Investigating Bacterial Competition in the Leafcutter
Ant Microbiome

Abstract

Actinobacteria are well known for their ability to produce antibiotics since most
antimicrobials known today originated from bacteria in this phylum. The
Streptomyces genus in particular, is responsible for most of the antibiotics used
today. Therefore, one could assume that an abundance of antimicrobials have also
been discovered from the actinomycete Pseudonocardia, yet it is the opposite. This
leads us to believe that there are a plethora of untapped Pseudonocardia
antimicrobials waiting to be identified and further studied.

Whole colonies of the leafcutter ant species Acromyrmex echinatior have
been identified to contain one of two Pseudonocardia species on their cuticles. The
P. echinatior or P. octospinosus, along with other bacteria in the ant microbiome,
keep the ant colony alive by killing any pathogenic fungi and bacteria through the
secretion of antimicrobials, thus protecting the co-evolved fungus Leucoagaricus
gongylophorus, which in turn produces gongylidia, the sole colony food source.

By isolating the Pseudonocardia and Streptomyces bacteria from the ant
laterocervical plates and performing a series of bioassays, we can obtain these
desired antimicrobials. Through amplicon sequencing we can get a better
understanding of the ant microbiome that so many bacteria are competing over and
yet Pseudonocardia have successfully colonised and play such a large role in
keeping the ant colony alive alongside other actinomycetes such as Streptomyces.

Introduction
Acromyrmex echinatior

Through roughly 50 million years of coevolution between fungus-farming (attine) ants
and fungi, a strong symbiosis has formed, which has allowed these insects to thrive
and form such large colonies (Aylward et al., 2012). Leafcutter ants comprise of the
genera Atta and Acromyrmex which are attine ants. Acromyrmex echinatior is a
Panamanian leafcutter ant species that gather leaves to feed the co-evolved
basidiomycete fungus Leucoagaricus gongylophorus. This allows the L.
gongylophorus to mature and produce hyphal swellings called gongylidia, which acts
as the sole source of food to both the A. echinatior queen and its larvae (Holmes et
al., 2016). Without this fungus, these ants would have nothing to consume and
starve to death which would result in the loss of the colony. Therefore, L.
gongylophorus is essential for the colony’s survival, and so it is vital that all A.
echinatior have this fungus. This is possible as the queen vertically transmits the L.
gongylophorus to all other ants produced when the colony is formed and as it
continues to grow (Heine et al., 2018, Mueller et al., 2001). Gongylidia are rich in
lipids and sugars and contain pectinolytic enzymes, which unlike the lipids and
sugars, are not digested by the A. echinatior but become concentrated in the ant
digestive tracts (Aylward et al., 2015). The leafcutter ants then use their faecal
matter as manure in their fungal gardens, which allows these plant biomass-



degrading enzymes such as Xyloglucan to breakdown the cell walls of the plant
matter located in the fungal gardens. This results in the L. gongylophorus having
access to the nutrients inside the cells to be able to produce more gongylidia (Grell
et al., 2013, Kooij et al., 2016, Schigtt et al., 2010). Leafcutter ants are not the only
insect to have symbiotically evolved with microorganisms. Just like how the leafcutter
ant uses L. gongylophorus to get access to nutrients, the beetle Ambrosiophilus
ambrosia uses the fungus Flavodon ambrosius to turn rotted wood into nutrients that
the beetles can then consume (You et al., 2015). Some insects such as A. echinatior
ants and beewolf wasps have evolved to form a symbiosis with bacteria in which the
bacteria acts as an immune system for the insect colony (Engl et al., 2018; Goldstein
& Klassen, 2020). These symbiotic bacteria include the genera Pseudonocardia and
Streptomyces which this study focuses on. Symbiosis between ants and
microorganisms is not exclusive to A. echinatior ants. Cephalote ants require
nitrogen-recycling bacteria to synthesise nutrients in the gut of the ants which the
ants can then digest (Ramalho & Moreau, 2023). A. echinatior is not the only fungus-
growing ant that relies on symbiosis with the actinomycete Pseudonocardia. Both
Apterostigma dentigerum and Trachymyrmex cornetzi (Carr et al., 2012, Holmes et
al., 2016) rely on Pseudonocardia bacteria in their microbiome to protect their
colonies from pathogenic fungi and bacteria. Azteca ants are able to continue their
symbiosis with Cecropia plants as the Pseudonocardia bacteria in these ant’'s
microbiome ensure the Azteca colonies are protect from pathogens found on
Cecropia plants due to the antimicrobials these actinomycetes produce (Fukuda et
al., 2021).

Pseudonocardia

Pseudonocardia are gram-positive, aerobic, non-motile bacteria that belong to the
Pseudonocardiaceae family, which includes other genera such as Amycolatopsis,
Amycolata, Saccharomonospora, and Saccharopolyspora (Warwick et al., 1994).
Like Streptomyces, Pseudonocardia are actinobacteria which is a phylum known for
its ability to produce secondary metabolites (Genilloud, 2017). Species of
Pseudonocardia can be found in a multitude of vastly different environments such as
soil, desert rocks, oceans, or even on living organisms such as plants and insects
such as leafcutter ants and termites (Bruner-Montero et al., 2021; Jiang et al., 2021;
Lietal., 2012; Parra et al., 2021; Sujarit et al., 2017; Truijillo et al., 2017; Zhao et al.,
2012). Acromyrmex echinatior contains one of two species of Pseudonocardia. The
ants either carry P. echinatior or P. octospinosus on the biofilm in their cuticles on
the laterocervical plates (Heine et al., 2018). This may be due to in the past, different
Pseudonocardia competing with each other to colonise the ant cuticles. Evidence of
this is that one strain of Pseudonocardia can inhibit the growth of other
Pseudonocardia that compete to colonise a host by producing a rebeccamycin
analog (Van Arnam et al., 2015). A study by Zhang, Poulsen & Currie, 2007 showed
that A. echinatior ants are able to differentiate between their native and foreign
Pseudonocardia sp. even when the foreign actinomycetes are closely related to their
native Pseudonocardia sp.. This is believed to be due to the ants being so highly
specialised with their native Pseudonocardia sp. that they can identify chemicals
produced by their Pseudonocardia sp.. This may allow the ants to identify invading
foreign actinomycetes and remove them to prevent the actinomycetes from
competing with each other, which would have caused a decrease in their ability to
inhibit pathogens.
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A defensive microbiome is made up of these Pseudonocardia bacteria, in addition to
Streptomyces and other bacteria, to protect the ants from pathogenic bacteria and
fungi. Antifungal compounds produced by these actinomycete bacteria protect the
essential Leucoagaricus gongylophorus located on the ants (Holmes et al., 2016).
These antibacterial and antifungal compounds produced by the defensive ant
microbiome protect the L. gongylophorus from pathogenic fungi and bacteria such as
Escovopsis, which if left unregulated is able to quickly wipe out the L. gongylophorus
in as little time as a few weeks (Barke, et al., 2011; Meirelles et al., 2013).
Escovopsis is usually seen as the largest pathogenic threat to ant colonies. The
attine ants require the assistance of Pseudonocardia sp. to inhibit this pathogen
through the production of antifungals. Other pathogens can threaten the longevity of
the ant colony, and so it is important that Pseudonocardia sp. can inhibit the growth
of a variety of pathogens and not just specifically Escovopsis (Sen et al., 2009). A
study (Bruner-Montero et al., 2021) has shown Pseudonocardia symbiotes are able
to inhibit the growth of the common insect fungal pathogen Metarhizium anisopliae,
as when the ants did not contain Pseudonocardia spp. they were more vulnerable to
M. anisopliae. However, the A. echinatior Pseudonocardia species are able to inhibit
Escovopsis more effectively than their inhibition of other fungi, and are generally
much better at inhibiting Escovopsis than Pseudonocardia found in the environment,
such as in the soil (Cafaro et al., 2010). It is not just Pseudonocardia species that are
able to inhibit Escovopsis. Burkholderia sp. are able to produce antifungals that
inhibit Escovopsis without inhibiting L. gongylophorus (Francoeur et al., 2021). This
is due to the biosynthetic gene clusters (BGCs) found in the Burkholderia sp. that
encode the production of the 2 antifungals burkholderine1213 and pyrrolnitrin
(Francoeur et al., 2021).

