit (Cat. No. FB12566506; Fisher Scientific) to remove cell debris. EVs were isolated from
the filtered supernatant via ultracentrifugation at 100,000 x g and 4°C for 3 hours, as we did
previously, then washed three times at 100,000 x g and 4°C and resuspended in 0.5 mL 1x PBS
(Cheng & Schorey, 2019). The isolated EVs were subjected to immunoaffinity
chromatography using an Exosome Isolation Kit (Cat. No. 130-117-039; Miltenyi Biotec)
according to manufacturer instruction to separate macrophage-derived exosomes from M.
abscessus-derived EVs and other nanoscale particles. Exosome concentrations and protein
loads were then determined for each sample by Pierce Micro BCA assay (Cat. No. 23227;
ThermoFischer Scientific) and NanoSight NS300 (Malvern Panalytical, UK) nanoparticle
analysis. Samples were stored at -80 °C.

Transmission Electron Microscopy (TEM) Analysis. To examine vesicle morphology,
exosomes were viewed via electron microscopy. Samples were placed on carbon-film TEM
grids (Electron Microscopy Sciences, Hatfield, PA, USA) for 1 minute. Excess liquid was
blotted away with filter paper and the sample on the grid was stained with a drop of 2.5%
uranyl acetate for 45 seconds. Excess stain was blotted away, and the samples were imaged
using a transmission electron microscope (JEOL Ltd., Akishima, Tokyo, Japan) at the
Oklahoma State University microscopy core facility.

Survival Assay of M.abscessus in RAW 264.7 Macrophages. RAW 264.7 macrophages
were treated with purified exosomes in vitro at 100 exosomes/cell for 24 hours, then infected
with M.abscessus at an MOI of 5 for 1 hour at 37°C and 5% CO> (Cheng & Schorey, 2019).
After infection, macrophages were washed three times with pre-chilled 1x PBS to remove
remaining extracellular M.abscessus, incubated for 1 and 24 hours at 37°C and 5% COo,
washed 3 times with cold 1x PBS, and lysed with 0.05% SDS (Cheng & Schorey, 2019). Cell
lysates were serially diluted in 1x PBS and plated on Middlebrook 7H10 agar plates (Cat. No.
61000-050; HiMedia) supplemented with 10% (v/v) OADC and 0.2% glycerol. Resulting
M.abscessus colonies were then counted after 3-5 days of incubation at 37°C and 5% COx: to
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assess the impact of macrophage-derived exosomes on mycobacterial survival within recipient
macrophages.

qRT-PCR. To assess the effect of M.abscessus-infected macrophage-released exosomes
on macrophage polarization, the expression of TNFa, IL6, IL10, and Argl were measured in
exosome-treated RAW 264.7 macrophages (Bardi et al., 2018). Cells were treated with
exosomes in vitro at 100 exosomes/cell for 24 hours, then total RNA was isolated using a
Monarch’s Total RNA Miniprep Kit (T20105; New England Biolabs) according to
manufacturer instruction. RNA integrity was confirmed via gel electrophoresis, and cDNA was
synthesized using AMV reverse transcriptase (Cat. No. B0277A; New England Biolabs)
(Cheng & Schorey, 2019). gqRT-PCR was then conducted on the Roche LightCycler 480 real-
time PCR system (Qiagen) using luna universal master mix (Cat. No. M3003E; New England
Biolabs) and the forward and reverse primers for TNFa, IL6, IL10, Argl, and GAPDH
(control).

Proteomic Analysis of RAW 264.7 Exosomes. The protein profiles of purified exosomes
were determined via mass spectrometry in collaboration with the Oklahoma State University
genomics and proteomics core facility. Raw data were analyzed using Perseus (version 2.0.7.0)
to determine differentially regulated proteins. Protein pathway analysis was then conducted to
elucidate the biological functions of the differentially regulated proteins using Metascape
custom analysis-Mus musculus GO: biological processes (Zhou et al., 2019).

Statistical Analysis. Data were analyzed via Student’s paired t-tests, and p < 0.05 was
considered significant. Analyses were conducted with Excel (but will be repeated with
GraphPad prior to publication).

3. Results

M.abscessus infection induces exosome biogenesis in murine macrophages. To
assess the role of mycobacterial infection on exosome biogenesis in macrophages, exosomes
isolated from uninfected or M.abscessus-infected murine macrophage cell culture were
characterized using NanoSight analysis, electron microscopy, and BCA assay as described
above. Though M.abscessus infection was observed to have no effect upon exosome size
distribution (Fig. 1A), infection increased macrophage exosome production approximately 3-
fold (Fig. 1B). NanoSight nanoparticle tracking analysis and transmission electron microscopy
further confirmed that exosomes produced by uninfected or M.abscessus-infected
macrophages exhibit similar sizes and morphologies (Fig. 1C) (Fig. 1D). Similarly, BCA assay
results revealed that the total concentration of exosome-carried proteins released by
macrophages is comparable in uninfected and M.abscessus-infected macrophage cultures (Fig.
1E) (Fig. 1F).
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Figure 1. Concentration and morphology of purified exosomes. A) NanoSight
nanoparticle analysis for exosomes isolated from uninfected (Uninfected) or M.abscessus-
infected (M.ab-infected) mouse macrophages. B) Yield of exosomes isolated from uninfected
or M.abscessus-infected mouse macrophage culture. Total exosome yield was measured via
NanoSight NS300 nanoparticle analysis and values were ratioed to the number of macrophages
used for exosome isolation. C) Images captured of exosomes during NanoSight analysis for
measurement of exosome concentration and size distribution. D) Transmission electron
microscopy analysis for purified exosomes. Scale bar, 100 nm. E) Protein concentrations for
exosomes isolated from the same volume of macrophage culture, as determined by BCA assay.
F) Protein concentration per exosome, determined by BCA assay and NanoSight analysis. Data
are representative of at least three independent experiments. Data are Means +SD; B) (n=5);
E), F) (n=3). n.s., not significant; * p < 0.05 and ** p <0.01 by two-tailed Student’s t test.

Exosomes promote mycobacterial killing in vitro. To investigate the modulatory effect
of M.abscessus-infected macrophage-released exosomes on host immune response to NTM
infection, bacterial survival assays and qRT-PCR were employed. While bacterial uptake was
comparable in murine macrophages untreated or pretreated with exosomes purified from
uninfected or M.abscessus-infected macrophages 1 hour post-infection (Fig. 2A), cultures
treated with exosomes prior to M.abscessus infection exhibited reduced mycobacterial survival
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24 hours post-infection (Fig. 2B). No difference was observed between the anti-mycobacterial
activities of exosomes isolated from M.abscessus-infected macrophages and those isolated
from uninfected macrophages (Fig. 2B). To assess whether this effect could be attributed to
exosome-induced changes in macrophage polarization, the relative expressions of TNFa and
IL6 (indicators of proinflammatory M1 polarization) as well as IL10 and Argl (indicators of
anti-inflammatory M2 polarization) were measured in exosome-treated macrophages. The
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relative expressions of IL 6, IL10, and Arg 1 were too low to be detected, and no difference in
TNFa expression was observed between exosome-treated cultures and untreated cultures (this

experiment is ongoing) (Fig. 2C).

Figure 2. Immunological analysis of macrophage-released exosomes. A) M.abscessus
uptake 1 hour post-infection in macrophages untreated (Mock) or pretreated with exosomes
purified from uninfected (Uninfected) or M.abscessus-infected (M.ab-infected) mouse
macrophages. B) M.abscessus survival 24 hours post-infection in macrophages untreated or
pretreated with exosomes purified from uninfected or M.abscessus-infected mouse
macrophages. C) Relative expression of TNFa in macrophages untreated or pretreated with
exosomes purified from uninfected or M.abscessus-infected mouse macrophages. Values were
normalized to the expression of GAPDH. Data are representative of at least three independent
experiments. Data are Means + SD; n=3. n.s., not significant; * p < 0.05 and ** p < 0.01 by
two-tailed Student’s t test.

Proteins in macrophage-derived exosomes are differentially regulated by infection. To
explore the mechanism by which exosomes promote mycobacterial killing in recipient
macrophages, the protein profiles of macrophage-released exosomes were analyzed as
described above. Of the 934 proteins identified by mass spectrometry, 85 were detected only
in exosomes from M.abscessus-infected macrophages and 75 were detected only in exosomes
from uninfected macrophages (Fig. 3A). In total, 141 proteins were upregulated in exosomes
from M.abscessus-infected macrophages relative to exosomes from uninfected macrophages
and 153 proteins were downregulated (Fig. 3B) (Fig. 3C). Pathway analysis of these
differentially regulated proteins revealed that proinflammatory pathways are upregulated in
exosomes isolated from M.abscessus-infected macrophages as well as those isolated from



uninfected macrophages. Interestingly, a greater number of pathways involved in exosome
biogenesis and uptake were upregulated in exosomes isolated from M.abscessus-infected
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macrophages compared to those isolated from uninfected macrophages (Fig. 3D) (Fig. 3E).

Figure 3. Protein pathway analysis for purified exosomes. A) Venn diagram of proteins
identified in exosomes isolated from uninfected or M.abscessus-infected macrophages. B)
Venn diagram of proteins differentially regulated in exosomes isolated from uninfected or
M.abscessus-infected macrophages (fold change > 2 and p < 0.0086, BH false discovery rate
< 0.05). C) Volcano plot of proteins differentially regulated in exosomes isolated from
uninfected or M.abscessus-infected macrophages (fold change > 2 and p < 0.0086, BH false
discovery rate < 0.05). D) Metascape pathway analysis of proteins upregulated in exosomes



isolated from M.abscessus-infected macrophages (p < 0.01). E) Metascape pathway analysis
of proteins upregulated in exosomes isolated from uninfected macrophages (p < 0.01).

4. Discussion and Conclusions

M.abscessus is frequently identified in the lungs of CF patients with microbial lung
infections (Cheng et al., 2020). These infections result in significant lung function decline and
are difficult to resolve due to the ability of NTM to tolerate antibiotics and survive within
alveolar macrophages (Esther et al., 2010; Schorey et al., 2015; Gardner et al., 2019). In
response, NTM-infected host cells have been observed to release exosomes that modulate
cellular function in recipient cells. Exosomes isolated from M.avuim-infected murine
macrophages, for instance, have been found to containin M.avium components that promote
pro-inflammatory responses in naive macrophages (Bhatnagar & Schorey, 2007).

Consistent with these findings, our data indicate that macrophage-released exosomes
upregulate proinflammatory pathways in recipient macrophages (Fig. 3) and reduce
mycobacterial survival in macrophages during M.abscessus infection (Fig. 2). Interestingly,
M.abscessus infection does not appear to impact the proinflammatory activity of exosomes
produced by macrophages (Fig. 2) (Fig. 3). M.abscessus infection does, however, appear to
increase exosome yield via the upregulation of pathways involved in exosome biogenesis and
uptake (Fig. 1) (Fig. 3). We subsequently suggest that macrophages upregulate host immune
responses to M.abscessus infection by increasing the production of proinflammatory
exosomes.

Further investigation into the mechanisms by which exosomes promote inflammation is
warranted, as these mechanisms may have therapeutic applications. Treatment of M.abscessus-
infected CF mice, for instance, may reveal whether exogenous exosome treatment promotes
inflammatory responses in vivo. Additionally, because epithelial exosomes have been found to
modulate macrophage polarization, the effect of macrophage-derived exosomes on
macrophage polarization should be explored via qRT-PCR (Bardi et al., 2018).

5. Summary

We investigated the functional role of exosomes released from M.abscessus-infected
macrophages in the regulation of proinflammatory responses to NTM infection using
biochemical and immunological tools. We further explored the mechanisms of these functions
in an in vitro mouse macrophage cell culture model using proteomic approaches. We observed
that M.abscessus infection did not impact exosome size or morphology, but did increase
exosome production. Additionally, we found that both uninfected and M.abscessus-infected
macrophage-released exosomes promote mycobacterial killing by stimulating
proinflammatory pathways in recipient macrophages. Taken together, our data indicate that
M.abscessus-infection stimulates proinflammatory responses to NTM infection by inducing
exosome biogenesis in recipient cells. Considering the proinflammatory action of exosomes,
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we propose that these vesicles may be a target for the development of more eftective treatments
for NTM infections.
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ABSTRACT

Wolbachia is present in 70% of insects because of this it is widely studied. Research
suggests that one or more small RNAs, made by the Wolbachia bacteria is responsible for
initiating and maintaining the ability to manipulate its host’s reproduction which is a
phenomenon called cytoplasmic incompatibility (CI). Early evidence suggests that some
Wolbachia- derived small RNAs hybridize to Drosophila protein-coding genes, which
regulate protein expression. If the small RNAs are produced in enough volume to bind to
Drosophila targets with enough strength they could regulate protein expression. The bacterial
small RNA sequences have been derived from RNA library pools sequenced using RNA-
Seq. A plasmid was designed from two existing plasmids. The pHd-DsRed plasmid and the
act5c plasmid, which each contain specific pieces that were needed to complete the designed
plasmid. For the pHd-DsRed plasmid, restriction enzyme digestion was used to cut the
section of the plasmid needed and a gel electrophoresis was used to separate the piece from
the rest of the plasmid. For the act5c plasmid, PCR was used to amplify and isolate a section
of the plasmid. The pac5-DsRed plasmid, containing the ACT5C promoter, a fluorescence
gene, and an ampicillin resistance gene, is transformed into cells and selected for using
ampicillin plates.

1. Introduction

Gene expression can be affected by several different factors, external and internal. For
example, you might have the gene that Usain Bolt has that indicates you run fast, however,
you may run really slow simply because that gene is not activated. In recent years,
microRNAs (miRNAs) have become a topic of research for geneticists and other scientists,
as well. They are not a well-researched topic, therefore, there are many questions floating
around about these small RNAs. The question I will be focusing on in my research will
pertain to small RNA interactions with DNA. I will be using Drosophila cell culture and
Wolbachia bacteria to determine if small RNAs from bacteria affect the host’s gene
expression.

Small noncoding RNAs, 18-30 nucleotides in length, are one of those factors that affect
gene expression. MiRNAs are a class of small RNAs that are around 20 nucleotides in
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length. MiRNAs only exist in Eukaryotic organisms and are known to affect gene expression.
They are a relatively new discovery in the genetics field so there has not been much research
done on the subject. Their basic structure and a little about how they work is known,
however, not much is known about how they affect their surroundings. They are involved in
almost every cellular process and are a critical part of animal development, cell
differentiation, and homeostasis (Gerbert, 2019). These factors and their abundance make
them a great resource for research and show a need for more studies on the subject. A
‘hairpin’ structure, which is where the miRNA sequences are embedded, develops as mRNAs
are transcribed by RNA polymerase II (Ha, 2014). This hairpin is cut by enzymes making the
miRNAs, which then float around in the cytoplasm until they bind to a target sequence at the
3’ untranslated region. We are proposing that the bacterial small noncoding RNA mechanism
is similar to the miRNA mechanism.

There is also evidence that small RNAs produced by viruses and the host are involved
with each other (Kabekkodu, 2018). This intercellular communication opens up the question
which began my project: ‘Can these small RNAs from bacteria and viruses affect host gene
expression?’ If this is the case it would have to change the way antibiotics are used and
designed. If the bacteria that live in us naturally affect gene expression in the body, then
antibiotics that kill all bacteria in the area are in turn affecting which genes are expressed or
inhibited.

Drosophila melanogaster is often used to model genetic research because of its rapid life
cycle, short life span, small size, easy generation of mutant animals, and they share about
40% of the nucleotide and protein sequence in their homologs with mammalian species
(Baena, 2019). This project will be using Drosophila cell cultures instead of a live model.
Cell cultures was chosen because in previous projects conducted by former students there
were complications with live models. 1, also, have previous experience working with cell
cultures, which opened the opportunity for this project. Cell cultures are a very
straightforward way to determine the results of this project. Drosophila were chosen for this
project because it has 466 known miRNAs (Ha, 2014) and usually approval for experimental
settings from animal welfare ethical review boards is not needed (Baena, 2019). All of these
factors have led to Drosophila being well researched which leaves few unknown variables
that could affect this research outside of what is being tested.

This project will use two types of Drosophila cultures, one infected with Wolbachia and
one uninfected. Wolbachia is a part of the order Rickettsiales, which is a group of
intracellular bacteria that is made up of species with parasitic, mutualistic and commensal
relationships with their hosts (Werren, 2008). There were several factors that made
Wolbachia the choice bacteria for this project. The first reason, Wolbachia have a unique
feature called cytoplasmic incompatibility (CI) which is when one or more small RNAs made
by the bacteria is responsible for initiating and maintaining the ability to manipulate its host’s
reproduction which is a phenomenon. The second reason, Wolbachia usually do not infect
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vertebrates (Werren, 2008). The third reason, Dr. Hagen had a contact that could provide
Drosophila cultures infected and uninfected with Wolbachia.

