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Summary

The services bacteria offer the world are immense and impact people's lives daily. They were
first described by Antoni van Leeuwenhoek in 1676, but bacteria have been utilised in the
medical, agricultural, and food and beverage industries even before they were formally identified.
Microbes’ roles in the environment for cycling of nutrients, climate regulation and pollution are
becoming more well understood, and they are also utilised to answer a wide variety of research
questions in disparate fields. Traditional cultivation techniques were initially developed to study
bacteria and understand their functions as isolates. Such cultivation techniques have become
rarer as new molecular and bioinformatic tools have been developed. These cultivation-
independent techniques have allowed the study of microbial life genetic data which led to the
finding that 99% of all microbial species were yet to be cultured and studied in a laboratory. The
applications of these unstudied organisms could be unprecedented, though their cultivation
remains challenging due to the requirement of specific nutrients that are hard to identify, very
slow growth rates, environmental conditions that are difficult to replicate in a laboratory setting,
live in symbiosis with other organisms, or live in extreme climates. Therefore, much of the
information may be overlooked and hidden in this microbial dark matter. Methods such as
metagenomics, metagenome-assembled genomes (MAGs), and single amplified genomes
(SAGs) have provided us with genomic data for previously uncharacterised microbes from
diverse environments. However, such data is still limited. Omics tools can provide insights into
what is living there and what it can potentially do. However, this data is regularly incomplete
due to the processes involved in sequencing, and conclusions are often drawn from associations
relating to cultured organisms. This can lead to potentially spurious conclusions as a gene may
behave differently in different species, and the absence of genes may depend on how the data
was analysed. Therefore, cultured isolates of the organism are vital. To combat this issue of an
uncultivated majority, it is important to have a targeted approach to culture, what is wanted, not

just what is easy.



This thesis aimed to provide an easy-to-follow, straightforward workflow to cultivate target
environmental organisms using standard molecular tools and methods readily accessible in any
standard microbiological laboratory. The idea is to isolate and culture what is specifically wanted
or needed, not just what is easy. Specifically, it combined classical cultivation and molecular
techniques to target a sulphur-reducing, obligate anaerobe from an environmental sample—

namely a Desulfurella sp. from a geothermal pool in Rotorua, New Zealand.

In order to provide the desired targeted approach, specific primers needed to be designed and
assessed to first find the right sampling site for the initial inoculum and second to ensure the
target is not lost throughout the culturing process. I designed and evaluated primers for targeting
specific taxa at different stringency levels. Initially, I tested published primers (EPS_F/EPS R,
Gittel et al, 2012) aimed at Epsilonproteobacteria, which were reclassified into the
Campylobacterota phylum (including Desulfurella sp.). These primers did not target
Desulfurella sp., so 1 modified them (EPS FM/EPS RL) to produce a longer amplicon for
broader Campylobacterota detection. However, these also amplified non-target species (e.g.,
Desulfobacterota). Finally, I designed a third set of primers (DS F/DS R) specific to
Desulfurella sp., confirmed by in silico testing. These primers allow assessment of Desulfurella

sp. and broader Campylobacterota before sequencing.

The second experimental chapter focuses on enriching the target using the previously described
primers, classical cultivation techniques, and molecular tools. Site selection was based on the
1000 Springs Project (Power et al., 2018). Culturing was performed originally with DSMZ
Desulfurella medium and later modified, investigating pH (4 and 6) and temperature (50°C and
30°C) variations and adapting it for solid media by replacing elemental sulphur with sodium
polysulfide. I used a vacuum food sealer to cultivate anaerobes, an accessible and portable
alternative to expensive anaerobic chambers. Automated Ribosomal Intergenic Spacer Analysis
(ARISA) was used to assess axenicity before sending samples for 16S rRNA gene and whole
genome sequencing. Desulfurella was detected in each culture using species-specific primers

(DS_F/DS_R), enabling its phylogenetic placement. However, despite Desulfurella presence in



the 16S rRNA gene amplicon sequencing, a metagenome-assembled genome (MAG) could not

be produced. This thesis discusses lessons learned and suggests improvements for future studies.



Acknowledgments

I would like to express my deepest gratitude to Craig Cary. He was a true source of inspiration,
always brimming with insight and enthusiasm. I will deeply miss his stories, his invaluable
guidance, and the time we spent together. The knowledge he shared with me is something I will
forever remember. His unwavering passion for science and for life itself left a lasting impression

on everyone around him, and his memory will continue to inspire me always.

To Huw Richards, who I genuinely would not have gotten through this without, I cannot thank
you enough. You have guided me in so many ways throughout this process and encouraged me

every step of the way. Giving me not only practical solutions but the confidence to get it done.

To Charles Lee for coming in as my supervisor at the last minute. You have provided a fresh
look over this work and made many helpful suggestions. I will miss your straightforward
feedback and advice, as well as your constant encouragement to be better and achieve more. As

well as everyone else in TRU for the constant support and push to succeed.

To all of my family and friends for putting up with my complaints and encouraging me to keep

going.