Similarly to L. gongylophorus, Pseudonocardia is vertically transmitted from the
gueen to the larvae. Therefore when new colonies form, all the worker ants will be
transmitted L. gongylophorus as well as Pseudonocardia from the new queen, which
would increase the survival odds of the newly formed colony (Heine et al., 2018).
Pseudonocardia bacteria can also be horizontally transmitted between worker ants.
Similarly to the queen, worker ants contain tubercles and crypt structures in their
cuticles, which are specialised towards harbouring Pseudonocardia bacteria (Li et
al., 2018). The newly hatched A. echinatior ants are quickly colonised by
Pseudonocardia from older worker ants. This results in a biofilm that covers most of
the ant. Approximately a month later, only the laterocervical plates are covered in the
biofilm (Andersen et al., 2013). This is due to the specialised structures in the
cuticles of the ants that are suited for the colonisation and continued survival of the
Pseudonocardia on the ants. Pseudonocardia are the dominant actinobacteria found
on attine ants (Li et al., 2018). As Pseudonocardia sp. are able to colonise newly
hatched worker ants through horizontally transmission from older worker ants, queen
ants that hatch are inoculated with Pseudonocardia and so can vertically transmit the
bacteria through to the offspring when forming new colonies (Marsh et al., 2014).
Some male ants have been noted to not possess these specialised structures as
male ants are only required for reproduction and not grooming the fungal garden (Li
et al., 2018; Marsh et al., 2014). Culture-independent isolations (Sen et al., 2009)
were performed on the attine ants Trachymyrmex septentrionalis, Mycocepurus
smithii, and Cyphomyrmex wheeleri which contained a variety of Pseudonocardia
spp.. T. Septentrionalis workers were shown to contain P. cf. spinosispora and P. cf.



ammonioxydans whilst more Pseudonocardia spp. were found on the M. smithii and
the C. wheeleri. Culture-dependent isolations also showed Pseudonocardia spp.
however less diversity was seen (Sen et al., 2009). On A. echinatior, the 2 strains of
Pseudonocardia Ps1 and Ps2 were shown to contain between 11 to 15 secondary
metabolite BGCs with 6 of these BGCs being shared between the 2 strains (Holmes
et al., 2016). Although Pseudonocardia Ps1 and Ps2 strains both express some of
the same BGCs, all of the Pseudonocardia Ps1 strain contained BGCs that result in
the production of nystatin P1-like antifungals., whilst all of the Pseudonocardia Ps2
strains contained BGCs that resulted in the production of novel variants of nystatin
(Holmes et al., 2016). Although it is known that the higher attine, ant-associated
Pseudonocardia bacteria protect the ant’s fungal gardens enabling the production of
food for the ant larvae, few antibiotics produced by these Pseudonocardia species
have been identified. It is likely that there remain many attine-associated
Pseudonocardia antimicrobials to be discovered as the Pseudonocardia belong to
the Actinomycetales order. The Streptomyces genus also belongs to this order and
so the Actinomycetales order is well known for the production of secondary
metabolites (Carr et al., 2012). However, not many antibiotics have been discovered
from Pseudonocardia sp., and of those, very few come from fungus-growing-
associated ants such as A. echinatior. The antibiotics discovered coming from attine-
associated ants include dentigerumycins and nystatin-like polyenes (Barke et al.,
2010; Carr et al., 2012), such as the antifungal polyene Selvamicin (Van Arnam et
al., 2016).

Streptomyces

Streptomyces are gram-positive, spore-forming actinobacteria that belong to the
Streptomycetaceae family (Quinn et al., 2020). Streptomyces bacteria can be found
on plants and insects, and in soil, but as they are also polyextremophilic they can be
found in many different environments including extreme environments such as saline
or acidic soil, and deserts (Donald et al., 2022). From 1945 to 1978, 55% of all the
antibiotics discovered were produced by Streptomyces bacteria (Viana Marques et
al., 2018). 80% of antibiotics used presently come from Streptomyces (Hutchings et
al., 2019; Emerson de Lima Procopiol et al., 2012). This is why the golden age of
antibiotics is said to have taken place during that time period and why Streptomyces
bacteria are so important in the timeline of antibiotics. Streptomyces spp. located on
A. echinatior have been identified to produce candicidin macrolides which have a
significant effect on the growth of Escovopsis without significantly affecting the
growth of the L. gongylophorus (Haeder et al., 2009). This is clearly beneficial to the
leafcutter ants as their source of food can be protected without being hindered from
this protection. This also makes it evident that the Streptomyces spp. that have
colonised the ant cuticles are also producing antibiotics such as the candicidin. It has
been identified that certain Streptomyces sp. located on the ants are able to produce
actinomycins, valinomycins, and elaiophylins (Boya P. et al., 2017; Schoenian et al.,
2011) which are all known to be antifungal agents. A study by Dhodary & Spiteller,
2021 showed that Streptomyces spp. on Acromyrmex ants produced high
concentrations of ammonia which caused the inhibition of fungi such as Escovopsis
due to the high pH. The secretion of these antifungals would aid in the protection of
the ant colony against pathogenic fungi such as Escovopsis. The antibiotic-resistant
genes (ARGS) of the Streptomyces bacteria allow for these microbes to be able to
remain on the ant cuticles due to the resistance that they have acquired to not only



their own antibiotics, but also those of other neighbouring bacteria, such as those
produced by the Pseudonocardia species (Seipke et al., 2012). Therefore the
Streptomyces bacteria are able to release antibiotics without deteriorating in
efficiency. Pathogenic bacteria are able to take these ARGs and become resistant to
the antimicrobials produced by the Streptomyces via horizontal gene transfer to
other soil bacteria (Jiang et al., 2017). This increases the level of concern regarding
the decline in the effectiveness of antibiotics due to antimicrobial-resistance (AMR)
as the antibiotics produced by the Streptomyces, and other bacteria, are made much
less effective. Identifying these ARGs could create new potential targets in the
combat against antibiotic resistance. A. echinatior is not the only insect species to
have a symbiosis with Streptomyces. The cocoon walls of the larva of beewolf wasps
contain Streptomyces bacteria which increases the probability that the larva survives
as the Streptomycetes are able to produce antifungals to protect the larva
(Kaltenpoth et al., 2005).

Methods

Table. 1 Growth media and broth recipes used for bacteria isolations, spore stocks,
bioassays, and Non-Pseudonocardia genomic DNA extractions. Each recipe
contained a different carbon or nitrogen source to identify a preferred media for the
growth and antimicrobial activity of Pseudonocardia and Streptomyces spp.

Media

Used for

Recipe

Source

Soya flour mannitol (SFM)
Solid
Liquid

Bacteria
isolation
Bioassays

20.0 g Mannitol
20.0 g Soya
flour

20.0 g Agar
Distilled water
tollL

(Kieser et
al., 2000)

Maltose-yeast extract-malt
extract (MYM)
Solid

Bioassays

4.0 g Maltose
4.0 g Yeast
Extract

10.0 g Malt
Extract

20.0 g Bacto
Agar

500 ml Tap
Water

500 ml Distilled
Water

0.4 ml R2
Trace elements
per 200 ml
(Post
autoclave)

(Stuttard,
1982)

Glucose-yeast-malt
(GYM)

Solid

Liquid

Bacteria
isolation
Spore Stocks
Bioassays

4.0 g Glucose
4.0 g Yeast
Extract

(Worsley, et
al., 2020)




10.0 g Malt
Extract

2.0 g CaCl:
15.0 g Agar
Distilled water
tollL

Peptone Malt Dextrose
Agar
Solid

Bioassays

10.0 g Peptone
20.0 g Malt
Extract

40.0 g Glucose
20.0 g Agar
Distilled water
tollL

Lysogeny broth (LB)
Liquid

Overlay cultures

10.0 g Tryptone
10.0 g NaCl

5.0 g Yeast
Extract

Distilled water
tolL

(Bertani,
1951)

SFMNAG
Solid

Bioassays

20.0 g Soya
flour

20.0 g Mannitol
20.0 g Agar
Distilled water
tollL

400 pl per 200
ml filter
sterilised N-
acetyl
glucosamine
(Post
autoclave)

Yeast Peptone (YP)
Solid

Bioassays

10.0 g Yeast
extract

20.0g
Bacteriological
peptone

20.0 g Agarose
Distilled water
tollL

(Jones et
al., 2017)

Yeast Peptone Dextrose
(YPD)
Solid

Bioassays

10.0 g Yeast
extract

200g
Bacteriological
peptone

20.0 g agarose
Distilled water
tollL
Autoclave

(Jones et
al., 2017)




10 ml per 100
mL of filter
sterilised 20%
glucose
solution (Post
autoclave)

Yeast Extract-Malt Extract
(YEME)

Solid

Liquid

Bioassays
Bacteria
isolation

3.0 g Yeast
Extract

5.0 g Peptone
3.0 g Malt
Extract

10.0 g Glucose
20.0 g Agar
Distilled water
tollL

(Kieser et
al., 2000)

SPY
Solid

Bioassays

15.0¢9
Pancreatic
digest of casein
15.0 g Peptic
digest of animal
tissue

2.0 g Yeast
Extract

10.0 g MgSOa4
50.0 mg CacCl:
30.0 mg ZnS0O4
25.0 mg FeSO4
16.0 mg CuSOq4
12.0 mg
MnSO4

20.0 g Agar
30.0 g Soluble
starch

Distilled water
tollL

Adjust pH to
7.2 with NaOH

(Imai et al.,
2015)

IMA
Solid

Bioassays

50.0 g Smash
20.0g Agar
Tap waterto 1
L

(Joshi et al.,
2010)

Minimal Media
Solid

Bioassays

0.5¢gL-
asparagine
0.5 g K2HPO4
0.2g
MgS0O4.7H20

(Kieser et
al., 2000)




001¢g
FeS04.7H20
10 g agar
Autoclave at
121°C for 15
minutes

10 g Glucose
(Post
autoclave)

Streptomyces Media 3
(SM3)
Solid

Bioassays

5.0 g Glucose
50.0 g MD30E
Maltodextrin
25.0 g Arkasoy
soya flour

3.0 g Molasses
(beet)

0.25 g K2HPO4
2.5 g CaCOs
2% Agar
Distilled water
tollL

Adjust pH to
7.0 with KOH

This work

Streptomyces Media 5
(SMb5)
Solid

Bioassays

20.0 g Peptone
(Oxoid L34)
8.0 g Lab
Lemco (Oxoid
L29)