Once cultures are grown plasmids will be transformed into them. Plasmids are rings that
have three key features: an antibiotic resistance gene, an origin of replication site, and
multiple cloning sites. The plasmid used in this project is the pHD-DsRed plasmid (Figure 1).
It contains the DsRed fluorescent gene. The pHD-DsRed plasmid is designed for rapid
generation of gene-specific donor templates and are custom synthesized (Gratz, 2014). There
is evidence that this plasmid is very compatible with Drosophila. It has also been used in Dr.
Hagen'’s lab previously, which provided an advantage in jump starting this research project.
The pHD-DsRed plasmid’s multiple cloning sites were designed to conserve as many
restriction sites as possible to make the vector compatible with homology arms (Gratz, 2014).
This plasmid will have to be manipulated slightly to be completely applicable to this research
project. The promoter will have to be replaced and a target sequence will need to be added as
well.

The promoter on the plasmids have been changed to a promoter that is more applicable to
Drosophila systems. The decision was between two promoters, copia transposon promoter
(COPIA) and actin 5C promoter (ACTS5C). When comparing the two in both price and
quality of the promoter the decision was made to get the ACT5C promoter. Both produce
similar fluorescence signals in Drosophila (Qin, 2010), but when comparing prices, the
ACTS5C promoter made the most sense for this project. Promoters act as on and off switches.
For this project, a promoter that is on at all times was required. This allows us to limit the
influences of other cellular factors on our results. The complete plasmid will consist of
several pieces. The piece will include: the ACTSC promoter, the body of the pHD-DsRed,
and the 3” UTR sequences will be stitched together using this kit. The full plasmid will then
be transformed into the cell culture and go through an electrical shock process to trigger the
absorption of the plasmid into the cells.

The goal of the project I am proposing is to identify interactions between small
noncoding RNAs from Wolbachia bacteria and protein-coding genes in Drosophila JW cells.
This project will allow continued research of molecular relations between bacteria and host
interactions. I will generate a DNA plasmid that contains the promoter, ACT5C, which acts
as an on or off switch that is driving the DsRed gene, a fluorescent gene, and a 3’ UTR target
sequence, which the small noncoding RNAs will attach to. I will then insert the plasmid into
the lung cells, one uninfected culture and one infected with Wolbachia. If the small
noncoding RNAs generated by Wolbachia are complementary to the target sequences in the
plasmids, are produced and hybridized with sufficient strength, there is expected to be a
visual reduction or inactivity of fluorescence expression. Picture it like a flashlight that is
always turned on and shining. If a piece of paper blocks the light, then it will shine less or not
at all. If the small RNAs are not produced in sufficient quantity or strongly connected, the
small RNAs will be able to be identified as non-targeting. The correctly assembled transgenic
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plasmid will lead to CRISPR being able to identify small RNAs influenced by Wolbachia
within lung cell lines.

This project will lead to a better understanding of the relationship between Wolbachia
bacteria and their Drosophila hosts. This project will help determine whether the bacteria in
our bodies, either helpful or harmful, affects the expression of our genes. Which in turn will
lead to a greater understanding of how antibiotics and bacteria affect us at the genetic level.
Antibiotics currently kill all bacteria in an area, not just the good or the bad. Therefore, my
project could bring that characteristic into question and allow us to consider ways to limit the
bacteria affected by antibiotics, specifically to infectious or harmful bacteria. It also has the
potentially to limit the expression of genetic cancers or stop them altogether. Cancer
researchers and antibiotic developers will have new questions to research, and it will show
other scientists valuable information about how outside forces can affect the genome.

This project will combine the use of Drosophila cultures, one group infected with
Wolbachia and one group uninfected, to determine if small noncoding RNAs from bacteria
affect gene expression in the host. The DNA plasmid will consist of a pHD-DsRed with an
added ACTS5C promoter replacing the original and added 3’UTR sequences that was found in
data from RNA library pools that were created. The DNA plasmid will be used to insert the
fluorescent gene, DsRed, and the 3’UTR sequence the small RNA will attach to. This project
will lead to a better understanding of interactions between bacteria and hosts at the molecular
level and genetics as a whole.

2. Experimental Details

Two groups of Drosophila cells were purchased, one infected with Wolbachia and the
other uninfected. Eight small RNA library pools were created from the two groups of
Drosophila cells, four from the uninfected and four from the Wolbachia infected, using the
NEBNext Small RNA Library Prep Set. The first step is to ligate the 3’ SR adaptor, to do this
use 1 pg of total RNA from each sample, 1 pl of 3’SR adaptor for Illumina, and nuclease-
free water to bring the total volume to 7 pl were combined. The samples are incubated in a
preheated thermal cycler for 2 minutes at 70°C and then is transferred to ice. The following
components were added to the samples: 10 pl of 3° Ligation Reaction Buffer (2X) and 3 pl
of 3° Ligation Enzyme Mix. The samples were vortexed and incubated for one hour at 25°C
in a thermal cycler. The second step is to hybridize the reverse transcription primer, to do this
add 4.5 pl of nuclease-free water and 1 pl of SR RT primer for Illumina and then mix the
solution. Place the tube in a thermocycler with a heated lid and run it for 5 minutes at 75°C
then 15 minutes at 37°C then 15 minutes at 25°C then hold at 4°C. The third step is to ligate
the 5° SR adaptor, which was briefly denatured at 70°C for two minutes. Add 1 pl of the
denatured 5° SR adapter for Illumina, 1 pl 5’ ligation reaction buffer (10x), and 2.5 ul 5’
ligation enzyme mix to bring the total volume to 30 pl for each sample. Mix the solution and
incubate for one hour at 25°C in a thermal cycler. The fourth step is to perform reverse

4



transcription to do this add 8 ul of the first strand synthesis reaction buffer, 1 pul of the
murine RNase inhibitor, and 1 pl of the ProtoScript II reverse transcriptase and mix the
solution. Next, incubate the solution for 60 minutes at 50°C and immediately after start step
five. The fifth step is to perform PCR amplification. Add and mix well 50 ul of LongAmp
Taq 2X master mix, 2.5 pl SR primer for [llumina, 2,5 pl Index (X) primer, and 5 pl
nuclease-free water. Use the recommended cycling conditions for the PCR program. The
final step is to perform a quality control check and size selection, in this experiment, a
bioanalyzer high-sensitivity DNA chip was used to evaluate quality.

To obtain plasmids cells needed to be grown. Plasmid-containing bacteria were grown in
glycerol and quadrant streaked on ampicillin-coated LB Agar plates. To make the LB agar
selection plates add 12.5g of LB Broth to 500 mL of deionized distilled water and stir until
the clumps are gone. Then add 7.5g of agar, it will not dissolve, and autoclave for a 30-
minute liquid cycle. Once the agar has cooled to the touch, use a serological pipet to transfer
25 ul to each plate and let them solidify. After the plates have solidified add 25 pul of
ampicillin as you use them. The plates growing plasmid-containing bacteria are incubated
overnight at 37°C and several colonies are selected from those plates to be grown in 3 ml of
LB broth with 3 ul of ampicillin overnight. LB broth is made by adding 12.5g of LB broth to
500 mL of deionized distilled water and stirring until the clumps are dissolved. Once the
plasmid-containing bacteria has been grown in liquid culture use the Monarch Plasmid DNA
Miniprep Kit to purify plasmid DNA. Using the Monarch Plasmid DNA Miniprep Kit pellet
1 ml of the bacterial culture by centrifuging for 30 seconds at 13,000 RPM and discard the
supernatant after. Then mix the pellet with 200 pl of the plasmid resuspension buffer by
vortexing. To lyse the cells, add 200 pl of the plasmid lysis buffer, invert the tubes until the
solution changes to dark pink, and incubate for one minute. Add 400 pl of the plasmid
neutralization buffer to neutralize the lysate. Invert the tubes until the color of the solution is
yellow and a precipitate forms and incubate for two minutes. Centrifuge the solution for five
minutes and transfer the supernatant to a spin column. Centrifuge the spin column for one
minute and discard the flow-through. Add 200 pl of plasmid wash buffer 1 to the spin
column and centrifuge for one minute. Then add 400 pl of plasmid wash buffer 2 and
centrifuge for one minute. Transfer the column to a new tub and add 30 pl of elution buffer,
let the elution buffer saturate the filter for one minute then centrifuge for one minute.

In order to isolate the DsRed fluorescence gene, the ampicillin resistance gene, and the
origin of repliation pieces from the pHd-DsRed plasmid a double restriction enzyme digest
was used. A double digest was conducted using 2 mg of plasmid DNA, 1 ul of NCOI, 1 pul of
BamHI, 2 pl 10x tango buffer, and then water is added to reach a total volume of 20 pl.
Incubate the solution at 37°C for one hour and heat kill the enzymes at 70°C for 20 minutes.
The next step is to purify using agarose gel electrophoresis. The agarose gel should be a 0.8%
gel with 60 ml of TBE that runs for an hour and 45 minutes. The final step to obtain the cut
pHd-DsRed plasmid is to extract the isolated piece of the plasmid by cutting the band out of



the gel and extracting the DNA using the QIAquick Gel Extraction Kit. The first step when
using the QIAquick Gel Extraction Kit is to weigh the gel slice and add three volumes of that
amount in QG buffer. Once the QG buffer is added incubate the solution at 50°C for 10
minutes, shaking occasionally. After the gel slice is melted add the weight of the gel slice in
isopropanol to the solution and mix. Add the entire solution into the spin column and
centrifuge — all centrifuge steps are one minute, then add 500 pl of QG buffer to the spin
column and centrifuge, then add 750 pl of PE buffer to the spin column and incubate at room
temperature for four minutes then centrifuge. Spin briefly in a tabletop centrifuge before
transferring the spin column to a new tube and adding 30 pl of buffer EB. Once buffer EB is
added let it incubate at room temperature for one minute then centrifuge.

To obtain the promoter from the ACT5C plasmid two PCR amplification reactions were
used. The promoter was too large for one PCR amplification reaction to work successfully.
Multiple smaller amplifications with overlapping primers allowed for successful
amplification. The first reaction has 2 ul of template DNA in it with a concentration of 87.3
ng/ pl, 5 pl of 5x Green GoTaq Flexi buffer, 2 pl of ANTPs, 1.5 pl of MgCly, 0.5 pl of the
ACS5 _DsRed 1F primer, 0.5 pl of the AC5 DsRed 1R primer, 0.5 pl of Taq, and enough
deionized distilled water to reach a total of 25 pl in the reaction. The second reaction has 2 pl
of template DNA in it with a concentration of 87.3 ng/ ul, 5 ul of 5x Green GoTaq Flexi
buffer, 2 pul of ANTPs, 1.5 pl of MgClp, 0.5 ul of the AC5_DsRed 2F primer, 0.5 pl of the
AC5 DsRed 2R primer, 0.5 pl of Taq, and enough deionized distilled water to reach a total
of 25 ul in the reaction. Run the reactions through a PCR program with the following
parameters: initial denaturation at 95°C for one minute; for 35 cycles have denaturation at
95°C for 30 seconds, annealing at 47°C for 30 seconds, and extension at 72°C for one minute
and 30 seconds; final extension at 72°C for 10 minutes; and to finish out the program set it to
4°C for infinity. After the PCR program finishes, run the reaction through agarose gel
electrophoresis to check for the proper size of the promoter and to purify the DNA from the
gel using the QIAquick Gel Extraction Kit.

The next step is ligating the pieces from each plasmid, the pHd-DsRed and ACTS5C,
together to build the final plasmid, the pAc5 plasmid. In order to ligate the pieces together
the NEBuilder HiFi DNA Assembly Kit is used. To reach a total of 0.06 pmols of DNA
when using 2 fragments, 0.02 pmols of the vector, the pHd-DsRed plasmid, and 0.04 pmols
of the insert, the ACTSC plasmid, according to the ratio and recommended pmols of DNA
fragments as described in the reaction protocol. The vector needs to have a concentration of
60 ng added to the tube. The insert needs to have a concentration of 75 ng added to the tube.
The amount of pl needed for the vector and insert is determined on an individual basis by the
concentration of the DNA sample you have at the time. Add 10 ul of Assembly Master Mix
to the tube and add the amount of water required to make the total volume reach 20 pl.
Incubate the sample(s) in a thermocycler at 50°C for 60 minutes then store on ice.



The next step is continuing to use the NEBuilder HiFi DNA Assembly Kit to transform
the cells. First, thaw the competent cell tube from New England Biolabs on ice and add 2 pl
of the assembly mix to the cells. Pipet gently to mix and place the mixture on ice for 30
minutes, then heat shock at 42°C for 30 seconds. After heat shock, transfer the tubes to ice
for 2 minutes and add 950 pl of room temperature SOC medium to the tube. Incubate the
tube at 37°C for 60 minutes while shaking at 250 rpm. While the tube is incubating, warm the
selection plates to 37°C and add 25 pl of ampicillin to the plates. After the selection plates
are warmed, light a Bunsen burner to sterilize the air and the spread bar then spread 100 ul of
the cells onto the selection plates and incubate overnight at 37°C. The next day, warm the
selection plates to 37°C and add 25 pl of ampicillin to the plates. Once the plates are warmed
draw 3 lines horizontally and 3 lines vertically on the bottom of the plate to make a 12-space
grid. Label the spaces and label 12 PCR tubes 1-12. Remove the spread plates from the
incubator from the day before and select 12 random colonies. Use an autoclaved toothpick to
pick up one of the selected colonies and swap the PCR tube with the toothpick. Next, stab the
toothpick into the agar plate in the coordinating space and repeat this process for the other 11
colonies with different toothpicks. Once all 12 colonies have been selected and stab cultured,
incubate the plate overnight at 37°C. The next day, remove the plate from the incubator and
wrap the plate in parafilm to store at 4°C.

To check the proper assembly and ligation of the plasmid pieces we run a specific PCR
program to check the binding sites. Using the PCR tubes that have the stab culture samples in
them add a master mix containing 5 pl of 5x Green GoTaq Flexi buffer, 2 ul of dNTPs, 1.5
ul of MgCl, 0.5 ul of the red ac5 junction F primer, 0.5 ul of the red ac5 junction R
primer, 0.5 pl of Taq, and 15 pl deionized distilled water for each of the samples you are
running, in this case, 12. Place the 12 samples in the thermocycler and start the program. The
program consists of three stages. The first stage, initial denaturation, runs at 95°C for two
minutes. The second stage, consists of denaturation which runs at 95°C for 30 seconds,
annealing which runs at 50°C for 30 seconds, and extension which runs at 72°C for 30
seconds. The third stage, final extension, runs at 72°C for five minutes and then drops to 4°C
and lasts forever. After the PCR program finishes gel electrophoresis needs to be set up and
run to check for the proper sizing, 218 bps, and that the pieces are properly assembled in the
pAcS plasmid.



3. Results

Successful restriction enzyme digestion was conducted on the pHd-DsRed. The NCOI
enzyme cut at 1552 bp mark. The BamHI enzyme cut at the 1376 mark. When run on a gel
the expected band size was seen (Figure 2) and cut from the band for purification using the
QIAquick Gel Extraction Kit.

Figure 1: Restriction Enzyme Digest Results
from NCOI and BamHl| double digest.

Figure 2: AC5 Promoter
Amplification Result

Successful amplification of the promoter from ACTS5C was conducted. These are gel
images from the AC5 promoter amplification. From figure 3 you can see that there was
amplification and that it was the size we expected to see. The reaction run with the 1fand 1R
primers is on the right of the gel image. The reaction run with the 2F and 2R primers is on
the left of the gel image. The primers amplified the correct sequence and expected sizes were
seen when run on a gel. The correctly sized bands were cut from the gel and DNA was
extracted using the QIAquick Gel Extraction Kit.

These gel images (Figure 4 and Figure 5) depict the successful ligation and
transformation of the pAc5 plasmid. We know the ligation was successful because the
primers used in this PCR reaction straddle one of the spots where the plasmid pieces
connected, and the product is the expected 218 bps in length. We know the transformation
was successful because the PCR was run using the cells we transfected with the ligated
plasmid. These images prove the pAc5 plasmid was built correctly and is performing its
intended role thus far.



Figure 3: Ligation and Transformation Results  Figure 4: Ligation and
Samples 1-9 Transformation Results
Samples 10-12

4. Discussion and Conclusions

The pAcS5 plasmid was successfully assembled to contain the constituently active
promoter, AC5, and the fluorescence gene and the ampicillin resistance gene, pHd-DsRed.
This plasmid can now be used in the next phase of the Drosophila project, which includes
adding 3 UTR target sponges to the plasmid and transforming the plasmids into infected and
uninfected Drosophila cells. The building of the pAc5 plasmid had several complications.
For example, the PCR product to check for the proper assembly was never amplified in gels,
with many changes. (insert gel images) It was assumed that the assembly was not happening
properly because the pHd-DsRed plasmid was not digested well. This was assumed because
cells were growing on ampicillin-coated plates and the ampicillin resistance gene came from
the pHd-DsRed plasmid. However, it was not realized until later in the project that both the
plasmids used to construct the pAc5 contained ampicillin resistance genes. This was
discovered when DNA from cells that were run through PCR to check for the assembly was
sequenced. It became very apparent that the pHd-DsRed plasmid was nowhere in the DNA
sequence of those cells. It was quickly realized the primers used to amplify the promoter
from the ACTS5C plasmid were amplifying much more than the promoter alone. New primers
were designed to target the promoter more specifically through the use of the DNA
sequences we obtained.