Table of Contents

Chapter 1: Literature REVIEW............eueeevrrevveeeniiisinnesnusissisnssmsssssssssssssssssssssssssssssnns 15
1.1 The Earth Microbiome. ........ccciiiiiiuiiiiiiiniiniiniesessssssssssessssssss 15
1.1.1 THE TrEE Of LIf@.cuuiiiiieiiie ettt ae e e s ae e st esbe e sbeeereeen 16
1.2.2 BranCh BrEaKerS ..cocuie it iie ettt ettt ettt st e st e st e et e e e s aaeesa b e e s ateesnbeesnbeesbaeenree s 17
1.2 Microbial Dark Matter........ccccceeiiiiiiiiiiienniiiiiniiinniiiiessssisssssns 18
1.3 Nomenclature for Uncultivated Majority .......cccccveveniiiieiiiininnnnniniiniien, 19
1.4 Cultivation Independent Methods ..........cccoiiiirmmniiiiiniiniinn. 20
141 16S rRNA SEOUENCING ...ttt ettt e ettt e e e e e ettt e e e e e s sbber e e e e e e e seennreeeeeeeeannan 20
14.2 Single Amplified GENOMES (SAGS) ..ecveeiiiieiieiiiierie e sieeetee e e e seeesae e sreesbeesbeeereeen 22
143 Metagenome-Assembled GENOMES (MAGS) .....c.ueevuiiiiieriieeiiiieeiieeeree e saeeseeesaeesees 25
1.5 The Importance of Cultivation .........cccceiiiiiiiiiiiiiiiiniisessseeess 31
15.1 IMPOrtance for RESEAICH .......ii it 32
15.2 L OV o o =T ol ] SRS 32
153 LY=o [Tol o PSS RST 34
1.6 Isolation Issues - COMMON BArTiers .......cccceeiiieiiiiiinnnnnsisieniinnenssssssseenimmessssssssssenns 34
1.6.1 Nutrients and Growth CONAItioNS ........cccciieiieiiiierii e 35
1.6.2 SYMNIDIOSIS ..ttt ettt ee e e ettt e e e et e e e e e bt e e e e tbeeeeeatbeeeeaataeeeeaabeaeeatreaeann 35
1.6.3 Competition and LOW ADUNAANCE .....cociiiiiiiciie ettt e saae e 36
1.7 Current Cultivation Approaches........cccccceeeiiiiiinniniiiiniinie. 37
171 101 Y o USRS 37
1.7.2 (0= | IYo Y V-SSP ORPRUPRRRPRRN: 38
1.7.3 Metagenome-Informed Cultivation SUCCESS ........cevviiiieeriieeiiiee e csee e 38
1.8 (014 T 01V [o] o T Tt =T (o - N 39
18.1 Why are they iINtEreStiNG? ....cccii ettt bae e ae e sbe e s be e sbeeeareeen 39
1.9 1000 SPrings ProjJect .......ccciiiiieeemniiiiiniiiinennnnisiiiniiiieessssiismiiimesssssssssssimssssssssss 41
0 0 T 7o T T 11 T o TN 41
1.11  Aims of This TRESIS ..cciiiiiiuuiiiiiiiiiiiiiniiiiiniiiieieeiiieessneeiiieesssmssssseeens 42
2. Chapter 2: Primer design and optimisation ..................cceevvvvvveneciirrnvennnssssnnns 43
2.1 T 4o Te [T 4T o TR 43
2.2 1Y =1 d 3 oo £ 44
2.2.1 Original PUBIISHEA PriMEIS ....vvieeiiiieecie sttt e s e st e e e sbaeesaae e 44
2.2.2 PrimEr DESIGN ...ttt ettt e e e e sttt e e e e e s e e et e e e e e s e nbreeeeeeeeeaan 44
223 OPEIMISATION ettt e ettt e e e e e s et e e e e s e et r e e e e e e e s enneaeeeeas 44
2.2.4 UNIVEISAl PIIMEIS weviiiiiiiieectieeiee ettt e et e ste et e e s e e st e e sbe e s be e s baeebaeessaeensaeesnaeennses 45
2.3 RESUILS....cuiiiiiiiiiiiiiiiieiiiiiiestieetiinerssssessseesinesssssssssssessinesssssssssssssssssssssssssssssss 45
231 PrimEr DESIGN ...ttt e e e e ettt e e e e e s e bt e e e e e e e nreeeeeeeeeeaan 45
2.3.2 OPEIMISATION ettt et e e e e e st e e e e e e et e e e e e e e e s enneeeeeeas 47