15.0 g Glucose
10.0 g Glycerol
solution

0.4 g CaCOs
2% Agar
Distilled water
tollL

Adjust pH to
7.0 with KOH

This work

Streptomyces Media 6
(SM6)
Solid

Bioassays

40.0 g Corn
Steep Liquor
20.0 g MD30E
Maltodextrin
2.5 g NaCl

0.5 g MgSO4
2% Agar

Tap waterto 1
L

Adjust pH to
7.0 with KOH

This work

Streptomyces Media 7

Bioassays

20.9 g MOPS

This work




(SM7)
Solid

15.09 L-
Proline

20.0 g Glycerol
solution

2.5 g Sucrose
1.5 g Sodium
L-Glutamate
monohydrate
0.5 g NaCl

2.0 g K2HPO4
10.0 ml 0.2 M
MgSOa4

10.0 ml 0.02 M
CaClz

5.0 ml R5
Trace Elements
2% Agar
Distilled water
tollL

Adjust pH to
6.5 with KOH

Streptomyces Media 12
(SM12)
Solid

Bioassays

10.0 g Soya
flour (Holland
and Barrett)
50.0 g Glucose
4.0 g Peptone
(Formedium
PEPO02)

4.0 g Difco
Beef Extract
1.0 g Yeast
Extract (Merck)
2.5 g NacCl

5.0 g CaCOs
2% Agar

Tap water to 1
L

Adjust pH to
7.6 with KOH

This work

Streptomyces Media 14
(SM14)
Solid

Bioassays

10.0 g Glucose
20.0 g Soy
Peptone (Lab
M)

5.0 g Beef
extract powder
(Oxoid)

5.0 g NaCl
0.01 g ZnS0Os4 -
7H20

2% Agar

This work




Distilled water
tolL

Adjust pH to
7.0 with KOH

Streptomyces Media 15
(SM15)
Solid

Bioassays

20.9 g MOPS
115¢
Casamino
acids

23.0 g Glycerol
solution

0.5 g NaCl
0.52 g K2HPO4
0.25 g EDTA
0.49 g MgSOa4
- TH20

0.029 g CaCl: -
2H20

5.0 ml Trace
salts No. 1

2% Agar
Distilled water
tollL

Adjust pH to
6.5 with KOH

This work

Streptomyces Media 18
(SM18)
Solid

Bioassays

15.0 g Glucose
40.0 g Soluble
starch (Difco)
200g
Molasses
(beet)

8.0 g CaCOs
2% Agar

Tap water to 1
L

Natural pH 7.2
pre-sterilisation

This work

Streptomyces Media 19
(SM19)
Solid

Bioassays

40.0 g Tomato
paste

15.0 g Oat flour
(Avenaflo)

2.0 g Glucose
2% Agar

Tap waterto 1
L

Natural pH 6.0
pre-sterilisation

This work

Streptomyces Media 20
(SM20)
Solid

Bioassays

20.0 g Maltose
5.0 g Peptone
(Oxoid L37)

This work




5.0 g Beef
extract powder
(Oxoid)

3.0 g Yeast
extract (Oxoid)
3.0 g NaCl

1.0 g MgSOs -
7H20

2% Agar

Tap waterto 1
L

Natural pH 7.2
pre-sterilisation

Streptomyces Media 25
(SM25)
Solid

Bioassays

10.0 g Peptone
(Oxoid L34)
21.0 g Malt
extract (Oxoid)
40.0 g Glycerol
solution

2% Agar
Distilled water
tollL

Natural pH 6.3
- 6.5

After
autoclaving pH
of 6.3

This work

Streptomyces Media 30
(SM30)
Solid

Bioassays

40.0 g Tomato
paste

15.0 g Oat flour
(Avenaflo)

2.0 g Glucose
2% Agar

Tap water to 1
L

Adjust pH to
4.5 with HCI

This work

Streptomyces Media 32
(SM32)
Solid

Bioassays

10.0 g Peptone
(Oxoid L34)
21.0 g Malt
extract (Oxoid)
40.0 g Glycerol
solution

2% Agar
Distilled water
tollL

Natural pH to
4.5 with HCI

This work




Tryptone soy broth Non- 30.0 g Tryptone
(TSB) Pseudonocardia | Soy Broth
Liquid genomic DNA (Oxoid)
extraction Distilled water
Bacteria tollL
Isolation

Isolation of bacteria from the ant cuticle

Bacteria from the laterocervical plates of Acromyrmex echinatior leafcutter ants from
colonies A.e758, A.e750, and A.e399 were isolated using both live and dead ants.
The white bacterial biofilm on the laterocervical plates of the ants was scraped with a
sterile needle and streaked over Soya Flour Mannitol (SFM) agar (Table 1). To
inhibit the growth of fungi, these SFM plates contained 5 ug/ml nystatin and 100
Mg/ml cycloheximide. To inhibit the growth of gram-negative bacteria, 40 pug/mi
nalidixic acid was added to the SFM. A. echinatior ants from colonies Ae758, Ae750,
and Ae399 were also put in 1 ml of 20% glycerol and vortexed. From the glycerol ant
solution,100 ul was spread over SFM plates. Another method used was scraping the
laterocervical plates of the A. echinatior ants with a sterile needle and putting that
needle in either 10 ml of liquid GYM, liquid SFM, or a solution of 5 ml liquid YEME
and 5 ml TSB (Table 1) to incubate at 30°C for 10 days. From these liquid cultures,
100 pl was spread over SFM plates containing 5 ug/ml nystatin, 100 ug/mli
cycloheximide and 40 pug/ml nalidixic acid. All the SFM plates were then incubated at
30°C for 21 days. Single colonies were streaked on SFM containing 5 ug/ml nystatin,
100 pg/ml cycloheximide and 40 ug/ml nalidixic acid and incubated at 30°C for 21
days. The single colony streaking and incubating process was repeated resulting in
purified bacteria.

Table 2. The strains used in this project isolated from A. echinatior colonies A.e750,
A.e758, A.e399, A.e707 and A.e717 and the isolation technique used to isolate each
strain. B. subtilis, E. coli, and C. albicans were used as indicator strains for
bioassays to test for antibacterial and antifungal activity.

Strain Name Strain Source A. echinatior colony Isolation
Method

A.e750/1/1 This project A.e750 Dead ant, needle
scraped.

A.e750/1/3 This project A.e750 Dead ant, needle
scraped.

A.e750/1/5 This project A.e750 Dead ant, needle
scraped.

A.e750/1/6 This project A.e750 Dead ant, 20%
glycerol

A.e750/1/7 This project A.e750 Dead ant, liquid
YEME + TSB

A.e750/1/8 This project A.e750 Dead ant, liquid
GYM

A.e750/1/9 This project A.e750 Dead ant, liquid
SFM

A.e750/2/1 This project Ae750 Live ant, needle
scraped




A.e750/2/2 This project A.e750 Live ant, needle
scraped

A.e750/2/3 This project A.e750 Live ant, needle
scraped

A.e750/2/4 This project A.e750 Live ant, needle
scraped.

A.e758/1/1 This project A.e758 Dead ant, needle
scraped.

A.e758/1/2 This project A.e758 Dead ant, needle
scraped.

A.e758/1/3 This project A.e758 Dead ant, 20%
glycerol

A.e758/1/4 This project A.e758 Dead ant, 20%
glycerol

A.e758/2/1 This project A.e758 Live ant, needle
scraped

A.e399/1 This project A.e399 Dead ant, needle
scraped.

A.e399/2 This project A.e399 Live ant, needle
scraped.

A.e399/3 This project A.e399 Dead ant, 20%
glycerol

707-CP-A2 Hutchings Lab | A.e707

A.e717 Ps2 Hutchings Lab | A.e717

Pseudonocardia Hutchings Lab | Unknown

Psl

Bacillus subtilis Hutchings Lab

Escherichia coli Hutchings Lab

Candida Albicans Hutchings Lab

Creation of spore stocks

Following a protocol (Kieser et al., 2000), spore stocks were generated. Glucose Yeast
Malt (GYM, Table 1) lawn plates of the purified, isolated bacteria (Table 2) were
incubated at 30°C for 14 days. Following incubation, to each GYM plate, 5 ml of sterile
20% glycerol was applied. The surfaces of the plates were wiped with a cotton swab
to free the bacterial spores. This solution of bacterial spores and sterile 20% glycerol
was collected and centrifuged at 4000 rpm for 5 minutes. The supernatant was
discarded, and the pelleted spores were suspended in 500 ul of sterile 20% glycerol.
The bacterial spores were stored at -20°C.

Dilution streaks were performed using spore stocks of 707-CP-A2, Ae717 Ps2 and
Pseudonocardia Ps1 (Table 2) on SFM plates containing 5 ug/ml nystatin, 100 pg/ml
cycloheximide and 40 ug/ml nalidixic acid before being incubated at 30°C for 14 days
until sporulation was visible. A single colony was vortexed in 100 pl of sterile distilled
water, and 50 pl was spread on GYM plates and incubated at 30°C for 14 days.