This project will lead to a better understanding of the relationship between Wolbachia
bacteria and their Drosophila hosts. The results of this project will help determine whether
the bacteria in our bodies, either helpful or harmful, is affecting the expression of our genes.
This will lead to a greater understanding of how antibiotics and bacteria affect us at the
genetic level. Antibiotics currently kill all bacteria in an area, not just the good or the bad.
Therefore, my project could bring that characteristic into question and allow us to consider



ways we can limit the bacteria affected by antibiotics, specifically to infectious or harmful
bacteria. It also can potentially limit the expression of genetic cancers or stop them
altogether. Cancer researchers and antibiotic developers will have new research questions,
showing other scientists valuable information about how outside forces can affect the
genome.

5. Summary

In conclusion, gene expression can be affected by various factors, possibly including
bacterial small non-coding RNAs. Drosophila cell culture and Wolbachia bacteria were used
to investigate whether small RNAs from bacteria affect gene expression in the host. MiRNAs
are involved in almost every cellular process, and the bacterial small non-coding RNA
mechanism is believed to be similar to the miRNA mechanism. The project used two existing
types of plasmids to build a new plasmid that will be transformed into Drosophila calls after
the addition of a target sequence. There is a need for further research on small RNAs and the
potential impact on antibiotics if bacteria naturally affect gene expression in the body.
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Identifying Efficient Methods of Determining the Electrochemical Window
of Ionic Liquids

Brinkli Abbitt

Chemical Engineering
Faculty Sponsor: Jindal Shah
Graduate Mentor: Sudip Das

ABSTRACT

This study aims to present an investigation into the methods employed to determine the
electrochemical window (ECW) of 50 distinct ionic liquids, employing density functional
theory (DFT) calculations. Key parameters in quantum mechanics including the Gibbs free
energy, total energy, and the energies of the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) were evaluated. These calculations were
performed with the functionals B3LYP and MO6L at a fixed basis set 6-311+g(2d,p), and
were subject to both vacuum and solvent conditions.

1. Introduction

As the world shifts towards more renewable energy sources to aide in the fight
against climate change, offering a cleaner and more sustainable future has become a
necessity; however, the unpredictable nature of renewable energy, such as solar and wind,
presents a unique set of challenges. Traditional nonrenewable energy sources like coal, fossil
fuels, and natural gas have long been favored partially due to their reliability, a trait that
renewable sources sometimes lack and as we transition towards renewable energy, the
concern for efficient and safe energy storage is important to address. Anxiety for the future is
only further fueled by both the unreliability of this new source and the volatility of the
available energy storage options.

Modern batteries, while efficient, harbor significant safety concerns that are important
to take into consideration. The electrolytes used within today's aqueous batteries can be
volatile, prone to short-circuiting, local heating, and even ignition at elevated temperatures.
This precarious nature of existing storage technology has spurred an urgent quest for
innovative, clean, and safe electrolytes, steering the focus towards the world of ionic liquids.

Ionic liquids, also referred to as "designer solvents," have recently emerged as as
attractive substitutes for conventional electrolytes in batteries, fuel cells, and supercapacitors.
Ionic liquids are significantly safer due to their nearly nonexistent volatility, good thermal
stability, and minimal flammability. They avoid efficiency problems related to the limited
Electrochemical Potential Windows (EPWs) of many modern electrolytes by having



excellent conductivity and broad EPWs. (Brennecke, n.d.) This adaptability sets them apart,
allowing their properties to be fine-tuned by manipulating their respective anion and cation
components.

Ionic liquids' adaptability allows for a wide range of applications, but it also indicates
a complex landscape of potential uses, making experimental investigation expensive and
time-consuming. It takes a lot of time and resources to carefully investigate each cation and
anion pairing to evaluate its characteristics and applicability. In this context, the role of
quantum chemical calculations becomes paramount. Quantum computing, being faster, more
accessible, and more cost-effective, offers a pragmatic approach to explore the vast and
uncharted territory of ionic liquids. By employing quantum chemical calculations,
researchers can predict beneficial ionic liquid combinations rather than relying on random
selection and laborious experimentation.

To deepen our understanding of these unique substances, this study explores quantum
chemical computations to examine the electrochemical characteristics of 50 ionic liquids. We
aim to provide insightful contributions to the developing field of energy storage and
stimulate a more comprehensive transition to renewable energy by explaining the most
effective approach to ascertain the Electrochemical Window (ECW) of an ionic liquid.
Similar research only further highlights the urgent need for novel energy storage solutions
that resonate with the global ambition to develop a more robust and sustainable future.

2. Experimental Details

Density Functional Theory (DFT) Calculations: Quantum chemical calculations were
performed using Density Functional Theory (DFT), a computational modeling method that
utilizes the Schrodinger's equation to describe the electronic structure of a system. By solving
this equation, DFT aids in determining a molecule's optimum geometric structure and
electron distribution. This optimization is essential to ascertain the system's ground state
energy, offering insight into its stability and reactivity. Identifying the ground state energy is
synonymous with locating the molecule's optimum geometric structure, where the forces
between the atoms are balanced, and the system's energy is at its minimum.

Structure optimization was carried out to locate the most stable geometric
conformation of the molecules, ensuring that the energy is at a minimum. Following the
optimization, frequency calculations were performed to validate that the structures reside at
energy minima, a prerequisite for the accurate assessment of thermodynamic properties.

The calculations were conducted employing two different functionals, MO6L and
B3LYP. A functional in DFT provides the exchange-correlation energy, governing the
interactions between electrons. Comparisons were made for ionic liquids (ILs) both in
vacuum and in a solvent possessing a dielectric constant analogous to the average IL. The use
of the solvent 1,2-Dichloroethane with a similar dielectric constant to that of the average

2



ionic liquid which essentially simulates ion interactions, as the dielectric constant quantifies a
material's ability to reduce the electrostatic force between charges. (Weingirtner, 2006)

Fifty IL calculations were conducted with both cation and anion present, from which
the Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital
(LUMO) energies were collected from the optimized structures. These calculations were
performed on the Pete supercomputer, utilizing the Gaussian 09 suite of programs.

Methods Employed:

Koopmans' Theorem with IL Pairs: According to Koopmans' theorem, the negative of
the energy of the HOMO is equal to the ionization energy (IE) of the system. Similarly the
negative of the energy of the lowest unoccupied molecular orbital (LUMO) can be used to
approximate the electron affinity (EA) of the system. (Tsuneda et al., 2010) The
Electrochemical Window (ECW) was then computed as the difference between IE and EA.
These calculations were run in solvent and vacuum (using MO6L and B3LYP functionals).

IE = —EHOMO (1)
EA = —ELUMO )
ECW = IE — EA (3)

Koopmans' Theorem with lon Pairs: In this method the ionic liquid cations and anions
were calculated separately to better observe the individual ion properties. The IE and EA of
ions were obtained from the HOMO and LUMO energies. The maximum IE of both cations
and anions, and the minimum EA of both charged and neutral cations and anions were used
to calculate the ECW as ECW = IE — EA.

IE = max < _EHOMO,cation; _EHOMO,anion > 4)
EA = min < _ELUMO,cation' _ELUMO,anion > (5)

These methods, incorporating DFT, structural optimization, functional and solvent
selection, provide an analysis of the ECW for ionic liquids. By understanding the potentials,
HOMO and LUMO energies, the total energy, and the Gibbs free energy, we can deepen our
insights into the electrochemical properties of ionic liquids. The integration of these concepts
fosters a robust exploration of the ECW, contributing vital knowledge to the field of efficient
and safe energy storage.

3. Results

The application of the Koopman method for IL pairs yielded significant errors in the
calculation of the ECW. The experimental and theoretical ECWs are reported along with the
mean errors associated with this approach in Appendix A and highlight the inconsistencies
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inherent in this methodology. The observed discrepancies are likely attributable to the
approximations and assumptions embedded within Koopman's theorem such as the
assumption that the removal of an electron does not affect remaining electrons or the
molecular orbitals. This suggests that the method's current configuration may not be suited
for accurate determination of the ECW for IL pairs. Further refinements or alternative
approaches may be necessary to enhance its applicability and precision. It is important to
note the out of all the IL characteristics considered, Vacuum MO6L presented least mean
error %, which means that it was the most accurate of the four types listed.

The results for the Koopman method applied to individual ions were even more
pronounced in their inaccuracies, as documented in Appendix B. The theoretical ECW
reported indicate a significant divergence from the expected values, emphasizing the
limitations of this method in its present form. The probable explanation is that Koopmans
theorem is too generalized of an assumption. The lons when paired together, like in the IL
method, have interactions that were considered when the IL’s structure was optimized. This
method; however, takes no interactions into consideration. Two graphs were constructed to
visualize the trend lines for both methods found in Appendix C and D, underscoring the
disparities observed.

4. Discussion and Conclusion

The investigation into the approximation of the ECW of an ionic liquid reveals the
complexities and challenges associated with quantum chemical calculations. While
Koopman’s theorem appears to be an enticingly simple approach to predicting the ionization
energies and electron affinities, the underlying assumptions lead to significant inaccuracies.
When engaging in quantum chemical calculations, it is important to remember that every
slight change makes a big difference. Isomers, molecular orbitals, and even a single electrons
movement can change the entire structural optimization of a molecule or molecules. The
calculation of the electrochemical window of an ionic liquid is not a mere computational
exercise as it requires a comprehensive understanding of the underlying quantum mechanics.

5. Summary

These results and findings present more as a warning to not approach the
approximating of the electrochemical window using a generalized theorem such as
Koopmans’. Further investigations must be made into the usage of other methods such as the
Delta SCF method (Pandian et al., 2015; Tian et al., 2012) which takes into consideration the
total energy of a neutral and charged ion and the thermodynamic cycle method which focuses
solely on the Gibbs free energy which has a direct correlation to the redox potentials of an
electrolyte. The molecule files for 50 ionic liquids, in solvent and vacuum, as well as each
individual anion and cation (neutral and charged) have been run under MO6L. and B3LYP
functionals and have been computationally optimized. When exploring for another method of



determining the ECW, no new calculations shall be required unless they require data outside
of the bounds just listed, which is unlikely. These 50 ionic liquids will be placed into a
machine learning model that will learn from their coordinates, connectivity, molecular
orbitals, and thermochemistry data to better predict future ionic liquid properties.

6. Appendix

Appendix A. Koopmans theorem of ILs; theoretical and experimental ECW and mean error

i Theoretical ECW VB3LYP Theoretical ECW VMO6L Theoretical ECW SB3LYP Theoretical ECW SMO6L Experiemental ECW

1-2-butyl-3-methylpyrrolidinium_Bistrifluoromethanesulfonylimide 6.60 4.61 7.65 6.23 5.67
12-dimethyl-3-ethylimidazolium_Bistrifluoromethanesulfonylimide 6.06 3.90 6.62 5.39 4.4
12-Dimethyl-3-propylimidazolium_hexafluor 6.60 5.35 5.81 5.00 43
12-Dimethyl-3-propylimidazolium_hexafluoroarsenate 6.64 4.27 6.59 5.38 5.37
12-Dimethyl-3-propylimidazolium_tristrifluoromethylsulfonylmethide 5.56 4.66 6.66 5.36 4.4
12-Dimethyl-4-fluoropyrazolium_tetrafluoroborate 6.13 4.52 6.24 4.89 4.1
1-butyl-3-methylimidazolium_2-cyanopyrrolide 3.16 2,51 4.50 335 8
1-butyl-3-methylimidazolium_124-triazolide 3.96 3.55 4.44 2.98 3.2
1-butyl-3-methylimidazolium_hexafluorophosphate 6.86 5.53 6.66 4.45 6.35
1-butyl-3-methylimidazolium_trifluoroacetate 5.02 3.52 5.73 5.47 5.7
1-butyl-3-methylimidazolium_tetrafluoroborate 6.20 4.30 6.69 5.58 4.6
1-butyl-3-methylpiperidinium_Bistrifluoromethanesulfonylimide 6.32 5.85 7.91 6.79 4.44
1-butyl-3-methylpyrrolidinium_Bistrifluoromethanesulfonylimide 6.97 5.84 7.86 6.55 6
1-Butylpyridinium_tetrafluoroborate 5.38 4.82 5.96 4.69 3.4
1-ethyl-23-dimethylimidazolium_Bistrifluoromethanesulfonylimide 5.90 4.27 6.57 5.38 4.4
1-ethyl-3-methylimidazolium_Bistrifluoromethanesulfonylimide 4.72 4.32 6.74 5.45 4.7
1-Ethyl-3-methylimidazolium_acetate 3.33 3.10 4.97 3.85 3.6
1-ethyl-3-methylimidazolium_2-cyanopyrrolide 3.04 2.50 4.36 3.50 2.4
1-ethyl-3-methylimidazolium_124-triazolide 3.64 4.56 4.49 2.86 5
1-Ethyl-3-methylimidazolium_fluoride 6.76 2.73 6.79 4.44 3.1
1-ethyl-3-methylimidazolium_Chloride 3.09 3.46 5.62 4.15 5
1-ethyl-3-methylimidazolium_trifluoromethanesulfonate 4.38 3.66 6.15 4.60 4.1
1-ethyl-3-methylimidazolium_trifluoroacetate 5.04 3.12 6.09 4.54 3.8
1-ethyl-3-methylimidazolium_tetrafluoroborate 6.90 5.45 6.78 5.56 4.3
1-Ethyl-3-methylimidazolium_bispentafluoroethylsulfonylimide 5.83 4.32 6.68 5.49 4.1
1-Ethyl-3-methylimidazolium_tetrachloroaluminate 5.53 4.13 6.71 5.51 4.8
1-methyl-3-propylpiperidinium_Bistrifluoromethanesulfonylimide 5.76 4.87 7.73 6.69 5.6
1-propyl-23-dimethylimidazolium_Bistrifluoromethanesulfonylimide 5.83 4.54 6.60 5.34 4.2
1-propyl-23-dimethylimidazolium_Hexafluoroarsenate 6.60 5.35 5.81 4.79 4.4
1-propyl-23-dimethylimidazolium_tristrifluoromethanesulfonylmethide 5.45 5.41 6.61 5.36 4.3
1-propyl-23-dimethylimidazolium_Hexafluorophosphate 6.56 4.52 6.60 5.39 5.4
1-propyl-3-methylimidazolium_Bistrifluoromethanesulfonylimide 5.70 4.28 6.74 5.40 4.3
1-propyl-3-methylpyrrolidinium_Bistrifluoromethanesulfonylimide 7.27 4.90 7.68 6.41 5.3
2-methyl-2-butylpyrrolidinium_2-cyanopyrrolide 5.62 4.42 5.77 4.35 3.6
2-methyl-2-butylpyrrolidinium_124-triazolide 5.91 4.47 5.36 4.30 4.1
Methoxytrimethylammonium_Bistrifluoromethanesulfonylimide 6.47 4.60 7.71 6.28 5.6
N-methyl-N-propylpiperidinium_Bistrifluoromethanesulfonylimide 6.19 5.34 7.78 6.69 5.6
N-methyl-N-propylpyridinium_Bistrifluoromethanesulfonylimide 4.74 2.93 5.16 3.94 5.9
N-methyl-N-propylpyrrolidinium_tetrafluoroborate 7.57 5.81 9.15 8.02 5
N-propyltrimethylammonium_Bistrifluoromethanesulfonylimide 6.38 5.25 7.74 6.66 5.6
Tetrabutylammonium_Bistrifluoromethanesulfonylimide 6.02 5.26 7.43 6.70 6
Tetraethylammonium_Bistrifluoromethanesulfonylimide 6.46 5.19 7.70 6.74 5.8
tetramethylammonium_Bistrifluoromethanesulfonylimide 6.30 5.15 7.79 6.68 4.11
tetra-methylarsenic_Bistrifluoromethanesulfonylimide 6.11 5.00 7.44 6.52 4.5
tetraethylphosphonium_Bistrifluoromethanesulfonylimide 6.30 5.21 7.51 6.40 4.93
triethyl2-methoxyethylphosphonium_Bistrifluoromethanesulfonylimide 6.06 5.02 7.01 5.91 4.7
triethyl-hexylammonium_Bistrifluoromethanesulfonylimide 6.23 5.06 7.72 6.68 5.2
triethyl-n-pentylphosphonium_Bistrifluoromethanesulfonylimide 6.08 5.12 7.50 6.55 5.3
Triethylsulfonium_Bistrifluoromethanesulfonylimide 6.28 4.91 7.56 6.29 5.07.
Trimethylmethoxyethylammonium_Bistrifluoromethanesulfonylimide 6.54 4.97 7.36 6.19 5.12
trimethylpropylammonium_Bistrifluoromethanesulfonylimide 6.14 5.15 7.78 6.70 6
Mean error by method Error%(VB3LYP) Error%(VMO6L) Error%(SB3LYP) Error%(SMO6L) J
} 28.99 15.07 46.41 22.07