233 (81T T T o T 41T SRS 49
24 DiSCUSSION. . ceiiiiirennnniieetiiiiressssssseeriiirssssssssssessinmesssssssssssssnessssssssssssssssssssssssssssssss 50
3. Chapter 3: Targeted cultivation of a sulphur-reducing, obligate anaerobe ... 53
3.1 1Y <13 4 Vo 53
3.2 T 4o Yo [T 4T o TP 54
3.3 1Y =1 4 3 o Yo £ 58
33.1 YL IN =] (=T ot 4o o [ RUPPPSTR 58
3.3.2 YT a0] o] L @e] [ =T ot 4o o PSRRI 62
333 PCR with Platinum Direct PCR Universal Master MiX........ccccoevueriuieiiienseeeneeenieesveennnes 62
3.3.4 Water Sample Processing and DNA EXtraction.......cccccueeecueeiiieeeiieeinieenieesieesieesveesnee s 64
3.35 DNA SeQUENCING PrOCESSING ...eeeeiiiiieiiiiieieeeeeeii et ee e e e ettt e e e e e s eeenreee e e e e s e nreeeeeeeeeeaan 65
3.36 MEtagENOME ANAIYSES ...veieiieeiieiiee ettt ettt e e ste e st e e e sbaeesbe e e ssaeesaaeessaeesnres 65
3.3.7 Campylobacterota Presence in Water SAmPIES .....cccvvevveeiiieiiieenieeeieesiee e ssieeeseee e 66
3.3.8 (G0 U T4 o= 0] oo [ oY SRR 67
3.3.9 B = 10 (=] OSSPSR 67
3.3.10 Culture Media AdJUSTMENTS ....cccuiiiiieiiiie ettt re e s beeesaeessbeeesaaeenes 67
33.11 Yo 1o LY [=To [ SRR 68
3.3.12 Automated Ribosomal Intergenic Spacer Analysis (ARISA) ......ccccevieeriieeriieeniieesieeeienn 69
3.3.13 16S rRNA Gene Amplicon Analysis of Enriched CUltUre ........cccoovvevieenieevciieccec e 69
3.3.14 Culture DNA Extraction and Shotgun SEQUENCING .......ievveeiiieiieeciee et 70
34 RESUIES....uuiiiiiiiiiiiiiiiiiieiiiiiresiiiieentineesssssssseesinesssssssssssessinesssssssssssssssssssssssssssssss
34.1 S ANGIYSIS c.uveiiiieitie ettt et e e e e e et e e st e e s e e et e e s e e et e e e bae e aaeesateeeateesbeeereeen
34.2 16S rRNA Libraries
343 Culturing ..eceveeeveeccieeiienns
3.44 Automated Approach for Ribosomal Intergenic Spacer Analysis (ARISA) ........ccccuveeuen.. 80
3.4.5 16S rRNA Gene AmMPliCON ANAIYSIS ..ouveiiiiiiiiieciieciee ettt sre e sae e e e s re e steeeree s 83
3.4.6 MEtageNOME ANAIYSIS ..ouviiieiieiieeiiie ettt e e et e e sbaeesbaeessaeesaaeessaeesares 85
3.4.7 1501atioN CUUIE SEQUENCING.....veiiiiieiee ittt ecte ettt e e sre e e te e e sbaeesbae e saaeesaaeessaeesars 88
3.5 [ T o1 T3] o o TP 89
35.1 YL IR =] (=T ot 4o o [PPSR 90
3.5.2 PrIMIEBIS ettt ettt e e e e e s e et e e e e e s e aanr et e e e e e e e e b reeeeaeeaeaan 93
353 CURUTING ettt ettt e e st e et e s te e e be e e bee e baeesateesateesabeesabaeenseessasanseeenes 94
354 o] 1o LY [=To [ SRR 95
3.5.5 Y=Y T 1o IO IS g g 1T L £ SRS 96
3.5.6 A RIS A ettt ettt e e e e e e e — et e e e e e e e e abbeeeeee e e e s e hnreteeeeeseeanrees 97
3.5.7 16S FRNA SEOUENCING ...ttt ettt e ettt e e e e e ettt e e e e e s sbbereeeeeeeseannreeeeeaeeaanan 98
3.5.8 Isolation Culture ShOtgUN SEQUENCING ...ccuvieivieeriiierieesieeetee st e eree e riae et e e seaeesaae e sae e 99
3.6 (7 0T [T T o N 99
Chapter 4: DiSCUSSION .......cceeuueeeiirrivnenniiissnnesssssissssssssmsssssssssssssssssssssssssssssssssssssssns 101
4.1 Modified Isolation WOrkflow.........c.ccceeeiiiiiiiiiiennnniiiiiniiinienneeesss 104
4.2 FiNal TROUGAES......cciiiiiiiiiiiiiiiiiiiiieineiiiinniiisessseeiisssiisssssssssssssssnissssssssssssssssssssssnnes 105
203 (= (=2 Lo =S 106



List of Figures

FIGURE 1. 1. THE TREE OF LIFE BY HUG ET AL. (2016), DEPICTS THE TOTAL DIVERSITY
SHOWN BY SEQUENCED GENOMES. IT INCLUDES ALL FIVE EUKARYOTIC
SUPERGROUPS, 92 BACTERIAL PHYLA, AND 26 ARCHAEAL. NON-ITALICISED NAMES
AND RED DOTS HIGHLIGHT THE LINEAGES THAT DID NOT HAVE ISOLATED
REPRESENTATIVES (WHEN THIS WAS PUBLISHED). ....cccooviiiiiiiiniinineceece s 17

FIGURE 1. 2. A TYPICAL 16S AMPLICON SEQUENCING WORKFLOW (TAKEN FROM
ATHANASOPOULOU ET AL., 2023). FOLLOWING SAMPLE COLLECTION, ALL
MICROBES PRESENT IN THE SAMPLE ARE LYSED AND THEIR DNA IS RECOVERED.
THIS DNA IS THEN AMPLIFIED USING PCR, USING PRIMERS SPECIFIC TO THE
RESEARCH QUESTION BEING ASKED. FOR INSTANCE, IF A CERTAIN TAXON IS
REQUIRED THEN PRIMERS ONLY TARGETING THAT TAXA WOULD BE USED,
RESULTING IN ONLY THE 16S RRNA GENE FROM THAT TAXON BEING AMPLIFIED.
CONVERSELY, IF A GENERAL SURVEY OF ALL TAXA PRESENT IS REQUIRED, THEN
GENERAL PRIMERS THAT WOULD AMPLIFY ALL ORGANISMS SHOULD BE USED.
FOLLOWING AMPLIFICATION. SEQUENCING ADAPTERS ARE THEN ADDED TO EACH
AMPLICON BEFORE SEQUENCING AND ANALYSIS TO RECOVER THE UNDERLYING
SEQUENUC ES. ..o s s 22

FIGURE 1. 3. AN EXAMPLE OF A WORKFLOW FOR SINGLE AMPLIFIED GENOMES FROM
(XU & ZHAO, 2018). ENVIRONMENTAL SAMPLES ARE IMMEDIATELY PROCESSED OR
FROZEN UNTIL USE. CELLS ARE THEN STAINED EITHER WITH A NON-SPECIFIC DYE
SUCH AS DAPI OR THEY CAN BE LABELLED SPECIFICALLY WITH FLUORESCENCE
IN SITU HYBRIDIZATION. SINGLE CELLS ARE THEN PHYSICALLY ISOLATED INTO
MULTI-WELL PLATES MOST COMMONLY WITH FLUORESCENCE-ACTIVATED CELL
SORTING (FACS). SINGLE CELLS ARE THEN LYSED TO RELEASE DNA FROM THE
CELL. WHOLE GENOME AMPLIFICATION IS THEN REQUIRED FOR LIBRARY
PREPARATION SO THAT THERE IS ENOUGH DNA. AFTER LIBRARIES ARE PREPARED,
SHORT-READ SEQUENCING (ILLUMINA) OR LONG-READ SEQUENCING (OXFORD

