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3.3.4. Heat treatment to isolate Bacillus to survive
To isolate the suspected three Bacillus co-cultures (34, 40, and 321) were incubated for
30 min at 90°C to kill Streptomyces, while allowing Bacillus endospores to survive.
Purity was only achieved after two cycles of pasteurization, possibly due to survival of
some Streptomyces in clumps. The Bacillus grew on R2A and on NFM. Isolate 34
yielded the same nifH amplicon as the putative bi-culture gave. This supported the notion

that a Bacillus is a nitrogen-fixing partner in the bi-culture (Table 3.3, Fig 3.6, Fig 3.7).

321 34 40

321 34 40

Figure 3.8 Three Streptomyces isolates (321, 34 and 40) cultured on R2A for 14d (top

row), and Nitrogen Free Agar for 6d (bottom row).
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Figure 3.9 Bacillus pure cultures obtained after 3d on NFA after treating cultures at

90°C for 30 min.

3.3.5. Separation Streptomyces from Bacillus using a filter approach:
A membrane trap was employed to allow Streptomyces to grow and separate from

Bacillus. Only culture 34 be separated into purity as outlined in Table 3.3.

Table 3.3 The result of heat treatment and trap experiment

Sample number | 34 (2.8.4Ga) | 40 (3.4.3.A) | 45 (3.2.1Ab)
Original cultures
Genome Streptomyces Streptomyces Streptomyces
avermitilis & avermitilis & venezuelae
Bacillus safensis | Bacillus safensis /&Bacillus
Alpha Pro 16srRNA unclassified_Alp | unclassified "Prot | unclassified
haproteobacteria | eobacteria™ _"Proteobact
eria"
Beta Pro 16srRNA X unclassified_"Prot | unclassified
eobacteria” _"Proteobact
eria"
After one pasteurization cycle
Firmicutes 16srRNA unclassfied_Firmi | unclassified_Bacil | Bacillus
cues lales



http://rdp.cme.msu.edu/classifier/hierarchy.jsp?root=-843&depth=0&confidence=0.8&cncorrected=no
http://rdp.cme.msu.edu/classifier/hierarchy.jsp?root=-843&depth=0&confidence=0.8&cncorrected=no
http://rdp.cme.msu.edu/classifier/hierarchy.jsp?root=-842&depth=0&confidence=0.8&cncorrected=no
http://rdp.cme.msu.edu/classifier/hierarchy.jsp?root=-842&depth=0&confidence=0.8&cncorrected=no
http://rdp.cme.msu.edu/classifier/hierarchy.jsp?root=-842&depth=0&confidence=0.8&cncorrected=no
http://rdp.cme.msu.edu/classifier/hierarchy.jsp?root=-842&depth=0&confidence=0.8&cncorrected=no
http://rdp.cme.msu.edu/classifier/hierarchy.jsp?root=-842&depth=0&confidence=0.8&cncorrected=no
http://rdp.cme.msu.edu/classifier/hierarchy.jsp?root=-842&depth=0&confidence=0.8&cncorrected=no
http://rdp.cme.msu.edu/classifier/hierarchy.jsp?root=-842&depth=0&confidence=0.8&cncorrected=no
http://rdp.cme.msu.edu/classifier/hierarchy.jsp?root=-842&depth=0&confidence=0.8&cncorrected=no
http://rdp.cme.msu.edu/classifier/hierarchy.jsp?root=-842&depth=0&confidence=0.8&cncorrected=no
http://rdp.cme.msu.edu/classifier/hierarchy.jsp?root=-842&depth=0&confidence=0.8&cncorrected=no
http://rdp.cme.msu.edu/classifier/hierarchy.jsp?root=-2262&depth=0&confidence=0.8&cncorrected=no
http://rdp.cme.msu.edu/classifier/hierarchy.jsp?root=-2262&depth=0&confidence=0.8&cncorrected=no

94

Sample number 34 (2.8.4Ga) 40 (3.4.3.A) 45 (3.2.1ADb)
Second trap of Dry colony in 10 days on in 10 days on NFM | in 10 days on
growth on NFH NFM NFM
Second trap of Dry colony it grew very fast it grew very faston | itgrew in3
growth on TSA+GI on TSA+GI TSA+GI days on