(VB3LYP): Vacuum B3LYP; (VMO6L): Vacuum MO6L; (SB3LYP):Solvent B3LYP;
(SMO6L): Solvent MO6L

Experimental Data (Galinski et al., 2006; Li et al., 2016; Sanchez-Ramirez et al., 2017; Shi et
al., 2013; Sun et al., 1998; Zhang et al., 2021; Zhang and Bond, 2005; Sakaebe and
Matsumoto, 2003; Dupont et al., 2002; Forsyth et al., 2001; Howlett et al., 2006; De Vos et
al., 2014)



Appendix B. Koopmans theorem for Ions; theoretical and experimental ECW and mean error

KOOPMANS THEOREM IONs

lonic Liquid Theoretical ECW VB3LYP Theoretical ECW VMO6L Theoretical ECW SB3LYP Theoretical ECW SMO6L Experiemental ECW
1-2-butyl-3-methylpyrrolidinium_Bistrifluoromethanesulfonylimide 16.24 15.25 10.01 8.82 5.67
12-dimethyl-3-ethylimidazolium_Bistrifluoromethanesulfonylimide 14.53 13.84 10.09 8.85 4.4
12-Dimethyl-3-propylimidazolium_hexafluorophosphate 16.10 14.85 12.26 11.01 4.3
12-Dimethyl-3-propylimidazolium_hexafluoroarsenate 15.11 13.84 12.52 1111 5.37
12-Dimethyl-3-propylimidazolium_tristrifluoromethylsulfonylmethide 13.86 13.18 9.75 8.76 4.4
12-Dimethyl-4-fluoropyrazolium_tetrafluoroborate 17.22 15.79 12.46 11.78 4.1
1-butyl-3-methylimidazolium_2-cyanopyrrolide 15.14 14.46 8.19 7.54 3
1-butyl-3-methylimidazolium_124-triazolide 15.10 14.41 8.57 7.89 3.2
1-butyl-3-methylimidazolium_hexafluorophosphate 16.10 15.26 12.26 11.01 6.35
1-butyl-3-methylimidazolium_trifluoroacetate 15.90 15.21 8.63 10.20 5.7
1-butyl-3-methylimidazolium_tetrafluoroborate 17.22 15.78 12.46 11.78 4.6
1-butyl-3-methylpiperidinium_Bistrifluioromethanesulfonylimide 15.62 14.68 10.03 8.92 4.44
1-butyl-3-methylpyrrolidinium_Bistrifluoromethanesulfonylimide 16.01 15.11 10.08 8.89 6
1-Butylpyridinium_tetrafluoroborate 17.22 16.14 12.46 11.78 3.4
1-ethyl-23-dimethylimidazolium_Bistrifluoromethanesulfonylimide 14.53 13.84 10.02 8.85 4.4
1-ethyl-3-methylimidazolium_Bistrifluoromethanesulfonylimide 15.04 14.37 10.06 8.83 4.7
1-Ethyl-3-methylimidazolium_acetate 15.69 15.02 10.11 8.04 3.6
1-ethyl-3-methylimidazolium_2-cyanopyrrolide 15.28 14.61 8.23 7.56 24
1-ethyl-3-methylimidazolium_124-triazolide 15.24 14.57 8.59 7.92 3
1-Ethyl-3-methylimidazolium_fluoride 2422 22.88 17.55 16.22 31
1-ethyl-3-methylimidazolium_Chloride 18.11 17.44 11.22 10.50 5
1-ethyl-3-methylimidazolium_trifluoromethanesulfonate 15.74 15.07 11.18 10.05 4.1
1-ethyl-3-methylimidazolium_trifluoroacetate 16.03 15.36 8.66 10.20 3.8
1-ethyl-3-methylimidazolium_tetrafluoroborate 17.22 15.78 12.46 11.78 4.3
1-Ethyl-3-methylimidazolium_bispentafluoroethylsulfonylimide 14.69 14.02 10.06 8.84 4.1
1-Ethyl-3- hylimi ium_tetrachl luminate 14.94 14.27 9.29 8.85 4.8
1-methyl-3-propylpiperidinium_Bistrifluoromethanesulfonylimide 15.21 14.37 10.03 8.90 5.6
1-propyl-23-dimethylimi ium_Bistrifluorometh Ifonylimide 14.46 13.77 10.08 8.83 4.2
1-propyl-23-dimethylimidazolium_Hexafluoroarsenate 15.11 13.84 12.63 11.16 4.4
1-propyl-23-dimethylimidazolium_tristrifluoromethanesulfonylmethide 13.84 13.15 9.85 8.81 4.3
1-propyl-23-dimethylimidazolium_Hexafluorophosphate 16.10 14.85 12.26 11.01 5.4
1-propyl-3-methylimidazolium_Bistrifluoromethanesulfonylimide 14.94 14.26 10.01 8.83 4.3
1-propyl-3-methylpyrrolidinium_Bistrifluoromethanesulfonylimide 16.35 15.35 10.03 8.85 5.3
2-methyl-2-butylpyrrolidinium_2-cyanopyrrolide 15.46 14.66 9.30 8.39 3.6
2-methyl-2-butylpyrrolidinium_124-triazolide 15.42 14.62 9.65 8.75 4.1
Methoxytrimethylammonium_Bistrifluoromethanesulfonylimide 16.32 15.20 9.98 8.83 5.6
N-methyl-N-propylpiperidinium_Bistrifluioromethanesulfonylimide 16.16 15.27 9.98 8.82 5.6
N-methyl-N-propylpyridinium_Bistrifluoromethanesulfonylimide 14.13 13.50 9.98 8.82 5.9
N-methyl-N-propylpyrrolidinium_tetrafluoroborate 17.67 16.79 12.46 11.78 5
N-propyltrimethylammonium _Bistrifluoromethanesulfonylimide 16.58 15.69 10.07 9.12 5.6
Tetrabutylammonium_Bistrifluoromethanesulfonylimide 15.27 14.36 9.98 8.82 6
Tetraethylammonium_Bistrifluoromethanesulfonylimide 16.74 15.79 10.01 8.99 5.8
tet hyl ometh, Ifonylimide 18.98 18.05 11.80 11.20 4.11
tetra-methylarsenic_Bistrifluoromethanesulfonylimide 17.39 16.63 10.10 9.35 4.5
tetraethylphosphonium_Bistrifluoromethanesulfonylimide 16.19 15.37 9.98 8.82 4.93
triethyl2-methoxyethylphosphonium_Bistrifluoromethanesulfonylimide 13.75 12.79 9.98 8.82 4.7
triethyl-hexylammonium_Bistrifluoromethanesulfonylimide 14.73 13.96 9.98 8.82 5.2
triethyl-n-pentylphosphonium_Bistrifluoromethanesulfonylimide 15.06 14.29 9.98 8.82 5.3
Triethylsulfonium_Bistrifluoromethanesulfonylimide 16.00 15.29 9.98 8.85 5.07
Trimethylmethoxyethylammonium_Bistrifluoromethanesulfonylimide 14.39 13.41 10.07 9.02 5.12
trimethylpropylammonium_Bistrifluoromethanesulfonylimide 16.58 15.69 10.07 9.12 6
Mean error by method Error%(VB3LYP) Error%(VMO6L) Error%(SB3LYP) Error%(SMO6L)
257.4141091 237.808967 134.8229562 114.1318356
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ABSTRACT

The field of nanocatalysis has been largely driven by plasmonic metal nanostructures (PMNs).
The materials that largely fall into this category are Au, Ag, Cu, and Al. While significant
progress has been made in these materials for a wide range of applications such as
photovoltaics, photocatalysis, etc. due to their strong enteric-field enhancement with light
interaction. However, PMNs suffer from being expensive and scalability issues for high-
volume manufacturing. Here, we present an alternative to PMNs with dielectric Mie resonators
nanoparticles (MRNPs). All these materials exhibit dielectric Mie resonance resulting in both
electric and magnetic field enhancements almost of equal magnitude. In this work, we chose
Copper (Cu)-based MRNPs namely CuO for pharmaceutically relevant coupling reactions.
The choice of Cu,0 is due to previous work done by Andiappan and coworkers on the same.
In this work, we hybridize MRNPs (HMRNPs) with catalytically active materials such as
palladium (Pd) to form CuxO-Pd. To test the efficacy of these HMRNPs we used an oxidative
homocoupling of phenylacetylene (PA) as the probe reaction. We see a much higher rate of
enhancement under light compared to dark conditions. This idea can be extended to a wide

range of industrially important reactions such as CO: reduction, ammonia synthesis, chemicals,
and fuels.

1. Introduction

In industry, light manipulation dielectric materials have started to come forward as
replacements for the commonly used plasmonic materials. Plasmonic metal nanostructures
(PMNSs). are known for their high extinction cross sections and Mie resonances. This ability
is created due to the localized surface plasmon resonance (LSPR) which can manipulate the
geometry and physical environment.!® Due to their high extinction cross sections, PMNs can
easily manipulate electromagnetic fields which gives them many real-world applications. Even
with all these benefits, PNMs are expensive and have issues scaling up in large-scale
semiconductor manufacturing.” Therefore, photocatalytic dielectric mie resonator particles
have started to become of interest (MRNPs). Unlike plasmonic nanocatalysts, dielectric
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materials exhibit both electric and magnetic resonances which allow enchanted optical
responses.” The magnetic and electric field spatial distributions were observed using
Finite Time Difference Domain data. The same data also show that the Cu20 sphere can
exhibit enhancements of up to 25 and 8 times for the near magnetic and electric field
intensities, respectively, over the incident far field.? This makes them viable photocatalysts
for many of the same cross-coupling reactions. Also, various reactions carried out in the
industry use thermal energy at relatively high temperatures. The present issue with thermal
catalytic technologies is the reaction uses high amounts of heat which can create numerous
unwanted results and create many safety issues. Visible light photocatalysts are being offered
as a more efficient alternative than the use of thermal energy. Through photocatalysts,
industrial processes could be performed using lower temperatures and gaining higher
selectivity. Cu20 has been presented as a promising semiconductor because it is cost-effective,
earth-abundant and it holds a small band gap of 2.0-2.2eV.%? We hybridize the cuprous oxide
with catalytically active materials such as palladium to form Cu,O-Pd (HMRNPs). These band
structures allow for the absorption of a broad part of the visible light spectrum to be absorbed.

2. Experimental Details

To synthesize the spherical CuxO nanoparticles, a microemulsion technique was used at
room temperature. This created smaller nanoparticles sized with an average diameter of 30-50
nm.” ! The calibration curve was done before by hand from prepared reactant samples. Before
the oxidative homocoupling reaction began, the nanoparticles were suspended in a mixture of
water and dimethylformamide (DMF, 13.5mL, DI Water, 1.5mL). This was added to a 25mL
flask, hooked up to a condenser, and then added a thermocouple if needed. Air constantly
flowed throughout the reaction to maintain the oxidative environment needed for OHR
reactions. Potassium Carbonate (207mg) was added while stirring. To start the reaction,
phenylacetylene (100ul) was added. The reaction was sampled regularly throughout the period
to observe the conversion rates. Depending on the intention of the reaction, a white light or
heat was added to the reaction.

3. Results

Glaser-type oxidative homo-coupling reaction (OHR) of phenylacetylene (PA) was used
to investigate the photocatalytic nature of the Cu,O-Pd. The nanoparticles used in all reactions
were prepared using the microemulsion synthesis method. Since Glaser-type oxidative homo-
coupling reaction only has a single reactant and product, the conversion of the reaction was
efficient to observe.

The oxidative homo-coupling reactions were carried out in the presence of KoCO3 with
and without light. The solvent used was a mixture of 90% dimethyl fluoride (DMF) and 10%
DI water.
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Figure 1. (a) UV-Vis extinction spectra of Cu,O nanospheres ranging from 30 nm-50 nm
diameters CuxO spherical nanocatalysts synthesized using the microemulsion technique. (b)
TEM imaging shows nanospheres sizing at an average of 35nm.

The nanoparticles were then characterized through the UV-Vis and displayed in Figure 1a.
To further characterize the nanocatalysts, a sample was put through TEM imaging shown in
Figure 1b to confirm the sizing and shape of the nanospheres. Nanoparticles shown on average
have a circular shape and rounded edges. Therefore, it can be confirmed that nanospheres
around ~35 nm was being synthesized.
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Figure 2. (a) UV-Vis extinction spectra of the reaction mixture after the addition of PA at
different samples of time. (b) Reaction conversion as a function of reaction time for oxidative
homocoupling with and without the effect of light at the primary peak (326 nm) of DPDA.



The DPDA product was observed using characterization through running timed UV-Vis
samples. Figure 2a shows primary and secondary extinction peaks for DPDA appear at ~326nm
and ~305nm respectively. As the reaction continues, the amount of DPDA available inside the
reaction mixture increases with time. The OHR reaction over a period of 8 hours was complete
with and without the presence of light. The extinction points of the primary peak (326nm) were
used to quantify the conversion and then plotted in comparison to the time as shown in Figure
2b. Observing Figure 2b, it can be noted that with the reaction exposed to white light, the
ending conversion is shown to be much higher. It can be concluded that the presence of light
magnifies the reaction rate when compared to without light.
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Figure 3. (a) UV-Vis extinction spectra of the reaction mixture after the addition of PA at
different samples of time. (b) UV-Vis extinction spectra of the reaction mixture at 450nm as
a function of time.

During both types of reactions, a peak began to appear at ~450mn. A dilution of 100uL of
the mixture of the reaction to 3mL of Ethanol was taken to observe the extinction peak and is
displayed in Figure 3a more efficiently. These peaks indicate the formation of homogeneous
Cu complexes, the intermediate species created in the reaction mixture between the reactant,
PA, and the product, DPDA, while the reaction is taking place. It is expected and shown that
there will be no intermediate species at the beginning of the reaction. As the reaction persists,
the complex amount should increase and then decrease until there is no complex since the
concentration of PA at the end of the reaction is relatively low. PA is a reactant to create the
complex and therefore can be attributed to the expected decreasing trends. Figure 3b shows the
comparison of the trend of complexes in both types of reactions as a function of time. Without
light, the formation of the Cu complex stays relatively linear over the 8-hour period. Because
a great increase or the start of a decrease in extinction is never seen, it can be concluded that
the rate of the reaction must be extremely slow. With light, the extinction shows the expected
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result of increasing and then decreasing extinction. Compared to without light, the rate of
reaction must be significantly higher.
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Figure 4. The measured temperature of the lab, surrounding the reaction, and the reaction itself
in of the reaction with the effect of light.

Thermal energy is another variable that is highly used inside of industry for many energy
and power reactions. The current type of light we are using gives off some amount of heat
which is absorbed by the reaction. Knowing that this heat could affect our results, the OHR
reaction was done at around ~35°C to observe the reaction rate just using thermal energy. The
temperature was recorded using a handheld electronic thermometer throughout each reaction
using light and was shown in Figure 4.
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Figure 5. (a) Reaction conversion as a function of reaction time for oxidative homocoupling
of PA without light heated to 35° C. (b) UV-Vis extinction spectra of the reaction mixture at
450nm as a function of time.



A reaction was done without light while being heated to 35 °C to simulate the effect of the
heat coming from the light bulb. As shown by Figure 5a, the reaction when heated shows a
similar conversion to that of a reaction with light. Observing the trendline, the conversion rate
of the reaction without light seems to be deactivating or decreasing in slope as time increases.
Comparing that to the reaction with light, the trendline is still increasing immensely and
hypothetically will continue to hold that rate after the 8-hour period. Even though this may
show similar conversions after 8 hours the conversion of the reaction with light would show a
much greater conversion than the reaction being heated. Figure 5b confirms that the heat
coming off the light bulb is not the reason behind the high conversion. The reaction without
light shows a very linear complex formation compared to the reaction with light increases and
decreases with time. As discussed before, this is an indicator of a slow reaction compared to a
much faster reaction, respectively.

a) b)
100 Catalysts Not 1
20 Removed ]’ = ®
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Figure 6. (a) Reaction conversion as a function of reaction time for oxidative homocoupling
of PA with and without the catalyst removed. (b) UV-Vis extinction spectra of the reaction
mixture at 450nm as a function of time.

To observe the efficiency of the photocatalyst on the reaction, an OHR was performed but
at 4 hours the catalyst was removed from the experiment. This was done by centrifuging out
all the solids in the experiment and only placing the liquid back into the flask. As displayed by
Figure 6a, the conversion of the reaction with the catalyst removed did not perform as well.
This shows the effect of the Cu,O-Pd photocatalyst.