NANOPORE) TECHNOLOGIES ARE UTILISED. ONCE SEQUENCED, BIOINFORMATICS



IS USED TO ASSESS READ QUALITY AND TO ASSEMBLE, CLASSIFY AND ANNOTATE
THE SEQUENC ES. ...t s 24
FIGURE 1. 4. EXAMPLE OF A METAGENOMIC WORKFLOW (NAM ET AL., 2023). STUDY
DESIGN AND EXPERIMENTAL PROTOCOL ARE IMPORTANT IN METAGENOMICS, IT
IS IMPORTANT TO DECIDE ON SEQUENCING DEPTH/COVERAGE. AFTER SAMPLING,
TOTAL DNA IS EXTRACTED AND QUANTIFIED AND SEQUENCED. AFTER THE DATA
IS OBTAINED, COMPUTATIONAL QUALITY CONTROL STEPS REMOVE SEQUENCING
ADAPTORS, REMOVE DUPLICATES, AND QUALITY TRIMMING. DEPENDING ON
EXPERIMENTAL OBJECTIVES, SEQUENCES ARE ASSEMBLED AND BINNED OR ARE
TAXONOMICALLY ASSIGNED FOR WHOLE COMMUNITY DIVERSITY ANALYSIS......26
FIGURE 1. 5. THE PIPELINE USED BY MEZITI ALEXANDRA ET AL. (2021) TO IDENTIFY THE
POPULATION AND ISOLATE GENES CAPTURED BY MAGS. FROM A FAECAL SAMPLE,
ISOLATES OF E. COLI (IF TESTED POSITIVE FOR VIRULENCE FACTORS BY PCR)
WERE SEQUENCED, RESULTING IN DRAFT GENOMES. METAGENOMES WERE
ASSEMBLED AND BINNED FROM THE SAME SAMPLE AND MAGS WERE
RECOVERED. THEY MAPPED METAGENOMIC READS ON ISOLATE GENES AND
CONTIGS TO IDENTIFY VARIABLE AND CORE GENES AND STRAIN-SPECIFIC GENES.
THEY THEN SEARCHED THESE GENES AGAINST THE MAG TO ASSESS THE MAG FOR

HOW WELL IT REPRESENTS THE GENE CONTENT........ccccccciiiiiiiiiiiiniiiniiccieis 29

FIGURE 2. 1. GENEIOUS PRIME ALIGNMENT OF DESULFURELLA 16S RRNA SEQUENCES
FROM NCBI AND SILVA DATABASES. ....ovvoeeoreeeeseeseeeeesseeseeeessseeeeeeessssseesssesssossesssseeenn 45
FIGURE 2. 2. OPTIMISING ANNEALING TEMPERATURE OF ALL PRIMER PAIRS. THE
TEMPERATURE IS °C. 2A. EPS_F/EPS_R PRIMERS. 2B. EPS_FM/EPS_RL PRIMERS. 2C.
DS_F/DS_R PRIMERS. ....oooivvveeoiireeeeeeeeseeeeeesseseesesesseeesseseseoessessseesssessssesesssseeesssesssoessesssseen 49
FIGURE 2. 3. UNIVERSAL PRIMERS EUBB/EUBA TESTED IN SILICO ON THE

DESULFURELLA 16S RRNA GENE ALIGNMENT ON GENEIOUS PRIME SHOWING THAT

10



THESE PRIMERS DO NOT TARGET THE PUBLISHED SEQUENCES AS THEY APPEAR
TO BE TRUNCATED ON THEIR END OF THE 16S GENE.........cccccoiiiiiiiiiiiiiiiice, 50

FIGURE 2. 4. THE EARTH MICROBIOME PRIMERS TESTED ON THE DESULFURELLA 16S
RRNA GENE ALIGNMENT ON GENEIOUS PRIME. THIS SHOWS MUCH BETTER

PREDICTED BINDING.......ccoiiiiiiiiiii it 50

FIGURE 3. 1. 1000 SPRINGS DATA FOR FEATURE 36 AT KUIRAU PARK. 3.1A. MAP OF ALL
THE SITES SAMPLED. 3.1B. MICROBIAL DIVERSITY IN FEATURE 36. 3.1C. FEATURE 36
DATA WITH A MAP OF THE SITE AND PHOTO. 3.1D. FEATURE 36 CHEMICAL
PROPERTIES. ......oocoooovveeeeeeeeeeeeeesseeeeessesseessessesese s sssess s seesesessssessseesssesesesseeesesssessessssees 61

FIGURE 3. 2. 1000 SPRINGS DATA FOR FEATURE 22 AT KUIRAU PARK. 3.2A. MICROBIAL
DIVERSITY IN FEATURE 22. 3.2B. FEATURE 22 DATA WITH A MAP OF THE SITE AND
PHOTO. 3.2C. FEATURE 22 CHEMICAL PROPERTIES..........covvveieereeeeessseeeessseseeeessesseeesenn 62

FIGURE 3. 3. THE GEL OF THE INITIAL WATER SAMPLE OF PCR WITH EPS_F/EPS R
PRIMERS. 1KB+ LADDER WAS USED ......covvoeeerreoeieeseseesesessseesssessesesssssseesssssssossesssseesonn 72

FIGURE 3. 4. THE GEL OF SITES 36 AND 22 RUN WITH ALL 3 VERSIONS OF PRIMER PAIRS
FROM CHAPTER 1. 1KB+ LADDER WAS USED. PRIMER VERSIONS: V1 = EPS_F/EPS R,
V2 =EPS_FM/EPS_RL, AND V3 =DS_F/DS _R......ovceimommreoceinemseeessseseeessssssseeesssssssosssessseesenn 73

FIGURE 3. 5. 16S RRNA LIBRARY FOR SITE 36 AT KUIRAU PARK. 3.5A. AT THE PHYLUM
LEVEL, CAMPYLOBACTEROTA MAKES UP 13% OF THE TOTAL COMMUNITY WITH
DESULFURELLA MAKING UP 1.09%. 3.5B. PIE CHART OF THE GENUS LEVEL FOR THE
CAMPYLOBACTEROTA, WITH DESULFURELLA ACCOUNTING FOR 10%. ........cooeer...c.. 74