Extracting non-Pseudonocardia genomic DNA

Following a protocol (Salting Out Genomic DNA Extraction Method - ActinoBase,
2020), the genomic DNA of the bacteria was extracted. Single colonies were
incubated in 50 ml of TSB (Table 1) for 3 days at 30°C whilst being shaken at 200
rpm. Each solution was divided into two 25 ml aliquots and centrifuged at 14000 rpm
and 4°C for 15 minutes. The supernatants were removed, and the pelleted mycelium
was resuspended in 5 ml SET buffer (Table 3). To each resuspended sample, 100 pl
of 50 mg/ml lysozyme solution was added and then incubated for 3 hours at 37°C.
The samples were then mixed by inversion with 140 ul of 20 mg/ml proteinase K
solution and 600 pl of 10% SDS then incubated at 55°C for 2 hours. The samples
were then mixed with 2 ml of 5M NaCl and cooled to room temperature. To each
sample, 5 ml of chloroform was added and mixed by inversion at 20°C for 30
minutes. After centrifugation at 20°C and 4500 rpm for 15 minutes the samples
formed 3 layers. The top layer was removed and transferred to a sterile tube, and the
chloroform, inversion mixing, and centrifugation steps were repeated, resulting in the
solutions forming three layers again. The top layer was transferred to a sterile tube
and incubated on ice for 2 minutes, and the bottom two layers were discarded. To
each solution, isopropanol (stored on ice) was added proportional to 60% of the
sample volume, and incubated in ice for 3 minutes after being mixed by inversion to
allow the DNA to condense. The visible DNA was then collected using sealed
Pasteur pipettes, rinsed with 5 ml of 70% ethanol, and air-dried. The DNA was
resuspended in 500 pl of sterile distilled H20.

Table 3. The recipes for each buffers used. Set Buffer was used during the
extraction of the non-Pseudonocardia genomic DNA, whilst Buffer A, Buffer B,
and Phenol-chloroform were used in the Phenol-chloroform DNA extraction.

Buffer Used Ingredients Source
SET Buffer | Extracting non- | 75mM NaCl Salting Out
Pseudonocardia 25mM EDTA pH8 Genomic DNA
genomic DNA 20mM Tris-HCI pH7.5 Extraction
Method -
ActinoBase,
2020
Buffer A Phenol-chloroform | 200 mmol/L Tris-HCI pH 8.8 | Rubin et al.,
DNA extraction 2014

60 mmol/L NacCl,

10 mmol/L EDTA
(ethylenediaminetetraacetic
acid),

0.15 mmol/L spermine, and

0.15 mmol/L spermidine

Buffer B Phenol-chloroform | 200 mmol/L Tris-HCI pH 8.8 Rubin et al.,
DNA extraction 2014




30 mmol/L EDTA

2% SDS
Phenol- Phenol-chloroform | phenol/chloroform/isoamyl Rubin et al.,
chloroform | DNA extraction alcohol at a ratio of 25:24:1 | 2014

(pH 8.0)

Extracting Pseudonocardia genomic DNA

Pseudonocardia isolates 707-CP-A2, A.e717 Ps2 and Pseudonocardia Psl were
grown on sterile cellophane discs as confluent lawns on GYM agar containing 5 ug/ml
nystatin, 100 pg/ml cycloheximide and 40 pg/ml nalidixic acid. Once there was a dense
confluent lawn, and the spores were visible, 5 ml of sterile water was applied. the
spores were scraped off the cellophane discs and the solution of bacterial spores and
water was collected and centrifuged at 4000 rpm for 5 minutes. The supernatants were
removed and the pelleted mycelium was resuspended in 5 ml SET buffer (Table 4).
The Pseudonocardia genomic DNA could then be extracted through the continuation
of the protocol for extracting non-Pseudonocardia genomic DNA (Salting Out Genomic
DNA Extraction Method - ActinoBase, 2020) as described above.

16S rRNA gene amplification by PCR

From the extracted genomic DNA samples, 16S rRNA gene PCR was performed using
the universal 16s primers PRK341F and MPRK806R (Table 4). For all 16S rRNA gene
PCR, 20 pl reaction volumes were used with 10 ul Taq red polymerase, 7 ul sterile
distilled water, 1 pl forward primer PRK341F (Table 4), 1 ul reverse primer MPRK806R
(Table 4), and 1 ul genomic DNA sample. For the negative control, sterile water was
used instead of the genomic DNA samples, and for the positive control, the genomic
DNA of Streptomyces venezuelae. The PCR machine lid was preheated to 105 °C for
2 minutes. The initial denaturation underwent for 1 minute at 95°C, and then 30 cycles
of 95°C for 15 seconds, 55°C for 15 seconds, and 72°C for 30 seconds. There was a
final extension at 72°C for 2 minutes. Through gel electrophoresis, the DNA fragments
of each of the isolates were separated into bands on 1% agarose and the gel was
extracted. The bands were excised to purify the PCR product before sequencing.

Table 4. The universal 16S primers used during 16S rRNA gene
amplification by PCR and DNA sequencing. The forward primer
used was PRK341F and the reverse primer used was

MPRKS806R.
PRK341F 5’-CCTACGGGRBGCASCAG-3’ 16S rRNA gene Holmes et
amplification by PCR, al., 2016
DNA sequencing
MPRK806R  5-GGACTACNNGGGTATCTAAT-3’ 16S rRNA gene Holmes et

amplification by PCR, al., 2016
DNA sequencing



Gel Extraction

The Qiagen gel extraction kit was used to extract all the gels. The bands removed
from the 1% agarose gel were incubated at 50°C with buffer QG proportional to 3
times the volume of the gel band until the gel completely dissolved. Isopropanol was
then added proportionally to the gel band volume. Upon being added to a DNA
binding column, the samples were centrifuged at 13,000 rpm for 1 minute. The flow-
through was removed, and 750 pl of Buffer PE was added. After another
centrifugation at 13,000 rpm for 1 minute, the flow-through was removed. The gels
were then eluted with 50 pl of heated sterile distilled water, and the DNA yields and
Azs0r280 were calculated using a nanodrop.

DNA sequencing

All DNA sequencing of isolates was performed used Eurofins genomics Mix2Seq
service. Using the nanodrop, specific volumes of DNA from each isolate were
calculated, and water was added to bring the total volume to 15 pl. Finally, 2 pl of the
forward primer PRK341F was added.

Bioinformatics

Using the basic local alignment search tool, nucleotide (BLASTn), the DNA
sequence was analysed and the database was searched for the closest match in
order to identify the ant isolates. The top result was taken, and the identity and
coverage were recorded.

Total DNA extraction

The total DNA extraction of the ants was performed using a modified MP Bio spin kit
for soil protocol. The laterocervical plates of 40 Acromyrmex echinatior leafcutter ants
from colonies A.e758, A.e750, and A.e399 were removed using sterile tweezers and
placed into lysis matric E tubes. The samples were vortexed for 15 seconds with 978
ul of sodium phosphate buffer. After the addition of 122 ul MT buffer, the samples were
vortexed for another 15 seconds. The samples were put in a FastPrep instrument and
run for 4 cycles, speed 6 m/s, for 30 seconds, with 30 second breaks in between each
cycle. Then centrifuged at 14,000 rpm for 15 minutes. The supernatant was extracted
to a sterile Eppendorf, and the pellet was discarded. To each sample, 250 pl protein
precipitation solution (PPS) was added and shaken by hand 10 times. After being
incubated at room temperature for 10 minutes, the samples were stored in ice. The
samples were centrifuged at 14,000 rpm at 4°C for 5 minutes, and the supernatant
was extracted like before, with the pellet being discarded. Binding matrix was then
added to the sample proportionally to the volume of the supernatant and inverted by
hand for 12 minutes. After being mixed, 800 pl of the sample was added to a SPIN
filter tube and centrifuged at 14,000 rpm at 4°C for 1 minute. The flow-through was
discarded, and this was repeated until all of the sample had been passed through the
SPIN filter tube. After, 500 ul of SEWS-M was added to the SPIN filter tube and gently
shaken to mix and centrifuged at 14,000 rpm at 4°C for 1 minute. The flow-through
was discarded, and the sample was centrifuged again at 14,000 rpm at 4°C for 5
minutes. The SPIN filter was transferred to a clean catch tube and air-dried at room



temperature for 5 minutes. The pellet was resuspended by adding 150 pl of DES. The
resuspended sample was incubated in a heat block at 50°C for 12 minutes then
centrifuged at 14,000 rpm for 2 minutes. The DNA that had been eluted into the catch
tube was stored at -20°C until required.

The total DNA extraction was also performed using the Phenol-chloroform protocol
(described in How to Use Phenol / Chloroform for DNA Purification | Thermo Fisher
Scientific - UK, n.d., Rubin et al., 2014). From each of the 3 A. echinatior ant
colonies: A.e399, A.e758, and A.e750, the laterocervical plates of 20 ants were
extracted, and added to Qiagen tungsten carbide beads together. The larger the
number of laterocervical plates used, the greater the DNA concentration and quality.
However this had to be balanced against the number of worker ants in the colony as
using too many would result in the death of the colony as there would not have been
enough worker ants to keep the colony alive. This was then run through a Qiagen
TissueLyser at 30 beats per second for 20 seconds to grind up the laterocervical
plates. Next, 250 ul of buffer A (Table 3) was added and incubated at 65°C for 15
minutes. After the addition of 250 ul of buffer B (Table 3), the sample was incubated
again at 65°C for 10 minutes. After 100 ug of proteinase K was added, the samples
were incubated for 1 hour at 56°C. The samples were washed with phenol-
chloroform (Table 3) by adding an equal volume to the sample and centrifuging at
16,000 rpm for 5 minutes. The upper aqueous phase was transferred to a sterile
tube, and the rest was discarded. The samples were then washed using chloroform
and once again centrifuged and the upper agueous phase transferred to a sterile
tube. This was repeated until the there was almost no interphase. To the samples,1
ul of glycogen (20 ul/ml) was added. Next, 7.5 M NH4OAc was added proportionally
to half the volume of the sample. Finally, 100% ethanol was added proportionally to
2.5 times the volume of the new sample. The sample was then stored overnight at -
20°C to allow for the DNA to precipitate. After centrifugation at 16,000 rpm at 4°C for
30 minutes the supernatant was discarded, leaving the pelleted DNA. The pellet was
resuspended in 150 ul of 70% ethanol and centrifuged at 16,000 rpm at 4°C for 2
minutes. The supernatant was removed, and the pellet was centrifuged for 16,000
rpm at 4°C for 30 minutes again. After air-drying the DNA pellet at room temperature
for 10 minutes, the pellet was resuspended in 300 ul of TEN buffer. Finally the DNA
was stored at -20°C until required. The total DNA extraction using the Phenol-
chloroform protocol was repeated 3 times.