TSA+GI
16srRNA (V1-V3) Streptomyces Streptomyces Streptomyces
Actino 16SrRNA Streptomyces Streptomyces Streptomyces
Firmi 16SrRNA X unclassfied_Firmic | Bacillus

ues

alpha +beta Prot 16rRNA X X X

Second trap of Bacilli colony
growth on NFH and TSA+GI

Slow growth on
NFM

No growth on NFM

No growth on
NFM

16SrRNA(V1-V3) Bacillus Bacillus Bacillus
Actino 16srRNA X Unclassfied- X
Bacteria
Firmi 16SrRNA Bacillus unclassified Bacill | Unclassified
aceae Bacillaceae
PolF nifH Herbaspirillum CG Bacillus unknown
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genus is not known for nitrogen fixation, but recently several isolates were reported to
grow in nitrogen free medium, contain nifH, and incorporate nitrogen (Dahal,
Nandakafle et al. 2017). The nifH gene encoding nitrogenase is widely accepted as
marker gene for nitrogen fixation. We used the PolF -PolR primer set to explore the nifH
gene sequences obtained from 115 Streptomyces cultures that appeared pure after
extensive sub-culturing. Amplification of nifH proved challenging but use of additives
such as DMSO, BSA, and glycerol to the PCR reaction enhanced amplification from the
high G+C containing Streptomyces DNA (Strien, Sanft et al. 2013). Of 115 cultures, 34
yielded nifH by PCR. ARA results were positive for all 18 cultures tested, but varied
between cultures. The presence of nitrogen in the medium reduced acetylene reduction,
and repression of nitrogen fixation by an exogenous nitrogen source has been reported for
multiple species (Dixon and Kahn 2004). The nifH amplicons aligned with nifH of
Mesorhizobium, Herbaspirillium and Paenibacillus, suggesting a possibility of either
horizontal gene transfer or co-existence with a nitrogen fixing bacterial co-culture. To
investigate this further, three cultures yielding nifH homologous to Bacillus, 34, 40 and

45 were selected.

The three cultures appearing as Streptomyces comprised of two-species consortia.
They presented as Streptomyces on agar and in liquid culture, even after extensive
attempts at sub-culturing. Microscopic investigation of Gram-stained cultures appeared as
classical Streptomyces. Yet all three cultures tested positive for Actinobacteria and
Firmicutes - specific PCR, and amplicons aligned with Streptomyces and Bacillus

respectively. The genomic sequence data also contained 16SrRNA gene sequences
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aligning with Bacillus safensis. Bacillus could be isolated into single culture through
intensive pasteurization (90°C, 30 min). Sub-culturing of very old cultures onto rich agar
such as Tryptone Soy agar yielded Bacillus, indicating outgrowth of endospores
following senescence of the culture. Related most closely to B. safensis, these isolates
grew on NFM, stained gram positive. The isolate from culture 34 displayed acetylene
reduction activity, and yielded nifH by PCR. Intriguingly the nifH aligned with
Herbaspirillum, a B-Proteobacterium Our Bacillus from cultures 40 and 45, while
growing on NFM, did not yield nifH by PCR. It has been found that a select few Bacillus
have nitrogen fixing ability (Yousuf, Thajudeen et al. 2017). Only one isolate was

reported to yield a nifH amplicon, but no sequence data were reported.

Streptomyces isolated into single culture appeared different on agar and in liquid
culture to the biculture. It could not grow on NFM and did not yield a nifH gene by PCR.
After following various previously published approaches to obtain Streptomyces into
single culture did not succeed in separation of the species, an analysis of the genome
sequence revealed a single antibiotic resistance gene. The Bacillus displayed some
tolerance to chloramphenicol as well, but successive increases in antibiotic concentration

cured the culture of Bacillus.

The three Streptomyces appeared to contain their Bacillus co-cultures, as Bacillus
could only be obtained after death of the partner, either through heat or senescence.
Mutualistic interaction among bacteria is defined in most microbiology textbooks, and
many intriguing bacterial —eukaryote interactions have been studied. Yet few examples of
bacterial mutualism have been studied. but few cases have been described. Cross feeding,

where two or more species contributes metabolites not synthesized by their partners, is
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intuitive, but there are few well characterized examples (Hillesland 2018). The Bacillus
did not require any nutritional contributions from the Streptomyces, ruling out cross-
feeding. Synrophy is distinct from cross feeding because the partners work together to
complete energy-yielding reactions, and are, therefore obligately interdependent
(Mclnerney, Struchtemeyer et al. 2008, Sieber, Mclnerney et al. 2012). As the Bacillus,
pure cultures grew on NFM, they did not require catalytic contributions from the
Streptomyces. Rather, the Streptomyces appear dependent on their Bacillus for growth in
nitrogen deprived environments, suggesting a form of parasitism or slavery. The
mechanism by which Streptomyces contains its nitrogen-fixing slave is unknown at

present.