FIGURE 3. 6. 16S RRNA LIBRARY FOR SITE 22 AT KUIRUA PARK. NO DESULFURELLA
PRESENT. ....oooiveoeeeeeeeeeeeeesseee e seeee e ssee e seses s sses e ssse s sese s esesseeeseeseeasessse e ssseee 75

FIGURE 3. 7. GEL SHOWING AMPLIFICATION WITH DIFFERENT BUFFER ADJUSTMENTS IN
THE MEDIA USING A SITE 36 ISOLATE AND DS_F/DS_R PRIMERS. PS =
POLYSULPHIDE, PHOS = PHOSPHATE BUFFER.........ovvecosoivveeseseeeeeeeessseeeeesssessseessesseeesenn 76

FIGURE 3. 8. A STAB CULTURE OF DSMZ480 WITH VARYING PERCENTAGES OF AGAR,

STARTING AT THE BOTTOM WITH 100%, 80%, 60% AND 40%. .....ccccevvrvereeneninereeeenenen 78

11



FIGURE 3. 9. SOLID MEDIA IS SET UP TO CREATE AN ANAEROBIC ATMOSPHERE OF THE
N2:CO2 GAS MIX IN A MORE ACCESSIBLE/PORTABLE WAY ....cccoviiiiiiniinienieieeeneeens 78
FIGURE 3. 10. SOLID MEDIA WITH DIFFERENT MORPHOLOGY OF COLONIES. BLUE =
SMALL, FROSTED COLONY (FC). RED = BIG, MUCOID COLONY (BC).....cccocvvverervenenne. 79
FIGURE 3. 11. THE GEL OF ALL PRIMER VERSIONS ON ALL CULTURES. PRIMER
VERSIONS: V1 =EPS F/EPS R, V2=EPS FM/EPS RL, AND V3=DS F/DS R.+V1& V2=
ALVINELLA DNA POSITIVE CONTROL. +V3 = DSMZ DESULFURELLA POSITIVE
CONTROL. -V1, -V2, & -V3 = BLANK NEGATIVE CONTROLS. .......cccoiiiiiiiiiiicice, 80
FIGURE 3. 12. ARISA FRAGMENT ANALYSIS OF DSMZ DESULFURELLA ACETIVORANS.
3.12A. ON THE 3130 SEQUENCER. 3.12B. ON THE TAPE STATION. ........ccccccoiriiiriiiiiiirinnne, 81
FIGURE 3. 13. ARISA FRAGMENT ANALYSIS FOR SITE 36. 3.13A. FROM LIQUID CULTURE
AFTER 6 MONTHS OF PASSAGES USING 3ML INOCULUM. 3.13B. FROM LIQUID
CULTURE AFTER A FURTHER 6 MONTHS OF TRANSFERS AND STARTING TO USE
100UL INOCULUM. 3.13C. LIQUID CULTURE AFTER TRANSFERRING FROM A SINGLE
COLONY FROM SOLID MEDIA. 3.13D. THE SAME AS IN 3.13C BUT RUN ON THE TAPE
STATION INSTEAD OF THE 3130 SEQUENCER. ........cccccociiiiiiiiiiiiiiie, 82
FIGURE 3. 14. ARISA FRAGMENT ANALYSIS OF THE DIFFERENT MEDIA ALTERATIONS.
3.14A. BC PH6. 3.14B. BC PH4. 3.14C. FC PH6. 3.14D. FC PH4. 3.14E. 50°C.......ccccccceiiirnne. 83
FIGURE 3. 15. CHROMATOGRAM 16S RRNA SEQUENCES FROM THE FC PH4 TREATMENT
AMPLIFIED WITH DS F/DS R. THE COLOUR OF BLUE INDICATES CONFIDENCE IN
THE BASE CALL, LIGHT BLUE IS VERY CONFIDENT — AND DARK BLUE IS NOT. ....... 84
FIGURE 3. 16. 16S RRNA GENE TREE FROM DESULFURELLA ALIGNMENTS WITH
DS F/DS R PRIMERS. RED DOTS INDICATE ISOLATES FROM THIS STUDY. ....ccccccueuee. 85
FIGURE 3. 17. METAGENOME COMMUNITY PROFILE FOR SITE 36 AT KUIRAU PARK. 3.17A.
AT THE PHYLUM LEVEL, CAMPYLOBACTEROTA MAKES UP 7.02%. 3.17B. PIE CHART
OF THE FAMILY LEVEL FOR THE CAMPYLOBACTEROTA, WITH
DESULFURELLACEAE MAKING UP 5% OF THE OVERALL FAMILY. ...ccccccovenininiriennns 86
FIGURE 3. 18. MULTIPLE SEQUENCE ALIGNMENTS OUTPUTTED FROM THE GTDB-TK
PIPELINE SUBSETTED TO CONTAIN ALL REPRESENTATIVE SPECIES OF THE CLASS

DESULFURELLIA, AS WELL AS ONE SPECIES FROM THE PHYLUM PRECEDING THE

12



CAMPYLOBACTEROTA TO ACT AS A ROOT. DESULFURELLA MAG FROM THIS

STUDY (SITE 36) IS “BIN. 777 oottt s e s 88

FIGURE 4. 1. MODIFIED ISOLATION WORKFLOW WITH THE MAIN DIFFERENCES BEING
COMMUNITY ANALYSIS INFORMING CULTIVATION WHILE KEEPING STANDARD
MEDIA TO RUN IN PARALLEL. THE ADDITION OF ENVIRONMENTAL CONDITIONS
COULD ALSO BE RUN ALONGSIDE THESE IF THEY DO NOT FALL INTO THE SAME
CATEGORIES. THE ADDITION OF QPCR WHEN PASSAGING IS A KEY ADDITION TO
ENSURE THE TARGET IS GROWING AND IT IS NOT JUST ANCIENT DNA BEING
AMPLIFIED. SOLID MEDIA WOULD STILL NEED TO BE OPTIMISED FOR AGAR