4. Discussion and Conclusions

The results obtained by the UV-Vis extinction spectroscopy for the Cu,O-Pd oxidative
homocoupling reaction with and without the presence of light are consistent with the
hypothesis presented. The higher calculated conversion rates as well as the consistent Cu
complex trends further this statement. It can be stated that using metal oxide semiconductors
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for photocatalytic technologies would show to be not only an effective dielectric material but
also effective against thermal energy technologies. The work and results presented in our study
open the door to more development for solar and pharmaceutical applications.

5. Summary

Dielectric Mie resonators are presented as an alternative to plasmonic metal nanostructures.
Cu20 was chosen because of its small energy band gap as well as its pharmaceutically relevant
coupling reactions. To test the efficacy of our chosen dielectric material using light
manipulation, we used an oxidative homocoupling of phenylacetylene as the base reaction. We
see a much higher rate of enhancement under light compared to dark conditions. To further
prove this theory, we compared our data with light to a reaction using only thermal energy.
Just like before, we still see a high conversion with light than with additional heat. Finally, we
wanted to see how well our catalyst was working. This was observed by removing the catalyst
at 4 hours. Since the conversion of the reaction still did not quite reach that of our base reaction,
we know our catalyst is excelling the reaction. This idea can be extended to a wide range of
industrially important reactions such as CO; reduction, ammonia synthesis, chemicals, and
fuels.
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ABSTRACT

The bristled wings of numerous species of tiny insects such as thrips and fairyflies show
remarkable diversity in shape, ranging from short, teardrop-shaped to long, slender profiles.
We document the interspecific diversity in forewing shape of thrips and fairyflies based on
principal component analysis of wing geometries of 13 species of thrips and 28 species of
fairyflies. Wing shapes and geometric characteristics (chord, wingspan, wing area) were
measured in Imagel from published forewing images of thrips and fairyflies. The first three
principal axes of variation were found to be linearly correlated (p << 0.01) with: Axis 1 =
total wing area (A, R? = 0.91); Axis 2 = ratio of the area of the leading edge (LE) portion of
the wing to the area of the trailing edge (TE) of the wing, which factors variation in bristle
and membrane lengths on the LE and TE portions measured relative to a fictitious straight
line on the wing membrane connecting the wing root to the wing tip (LE/TE, R? = 0.46), and
Axis 3 = LE/TE (R? = 0.20). While wing area is expected to directly impact aerodynamic
force generation, the effects of varying LE/TE on the aerodynamics of tiny insect flight are
unknown. We measured aerodynamic forces generated by scaled-up bristled elliptical wing
models with LE/TE of 0.125, 0.25, 0.375, 0.5, 1 and 2. Each wing was fitted onto a 3D
flapping robotic model that was programmed to replicate previously published thrips
kinematics under hovering conditions (i.e., time-varying position and pitch angles at zero
elevation angle). Strain gauges bonded to custom-built brackets were used to measure time-
varying horizontal (drag) and vertical (lift) forces at the wing root, and glycerin was used to
operate each wing model at chord-based Reynolds number of 10 that is relevant to tiny insect
flight. We found that varying LE/TE had relatively minimal effect on cycle averaged drag
and lift coefficients, with a slight trend of increasing peak lift over peak drag coefficients as
LE/TE increased. These findings suggest that biological variation in bristle lengths minimally
influences hovering aerodynamics, which can be helpful in situations where irregular
mechanical damage and/or wearing of bristles is present.

1. Introduction

There are a great number of species of tiny, flight-capable insects with body lengths on
the order of 1 mm, including fairyflies and thrips. These tiny insects are of significant

1



ecological and agricultural
importance. Thrips can transmit
viruses that are known to cause
damage to crops that are
economically important, such as _ e
tomatoes and onions. Understanding 2 /| / / i

the flight and dispersal of these tiny @ //W

insects can aid in the development of /////////////// / /

effective pest management strategies.

. . Figure 1: Representative fairyfly forewing'. Blue shaded area is
In Splte of the numerous SpPECICS of the membrane area and red shaded area is the bristled area. The

: : : : : black line drawn from root to tip is the wing length. LE/TE is the
tll’ly 1nsects, there is relatlvely little ratio of the area above the black line to the area below the black
known about flight at this scale. The line.
majority of the current literature on

insect flight is focused on larger insects, such as dragonflies and fruit flies.

Tiny insects fly at a chord-based Reynolds number (Re) on the orders of 1 to 10 which is
significantly lower than larger insects that fly at Re of 100 and above. Re is defined as the
ratio of inertial forces (force to move the wing) to viscous forces (resistance offered by air).
At such a low Re, tiny insects have to deal with large viscous forces that their larger
counterparts do not have to contend with. Tiny insects have evolved to have thin
membranous wings with long bristles around the edges. In addition to bristled wings, these
insects have also evolved to use a wing motion referred to as “clap-and-fling”?. Clap-and-
fling is when a pair of wings comes together at the end of the upstroke and fling apart at the
beginning of the downstroke, effectively increasing the stroke amplitude.

Past studies have concluded that bristled wings can reduce the force required to fling
wings apart®*. Several studies in the past have also looked at the morphological variation in
tiny insect wings. Ford et al.* examined how varying the ratio of membrane wing area (Ay)
to total wing area (Ar) affected aerodynamic forces. One study’ analyzed forewing images of
both thrips and fairyflies, and then looked at how varying forewing bristle morphology
affected aerodynamic forces. Another study® analyzed morphological wing variation in
fairyflies and used numerical simulations to determine whether bristled wings reduced the
force required to fling wings apart. However, none of these studies looked at how varying
wing shape affects the flight of these insects.

In this study, we documented the morphological variation in wing shape of 28 species of
fairyflies and 13 species of thrips. Principal component analysis was performed for the wing
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Figure 2: Various wing shape variables as functions of body
length from 10 species of fairyﬂiesx'x'X and 8 species of thripsx'x.

(A) Aspect ratio vs body length. (B) Total wing area vs body
length. (C) Wing length vs body length.

geometries. We then performed
regressions for important wing shape
variables against the first three axes from
the principal component analysis. This
morphological data allowed us to design
six scaled-up wing models that covered
the biologically relevant range of LE/TE.
Time varying lift and drag forces were
then comparatively measured between
the wings to determine the effects of
varying LE/TE on the flight of tiny
insects.

2. Experimental Details

Morphological data on wing shapes
of tiny insects were collected from
published images!7%*10 of 13 species of
thrips and 28 species of fairyflies to
characterize the variation in wing shapes
of tiny insects. Images were analyzed in
Image J''. 20 points were manually
placed around the top of the bristled wing
area, top of the membrane wing area,
bottom of the membrane wing area, and
bottom of the bristled wing area. These
points were then used to make a spline fit
of 20 evenly spaced points. The distances
of each of these points to a line going
from wing root to wing tip, along with
wing length, were the inputs to the
principal component analysis. Principal
component analysis gives axes which
contain the most variation of the data in
descending order, for instance, axis 1
contains the most variation in the data.
The points used as inputs to the principal
component analysis allowed us to
directly measure total wing area (Ar),
membrane wing area (A4y), leading edge



area, trailing edge area, and wing length (S). The ratio of bristled wing area to membrane
wing area (A /AT) was then calculated as well as the ratio of leading-edge area to trailing-
edge area (LE/TE). In addition, aspect ratio (AR) was calculated as AR = S?/Ar. 10 species

of fairyflies!”®

and 8 species of thrips

with available body lengths, had linear regressions

run for At, AR, and S against body length as shown in Figure 2. Linear regressions were also
run for the first three axes of the principal component analysis, against Ay /At, LE/TE and

Ar.

This morphological data was then used to design six scaled up wing models,
encompassing the biologically relevant range of LE/TE. Bristled, elliptical wing models were
designed in SolidWorks software (Dassault Systémes SE, Vélizy-Villacoublay, France).
LE/TE values of 2, 1, 0.5, 0.375, 0.25, and 0.125 were chosen for this study. The wing

Motor assembly

hrackell steel tube
Elliptical Gearbox

acrylic

wing

D-shafts Stipper motors
180 mm
Glycerin-Water -4 | L
mixture
Force «— Co-axial

v

A 1219.2 mm

<
]

[
P

wwesiel

TN I ‘

Figure 3: (A) Flapping robot model experimental setup. (B) Scaled up wing
models from top to bottom LE/TE = 2, LE/TE =1, LE/TE =0.5, LE/TE =
0.375, LE/TE = 0.25, LE/TE = 0.125.

membranes were laser cut from
3 mm thick acrylic. The wing
bristles were made from 0.305
mm diameter wire cut to length
and attached to the wing
membrane using epoxy. Ar,
Am/Art, gap to bristle diameter
ratio (G /D) and number of
bristles were kept constant to
ensure that any differences
found between wing models
would be purely a result of
changing LE/TE. The value of
A /At chosen for this study
was 0.45, as this was in the
middle of the biologically

relevant range found from the morphological analysis for all species we looked at. The G/D
of the models was 5 and the number of bristles used was 80, both of which are in the

biologically relevant range of tiny insects®.



A dynamically scaled robotic model was used to replicate the wing motion of tiny
insects for pitch angle and position angle in the horizontal stroke plane. The wing models
were submersed in a square acrylic tank filled with glycerin. Wings were attached using
custom L-brackets with strain gauges mounted on both sides to measure lift and drag forces.
The experimental setup shown in Figure 3(A) was programmed to replicate published thrips
wing kinematics'? shown in Figure 4. All wing models were tested using these kinematics at
Re =10, where Re is defined as,

_2®fRc
v

e

where @ is the stroke amplitude, f is the stroke frequency, R is the wing tip radius, c is
the wing chord, and v is the kinematic viscosity of the fluid.

As with previous studies'** force data was collected using strain gauges mounted on
both sides of custom L-brackets. Voltages were constantly measured from the strain gauges.
One bracket was used to measure normal forces (Fy), while another bracket was used to
measure tangential forces (Fr), non-simultaneously. 30 cycles of raw voltages were measured
with a pause of 30 seconds between each
Pitch Angle cycle. The first 10 cycles were discarded to
ensure the fluid had reached a steady state.
The data was then processed using a custom
MATLAB (The Mathworks Inc., Natick, MA,
USA) script to find the time varying lift and
drag forces over the course of one cycle. The
lift and drag coefficients were defined as

Angle (radians)

follows,
Position Angle
3 .
0 0.2 0.4 0.6 0.8 1 _ Frcos(90 — W) + Fysin(90 — W)
Dimensionless time CL - 0 Sp Uz A
Figure 4: Thrip kinematics. Blue line represents the )
pitch angle, and the red line represents position .
angle. Both are plotted against dimensionless time. FTSln (90 — lp) + FN COS(9O — lp)
CD = 2
0.5pU*A

where YV is the angular position of the wing relative to vertical, p is the fluid density, U is the
wing tip velocity, and A is the wing area.



3. Results

There was a high degree of variability in the wing variables measured in the
morphological analysis. For thrips LE/TE ranged from 2.61 to 0.24 and for fairyflies LE/TE

135 ETy

Thrips forewing!® Fairyfly forewing’
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206 - ®)

Fairyfly forewing’
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[l D it o
Fairyfly forewing® Fairyfly forewing’
Axis 3
< @ Il | PN

< ot T T
0.00025 0.0005 0.00075

Figure 5: The first three axes of the principal
component analysis plotted on a number line.
The wing shapes of the left side are the wings
with the smallest value for each axis. The images
on the right side are the wing shapes that had the
highest value for each axis.

ranged from 1.98 to 0.56. For thrips At ranged
from 0.22 mm? to 0.044 mm? and for fairyflies
Ar ranged from 0.541 mm? to 0.051 mm?. Lastly,
for thrips Ay /At ranged from 0.44 to 0.162 and
for fairyflies Ay /At ranged from 0.9 to 0.13.

Figure 2 shows Ar, AR , and S plotted as
functions of body length. As body length
increased, both total wing area and wing length
increased. There was no correlation, however,
between body length and aspect ratio.

After gathering all the morphological data, a
principal component analysis was performed and
linear regressions were run for the first three axes
against LE/TE, At, and Ay /At. For axis 1, we
found that it strongly correlated to increasing
total wing area (R?=0.91, p << 0.01), and also
strongly correlated to increasing Ay /At
(R?=0.57, p << 0.01). For axis 2, we found it
correlated to decreasing Ay /At (R?=0.24, p <<
0.01), and it also correlated to decreasing LE/TE
(R?=0.46, p << 0.01). For axis 3, we found it

correlated to increasing LE/TE (R?=0.20, p=0.0018), and we also found it weakly correlated
with decreasing Ay /At (R*=0.12, p=0.019).

Figure 5 shows several representative wings of both thrips and fairflies. Looking at the

extremities of axis 2 it is visually evident that as axis 2 increases Ay /At decreases. The wing
with the lowest axis 2 value has almost no bristled area, whereas the wing that had the
highest value for axis 2 has significant bristled area. In axis 3, the correlation between
increasing axis 3 and decreasing Ay /At is also evident.

Cycle averaged lift and drag coefficients were calculated to show the effect of varying
LE/TE on a complete cycle, as shown in Figure 6. Taking the standard deviations into
account, altering LE/TE had little to no effect on the cycle averaged force coefficients.
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Figure 6: Cycle averaged lift and drag coefficients plotted against LE/TE.
Plus or minus one standard deviation is included with each point

4. Discussion and Conclusions

The findings from our morphological analysis indicated that At is the most important
variable for characterizing wing shapes of tiny insects. There was a strong correlation
between axis 1 and At indicating that most of the variation in wing shape we found could be
explained by the changes in At. Axis 2 and axis 3 were both correlated with LE/TE and
Apm /AT indicating that they are both also important for characterizing wing shapes of tiny
insects. The effects of varying At as well as

. Apm /At are well understood, which is why we
chose to investigate the effects of LE/TE on tiny
| pe Aads S i insect flight.
to8
5‘206 Figure 7 shows the peak lift over drag
S - coefficients plotted against LE/TE. Although we
found very little variation in the cycle averaged
" lift and drag coefficients, there did appear to be a
0125 025 0375 05 1 2 trend of increasing peak lift over peak drag
Figuro 7: Poak Lif cos fﬁciem over poak drag coefficients with increasing LE/TE. The data
coefficient plotted against LE/TE. from the morphological analysis showed the

median LE/TE value for thrips and fairyflies
combined to be 0.87. This may mean that there is some benefit to having a higher LE/TE for
tiny insects, as lower LE/TE values show a slight drop off in peak lift coefficient over peak
drag coefficient. A promising direction for future work would be to vary the aspect ratio of
wings to see how this affects the aerodynamic performance of tiny insects.

5.  Summary

The forewings of various species of tiny insects were analyzed based on principal
component analysis. This showed that total A, Ay /AT, and LE/TE were all important



variables for characterizing diversity in forewing shapes of tiny insects. Scaled-up bristled
wing models of various LE/TE were fabricated and tested to examine aerodynamic
performance. Varying LE/TE had negligible effects on cycle averaged lift and drag
coefficients. There was a small increase in peak lift over drag coefficients as LE/TE
increased, indicating that perhaps there is some slight benefit to higher LE/TE on
aerodynamic performance.
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ABSTRACT

Antibiotic Resistance (AR) in pathogenic bacteria is widely recognized as a major emerging
health problem. We explore the feasibility of addressing AR by using a global rotation cycle
of antibiotics. If a bacterium does not encounter an antibiotic to which it has a resistance
gene, how long will it keep that gene? Retaining a “useless” gene, like an AR gene in the
absence of antibiotic, may impose a fitness cost, making it evolutionarily advantageous to
lose the gene. In addition, random mutations damaging this AR gene would not be removed
by purifying selection, resulting in a gradual erosion of this gene over evolutionary time. In
this project, we explore the expectation that sustained non-use of a particular antibiotic would
result in AR gene loss from human pathogens and thus recovery of sensitivity of the
pathogen to that antibiotic. While the timescale for the emergence of AR, or the on-rate, in
the presence of antibiotics has become clear, less is known about the timescale of AR gene
loss, or the off-rate, in the absence of an antibiotic. We ran 200-generation Long-Term
Evolution Experiments (LTEE) on multiple E. coli strains with varying fitness costs to
develop methods to characterize the off-rate with which unused AR genes are spontaneously
lost. First, we used E. coli strains designed to have a different fitness cost due to useless
genes and performed direct competition experiments with these strains. Second, we used
chemical mutagenic agents at various concentrations to accelerate the rate of gene loss to a
feasible timeframe for laboratory studies. We use a gene encoding green fluorescent protein
(GFP) in E. coli as an easily monitored “useless gene.” In these experiments, loss of the gfp
gene is detected as a decrease in GFP fluorescence intensity. Through method development
in simple conditions, we pave the way for future work on quantifying the rate of loss of
unused AR genes by extrapolation to zero mutagen concentration. The conceptual framework
developed here can also be applied to further work on the loss of unused AR genes under
real-world conditions.