Amplicon Sequencing

For all amplicon sequencing, 16S rRNA gene PCR was performed using the total
DNA samples. For all 16S rRNA gene PCR, 50 pl reaction volumes were used with
25 ul Taq red polymerase, 10 ul sterile distilled water, 2.5 ul forward primer
PRK341F (Table 4), 2.5 ul reverse primer MPRK806R (Table 4), 10 pl total DNA
samples. For the negative control sterile water was used instead of the total DNA
samples, and for the positive control the genomic DNA of Streptomyces venezuelae.
The PCR machine lid was preheated to 105 °C for 2 minutes. The initial denaturation
underwent for 1 minute at 95 "C, and then 35 cycles of 95 °C for 15 seconds, 55 °'C
for 15 seconds, and 72 °C for 30 seconds. There was a final extension at 72 °C for 2
minutes. Through gel electrophoresis, the DNA fragments of each of the isolates
were separated into bands on 1% agarose and the gel was extracted. The bands
were excised to purify the PCR product before sequencing. To view the relative



abundance of the bacteria lllumina sequencing was performed through the MR DNA
Amplicon sequencing service using the forward primer PRK341F (Table 4), and the
reverse primer MPRK806R (Table 4).

Bioassays

To test the antimicrobial activity of the bacteria, bioassays were performed using a
variety of different media types (Table 1). Each isolate (Table 2) was grown on every
media type and tested against the indicator strains (Table 2). This was repeated 3
times for each isolate against each indicator strain. To the centre of each plate 5 pl
of bacteria stock was added and incubated at 30°C for 20 days. Stocks of
Escherichia coli, Candida albicans, Bacillus subtilis were each incubated overnight at
30°C, and 200 rpm in 10 ml of liquid LB. These overlays were then subcultured into
10 ml of liquid LB and incubated at 30°C, 200 rpm for 4 hours. Overlays were then
performed on the 9 plates with 3 plates overlayed with 3 ml of E. coli, 3 overlayed
with 3 ml of C. Albicans, and 3 overlayed with 3 ml of B. subtilis. For the negative
control the different medias were overlayed with the indicator strains without the
presence of any of the isolated strains to see if any of the media was inhibiting the
indicator strains. The plates were incubated at 30°C for 2 days. A zone around the
centre colony where no indicator strain grew (zone of inhibition) was used as an
indication that antimicrobial activity had occurred. No positive control was used as
the zone of inhibition showed the indicator strain growth had been inhibited
compared to the negative controls where the indicator strains had not been inhibited.

Gram Staining

A gram stain was performed following the Pro-Lab Diagnostics™ Gram Staining Kit
protocol. From the isolate stocks, 2 ul was added to a glass slide and the bacteria
was heat-fixed using a flame. Crystal violet was added to the bacteria for 1 minute
and then rinsed off with distilled water. The slide was then covered in iodine solution
for another minute and then rinsed off. The slide was then covered in safranin for 30
seconds and then rinsed with distilled water. After the slide was gently dried with
some absorbent paper, a small bit of oil was added and it was put under a
microscope at 100x magnification.

Amplicon Sequencing Data Processing

The amplicon sequencing data was processed through the use of QIIMEZ2. High
performing computing (HPC) runs of the amplicon sequencing data were performed.
Paired end sequences were made by removing the PRK341F and MPRK806R
primers and truncating the forward and reverse sequences. As the number of
successful reads depended on how the sequencings were shortened, many different
truncations were performed and the truncation with the most reads was then chosen.
To assign taxonomy to the sequences a 16S sequence database from silva was
used and each truncated sequence was assigned to a 16S sequence from the
database. QIMME2 was then used to filter out any unwanted DNA sequences such
as archaea DNA sequences that remained. Using RStudio a bar plot was then
generated to identify the relative abundance of bacteria located in the laterocervical
plate microbiome of the ants from the Acromyrmex echinatior colonies.



Aims

This study was focused on the bacterial competition of the Acromyrmex echinatior
leafcutter ant microbiome. The two bacterial genera Pseudonocardia and
Streptomyces were the focal point of this study since these actinomycetes are found
on the ant cuticles and play a large role in protecting the ant colony from pathogens
through the production of antimicrobials. One of the main aims of this study was to
identify media types that isolates from A. echinatior are able to grow and produce
antimicrobials on. This would allow for an easier way of studying these actinomyces
as it is already known that the Pseudonocardia and Streptomyces bacteria that have
colonised the laterocervical plates of A. echinatior are able to express BGCs that
result in the production of antimicrobials. The first aim was therefore to isolate
Pseudonocardia and Streptomyces bacteria from the ant cuticles. The following aim
was to find a media type on which the Pseudonocardia and Streptomyces isolates
grew and secrete antimicrobials into the media when overlayed with Bacillus subtilis,
Candida albicans, or Escherichia coli which act as indicator strains. The B. subtilis
and the E. coli were used as indicator strains to test for antibacterial activity, whilst
the C. albicans was used to test for antifungal activity.



Results

A.e750/1/6 A.e750/M1/7 —

Figure 1. The successful isolation of A.e750/1/1, A.e750/1/3, A.e750/1/5,
A.e750/1/6, A.e750/1/7, A.e750/1/8, A.e750/1/9, A.e750/2/1, A.e750/2/2, and
A.e750/2/3 from the Acromyrmex echinatior colony A.e750. These isolates were
grown at 30°C on SFM containing 5 ug/ml nystatin, 100 ug/ml cycloheximide and
40 pg/ml nalidixic acid for 21 days. Successful isolations from A.e750 are visible
as colonies in each image. Each colony of each isolate shared the same
phenotypes as other colonies from the same isolate.



Ten A. echinatior colony A.e750 isolates were successfully isolated from the ants
and grown on SFM plates containing 5 ug/ml nystatin, 100 ug/ml cycloheximide and
40 ug/ml nalidixic acid after incubation at 30°C for 21 days (Figure 1). None of these
isolates had the appearance of Pseudonocardia which phenotypically are small,
white, hairy colonies. Although A.e750/1/3 had small white colonies, these colonies
were not hairy and single colonies had a gelatinous texture unlike Pseudonocardia
colonies. A.e750/1/1 and A.e750/1/5 colonies were neither white, small, nor hairless
and so were not likely to be Pseudonocardia species. A.e750/2/1 had small pale
mucous-like colonies, whilst A.e750/2/2 were transparent. A.e750/1/8 and
A.e750/2/3 colonies were phenotypically small and had a pink colour whilst
A.e750/1/9 colonies were yellow. Although A.e750/1/6 had small white colonies,
these colonies were not hairy and single colonies contained a ring around them
unlike Pseudonocardia spp.. A.e750/1/7 colonies were also small. However, the
white shade was more of a cream and the isolates had a gelatinous appearance.

Figure 2. The successful isolation of A.e758/1/1, A.e758/1/2, A.e758/1/3,
A.e758/1/4 and A.e758/2/1 from the Acromyrmex echinatior colony A.e758.
These isolates were grown at 30°C on SFM containing 5 pg/ml nystatin, 100
Mg/ml cycloheximide and 40 pg/ml nalidixic acid for 21 days. Successful
isolations from A.e750 are visible as colonies in each image. Each colony of
each isolate shared the same phenotypes as other colonies from the same
isolate. A.e758/2/1 had the desired phenotypic qualities of small white
colonies which are seen in Pseudonocardia spp.

Five A. echinatior colony A.e758 isolates were successfully isolated and incubated at
30°C on SFM containing 5 pg/ml nystatin, 100 pg/ml cycloheximide and 40 ug/mi
nalidixic acid for 21 days (Figure 2). Only A.e758/2/1 had the phenotypic appearance
of Pseudonocardia. Although A.e758/1/1 had white, hairy colonies, these colonies
were larger and single colonies contained a ring around them which is not a
phenotype of Pseudonocardia sp.. A.e758/1/2 and A.e758/1/4 colonies were yellow,
larger, and hairless and so were not likely to be Pseudonocardia sp.. Although



colonies of A.e758/1/3 were white, they had a gelatinous texture unlike
Pseudonocardia colonies which resulted in the formation of a biofilm over the plate.
A.e758/2/1 had small white hairy colonies like Pseudonocardia spp. although some
colonies had white rings around them.

| A.e399/2 A.e399/3

Figure 3. The successful isolation of A.e399/1, A.e399/2, and A.e399/3 from the
A. echinatior colony A.e399. These isolates were grown at 30°C on SFM
containing 5 ug/ml nystatin, 100 ug/ml cycloheximide and 40 pg/ml nalidixic acid
for 21 days. Each colony of each isolate shares the same phenotypes as other
colonies from the same isolate. A.e399/2 and A.e399/3 had the desired
phenotypic qualities of Streptomyces spp.