VISCOSITY AND SULPHUR BIOAVAILABILITY AS MENTIONED IN THE TEXT. ......... 105

13



List of Tables

TABLE 2.1. ORIGINAL PRIMERS AND PRIMERS DEVELOPED FOR THIS PROJECT. EPS-F
MOD EDITS FROM THE LITERATURE ARE SHOWN IN RED. VERSION WILL BE USED
TO REFERENCE THESE PRIMERS THROUGHOUT THE REST OF THIS STUDY. .............. 46

TABLE 3.1. SITES OF INTEREST AT KUIRAU PARK, ROTORUA, NEW ZEALAND. WITH

ASSOCIATED DATA FROM THE 1000 SPRINGS PROJECT. SITES MARKED IN BOLD

ARE THOSE SELECTED FOR INITIAL TRIALS. .....cccooiiiiiiiiiniiiiiicciciccciceccece 58
TABLE 3.2. VOLUMES USED IN PCR REACTION. ......ccccoiiiiiiiiiiiiiiiicicicicccc e 63
TABLE 3.3. RECOMMENDED UNIVERSAL PCR THERMOCYCLING CONDITIONS. ................. 63

TABLE 3.4. PH AND TEMPERATURE OF INITIAL SITES SAMPLED AT KUIRAU PARK

COMPARED TO THE ORIGINAL 1000 SPRINGS STUDY. .....ccceoiiiiiiiiiiiiiiiiiiciieiens 71

TABLE 3. 5. MAG STATISTICS FOR CAMPYLOBACTEROTA SPECIES RECOVERED FROM

ENRICHED CULTURES FROM SITE 36. BIN 77 BEING THE TARGETED

DESULFURELLA. ......ocoiiiiiie et s &7

14



Chapter 1: Literature Review

1.1 The Earth Microbiome

The Earth microbiome (EMB) is the vast array of microorganisms that inhabit the planet,
including bacteria, viruses, and fungi. These microbes are critical for nutrient cycling,
decomposition, climate regulation and other processes that maintain the health and function of
Earth’s ecosystems. Advancements in DNA sequencing have allowed for the in-depth study of
the EMB, unlocking the network of microbial interactions and functions far more complex than
previously thought. This led to the concept of the “uncultured microbial majority” gaining
significance in 2014 (Hedlund et al., 2014) , suggesting that most microbes are yet to be grown
in a laboratory. Indeed, estimates suggest that up to 99% of microbial species have not been

cultivated (Liu et al., 2022).

Microorganisms are the most abundant form of life on Earth and are found everywhere, from
deep-sea hydrothermal vents to the Antarctic dry valleys and even in the atmosphere. Most of
the uncultured majority is in extreme environments and low-energy ecosystems, which usually
comprise the Candidate Phyla Radiation (CPR) (Naud et al., 2022). Studying the EMB provides
information on the functioning of ecosystems and their applications in fields such as
biotechnology, medicine, and agriculture (Lewis et al., 2021). However, the lack of cultured
representatives from many environments presents issues and routinely leads to having to make

inferences on associations from incomplete data.

In 2010, some of the world’s leading microbial ecologists and bioinformaticians came together
to discuss the challenge of how best to use next-generation sequencing technologies to
characterise the microbial world. They aimed to examine the fundamental questions in microbial
ecology that advances in sequencing could address, so The Earth Microbiome Project (EMP)
began (Gilbert et al., 2010). The EMP is a collaborative effort to sequence and characterise

microbial life on Earth. The team on the project set out to produce a “global Gene Atlas” that
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would describe each biome’s environmental metabolic models by analysing 200,000 samples
using metagenomics, metabolomics and amplicon sequencing. This gave rise to the website, an
open source for data analysis and visualisation of processed information. This project and
subsequent database are an example of how sequencing has significantly changed and expanded
our knowledge of the microbes that inhabit Earth. There is still a lot to achieve in this space, with
the website stating that they currently have too many samples to process, so they cannot take on
anything new. This shows how much information about microorganisms was inaccessible before

the omics era (Gilbert et al., 2014; Thompson et al., 2017).

1.1.1 The Tree of Life

In 1859, Charles Darwin first published the tree of life idea in “On the Origin of Species”
(Darwin & Kebler, 1859), which has continued to expand due to genomic sequencing from
previously unexamined environments (Hug et al., 2016). With capabilities now allowing the
greater generation of genome sequences, more and more organisms are being identified along
with their metabolic capabilities, allowing them to be placed onto the tree. In 2016, Hug et al.
used genomic data from over 1000 uncultivated organisms to generate a far more diverse tree of
life, including Eukarya, Bacteria and Archaea. This provided an overview of the significant
lineage’s diversity and highlighted the importance of the representatives, which lack isolates as
they make up a substantial radiation (Figure 1.1). Prokaryotes have increased from hundreds to
thousands of phyla due to genomic data. However, this can differ significantly depending on the
estimating technique. 16S rRNA gene sequencing as of 2021 has the total number of species at
approximately 400,000 (Lewis et al., 2021) , which could be considerably higher, with only
approximately 14,000 being cultivated isolates. Currently, GTDB has genomes for a total of
113,104 species, for both bacteria and archaea, with over 70% represented solely through MAGs
and SAGs. This points to a significant bias of cultivated representatives regarding the Tree of

Life, which is constantly evolving to fit new species.
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Figure 1. 1. The Tree of Life by Hug et al. (2016) depicts the total diversity shown by sequenced genomes. It includes

all five Eukaryotic supergroups, 92 bacterial phyla, and 26 archaeal. Non-italicised names and red dots highlight the

lineages that did not have isolated representatives (when this was published).