1. Introduction

Antibiotic Resistance (AR) in pathogenic bacteria is a major emerging health problem,
directly causing 1.27 million deaths and associated with nearly 5 million deaths annually
around the globe (Antimicrobial Resistance Collaborators, 2022). In the year 2050, AR is
predicted to cause nearly 2 million more deaths than cancer (Dadgostar, 2019). Reminiscent
of the 19" century and a time before antibiotics, infectious disease will cause more deaths
than chronic disease. The origin of this emerging health crisis lies at the interface of medicine
and evolutionary biology. Traditionally, the field of pharmacology in general does not
include considerations from molecular evolution. From the view of classical pharmacology,
penicillin binds to and inhibits penicillin binding proteins that are required for cell wall
biosynthesis. Thus, in the presence of penicillin, bacteria are not able to produce functional
cell walls and therefore die. However, bacteria are not static objects—they evolve. In the
example of penicillin, pathogenic bacteria evolved several different mechanisms that allow
them to become insensitive to penicillin. Thus, the problem of AR is evolutionary in nature.

The question emerges of how to best address this challenge. One approach could be to
develop novel antibiotics. The price tag is $1.5 billion to develop with annual revenue of $50
million, meaning there is little economic incentive for drug development (Plackett, 2020). In
addition, there is every reason to expect that over the course of one- or two-decades, bacteria
will have evolved to become resistant to this new antibiotic. A different approach to find a
more fundamental and definitive solution to the issue of AR is a strategy that is based on
evolutionary considerations. To fight fire with fire, so to speak.

Here we study the feasibility of addressing AR using a global rotation cycle of different
antibiotics, where specific antibiotics would be selectively and exclusively prescribed for a
certain period. The core expectation of this approach is that in the prolonged absence of an
antibiotic, the genes encoding resistance to this antibiotic are useless to a human pathogenic
bacterium and therefore over time will tend to be lost. Furthermore, loss of such genes from a
population of pathogenic bacteria would likely be faster if the unused AR gene imposes a
fitness cost compared to a situation where the presence of the gene is evolutionarily neutral
(zero fitness cost to having or losing the gene). Thus, after a sufficiently long time, the
sensitivity of this antibiotic is restored, allowing it to be effectively clinically useful once
more. Bacteria will then evolve to become resistant to this antibiotic again, and in the
approach explored here one would switch to another effective antibiotic. By implementing a
proper global rotation scheme of antibiotics, one can envision a scheme in which we keep
repeating this slow rotation cycle indefinitely. Bacteria would likely be defenseless against
this evolutionary strategy. The big question in this proposed strategy is as follows: is the loss
of unused AR genes fast enough to make this strategy practical?



To start exploring this question, we studied the evolution of unnecessary genes in
Escherichia coli (E. coli) by evolving this bacterium in the laboratory. In a general sense, this
builds on the long-term laboratory evolution experiment of Richard Lenski, who has been
growing E. coli for over twenty years. The E. coli he grew took a food source (citrate) it
previously could not use and evolved the mechanisms necessary to utilize it (Blount et. al,
2008). Here we focus on the evolutionary process of the loss of unused genes. In general, the
rate at which genes that are not under selective pressure are lost is important for
understanding evolutionary dynamics. If a bacterium were to never retain a temporarily
useless gene, it would lead to a constantly changing genome and the loss of genes that the
organism would need in a fluctuating environment. However, a gene that is not under
selective pressure (i.e., not used) for a prolonged period would be expected to be damaged by
ever-occurring random mutation events. In the case of AR, a resistance trait will become
useless (and may even impose a fitness cost) when the antibiotic is no longer used. If the
bacterium indeed is observed to lose a resistance gene, this will support the possibility of a
global rotation cycle. When reintroducing an antibiotic for clinical use, the bacteria would be
sensitive to the antibiotic. In this approach no new antibiotics would need to be developed,
providing a cost-effective strategy to combat the emergence of AR. A key practical issue is
the rate at which unused AR genes would be lost, which could take a few years to many
centuries.

The core of our experimental strategy consists of two elements:

e We selected gfp, the gene encoding green fluorescent protein (GFP), as an easily
monitored useless gene, and we used E. coli strains containing a gfp gene. Specifically, we
introduced the pGLO plasmid into E. coli. This plasmid contains a gene that confers
resistance to the antibiotic ampicillin (amp), providing a mechanism to force cells to retain
the plasmid, and a gfp gene that is inducible by the addition of the sugar L-arabinose. Thus,
the addition of 0.8% arabinose causes the E. coli cells to turn on the gfp gene leading to the
production of GFP. We expect that the gpf gene should carry a small but measurable fitness
cost, and that this fitness cost will increase somewhat upon induction of the gfp gene with
arabinose.

¢ Based on results published in literature, we anticipate the loss of useless genes to
occur on a time scale of ~10 years, which is outside the range of almost all laboratory
experiments (the Lenski experiment being the exception). To accelerate this process, we
grow E. coli cells producing GFP in the presence of mutagenic agents at a range of
concentrations. The idea is that mutagenic agents increase mutation frequency, thus
“speeding up” evolutionary time: the higher the (non-lethal) mutagen concentration, the
faster the expected rate of loss of the gfp gene. Extrapolating of such experimental data to



zero mutagen concentration would then yield a first estimate of the rate of loss of useless
genes, including — presumably — unused antibiotics resistance genes.

2. Experimental Details
Preparing Competent E. coli MG1655 cells

Wild type (WT) E. coli MG1655 (strain provided by Randy Morgenstein, PhD) was
chemically transformed with both purified pGLO and pBAD18 plasmid. pGLO was provided
by Gary Marley, PhD and pBAD18 was purchased from Novopro Labs. The pGLO plasmid
contains an amp resistance gene and a gfp gene under the control of an arabinose-inducible
promoter (Appendix A). The pBAD18 plasmid does not contain the gfp gene and is used here
as a control. For transformation, first competent cells of E. coli MG1655 were prepared. 5
mL of Luria-Bertani (LB) Broth was inoculated with E. coli and shaken at 220 RPM
overnight at 37 °C. 0.05 mL of the overnight culture was transferred into 99mL of LB. It was
shaken at 220 RPM until ODsoo of 0.5-0.6 was reached, where the cells are in log phase
(actively growing). The culture was split into two 50 mL falcon tubes and were placed in an
ice bath for 20 minutes. They were centrifuged for 5 minutes at 4500 RPM at 4°C. The
supernatant was discarded. The pellet was resuspended in 20 mL of chilled 100 mM CaCl.
and was incubated on ice for one hour. The centrifugation step was repeated, and the
supernatant was discarded. Next, 2mL of chilled 85 mM CaCl. with 15% glycerol was added
to the pellet. Upon resuspension, the cells were aliquoted and frozen at -80°C (Chen, 2021).

Transformation

Next, the plasmid pGLO and pBAD18 was transformed into the competent E. coli
cells. First, the cells were thawed on ice. Then, 2 pL of chilled plasmid solution was
transferred to 50 puL of E. coli cells in a microcentrifuge tube. The tube was placed on ice for
30 minutes then heat shocked for 30 seconds at 42°C. 950 pL of Super Optimal Broth with
Catabolite Repression (SOC) media was added to the tube. The tube was shaken at 250 RPM
for one hour at 37 °C. LB plates with amp were warmed, and then 100 pL of cell solution
was spread plated onto the plate to select for amp-resistant transformants. After 12-16 hours,
only colonies of E. coli that were successfully transformed remained (NEB, n.d.).
Sequencing confirmed the transformation of the plasmid into E. coli.

Measuring manual Growth Curves

The first method of growth curve measurements was to manually take samples from
growing cultures and use these samples to measure cell density at 600 nm. Starting with a
lower accuracy method, these curves were intended to detect a potential deficit in fitness cost
and subsequent growth deficit that the pGLO plasmid might confer to E. coli. First, minimal
media was prepared according to the Rathod et al., (2012) protocol with modifications to

4



histidine and tyrosine. A preculture of WT E. coli, E. coli transformed with pBAD18
(referred to as pPBAD), and E. coli with pGLO (referred to as pGLO), were prepared by
adding one loopful of frozen stock into 20 mL of minimal media (MM) in a falcon tube.
These tubes were prepared 16 hours prior to the initial reading. Amp was added to the tubes
containing pBAD and pGLO to achieve a final amp concentration of 100 pg/mL that is
selective for a high copy number plasmid (Openwetware, 2008). A tube of MM + amp and
MM (no amp) were used as controls to ensure proper media preparation. The tubes were then
allowed to shake at 220 RPM for 16 hours. The next morning, the spectrophotometer
(Hewlett Packard) was blanked with MM + amp. The ODeoo of the three pre-culture tubes
were then measured. To prepare the main culture, the ODgoo of the pre-cultures were
normalized to one, or 10 uL of bacteria in 250 pL of media. This improves accuracy of the
read- especially for dense cultures. The corrected volume of pre-culture was then transferred
to 100 mL of fresh MM + amp for pBAD and three pGLO flasks (one for pGLO, and two for
pGLO induction), and to fresh MM for E. coli. For one of the pGLO flasks, 1 mL of 0.8% L-
arabinose (Sigma-Aldrich) was immediately added to achieve a final concentration of 0.8%.
This concentration is typical for induction and was supported by testing it against 0.2% L-
arabinose. The flasks were then covered with aluminum foil and placed on the shaker under
the same conditions as the pre-culture flasks. After thirty minutes of shaking, the ODgoo was
measured for each flask. Once the pGLO + amp (third pGLO flask) reached log phase of
growth, 1 mL of 20% L-arabinose was added to achieve a final concentration of 0.8%. OD
measurements were repeated every 30 minutes until the culture stopped growing, which
occurred after approximately 8-9 hours of growth. In another set of experiments, this was
replicated by taking measurements every hour rather than every thirty minutes.

Automated Growth Curves in 96-well plates with combined ODgsoo and GFP fluorescence
detection

The second method to measure E. coli growth curves was through the usage of a 96-well
plate reader (Biotek Synergy H1). The pre-cultures were prepared using the same pre-culture
procedure outlined above, but with 125 mL of Minimal Media and amp at a final
concentration of 100 pg/mL. The following morning at 8:00 AM, the ODsoo value was
measured with the spectrophotometer (Hewlett Packard) for each flask. The ODsoo was
normalized to a value of one, and the necessary culture volume was added to the
corresponding media in the 96-well plate (Fisherbrand Tissue Culture Plate). There were two
types of experiments being performed: single well and competition. Single well included WT
E. coli,pBADI8, and pGLO + 0.8% Arab (with/without amp). Competition included pGLO
+ pBAD + 0.8% Arab (with/without amp) and pGLO + pBAD + amp. Amp with Arab
selected for both plasmids. We predicted the additional gfp gene in pGLO hindered its fitness
and placed it at an evolutionary disadvantage, making it advantageous to lose the plasmid.
Amp (no arab) reduced the fitness cost in that it equally selected for both plasmids, where
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pGLO was not induced. We predicted that there is still a slight fitness cost in gene
maintenance that would place it at an evolutionary disadvantage. Arab (no amp) eliminated
the selection pressure for both plasmids making it possible to lose either plasmid to increase
fitness-but induced pGLO would be more costly than pBAD. Each condition was performed
using a set of five biological replicates, one per well. Under sterile conditions in the hood, the
96-well plate was prepared according to Appendix B. The plate was read every 12 hours then
transferred to a new plate. The plate reader was set to read optical density at a wavelength of
600 nm and fluorescence emission at 550 nm using an excitation wavelength of 395 nm.
After 12 hours- or 6.7 generations of growth, 2.5 uL (100x dilution) of each culture was
transferred from the old 96-well plate into a new one (Lenski, 2017). This process was
repeated for a total of 207 generations for the long-term evolution experiment (LTEE) 1 and
154.1 generations for LTEE 2.

Automated long-term mutagenesis experiments in the presence of Mutagenic Agents

To meet experimental strategy one, we repeated the methods outlined in the section
above, but using two different mutagenic agents. We used Methylnitronitrosoguanidine
(MNNG)-purchased from Medchemexpress- and Acridine Orange (AO)-purchased from
Sigma Aldrich. MNNG is an alkylating agent and AO is an intercalating agent. Samples were
grown in a concentration range of 0-114 pg/ml AO and 0-45 pg/ml MNNG. Loosely, the
concentration values suggested by short-term AO mutagen experiment literature agreed with
experimental data (Arshad, 2006) but was too high of a concentration of MNNG for long
term culture growth (Arshad, 2010). 0.2% AO stock was prepared in water and MNNG was
prepared at a concentration of 1 mg/mL in 100 mM Citrate buffer, pH 5.5. We selected
pGLO + Arab 0.8% + amp and pGLO + Arab 0.8% for this experiment. The presence of amp
maintains the selection pressure for the presence of the pGLO plasmid. In the absence of
amp, in principle the E. coli cells can lose the plasmid in its entirety. MNNG and AO were
loaded into their respective plates as described by Appendix 3.

3. Results
Measurement of E. coli growth curves to detect possible GFP-induced fitness costs

We first measured (manual) growth curves of E. coli MG1655 grown in the widely used
growth medium Luria Broth. Initially we performed these experiments in 100mL cultures.
We then decided to switch to measuring growth curves in 96 well-plates to improve accuracy
and throughput. We observed a biphasic growth pattern in LB, where cell density rapidly
increased to an ODgoo of approximately 1, and then more slowly increased to an OD value
near 1.6 (Fig. 1). To achieve a simpler growth pattern, we switched to a defined growth
medium, and indeed observed a pattern with a single growth phase. Using this medium, we
tested if the induction of GFP production by the addition of arabinose caused a sufficient
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fitness cost to be detectable in the measured growth curves. The data in Figure 1 indicate that
the presence of the pGLO plasmid (induced with arabinose or not) did not impose a fitness
cost noticeable in the growth curves. This result suggests that the measurement of such
growth curves in not sufficient to measure the presumably modest reduction in fitness caused
by GFP production. We therefore explored direct competition experiments, in which cultures
containing mixtures of cells containing different plasmids as a more sensitive method for
detecting modest changes in fitness.

Automated Growth Curve
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Figure 1: Probing if a classical growth curve can detect fitness cost of inducing gfp gene
Growth Curve measured in 96-well plate. Growth curves measured for E. coli in LB (light
blue), pPBAD (orange), pGLO (gray), pGLO +0.8% Arab (yellow), and pGLO + 0.2% Arab
(dark blue) in MM. Data points are average values of five biological replicates. Error bars
indicate one standard deviation.

LTEE direct competition experiments in 96-well plates

We performed competition experiments in 96-well plates to obtain accurate readings of
ODs0o measurements, while also allowing measurements of GFP. To achieve these LTEE
competition experiments, we grew E. coli in 96- well plates and diluted the resulting cultures
in fresh growth media. By repeating this process, we obtained data for 150 to 200 generations
of E. coli cell division. In total, we performed two consecutive replicates of LTEE
competition experiments to test for experimental reproducibility.

We noticed that the cell density at the end of the first growth cycle (first data point in
Fig. 2) was slightly lower that the remaining data. We attribute this to inoculation of the
plates with a somewhat small number of bacteria. We did not observe (and did not expect)
changes in OD caused by the presence or induction of the gfp gene. However, unexpectedly,
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we observed a quite substantial difference in the OD of cultures grown in the presence of
amp versus cultures in the absence of amp (Fig. 2): Cultures grown in the absence of amp
were systematically one OD unit higher than in the presence of amp. Figure 2 combines data
from LTEE experimental run 1 and 2, indicating the reproducibility of the OD difference
between amp and no amp. The data and error bars for the data obtained from the two LTEE
experiments separately are very similar to those depicted in Fig. 2. Unexpectedly, the data in
Fig. 2 display a degree of semi-sinusoidal fluctuations in culture OD that remain to be
explained.

Average ODesoo - LTEE 1 & 2

0 50 100 150

Number of Generations

Figure 2: Using ODgoo readings to establish LTEE experiment over 160 generations in 96-
well plates. The top three curves near OD 2.2 display data for E. coli (light blue), pGLO +
0.8% Arab (no amp) (dark blue), and pGLO + pBAD + 0.8% Arab (light red). The lower
curves near OD 1.5 display data for pPBAD + amp (orange), pGLO + amp (gray), pGLO +
0.8% Arab + amp (yellow), pGLO + pBAD + amp (green), and pGLO + pBAD + 0.8% Arab
+ amp (darkest blue).

To examine how the presence of amp itself reduced the OD values, we performed a
simple stain using safranin of E. coli (no amp) and pGLO (amp). E. coli (left) shows
clumping in the dense red splotches. pGLO (right) is much lighter-meaning it is less dense
and therefore took up less stain- and is less clumped. These results indicate that ampicillin
may cause cellular clumping that scatters light which increases the measured ODsgo.



Figure 3: Safranin simple stain of E. coli grown in absence of amp (left) and pGLO grown
with amp (right) under 10x magnification. Note the cellular clumping in the absence of amp.