Three A.e399 colony isolates were successfully isolated and grown on SFM plates
containing 5 pg/ml nystatin, 100 pg/ml cycloheximide and 40 pg/ml nalidixic acid
after incubation at 30°C for 21 days (Figure 3) None of these isolates had all the
same phenotypes as Pseudonocardia as seen in Figure 4 which are small, white,
hairy colonies. A.e399/1 colonies were small, however the white shade was more of
a cream and they had a gelatinous appearance. Although Ae399/2 and Ae399/3
were white and hairy during incubation, during sporulation they became green. It is
not likely that these two isolates were Pseudonocardia bacteria with contamination
as these colonies were much too large. It is however possible that these 2 isolates
were Streptomyces as they had a similar appearance to Streptomyces bacteria as
well as the change in pigmentation during sporulation can occur with Streptomyces
spp. (Kelemen et al., 1998).



707-CP-A2 _ ‘ ‘
Figure 4. A dilution streak of 707-CP-A2, Pseudonocardia Psl1, and A.e717 Ps2

! ..ar 1a ' "lPs2

on SFM after 14 days of incubation at 30°C. These bacteria were known

Pseudonocardia strains. Successful growth of the colonies demonstrated that
these strains had survived being frozen for a large period of time. The phenotypic
gualities of Pseudonocardia spp. are visible and could be used to compare

phenotypes against unidentified strains.

The three Pseudonocardia stocks had survived after being kept frozen for many
years and could be used to make stocks and for bioassays to identify preferred
media for the growth and antimicrobial activity of Pseudonocardia spp. (Figure 4).
Each Pseudonocardia strain shared the same phenotype of small, white, and hairy

colonies, which was used as a visual aid to identify potential isolated
Pseudonocardia sp. from colonies A.e750, A.e758, and A.e399.

Genomic DNA 16S rRNA Gene Amplification by PCR
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Figure 5. Agarose gel electrophoresis of PCR performed on
extracted DNA (lanes 2 — 9) to amplify the 16S rRNA gene of
each of the extracted isolates. Lanes 11 — 16 contained 5 pl of
genomic DNA without PCR. The 16S rRNA gene was
successfully amplified as there are clear visible bands at 500
base pairs and as there was no smearing in lanes 11-16 heavy
degradation of the genomic DNA had not occurred so the DNA
was of fine quality for sequencing. The lanes contain: 2 pl of
GeneRuler 1 kb Plus DNA ladder (1), 20 pl of the genomic DNA
solutions A.e750/1/1 (2), A.e750/1/5 (3), A.e758/1/1 (4),
A.e758/1/2 (5), A.e758/1/3 (6), A.e758/1/4 (7), the negative
control (8), the positive control (9), A.e750/1/1 (11), A.e750/1/5
(12), A.e758/1/1 (13), A.e758/1/2 (14), A.e758/1/3 (15),
A.e758/1/4 (16).




The successful 16S rRNA gene amplification by PCR of the 20 yl of the extracted
genomic DNA of the 6 strains A.e750/1/1, A.e750/1/5, A.e758/1/1, A.e758/1/2,
A.e758/1/3, and A.e758/1/4 indicated by the bright clear bands at 500 bp (Figure 5).
These visible bands showed that the genomic DNA could be used for sequencing.
As there was not heavy smearing in lanes 11 — 16 which contained genomic DNA
that had not undergone PCR it showed that heavy degradation of the genomic DNA
had not occurred. Therefore, the genomic DNA was of fine quality for sequencing.
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Figure 6. Agarose gel electrophoresis of PCR performed on
extracted DNA (lanes 2 — 10). The lanes contain: 2 pl of
GeneRuler 1 kb Plus DNA ladder (1), 20 pl of the genomic DNA
solutions A.e399/2 (2), 707-CP-A2 (3), A.e399/1 (4), A.e717 Ps2
(5), A.e750/2/2 (6), A.e750/2/3 (7), A.e750/2/4 (8), A.e758/2/1
(9), Pseudonocardia Ps1, (10), the negative control (11), the
positive control (12).

The 16S rRNA gene amplification of the 20 pl of the extracted genomic DNA of each
of the isolates was successful as there were bright, clear bands visible at 500 bp
(Figure 6). Since the 16S rRNA gene was successfully amplified for all A.e399/2,
707-CP-A2, A.e717 Ps2, A.e750/2/2, A.e750/2/3, A.e750/2/4, A.e758/2/1, and
Pseudonocardia Ps1 strains this DNA could be used for sequencing.



DNA sequencing of isolates and Pseudonocardia acquired in the Hutchings
Lab

Table 6. The forward and full sequence of A. echinatior isolates and
Pseudonocardia sp. using the BLASTn database. A.e750/1/1, A.e750/1/3,
A.e758/1/1, A.e758/1/2, and A.e758/1/4 were only forward sequenced as the
reverse sequences were not of high enough quality.

Isolate Sequence | Top Hit Coverage | Identity | Length
(%) (%) (Base
Pairs)

A.e750/1/1 Forward Bacillus sp. 100 100 420

A.e750/1/3 Forward Agrobacterium 100 100 375
sp., Rhizobium
sp.

A.e758/1/1 Forward Staphylococcus | 100 99.76 419
sp.

A.e758/1/2 Forward Bacillus 100 100 398
megaterium

A.e758/1/4 Forward Staphylococcus | 100 100 413
sp.

A.e399/2 Full Streptomyces sp. | 100 99.51 976

707-CP-A2 Full Pseudonocardia | 100 99.27 1175
sp.

A.e717 PS2 Full Pseudonocardia | 100 99.51 1229
sp.

A.e750/2/2 Full Agrococcus sp. 100 99.01 1233

A.e750/2/3 Full Methylorubrum 96 96.01 1096
sp.

A.e750/2/4 Full Enterobacter sp. | 100 99.53 942

A.e758/2/1 Full Pseudonocardia | 100 99.28 1176
sp.

Pseudonocardia | Full Pseudonocardia | 97 99.50 1017

PS1 Sp.

All 1%t jsolates had a coverage of 100%. These high coverage percentages were
good because the coverage shows the percentage of DNA that aligned to a
sequence found in the GenBank. Therefore, the larger the coverage the better the
match between the DNA sequences of the isolate and top result. Hence table 6
showed that the isolates A.e750/1/1 and A.e758/1/2 were likely to have been a
Bacillus sp., with A.e758/1/2 likely to have been Bacillus megaterium in particular as
these isolates had an identity of 100%. It showed that A.e750/1/3 and A.e758/1/4
also had an identity of 100% which indicated that A.e750/1/3 was likely to have been
either a Agrobacterium sp. or a Rhizobium sp. whilst A.e758/1/4 was likely to have
been a Staphylococcus sp.. Although A.e758/1/1 had an identity of 99.76% it was
also likely to be part of the Staphylococcus genus as the coverage was at 100% and
the identity was close to 100%. Of the five 1t isolated sequenced bacteria,
Staphylococcus species have been identified to be one of the most common bacteria



found on other leafcutter ant species such as Mycocepurus smithii from Panama like
A. echinatior (Kellner et al., 2015). If an actinobacteria is isolated from the A.
echinatior it is likely to be Pseudonocardia as it is the dominant actinobacteria found
on attine ants, in particular higher attine ants such as A. echinatior (Li et al., 2018).
A.e750/1 was identified as a Bacillus sp.. This is a gut bacteria of A. echinatior ants
(Zhukova et al., 2017).

As none of the 1st isolates were Pseudonocardia or Streptomyces bacteria, the 2"
bacteria isolations from Acromyrmex echinatior colonies A.e750, A.e758, and A.e399
were isolated and sequenced. The Pseudonocardia isolates were also sequenced.
The forward and reverse sequences were aligned through the BLASTn database in
order to determine the full sequence. This showed that for the top hit, all the 2"
isolates had a coverage of 100% other than the 2" isolates A.e750/2/3 and
Pseudonocardia Ps1 which had a coverage of 96% and 97%, respectively. Although
no isolate had an identity of 100%, the identity percentages were high with all 2"
isolates other than A.e750/2/3 which had an identity of over 99%. Isolates 707-CP-
A2, A.e717 PS2, A.e758/2/1, and Pseudonocardia Ps1 were all identified as
Pseudonocardia species. A.e299/2 was identified as belonging to the Streptomyces
genus. A.e750/2/2 was identified as belonging to the Agrococcus genus, which just
like Pseudonocardia and Streptomyces is an actinomycete. A.e750/2/3 was
identified as belonging to the Methylorubrum genus whilst A.e750/2/4 was identified
as belonging to the Enterobacter genus.

707-CP-A2 Pseudonocardia sp.

0.00
97

00| Pseudonocardia  sp. Psl

A.e717 Ps2 Pseudonocardia sp.
005 96
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0L15° %% pseudonocardia hierapolitana (NR_126236)
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Figure 7. A phylogenetic tree of 16s rRNA gene of ant isolates and reference
strains Pseudonocardia hierapolitana, Pseudonocardia petroleophilia, and
Streptomyces venezuelae with their GenBank accession numbers. The tree
was built with Megall using the Nearest-Neighbour-Interchange method with
the Kimura-2 model to calculate the distance. The bootstrap confidence value
was calculated using 1000 replicates.