1.1.2 Branch Breakers

Branch beakers are newly found or classified taxa that cause a branching point (or node) on a

phylogenetic tree, where a single lineage evolves into a distinct new one. Solden et al. (2016)
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discuss branch breakers and how these challenge the three domains of life. The three domains of
life are the model where Earth’s biodiversity is resolved into monophyletic groups of Archaea,
Bacteria and Eukarya. This still holds, however, there is continuing conflict to this such as
Williams and Embley’s proposed ‘eocyte’ hypothesis which is a two-domain model that has
eukaryotes coming from within the archaeal radiation (Williams & Embley, 2014). Unexpected
metabolisms have been found in new phylogenetic places, such as archaea, which can do things
previously thought only bacteria or eukarya could do. Small genomes and metabolic
interdependencies are also prevalent. Given the unusual environments that many of these
microbes inhabit, these uncultivated organisms may contain proteins with unknown functions
that allow them to interact with the environment in new ways (Solden et al., 2016). Branch
breakers continuously change the tree and discoveries could challenge the three domains of life

and are an important study area (Pavlopoulos et al., 2023).

1.2 Microbial Dark Matter

Microbial dark matter (MDM) refers to many microorganisms that cannot be easily cultured or
studied using traditional laboratory methods, as previously discussed (Solden et al., 2016). These
microorganisms are often found in diverse environments and are thought to play roles in various
ecological processes, such as nutrient cycling, and may also have applications in biotechnology.
The term "dark matter" is used because, like the hypothetical form of matter in physics, these
microorganisms are difficult to detect and study, but their presence is confirmed by cultivation-
independent methods such as metagenomics or single amplified genomes. They account for
much of Earth’s biomass, but basic ecological and metabolic principles are unknown (Yang et
al., 2023). When 16S rRNA gene sequencing for environmental samples emerged in the mid-
1970s, this revealed significant numbers of taxa that had yet to be cultivated, which could be
made up of life forms that could provide an array of valuable properties (Handelsman, 2004).

This included, in 1977, Carl Woses and his postdoc George Fox discovering the “third domain
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of life”, 'archaebacteria' (now called Archaea) (Woese & Fox, 1977) and shedding light on the
discrepancy between those microorganisms that could be cultured in a laboratory and those that
were present in the environment (Lewis et al., 2021). MDM was once said to be ‘impossible’ to
cultivate, which has been proven wrong by labour-intensive culturing, which has seen the

successful cultivation of some fastidious microbes (van Teeseling & Jogler, 2021a).

The knowledge of the microbial world is heavily skewed by what can be cultured and is therefore
primarily based on well-studied model organisms such as E. coli (Hufnagel et al., 2015). This
problem has been addressed through advances in genomic sequencing technology with
metagenomics and single-cell genomics, which contain their strengths and challenges
(Pavlopoulos et al., 2023). Studying the genomic data of these organisms has changed the
understanding of cell biology, physiology, and evolution. However, gaining isolates for them is
vital for confirming these functions. Considering the number of services microbes offer today
and the large amount of understudied microbial dark matter, it is a topic that requires much

further study (van Teeseling & Jogler, 2021).

1.3 Nomenclature for Uncultivated Majority

As it is now apparent that microbial diversity has previously been heavily underrepresented due
to cultivation issues of microbial dark matter, there lies a problem with the nomenclature of these
organisms. The International Code of Nomenclature of Prokaryotes (ICNP) only recognises
cultures as ‘type material’, thereby preventing the naming of uncultivated microorganisms
(Hedlund et al., 2022; Murray et al., 2020). This creates issues and confusion in the literature, as
there is no standard way to name uncultivated prokaryotes. Murray et al. provide a consensus
statement for a proposed “Roadmap for naming uncultivated Archaea and Bacteria”, where they
emphasise the urgent need to reconsider the rules of nomenclature to describe archaeal and
bacterial diversity in their entirety accurately. By recognising this, the intent is not to rule out

cultivation efforts for fastidious microbes but to create a more standardised naming system to
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avoid further confusion. However, it could start a domino effect, leading to less emphasis on
cultivation. The statement proposes two different ways to develop a system for naming microbial
dark matter that would allow them to be classified using MAGs or SAGs with high fidelity. This
would then enable such microbes to have predicted characteristics and, therefore, be able to be
linked contextually to ecological and environmental scenarios (Murray et al., 2020). While the
proposal of the “SeqCode” (Hedlund et al., 2022) provides recommendations on the minimal
standard of DNA sequences, is reproducible and facilitates communication of all prokaryotes
regardless of cultivability across disciplines, it does not fix the problems that arise with
MAGs/SAGs and has the potential to make the problem bigger if misused. Sharing nomenclature

could also mean no distinction between MAGs and isolates, treating them as the same.

1.4 Cultivation Independent Methods

Traditionally, bacteria were identified based on phenotypic characteristics, which is less accurate
than genotypic identification methods (Clarridge, 2004). Sequencing technologies for
environmental microbiology can be divided into three main methods depending on the
problems/questions that need to be solved, each with its strengths and weaknesses. This thesis
will focus on metagenomics and 16S rRNA gene sequencing, but single amplified genomes will

also be briefly discussed.

1.4.1 16S rRNA Sequencing

Evolutionary biology, microbial ecology, human microbiome, taxonomy and environmental
microbiology would not be possible without the phylogenies derived from the discovery of small
subunit (16S/18S) rRNA gene sequencing (Zhulin Igor B., 2016). For which a standard workflow
can be seen in Figure 1.2. Sequencing of the 16S rRNA gene was first used for phylogenetic
studies in the 1970s by Carl Woese and George Fox, where later it helped to solidify the three

domains of life over the previous two domains of just eukaryotes and prokaryotes (Woese &
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Fox, 1977) as previously discussed. 16S rRNA gene sequence analysis has identified novel
bacteria without needing cultivation. It can solve the critical question of “who is there” by
utilising online databases to assign the reads to taxonomic lineages (Xu & Zhao, 2018). The
choice of the 16S rRNA gene to sequence was based on work by Woese et al., where they found
that very few other genes are as highly conserved as the 16S rRNA gene in bacteria and archaea
and that the absolute rate of change in the gene marks evolutionary relatedness and distance of
organisms. Due to these features, relationships between organisms can be measured (Clarridge,
2004).