Bacterial fitness in the environment may depend not only on resistance to
challenges by other species, but also on diverse species interactions including cross-
feeding, syntrophy and parasitism. The isolation of bacterial culture that turn out to be

mixed may open the door to study an array of species interactions.
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Chapter 4

4. Conclusions and Questions for future study

4.1. Conclusion
A large number of diverse bacteria were obtained on the nitrogen-free minimal

medium NFM. These included alpha-, beta-, and gamma — Proteobacteria,
Bacteroidetes, Firmicutes, and Actinobacteria. They grew on nitrogen-free agar (NFA)
and in liguid NFM in an ammonia-depleted environment in a sealed container. All
isolates appeared as single cultures through extensive sub-culturing on solid and in liquid
media, by displaying consistent monomorphic colonies. The PolF-PolR primerset
yielded the largest number of nifH amplicons by PCR, whereas primer sets including
IGK3/DVV, Uedal9F/Ueda407R, and for nifH1/ nifH2 yielded far fewer positives.
Streptomyces were the largest group of FLN fixers, and 40 out of the 115-isolated yielded

nifH amplicons. These genes were all identified as Class one nitrogenases.

The nifH gene profiles did not match the bacterial 16S rRNA phylogeny. The nifH
from Streptomyces fell into three groups, homologous to either Mesorhizobium (Alfa-
Proteobacteria), Paenibacillus (Firmicutes), or Herbaspirillium (Beta-Proteobacteria).
Likewise, nifH from several proteobacterial cultures aligned with those of other taxa.
Phylum-specific 16S rRNA PCR revealed that many of the isolates comprised of co-
cultures. Of 96 isolates testing nifH positive, 23 were single, 61 were bi-cultures, 9 tri-
cultures, and 3 comprised of four taxa. These results indicate that, despite rigorous

procedures to obtain single cultures, most of the nitrogen fixing isolates were bacterial



102

co-cultures.

Genome sequencing of selected cultures identified as Streptomyces revealed presence of
a Bacillus safensis in the DNA, indicating a co-culture. This was confirmed by using
Firmicute-specific 16SrRNA gene primers on the cultures. Bacillus was obtained into
single culture by intensive pasteurization (90°C, 30 min) followed by plating on NFA,
allowing only endospore formers to survive. Purity of the isolates obtained was
confirmed using phylum-specific 16S rRNA gene primers for Actinobacteria and
Firmicutes. These PCRs confirmed absence of the partner strains. The Bacillus isolate
grew on NFA, yielded a nifH amplicon and tested positive in the acetylene reduction
assay. The Streptomyces was cured of Bacillus by extensive culturing in
chloramphenicol. The pure culture Streptomyces colonies appeared different, could not
grow on NFA and did not yield a nifH gene product. These results indicate that the
Streptomyces cultures were bi-cultures with nitrogen-fixing B. safensis. Both strains can
grow on their own so this is not an obligate relationship. Yet the Streptomyces appears to

exert control over the B. safensis, ensnaring it in a state of slavery.

The nifH gene of the B. safensis isolate aligned with Herbaspirrilum, a 3-
Proteobacterium. This suggests horizontal gene transfer. The isolation of bacterial culture

that turn out to be mixed may open the door to study an array of species interactions.

4.2.  Questions for future study
The studies conducted in this thesis have opened a new realm for further investigation of

free-living nitrogen fixing systems. Some questions for further investigation include:
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. Are there any other variants of nitrogenases other than the three-oxygen sensitive

(Nif, Vnf, Anf)?

Is the discovery of a universal primers of nifH for all the nitrogen fixing bacteria

possible?

Is there a way to distinguish between a true nitrogen fixer and a scavenger of

traces of combined nitrogen sources?

Could a phenomena co-culture be type or reason of horizontal gene transfer?

What are the efficiency’s limitations of currently methods and techniques in

evaluation of nitrogen fixation?

Could Streptomyces fix nitrogen alone?



Appendix

1. GPS locations from Sioux Prairie soil samples
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Sampling Site GPS Location
11 44.2°6” N 96° 46° 58” W 17201t Elevation
1.9 44.2°5” N 96° 46° 58” W 17201t Elevation
2.1 44.2°6” N 96° 47’ 1” W 17301t Elevation
2.9 44.2°6” N 96° 46° 58” W 17301t Elevation
3.1 44.2°11” N 96° 46’ 59” W 16701t Elevation
3.9 44.2°11” N 96° 47’ 0” W 17001t Elevation
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1. Photos of soil samples sites:

Site 1 included 9 cores:

1.2
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1.5
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Site 3 included 9 cores:
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3.4

3.3
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3.8
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