All the full sequence strains were then chosen and put in a phylogenetic tree along
with Pseudonocardia hierapolitana, Pseudonocardia petroleophilia, and
Streptomyces venezuelae which were used as reference strains as seen in Figure 7.
This was performed on Megall using the Nearest-Neighbour-Interchange method
with the Kimura-2 model to calculate the distance. The bootstrap confidence value
was calculated using 1000 replicates to demonstrate the confidence levels of the
clades on the phylogenetic tree. Upon sequencing, A.e717 Ps2, 707-CP-A2,
A.e758/2/1, and Pseudonocardia sp. Ps1 were all identified as Pseudonocardia
species (Table 6). This would explain as to why they are all grouped closely together
in the phylogenetic tree in comparison to the other isolates and why the
Pseudonocardia isolates are closer related to the reference strains P. hierapolitana
and P. petroleophilia which are found in soil (Sahin et al., 2014). Since
Pseudonocardia spp. found in soil are phylogenetically different it would explain as to
why the ant Pseudonocardia isolates A.e717 Ps2, 707-CP-A2, and Pseudonocardia
sp. Ps1 are branched away from the Pseudonocardia reference strains (Ishak et al.,
2011). Although A.e717 Ps2 can be seen with the other Pseudonocardia isolates,
the much larger length of the branch demonstrated that this isolate has more
differences in its genetic sequence compared to Pseudonocardia sp. Ps1 and 707-
CP-A2. However, the bootstrap confidence value is only at 52% and so this this
information cannot be trusted to be correct. A.e399/2, which was identified as a
Streptomyces sp., is seen to be closely related to the reference strain S. venezuelae
as there is little distance between them and there is a large bootstrap confidence
value which further suggests that the identification of A.e399/2 as a Streptomyces
Sp. was correct.

It would be useful to fully sequence the 5 forward strains A.e750/1/1, A.e750/1/3,
A.e758/1/1, A.e758/1/2, and A.e758/1/3
(Table 6) and add these isolates to the
phylogenetic tree as the more isolates we are
able to compare the more accurate the
phylogenetic tree would be.

A.e758/2/2

Gram Stain
As A.e758/2/2, 707-CP-A2 and

Pseudonocardia Ps1 were identified as likely
belonging to the Pseudonocardia genus, and

A.e399/2 was identified as likely belonging to
the Streptomyces genus, a gram stain was
performed to view the cells of these five
bacteria. Each of the isolates remained dyed
purple as seen in Figure 8 and so were
identified to be gram-positive. Each of the
isolates were also rod shaped. Streptomyces
and Pseudonocardia species are
actinomycetes (Riahi et al., 2021), thus they
are gram-positive, filamentous, rod shaped
bacteria (Rahlwes et al., 2019), which further

707-CP-A2

Pseudonocardia Ps1

Figure 8. The gram stain of the
gram-positive isolates A.e399/2,
A.e758/2/2, 707-CP-A2, and
Pseudonocardia Ps1, which
have remained dyed purple.
Each of the strains were viewed
under 100x magnification with

oil.




emphasises that the identification of A.e758/2/2, 707-CP-A2, Pseudonocardia Ps1,
and A.e399/2 was accurate.

Amplicon Sequencing Data
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Figure 9. A bar plot which presents the relative abundance of bacteria located in
the laterocervical plate microbiome of ants from the Acromyrmex echinatior
colonies: A.e399, A.e758, and A.e750. For each colony 3 replicates were used.
Each of the A. echinatior colonies had a large relative abundance of bacteria from
the Pseudonocardiaceae family.

Through high performing computing, QIMMEZ2, and RStudio, a bar plot was
generated to identify the relative abundance of bacteria located in the laterocervical
plate microbiome of the ants from the Acromyrmex echinatior colonies A.e399,
A.e758, and A.e750 (Figure 9). The largest bacterial family abundance found in one
sample was seen in sample A.e750 (C) where Pseudonocardiaceae had a relative
abundance of 65.4%. The 3 largest Pseudonocardiaceae relative abundances
across all samples were each identified to be located in the 3 A.e750 replicates
where A.e750 (A) and A.e750 (B) had a relative abundance of Pseudonocardiaceae



of 48.7% and 45.4%, respectively. In almost every sample the Pseudonocardiaceae
family had the largest relative abundance and in the few where it does not have the
highest relative abundance it still has the second highest. In sample A.e399 (C) the
Pseudonocardiaceae family has just a 0.1% lower relative abundance than the
Burkholderiaceae family. In sample A.e758 (A), the Pseudonocardiaceae family has
just a 1.6% lower relative abundance than the Burkholderiaceae family, and in
sample A.e750 (A) the Pseudonocardiaceae family has a 19.1% lower relative
abundance than the Burkholderiaceae family.
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Figure 10. A bar plot which presents the average relative abundance of bacteria
located in the laterocervical plate microbiome of ants the Acromyrmex echinatior
colonies: A.e399, A.e758, and A.e750 from the 3 replicates. Each of the A.
echinatior colonies had a large relative abundance of bacteria from the
Pseudonocardiaceae family.

In all 3 of the Acromyrmex echinatior colonies the Pseudonocardiaceae family had
the largest average relative abundance (Figure 10). A.e750 had the largest average
relative abundance of Pseudonocardiaceae at 46.8% which was 10.4% larger than
colony A.e399 and 8.16% larger than colony A.e758. Colony A.e750 also had the
largest relative abundance of bacteria from the Streptomycetaceae family at 18.7%.
This was 14.0% larger than A.e399 and 13.9% larger than A.e758. A.e399 had the
largest relative abundance of bacteria belonging to the Burkholderiaceae family at
30.0%.



Bioassays

Pseudonocardia sp.

Pseudonocardia sp. Pseudonocardia sp.

SM14, A.e717 Ps2, B. subtilis SM14, A.e717 Ps2 C. albicans SM14, A.e717 Ps2, E.coli

Pseudonocardia sp.

Pseudonocardia sp. Pseudonocardia sp.

SM14, A.e758/2/1, B. Subtilis SM14, A.e758/2/1, E.coli

Streptomyces sp.

Streptomyces sp.

SM14, 399/2, C. albicans SM14, 399/2, E.coli

SM14, 399/2, B. subtilis

Figure 11. The A. echinatior isolates A.e758/2/1 (Pseudonocardia sp.), A.e399/2
(Streptomyces sp.), and A.e717 Ps2 (Pseudonocardia sp.) grown on SM14 agar
for 20 days at 30°C and overlayed with either 3 ml of C. albicans, B. subtilis, or
E.coli. The photos were taken after incubating the isolates with the overlay for 2
days at 30°C. The production of antifungals from each of the 3 strains is visible
due to presence of zones of inhibition for each of the strains when C. albicans
was used as an overlay.

A.e758/2/1, A.e399/2, and A.e717 Ps2 were able to produce antifungals on SM14
agar as all 3 isolates had a zone of inhibition when overlayed against C. albicans as
seen in Figure 11. Although all 3 isolates were able to produce antifungals against C.
albicans on SM14, they were not able to produce antimicrobials against either B.
subtilis or E.coli on SM14. A.e758/2/1 had the clearest zone of inhibition, whilst
A.e717 Ps2 had a very feint zone of inhibition. This may indicate that these strains
are more specialised against producing antifungals, which would correlate to the



natural threat that these strains protect A. echinatior colonies from the fungus
Escovopsis.

SM15, A.e399/2, C. albicans SM15, A.e399/2, B. subtilis SM15, A.e399/2, E.coli

SM15, A.e758/2/1, C. albicans SM15, A.e758/2/1, B. subtilis SM15, A.e758/2/1, E.coli

Figure 12. The A. echinatior isolates A.e758/2/1 (Pseudonocardia sp.) and
A.e399/2 (Streptomyces sp.) grown on SM15 agar for 20 days at 30°C and
overlayed with either 3 ml of C. albicans, B. subtilis, or E. coli. The photos
were taken after incubating the isolates with the overlay for 2 days at
30°C.

The A. echinatior isolates A.e758/2/1 and A.e399/2 were able to produce
antimicrobials on SM15 (Figure 12). A.e399/2 was able to produce a strong zone of
inhibition against all 3 indicator strains, whilst A.e758/2/1 was able to produce a
small zone of inhibition against C. albicans and B. subtilis, but not against E. coli.

As A.e399/2 was identified as a potential Streptomyces sp. these results may
indicate that the media SM15 is more suited for the growth and activity of
Streptomyces spp. than Pseudonocardia spp. as A.e399/2 colonies were able to
grow and produce not only antifungal, but also antibacterial compounds to inhibit the
growth of both bacterial and the fungal indicator strains. The potential
Pseudonocardia sp. A.e758/2/1 was only able to inhibit the growth of one bacterial
indicator strain which may suggest the Pseudonocardia sp. is very dependent on its
environment to be able to produce different antimicrobials. A.e758/2/1 had a greater
zone of inhibition against the fungal indicator strain than against the B. subtilis which
it was also able to inhibit. This gives further suggestions, as seen in Figure 11, that
the Pseudonocardia sp. has a greater specialization of the inhibition of fungal
pathogens, however is still able to inhibit bacterial pathogens just to a lesser
effectiveness.