In the direct competition experiments, E. coli cells containing the empty plasmid vector
pBAD were grown in the presence of E. coli cells containing the gfp-encoding plasmid
pGLO. In order to quantify the average GFP content of cells in these mixed cultures, we
divided the observed fluorescence intensity by the measured ODgoo. The rational for this
approach is that observed fluorescence intensity indicates the GFP content of cells and ODsoo
indicates the number of cells. Thus, fluorescence / ODsggo is a measure for how much GFP an
average cell contains. In the case that cells containing the pGLO plasmid are out-competed
by the cells containing the pBAD plasmid, this would result in a reduction in the value of
fluorescence / ODeoo. The data in Fig. 4 indicates that for early generations in the experiment
the highest values are observed for the gfp-inducing conditions pGLO + pBAD + amp +
arabinose compared to pGLO + pBAD + arabinose or pGLO + pBAD + amp. In addition, we
observed that all three trend lines have a negative slope, indicating a gradual loss of GFP
over the course of this 150-generation experiment. This is result is consistent with an
interpretation that the pBAD E. coli strain is out-competing the pGLO E. coli strain.



Average Fluorescence / ODsoo - LTEE 1 & 2
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Figure 4. LTEE competition experiments over 130 generations in 96-well plates. The three
depicted competition experiments are pGLO + pBAD + amp (green), pGLO + pBAD + 0.8%
Arab + amp (dark blue), and pGLO + pBAD + 0.8% Arab (light red). Trend lines are drawn
to guide the eye. Note the vertical axis is logarithmic. Error bars were calculated from two
independent experiments and five biological replicates per experiment.

It should be noted that the starting point of the pGLO + pBAD + amp + arabinose and
pGLO + pBAD + arabinose mixed cultures was predicted to coincide, considering they were
inoculated from the same preculture sources. However, the culture containing amp had a
somewhat higher GFP value. The discrepancy between the first reading- after 6.7
generations- may be corrected by a time zero measurement of the 96-well plate if
competition is already ongoing during the first 6.7 generations. We also noted that, similar to
the data in Figure two, all the readings behaved in a semi-sinusoidal manner rather than
linear as a function of time. The time dependence of the fluorescence / ODgoo values
generally follows a pattern where the values appear to peak during the same generations.
This observation suggests a small systematic error in the experiment from an unknown
source.

To establish the dynamic range of the OD and fluorescence values expected in the
experiments, we averaged these values over 160 generations for five conditions: E. coli,
pBAD + amp, pGLO + amp, pGLO + 0.8% Arab + amp, pGLO + 0.8% Arab (no amp), and
water. For fluorescence values, we found a background count of water ~ 75 Relative
Fluorescence Units (RFU). E. coli, pPBAD, and uninduced pGLO with amp showed a
background fluorescence level ~500 RFU. Induction of pGLO in the presence of amp yielded
much higher value of ~4250 RFU. Interestingly, pGLO + 0.8% Arab in the absence of amp
had a substantially lower value ~1200 RFU which we tentatively attribute to the fairly rapid
loss of the plasmid in the absence of amp. Corresponding values for ODgoo and fluorescence /
ODeoo are also depicted in figure 5 to help interpret results from the LTEE experiments.
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Figure 5: Determining Background levels and range of Fluorescence (Panel A-top left), OD
(Panel B-right), and Fluorescence / ODsoo (Panel C-bottom left) values for the measurement
conditions used here. Spectrophotometric backgrounds for fluorescence and ODeoo values
were found to be ~ 75 RFU and 0.3, respectively, based on wells containing water (green
bars). Background levels of GFP fluorescence for E. coli, pPBAD, and uninduced pGLO were
~500 RFU (light blue, dark orange and gray respectively). Upon induction with arabinose,
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GFP fluorescence increased to ~4250 (light orange). Induction of pGLO in absence of amp
caused only a small increase in average fluorescence to ~ 1200 RFU. All cultures without
amp had an ODsoo near 2, while the presence of amp reduced the OD to ~1.3.

LTEE experiments in the presence of mutagenic agents

The previous section investigated competition between cultures containing a mixture of
two E. coli strains. As a next step we examined if spontaneous evolutionary loss of GFP
fluorescence from a pure culture can be observed in our LTEE experiments. To enhance the
rate of gene loss, we also performed experiments in the presence of various concentrations of
two different mutagenic agents: Acridine Orange (AO) and Methylnitronitrosoguanidine
(MNNG). While AO causes mutations by acting as an agent that intercalates into the DNA
double helix, MNNG is a DNA alkylating agent (Armstrong et al., 1970, Kumari et al.,
2021).

First, we measured patterns in GFP fluorescence over 160 generations of E. coli in the
absence of mutagens (Fig. 6). At the beginning of this LTEE experiment, we observed that
the E. coli cultures containing pGLO in the presence of arabinose displayed fluorescence
level at ~ 5000 RFU (Fig. 5). For the other cultures, fluorescence was ~500 RFU, which is
near expected levels (Fig. 5). In the presence of amp, we detected a gradual decrease in GFP
levels, consistent with gradual loss of a functional gfp gene. In contrast, in the absence of
amp, there appears to be a rapid drop in GFP levels, which we tentatively attribute to loss of
the entire plasmid.

Mutagenesis of bacteria with AO and MNNG by incubation of the cells in these agents
for a limited amount of time before growing the mutated cells have been reported (Arshad,
2010, Foster, 1991, Coulondre & Miller, 1977). However, little information has been
reported on long-term growth of E. coli in the presence of these two agent. We therefore first
set out to measure what range of concentrations of AO and MNNG allowed long-term
growth of E. coli MG1655.
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Figure 6: Investigating evolutionary loss of the gfp gene in the absence of mutagens. ODsgoo
and fluorescence values were measured for 160 generations of E. coli cells for the following
cultures: E. coli (blue), pBAD (orange), pGLO + amp (gray), pGLO + 0.8% Arab + amp
(orange), pGLO + 0.8% Arab (no amp) (dark blue). Trend lines were added to help guide the
eye.

Figure 7A displays the averaged ODgoo of E coli cultures grown over 150 generations as
a function of AO concentration. We predicted that as the concentration of AO increased, the
OD would decrease because of the damaging effects of excessive mutations. From 0-20
pg/mL AO, the ODsoo was essentially unaffected. Over this concentration range, induced
pGLO with no ampicillin grew to an ODegoo ~1 unit higher, consistent with the data depicted
above in Fig. 2. However, unexpectedly, from 20-114 pg/mL AO, the difference in OD
readings disappeared. The fluorescence data for AO is not depicted here because we found
that under our experimental conditions the spectroscopic and fluorescence properties of this
agent unexpectedly interfered with the detection of GFP fluorescence. While literature data
indicated that the excitation and emission value of 395, 550 nm would be acceptable, we
tested the concentration gradient in MM + Amp and found a positive correlation between
fluorescence counts and AO concentration (Srivastava et al., 2008).
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Figure 7: Effect of multiple mutagen concentrations on OD values averaged over 160
generations were determined for AO (Panel A-top left) and MNNG (Panel B-top right).

When we performed a similar analysis for MNNG, averaging the ODsoo values across all
generations for each concentration of mutagenic agent produced similar results (Figure 7B).
In this case, up to a concentration of 45 pg/mL MNNG, pGLO grown in media without amp
consistently grew ~ 1 OD unit higher than the same pGLO grown in the presence of amp. At
high concentrations, pGLO with/without amp grown in MNNG experienced significant
multi-generational dips in OD throughout the LTEE-indicating that they struggled to grow.

Next, we examined trends in cellular GFP content during our LTEE experiments, and
how these trends were affected by MNNG concentration. Figure 8 displays fluorescence /
OD for a 160-generation experiment. The data indicates gradual disruption of the gfp gene
for all three MNNG concentrations. Future experiments are needed to determine if the gene
is disrupted at a faster rate if the concentration of mutagen is increased.
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Figure 8: Initial results on the effect of MNNG on evolutionary loss of functional gfp gene in
the presence of amp. Depicted are pGLO + 0.8% Arab + amp in the presence of 0 (blue), 25

(light red), and 45 (gray) pg/mL MNNG. Note vertical axis is logarithmic. Trendlines added
to guide the eye.

4. Discussion and Conclusions

Observations supporting the detection of evolutionary loss of GFP during laboratory based
LTEE experiments

We performed two types of LTEE experiments: competition between two strains and
loss of GFP fluorescence over evolutionary time in a single strain. Data in Fig. 4 indicates
that pBAD is outcompeting pGLO over the course of 150 generations. This observation has
potential relevance for the proposed antibiotic rotation strategy. It shows that a bacterial
strain containing an unused gene, such as gfp, and by extension an AR gene, will tend to be
out-competed fairly quickly by a strain lacking that gene.

In our LTEE gfp gene loss experiments, our data indicated that even in the absence of
mutagens, there was a substantial decrease in GFP production over the course of 150
generations (Fig. 6). In the absence of amp to enforce the retention of the plasmid, the loss of
GFP production appeared to be much faster -consistent with rapid loss of the entire plasmid.
Future experiments in which cells are plated with and without amp can help confirm this
interpretation. At this point, we did not observe a faster loss of GFP production over 150
generations in the presence of MNNG (Fig. 8). Future measurements under improved
experimental conditions (see below) may resolve this issue.

Novel and unexpected results

An element of novelty to the mutagen experiment is the process of long-term exposure
to mutagen. Most literature that refers to mutagen experimentation exposes the sample to
single or short-term mutagenic agent. When combing through literature to determine an
estimation of what concentration to use, it was difficult to find data that accurately translated
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into the experiment. Arshad (2006) found that 50 pg/mL of AO was the highest
concentration permissible for growth, whereas we were able to grow it in 114 pg/mL.

The difference in OD between amp and no amp was seen in all experiments. We
attribute this to changes in the degree of clumping together of cells under some conditions,
leading to a higher observed OD while the number of cells likely stays the same.

Improving experimental conditions for LTEE experiments

There are several improvements to the current experimental design to be made. After 12
hours in the incubator, the cultures in each well of the 96-well plate appeared to have
partially evaporated. We surrounded the samples with water wells, which did not prevent
evaporation as much as we expected. In the future, we plan to use breathable film rather than
a lid to decrease evaporation and improve oxygen interface. 12 hours of growth translates to
6.7 generations of growth. Meaning, it takes weeks of twice daily measurements to reach the
desired number of generations. To increase the number of generations per twelve hours, we
plan to dilute the old plate before inoculating the new plate. Through a three-series dilution,
we could achieve 200 generations in six days compared to 15. However, there is a risk of
founder effect playing a role in evolutionary dynamics as we narrow the amount of genetic
diversity through diluting.

AO and MNNG represent only two mechanisms of mutation. In the future, we plan to
use 2-Aminopurine (AP) and 4-Nitroquinoline 1-oxide (4QNQ) as mutagens. AP is a base
analog mutator and 4QNQ causes the formation of bulky purine adducts. We can then
compare all four mutagenic agents to understand if the experimental conditions respond
differently to different mechanisms of mutation.

The fluorescence data for AO had to be discarded because there was a large residual
fluorescence caused by the mutagen. We attempted to subtract it out from the already
obtained fluorescence data, but at higher concentrations it was too large to consider the result
accurate, resulting in some instances of negative fluorescence after subtraction. In the future,
we plan on adjusting the emission and excitation wavelengths to exclude the fluorescence
caused by AO.

Moving from detecting evolutionary loss of GFP to loss of AR genes

The methods tested and development tested here based on automated growth curves are
beneficial moving forward into the next phase of experimentation: using AR genes rather
than gfp. Rather than using fluorescence as the detector, this methodology can be translated
by plating onto LB with/without amp to detect gene loss.
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Development of the concept of using a global antibiotics rotation scheme

While we can label a gene nonessential, this label is not straightforward and may be
used naively. Schulz zur Wiesch et al., (2010) found that the fitness cost of a resistance
mutation can be compensated for by secondary site mutations, making the net fitness cost
zero. From this concept, it may be said that a global rotation scheme is impossible because
rather than losing the resistance gene over time, the bacteria would compensate for it and
keep its genome intact. However, the concept explored here allows for the idea to proceed
even for a net zero fitness cost of having unused AR genes. The on-rate for resistance
involves a rare fitness enhancing, strong selection event affected by genetic diversity and
natural selection. Humans have also artificially increased the timescale through the
heightened use of non-necessary antibiotic prescriptions and use of antibiotics in the natural
environment-through the livestock industry and unintentional runoff into surrounding
landscape. However, the off-rate is natural over time because of the occurrence of (frequent)
random mutations-one or more of which will eventually destroy the resistance mutation.
While neutral, these mutations are not maintained through selective pressures. Over time, net
zero mutations will eventually become negative. Whole genome sequencing of bacteria
generally does not find a large number of pseudogenes, meaning that there is fairly rapid
turnover-both in and out- of genes in bacteria. Meaning, neutral mutations that are not
positive-and would therefore be maintained by selection pressure-or negative-and would
therefore be removed through evolution-will eventually be lost in the rapid turnover of
pseudogenes.

5.  Summary

AR increasingly threatens to reverse the major medical progress that was made possible
by the discovery of antibiotics-unless we quickly find a solution. Drug development to
identify novel antibiotics, while important, in the long term is likely to be insufficient
because of continuing bacterial evolution of new AR genes and mechanisms. Using our
understanding of evolution, here we propose a potential solution: a global rotation scheme of
exclusively and selectively prescribed antibiotics. The basic biological question underlying
this solution is as follows: how do cells handle non-essential genes-such as AR genes when
the antibiotic it is resistant to is stopped. Here we approach this question using the gfp gene
in pGLO as an unselected gene. To measure evolutionary loss of the gfp gene from E. coli,
we performed both competition experiments and gene loss experiments over ~200 bacterial
generations. We competed pGLO and pBAD (same as pGLO but without gfp) cells against
each other with/without amp, the antibiotics that selects for the presence of the plasmids-and
with/without arabinose-the molecule that induces transcription of the gfp gene encoded in the
pGLO plasmid. The off-rate in which AR is lost is a pressing question that may limit the
applicability of a possible global antibiotics rotation scheme. To initiate studies of this rate
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under reasonable time constraints, we attempted to speed up the evolutionary “clock”
through the introduction of mutagenic agents. From these experiments, we observed that the
growth curves of the LTEE experiments were not smoothly linear in time. Measuring ODsoo
and fluorescence, the resulting data was semi-sinusoidal over time. One possible explanation
for this phenomenon is different degrees of condensation on the lid of the plate. The plate
reader reads with the lid on, meaning that condensation could affect the readings. Therefore,
in future experiments, the lid will be wiped dry with a sterile cloth.

Overall, the findings reported here can provide a framework and experimental methods
for continued research into the feasibility of a global rotation scale. We plan to continue this
research at OSU in 2023 and 2024 with support from a Wentz grant and take it beyond a
model of non-essentiality and onto clinical relevance-by using AR as the non-essential gene
and using plating rather than fluorescence to measure gene loss.

6. Appendices

Appendices A: pGLO (left) and pPBAD18 (right) plasmid maps.
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LTEE Plate Layout
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Appendices B: LTEE Plate layout pipetting scheme for inoculating single-well and
competition evolution experiments.

Mutagen: AQ & MNNG Plate Layout
1 2 3 4

5
‘Orange | A
PGLO+ PGIO+ | pGLO+
B 0.8%0Arab| 0. 0.8% Arab| 0.8% drab|0.
+amp - amp +amp
PGLO+ | pGLO PGLO+ | pGLO+
D 0.8% Arab|0. 0.8% Arab|0.8% Arab|0.
(no amp) (no amp) | (o amp)
pGLO+ pGIO+ | pGLO+
F 0.8% Arab| 0. 0.8% Arab|0.8% Arab|0.
+amp + amp + amp
PGLO + pGLO+ | pGLO+
H 0.8% Arab|0.8% Arab|0. 0.8% Arab|0.8% Arab|0.
(noamp) | (noamp) (noamp) | (1o amp)
AO
concentration /] 10 23
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|Arabinose (nL)| 10 10 10
CulmreQL)| 2.5 | 235 | 25
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M“‘“@};‘)"“'“ 2375 | 235 |231.75| 2285 m 222 |218.75| 2155 |212.25| 2095
MNNG
s Y 2.5 5 15 25
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Appendices C: LTEE Plate layout with mutagen pipetting scheme for inoculating pGLO +
0.8% Arab with and without amp.
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ABSTRACT

Cystic fibrosis (CF) is a lethal genetic disease, characterized by polymicrobial lung infections
that are near impossible to treat due to the high level of antibiotic resistance of the pathogens.
Though the multi-drug resistance of pathogens has been previously documented, the
mechanisms for antibiotic resistance acquisition are still largely unknown. A prior screen of
CF sputa identified the most resistant and multidrug-resistant bacterial candidates. This project
aimed to identify the MICs and MBCs against antibiotics used in CF treatment at the time of
sample collection for several bacterial isolates with subsequent genome sequencing to
determine the genetic basis for their resistance mechanisms. Each isolate was tested in an MIC
broth dilution assay with various concentrations of each antibiotic to determine the minimum
amount needed to inhibit the growth of each isolate, then plated to determine the minimum
concentration to kill the isolate. Genomic DNA was isolated and sequenced with the genomes
assembled by external company, SeqCenter. With collaboration from a bioinformatics
specialist, the assembled genomes were searched for genes known to confer resistance
mechanisms to the antibiotics screened for. Results indicate that resistant microbes including
Staphylococcus aureus and fungi are able to persist in CF lung despite aggressive antibiotic
treatment.