It would be beneficial to use Escovopsis as the indicator strain for antifungal activity
in future studies as this pathogenic fungus is a natural threat of A. echinatior colonies
(Barke, et al., 2011), and so the bioassays are a closer representation of the
Pseudonocardia and Streptomyces sp. protecting the ants in the wild. A comparison
of the zone of inhibition between a fungal indicator strain such as C. albicans and
Escovopsis would be interesting. A larger zone of inhibition against the Escovopsis
than other fungal indicator strains could indicate the Pseudonocardia sp. is not only
more specialised against fungal pathogens than bacterial pathogens but has also co-
evolved to be more specialised against specific fungal pathogens such as
Escovopsis. This would make sense as Escovopsis is associated with being a
natural pathogenic threat to A. echinatior ant colonies. As there were many
unsuccessful Pseudonocardia isolations during the culture-dependent isolations it
would be beneficial to grow the isolated bacteria on SM14 and SM15 since potential
Pseudonocardia isolates were successfully able to form colonies and produce rings
of inhibition against indicator strains on these two media types (Figures 11 and 12).
This use of these media during culture-dependent isolations may result in an
increase of Pseudonocardia isolates as they would be growing on a more suitable
medium.

Discussion

The multiple attempts to isolate (Table 2) Pseudonocardia sp. from the ant
microbiome has shown how incredibly challenging this actinomycete is to work with
even though it had the highest relative abundance in the A. echinatior colonies
(Figure 10). As this actinomycete takes a long time to grow, and even if colonies
successfully form, it does not mean that this bacteria will be able to produce
antimicrobials in the different media type as shown by figures 11 and 12. This may
suggest that the Pseudonocardia sp. have evolved to be grow and be more efficient
against pathogens in the ant microbiome than anywhere else. This may be due to
specialised structures on the ants that over millions of years the Pseudonocardia sp.
has co-evolved to thrive on these structures. This also may explain as to why only
one type of Pseudonocardia is known to be found in each A. echinatior colony.
These specialised structures on the ant cuticles contain pores that provide the
Pseudonocardia sp. with secretions which may provide the perfect environment for
the Pseudonocardia sp. to grow and produce antimicrobials (Li et al. 2018). This may
explain as to why the Pseudonocardia sp. are so difficult to isolate through culture-
dependent methods. These glandular secretions would nourish the Pseudonocardia
and may even be specialised towards aiding the growth and activity of the
Pseudonocardia. A future experiment may therefore be worth attempting to isolate
these glandular secretions of the A. echinatior and identifying them, in an attempt to
replicate these secretions. By introducing these secretions to isolates from A.
echinatior it could create an environment further specialised for the growth and
activity of the Pseudonocardia sp. which could result in more Pseudonocardia
isolates and greater zones of inhibition due to the Pseudonocardia isolates being
more active. A study by Zucchi et al., 2011 isolated 20 bacteria from Acromyrmex
subterraneus brunneus, 17 of which were Streptomyces spp. whilst only 1 was a
Pseudonocardia sp.. Cultured-dependent isolations show less microbial diversity
than culture-independent isolations (Sen et al., 2009). Culture-independent isolations
of T. septentrionalis showed two Pseudonocardia isolates, whilst culture-dependent



isolations of T. septentrionalis only showed one Pseudonocardia isolate (Sen et al.,
2009). Using culture-dependent isolations no Pseudonocardia spp. were found on A.
coronatus. As a Pseudonocardia sp. from only 1 of the 3 A. echinatior colonies was
able to be isolated using culture-dependent isolations this correlates with the results
of Zucchi et al., 2011 & Sen et al., 2009. It has been shown by the culture-
independent isolations that there is a high abundance of Pseudonocardia sp. on all 3
of the ant colonies and a much greater microbial diversity.

It may be interesting to use SFM 14 or SFM 15 to screen the two different
Pseudonocardia species against one another to see if they produce any
antimicrobials to inhibit the colonisation of other Pseudonocardia species. This is
because A. echinatior ants only carry either P. echinatior or P. octospinosus and it
has been seen that Pseudonocardia spp. can inhibit the growth of similar
Pseudonocardia species that are competing for colonisation (Van Arnam et al.,
2015). It may be also interesting to screen the A. echinatior Pseudonocardia isolates
against Pseudonocardia species from soil as Pseudonocardia can be found in soll
(Wang et al., 2017) yet only P. echinatior or P. octospinosus are found on A.
echinatior. Mueller et al., 2010 has shown that environmental Pseudonocardia can
have close genetic similarities or even matching sequences with Pseudonocardia
species associated with ants. However, this was not witnessed during this study as
shown by Figure 7 where the soil Pseudonocardia reference strains branched away
from 3 of the A. echinatior Pseudonocardia isolates. As there was a high bootstrap
value of 96 this branch apart could be accepted. The further away on the
phylogenetic tree the more dissimilar the genetic sequence of the bacteria. It is
therefore possible that the Pseudonocardia reference strains from the soil do not
have the same antibiotic resistant genes (ARGS) as the Pseudonocardia strains from
the A. echinatior. If the different Pseudonocardia species do not share the same
ARGs then different Pseudonocardia bacteria would be able to inhibit the growth of
each other through the production of antimicrobials. This may suggest why only P.
echinatior or P. octospinosus are the only Pseudonocardia sp. found on A. echinatior
since the attine-associated Pseudonocardia sp. would inhibit the colonisation of soill
Pseudonocardia spp. with antimicrobials.

Isolated Streptomyces could be shown to be resistant to the Pseudonocardia-
produced antibiotics by screening them against each other on SM15 where the
Pseudonocardia sp. was confirmed to be able to secrete antimicrobials into the agar
to inhibit bacteria. As the Streptomyces sp. will likely survive unlike the B. subtilis
and E. coli it will show the resistance of the Streptomyces to the Pseudonocardia-
produced antimicrobials. This would demonstrate that the Streptomyces sp. on A.
echinatior likely have antibiotic-resistant genes to the antimicrobials produced by the
Pseudonocardia sp. on the ants.

Although sporulation of different Streptomyces sp. occurs at different rates, some
Streptomyces sp. are able to sporulate after being incubated for 4-10 days (Shepard,
et al., 2010). This occurred with the Streptomyces isolate A.e399/2 which is
significantly faster than the 21 days it took for the Pseudonocardia isolates to
sporulate. One could then assume that the Streptomyces sp. would be able to inhibit
the growth of the Pseudonocardia sp. on the A. echinatior ants. This would be
because the Streptomyces sp. would be able to grow at a faster rate and so a
greater abundance of Streptomyces bacteria would be identified in the microbiome of
the A. echinatior. The Streptomyces would also produce antimicrobials which would



inhibit the growth of other bacteria competing in this microbiome. However,
Streptomycetaceae bacteria were of a much lower abundance than
Pseudonocardiaceae in all 3 A. echinatior colonies as shown by Figure 10. This may
be due to Pseudonocardia sp. growing in it's ideal conditions on the ant cuticles. The
Pseudonocardia sp. is not growing faster as it still takes around one whole month for
laterocervical plates to be covered in the Pseudonocardia biofilm (Andersen et al.,
2013). The more likely assumption is that the Pseudonocardia in the A. echinatior
microbiome are in an ideal environment to secrete antimicrobials which are inhibiting
the growth of the other bacteria which would result in more space for the
Pseudonocardia sp. to grow. This would result in a larger abundance of
Pseudonocardia bacteria than other bacteria, which can be seen in Figure 10 where
it has the largest abundance in 2 colonies A.e750 and A.e758 and the second
largest abundance in the colony A.e399.

Conclusion

To summarise, only one isolate from A.758 and no isolates from A.e399 and A.e750
were identified as Pseudonocardia sp. which would suggest a lack of abundance of
Pseudonocardia sp. on the leafcutter ant microbiome. However, the amplicon
sequencing data (Figure 10) contradicted this as it demonstrated that the bacterial
composition of these three Acromyrmex echinatior had a large relative abundance of
Pseudonocardiaceae. Culture-dependent isolations have been seen to indicate less
diversity than culture-independent isolations in other studies (Sen et al., 2009). The
amplicon sequencing data indicated that there were high relative abundances of
bacteria from the Pseudonocardiaceae, Burkholderiaceae, and Streptomycetaceae
families on the leafcutter ant laterocervical plates. The bioassays demonstrated that
the Streptomyces and Pseudonocardia sp. could produce antimicrobials on both
SM14, and SM15. This proved that Pseudonocardia and Streptomyces species are
able to produce antimicrobials to protect A. echinatior colonies from pathogens. This
suggested that both media types SM14 and SM15 are preferred medium for
Pseudonocardia and Streptomyces sp.. Therefore, using SM14 or SM15 as the
medium rather than SFM during the isolation of the bacteria may result in more
isolates being Pseudonocardia and Streptomyces sp.. To replicate the leafcutter ant
microbiome protecting the fungal gardens in the wild it would be useful to use
Escovopsis as the indicator strain for antifungal activity as this pathogenic fungus is
a natural threat of A. echinatior colonies (Barke, et al., 2011). Through activity-
guided fractionation and identify using LCMS and NMR, purification and identification
of the antimicrobials produced by the Pseudonocardia and Streptomyces sp. in the
bioassays could then be performed. It may be possible to make a more specialised
medium for the Pseudonocardia sp. by taking SM14 and SM15 and changing either
the carbon or nitrogen source whilst maintaining all other components the same and
performing bioassays on these new media. This would allow for the production of a
new specialised medium since all of the components of this medium would be
specialised for the growth of the Pseudonocardia sp.
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