1. Introduction

The lethal genetic disease, cystic fibrosis (CF), is caused by a failure of a chloride
channel found in epithelial cells, the CF transmembrane conductance regulator (CFTR)
(Gadsby, Vergani and Csanady, 2006). The eventual buildup of a thick mucus layer due to the
dysfunctional CFTR becomes a favorable environment for bacterial, fungal, and viral
colonization, which has negative impacts on the quality of life for patients (Kiedrowski and
Bomberger, 2018). Even with intense antibiotic treatment, it is nearly impossible to clear the
infection in CF lungs, which limits the treatment strategies for healthcare teams. One of the
major reasons why infections are so difficult to treat is the high level of antibiotic resistance,
and many times multi-drug resistance, of the pathogens. Pseudomonas aeruginosa, a
common and deadly bacillus that colonizes the lungs of CF patients, is well-known for both
its intrinsic and acquired antibiotic resistance (Banerjee and Stableforth, 2000). However,
there are other bacteria and fungi within the CF lung that can also function as pathogens and
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contribute to antibiotic resistance. The presence of bacteria like Staphylococcus aureus and
Burkholderia, and fungi such as Candida albicans and Aspergillus fumigatus often colonize
CF lungs (Magee et al., 2021).

Many of the bacteria found in the CF lung have both intrinsic and acquired resistance
mechanisms, rendering the standard therapeutic regimens inadequate to fight repeated
infection. There are several classes of antibiotics available for CF patients, each with a
different mode of action and target in the bacterial cell. The most used antibiotics are
extended-spectrum penicillins, fluoroquinolones, polymyxins, monobactams,
aminoglycosides, and cephalosporins. The standard first line treatment is a combination of an
aminoglycoside and a B-lactam (Banerjee and Stableforth, 2000).

There is growing evidence that available treatment strategies are unable to completely
eradicate pathogens in the CF lungs, and that standard dosing schemes could increase the
presence of antimicrobial resistance (AMR). For patients with chronic infection, treatment
methods are suppressive rather than curative, relying on long-term use of antibiotics, which
further increases the risk of AMR (Flume et al, 2018). This risk makes it vital that the correct
concentration of antibiotics is administered.

The goal of this study was to characterize the level of antibiotic resistance of previously
identified resistant microbes isolated from CF patients’ sputa, then explore the genetic basis
for their resistance via genome sequencing. Our hope is that by determining the MICs against
clinically relevant antibiotics in vitro, treatment strategies for CF patients can be improved in
vivo. Four antibiotics were selected based on the treatment regimens at the time of sample
collection, 2013 and 2014.

Two extended-spectrum penicillins were chosen, Ticarcillin and Oxacillin, as penicillins
are usually the initial antibiotic used to treat moderate-to-severe infections. These antibiotics
are -lactams, which prevent cross-linking of peptidoglycan in bacteria cell wall synthesis
(Kapoor, Saigal and Elongavan, 2017). The third drug selected was Ciprofloxacin, part of the
fluroquinolone class of antibiotics, which is believed to act by targeting DNA gyrase
(topoisomerase II) and topoisomerase IV, which inhibits the DNA repair mechanisms in
bacteria (Hurley and Smyth, 2012). The final drug selected was Polymyxin B Sulfate.
Though there is high clinical efficacy, polymyxins are considered a last-line drug due to their
neurotoxic and nephrotoxic effects. Polymyxins interact with the phospholipids of the
bacterial cell membrane, damaging its integrity (Banerjee and Stableforth, 2000).

2. Experimental Details

CF patient sputa was previously collected in 2013 and 2014 from CF clinic at OU
Children’s Hospital in Oklahoma City and screened to identify microbes that had high levels
of antibiotic resistance to any of the chosen antibiotics, resulting in twelve clinical isolates.
Pathogens commonly found in CF lungs are known to be multi-drug resistant (MDR)

2



(George, Jones, and Middleton, 2009), hence for each isolate, we wanted to characterize the
level of antibiotic resistance against clinically relevant antibiotics. The antibiotics used were
Ciprofloxacin, Polymyxin B Sulfate, Oxacillin and Ticarcillin.

Identities of the isolates were kept hidden until later stages of the study to ensure
minimal bias. The twelve isolates were removed from -80°C cryostorage and streaked onto a
Luria Broth (LB) agar plate, using Fisher BioReagents™ Microbiology Media: LB Broth,
Miller, as well as IBI™ Scientific Agar. Plates were incubated at 37°C for 24 h. Then a
colony was scraped off each plate and transferred to LB broth, and cultures were grown
overnight at 37°C in an incubator shaker.

Resistance of each strain to the chosen antibiotics was characterized by the Minimum
Inhibitory Concentration (MIC) assay. MICs were determined using a microdilution method
in 96-well microtiter plates. With LB broth as a reference, samples were normalized to an
optical density of 0.06 when read at 600 nm with an Eppendorf BioSpectrometer® basic
(Eppendorf North America, Enfield, CT, USA). Decreasing concentrations of each antibiotic
were added to wells with Mueller Hinton broth (MHB) and the suspension with the bacterial
isolates; the methodology is shown in Figure 1. All experiments were set up in triplicate and
repeated three times. The positive control was wells with bacteria and MHB, while the
negative control contained the antibiotic used and MHB. Following 24 h growth at 37°C,
MICs, which represented the lowest concentration of each antibiotic that was required to
inhibit visible growth, were obtained (Rodriguez-Melcon et al., 2021).

;’\ Check for colonies to
determine MBC

concentration.
; = ?"7"] L“i—‘: %"

MIC and MBC assays
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Figure 1: MIC and MBC Assay Methodology. Decreased concentrations of each antibiotic
were added to wells with MHB and bacteria, then allowed to incubate overnight at 37°C.
MICs were recorded as the lowest concentration that yielded visible growth, then MBCs
were determined after stamping onto an MHB plate. Adapted from ©Emery Pharma.

Once MICs were recorded, the contents of the microtiter plate were used to determine
the minimum bactericidal concentration (MBC). This value represents the minimum



concentration of antibiotic necessary to visibly inactivate more than 99.99% of the bacteria
present on a MHB plate (Rodriguez-Melcon et al., 2021). Each well from the 96-well plate
was stamped onto MHB plate using a 48-pin replica plating stamper, shown in Figure 1.
After 24 h of incubation at 37°C, the MBC was recorded. The lowest concentration that
displayed no growth, an example given in Figure 2, was recorded as the MBC value (Hasanin
et al., 2021).

-

ABCDEFG

Figure 2: Visual MBC Plate. A- Figure 3: Agarose gel electrophoresis confirming the
C=7314A, D-F=5814F PM#5. presence and integrity of isolated genomic DNA. A=1 kb
DNA ladder, B=6514A, C=7314A, D=3614A, E=3614C#21,
F=5814F PM#5, G=3614C#17

Total genomic DNA from all strains were obtained using a ZR Fungal/Bacterial DNA
Miniprep™ Kit (Zymo Research Corporation, Irvine, CA, USA). To ensure sufficient
concentration and purity, the DNA was checked on a NanoDrop™ One® Microvolume UV-
Vis Spectrophotometer. (Thermo Fisher Scientific, Waltham, MA, USA). Using a 0.8% gel
with 1X TEA, we performed gel electrophoresis with a 1kb ladder for comparison to further
confirm the integrity and amount of DNA, shown in Figure 3. The extracted DNA of the
twelve strains was sent to the external company, SeqCenter (Pittsburg, PA, USA), for
sequencing. Upon receiving the genetic information, we collaborated with a bioinformatics
specialist to confirm the presence of key genes that have been shown to confer antibiotic
resistance in the bacterial isolates.

Isolating the plasmids from each sample was attempted using a ZR Plasmid Miniprep™-
Classic Kit (Zymo Research Corporation, Irvine, CA, USA), but plasmids were not detected
when checked on a 0.8% agarose gel. We then used a combination of 2X Cracking Buffer (1
M Tris-HCL, 20% SDS, 0.5M EDTA, sucrose) and lysozyme to breakdown the bacterial cell
wall to allow for extraction of plasmids. However, bacterial plasmids were still not detected.



3. Results

MICs and MBCs were determined to establish the multi-drug nature of the pathogens
found in the lungs of the CF patients. As seen in Table 1, the twelve isolates were found to
have different resistance profiles. According to the 2021 Performance Standards for
Antimicrobial Susceptibility Testing, the MIC breakpoint for S. aureus resistance against
Ciprofloxacin is >4pg/mL. Isolates 5814F PM#1, 5814F PM#5, 61214B#2, 61214B, 6514A,
7314A, 8714C had MIC values above the breakpoint, and so are classified as resistant
(Weinstein and Clinical and Laboratory Standards Institute, 2021). For Oxacillin, the S. aureus
MIC breakpoint is >4pg/mL, and isolates 5814F PM#1, 5814F PM#5, 61214B#2, 61214B,
6514A, 7314A, 8714C have MICs above this value, meaning they are resistant to Oxacillin. S.
aureus MIC breakpoint for Ticarcillin is >128ug/mL. Based upon our findings, isolates S814F
PM#1, 5814F PM#5, 61214B#2, 61214B, 6514A, 7314A, 8714C are classified as resistant.

Isolates 3614A, 3614C#17, 3614C#21, 5813E and 5814B were found to be mixed or
fungal cultures (Table 2), so their antibiotic resistance cannot be attributed to one organism.
Therefore, the discussion will focus on only the pure isolates.

Table 1: MIC and MBC values for clinical isolates.

Antibiotics
Stra;n D CIPR OXA PM B TIC
MIC MBC | MIC | MBC | MIC MBC | MIC | MBC
0.03125-
61214B | 0.56 1.125 1 0.5-1 | "0 | 0.0625 2 2
5813F 9 9 8 >3 > 0.25 >3 | >3
1.125- 0.25- 0.0625-
8714C | 4.5-9 2o s | 0 0.125 o 2 2
1125 0.0625-
6514 | 22545 | L122 1 0.5-1 | 0023 0.125 2 2
3614A | 459 | 028056 8 >3 |0.125-025 | 0.125-025 | >32 | >32
5814B 9-18 918 -3 3 -2 00625 | >32 | 32
3614C#17 | 22545 | 45 8 >3 | 003125 | 003125 | >32 | >3
3614C#21 | 4.5-9 459 ~8 >8 | <0.015625 | <0.015625 | >32 | >32
5814F 0.0625- | 0.0625-
o 028 | 028056 | 1 1 o o 2 2
5814F | 0.14- 0.56- 1 1 0.0625- | 00625~ | 2 2
PM#5 0.28 1.125 0.125 0.125
T34A | 0.14- 056- | 025 | 025 | 00625 | 0.03125- | 2 12
0.28 1.125 0.125 0.0625
61214B%2 | 056- | 056225 | 1 0.5 00625 | 0.0625- | 2 2
1.125 0.125

CIP=Ciprofloxacin, OXA=0Oxacillin, PM B= Polymyxin B, TIC=Ticarcillin. Values reported

in mg/mL.




As seen in Table 2, collaboration with the bioinformatics specialist yielded a full genome
analysis, identifying the species present in the samples. Seven of the twelve samples were
identified as pure S. aureus species, and two were mixed cultures. Three of the isolates
contained fungal species: Trichosporon asahii and Candida albicans.

Table 2: Identity of the clinical isolates.

Sample ID Identity

3614A MIXED: P. aeruginosa & Enterococcus faecium
3614C#17 : Trichosporon asahii

3614C#21 Trichosporon asahii

S5813E : Candida albicans

5814B MIXED: Mesobacillus sp. nov., Candida albicans, +more?
5814F PM#1 Staphylococcus aureus

5814F PM#5 Staphylococcus aureus
61214B#2 Staphylococcus aureus
61214B Staphylococcus aureus
6514A Staphylococcus aureus
7314A Staphylococcus aureus
8714C Staphylococcus aureus

After discovering the identities of the isolates, the genome sequences of the S. aureus
isolates were run against The Comprehensive Antibiotic Resistance Database (CARD)
Resistance Gene Identifier to extract AMR genes. Genes that were found to be common
between the seven isolates are shown in Table 3 and the unique genes for each isolate are
shown in Table 4. Genes classified as perfect were an identical match to a gene in the CARD
database, and those labeled as strict matched a gene in the database so strongly that it was
considered functional. Eight perfect matches were found to be common between the seven S.
aureus isolates, and nine strict matches were identified.

Table 3: Common AMR genes between all S. aureus genomes.

AMR Genes
Perfect | ANT(9)-la, ariR, arlS, ErmA, mecl, mepR, sdrM, Staphylococcus aureus FosB

ANT(4')-la, kdpD, mecA, norC, sepA, Staphylococcus aureus gyrA conferring
resistance to fluoroquinolones, Staphylococcus aureus LmrS, Staphylococcus
aureus parC conferring resistance to fluoroquinolones, vanT gene in vanG
cluster

Strict




Table 4: Unique AMR genes for S. aureus isolates.

Genes Isolates
APH(3')-Illa 5814F PM#1, 5814F PM#5

5814F PM#1, 5814F PM#5, 61214B,
61214B#2, 7314A, 8714C

5814F PM#1, 5814F PM#5, 61214B,
61214B#2 6514A, 7314A

5814FPM#1, 5814FPM#5, 61214B,
61214B#2, 6514A, 7314A

tet(K) 5814F PM#1, 5814F PM#5

mecR 1

Perfect mgrA

Staphylococcus aureus norA

SAT-4 5814F PM#1, 5814F PM#5

Staphylococcus aureus mupA

. ! S 5814F PM#1, 5814F PM#5
conferring resistance to mupirocin

mecR1 6514A

Strict
PC1 beta-lactamase (blaZ) 7314A
mgrA 8714C

Staphylococcus aureus parC conferring

. . 8714C
resistance to fluoroquinolones

4. Discussion and Conclusions

The MIC and MBC values described in Figure 1 confirm AMR in the microbes isolated
from CF patient lungs, consistent with previous findings (Flume et al., 2018). The antibiotics
chosen were selected based on the treatment regimens used on patients at the time of collection.
The resistance levels for Polymyxin B Sulfate are not clinically relevant, as Polymyxin B
Sulfate is effective against gram-negative bacteria and the S. aureus isolates are gram-positive.

Genome analysis revealed that at the time of our sample collection in 2013 and 2014,
antibiotic resistant S. aureus was present in the patients’ lungs. Studies have found that P.
aeruginosa is one of the most prevalent bacteria found in CF lungs, but after screening for the
bacteria most resistant to our selected antibiotics, this pathogen did not appear (Perikleous et
al., 2023). The antibiotics selected for use in this study were the common treatments at the time
of sample collection, 2013 and 2014, and the absence of P. aeruginosa indicates that if P
aeruginosa was present in the patients’ lungs, it was not resistant to the antibiotics in question.
Other species of bacteria and fungi are able to develop AMR to these treatments, persist in the
lungs, and be identified in our samples.



S. aureus has often been resistant to common antimicrobials, including fluroquinolones,
and are considered to be resistant to all B-lactams, such as Ticarcillin and Oxacillin (Lee, 2003).
This is confirmed by the results of this study, which found that the S. aureus isolates were
resistant against Oxacillin, Ticarcillin and Ciprofloxacin. The S. aureus isolates, particularly
5814F PM#5 and 5814F PM#1, possessed high numbers of AMR genes, but we do not yet
know if these genes are functional or expressed. Future directions are to explore if these genes
are active or inactive within these organisms.

Consistently, the mixed and fungal strains had higher MIC and MBC values compared to
the S. aureus isolates. Antibiotics do not affect fungal species, which could account for the
increased resistance seen in isolates 3614C#21, 3614C#17 and 5813E. The presence of
Trichosporon asahii is of particular significance, as it is a newly recognized pathogen that
has a propensity for CF patients (Hickey et al., 2009). To better characterize and explore
treatment strategies for these fungal species, it is recommended that these isolates be tested
with antifungals such as amphotericin B or fluconazole.

5. Summary

This study aimed to characterize the resistance of microbes isolated from CF patient lungs.
We determined the MIC and MBC values for Ciprofloxacin, Oxacillin, Ticarcillin and
Polymyxin B Sulfate and found that the S. aureus isolates were resistant to all antibiotic tests.
Genomic analysis identified seven of the twelve isolates as S. aureus, one as 1. asahii, and the
other four were mixed cultures. Genome analysis using the CARD database to extract AMR
genes identified many AMR genes in S. aureus. Information gathered from further genome
analysis will aim to correlate the AMR genes to phenotypes, with the final goal of publishing
resource announcements for the S. aureus isolates and the 7. asahii isolate.
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