Amplicon sequencing offers fine taxonomic resolution, but assigning metabolic functionality to
this can be highly problematic and is not recommended (Xu & Zhao, 2018). While the taxonomic
assignment of 16S rRNA gene sequences can give information on what species are present, even
though they are taxonomically similar, microbial species can have different functional
capabilities. Bacterial species may have to adapt to changing environmental conditions and
utilise different nutrients, resulting in various metabolic pathways. Therefore, there is a reliance
on machine learning algorithms and statistical inference when predicting functional profiles from
amplicon data and should only be used as a proxy for functional potential (Monica Steffi
Matchado et al., 2023). This makes 16S rRNA sequencing valuable at a diagnostic level for
presence/absence detection but limited in exploring what those microbes are contributing to the

environment that they are in.
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Figure 1. 2. A typical 16S amplicon sequencing workflow (taken from Athanasopoulou et al., 2023). Following sample
collection, all microbes present in the sample are lysed, and their DNA is recovered. This DNA is then amplified using
PCR, using primers specific to the research question. For instance, if a particular taxon is required, then primers
targeting that taxa would be used, resulting in only the 16s rRNA gene from that taxon being amplified. Conversely,
if a general survey of all taxa present is required, then general primers that amplify all organisms should be used.
Following amplification. Sequencing adapters are then added to each amplicon before sequencing and analysis to

recover the underlying sequences.

1.4.2  Single Amplified Genomes (SAGs)

SAGs involve physically separating one cell from the environment and sequencing its genome
(Solden et al., 2016). The first step is to use fluorescent activated cell sorting (FACS) or
microfluidics to partition the cells and then cell lysis and whole genome amplification (Figure
1.3). This is done by either PCR, isothermal or hybrid methods, such as looping-based
amplification cycles and multiple annealing. It will then go on for shotgun sequence and genome

assembly (Alneberg et al., 2018).

The main advantage of SAGs over 16S amplicons is that metabolic functions can be easily linked
to specific species. They can be used to investigate gene insertion, duplication, rearrangement,

loss and intra-species variation for uncultured microbes (Xu & Zhao, 2018). SAGs provide
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information on the diversity, evolution, and adaptation of uncultivated microorganisms found in
extreme environments or in low abundance (Solden et al., 2016). Some disadvantages are that
cell sorting can be time-consuming and complicated, there can be highly uneven read coverage,
and there is a high risk of chimeric reads (Xu & Zhao, 2018). SAGs can also be considered “good”
if they are 50% complete, resulting in fragmented, less complete genomes (Solden et al., 2016).
Due to low amounts of DNA in a single cell, this method is also susceptible to contamination
(Sobol & Kaster, 2023). With more study in this area, SAGs will improve over time; cell sorting
could also be used for cultivation, so pairing SAG methods alongside traditional cultivation

could be a great way forward.
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Figure 1. 3. An example of a workflow for single amplified genomes from (Xu & Zhao, 2018). Environmental samples
are immediately processed or frozen until use. Cells are then stained either with a non-specific dye such as DAPI or
they can be labelled specifically with fluorescence in situ hybridisation. Single cells are then physically isolated into
multi-well plates most commonly with fluorescence-activated cell sorting (FACS). Single cells are then lysed to release

DNA firom the cell. Whole genome amplification is then required for library preparation so that there is enough DNA.
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After libraries are prepared, short-read sequencing (Illumina) or long-read sequencing (Oxford nanopore)
technologies are utilised. Once sequenced, bioinformatics is used to assess read quality and assemble, classify and

annotate the sequences once sequenced.

1.43 Metagenome-Assembled Genomes (MAGs)

Metagenomics allows the study of organisms in the context of their environment, community,
and chemical conditions. A typical workflow is shown in Figure 1.4; the process starts with
metadata and sample collection, which then goes into the laboratory for DNA extraction, library
construction, and shotgun sequencing (Kunin Victor et al., 2008). Assembly involves taking the
shotgun sequences (small fragments on DNA) and stitching them together to form longer
contiguous sequences (termed contigs). MAGs are generated by binning these contigs with
similar characteristics (i.e. coverage, tetranucleotide frequency (Wu et al., 2016) before quality
filtering and refinement to improve the final MAGs (i.e., completion/contamination statistics).
While short-read technologies (e.g., Illumina) are popular due to their low cost and high
throughput, long-read sequencing (e.g., Oxford Nanopore) can result in improved quality of
MAGs. This is due to long reads spanning common repeat elements such as 16S rRNA genes,

transposons and prophage sequences.
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Figure 1. 4. Example of a metagenomic workflow (Nam et al., 2023). Study design and experimental protocol are
important in metagenomics; it is important to decide on sequencing depth/coverage. After sampling, total DNA is
extracted, quantified, and sequenced. After the data is obtained, computational quality control steps remove
sequencing adaptors, duplicates, and quality trimming. Depending on experimental objectives, sequences are

assembled and binned or are taxonomically assigned for whole community diversity analysis.

1.4.3.1  Benefits

Microbial dark matter (MDM) has been transformed from a data-poor topic to a data-rich one
due to the current ease of DNA sequencing, which provides ample information on genomes.
Genomic databases are set to increase exponentially as more microbes are discovered and studied
(Jiao et al., 2021). Single-cell genomics and metagenomics allow the exploration of the genomes
of these yet-to-be-cultivated thermophiles and many other difficult-to-culture microbes, enabling
the study of their cell biology, evolution, and metabolic functions. The taxonomic richness of
thermophiles may be underreported, with the vast majority yet to be studied with deep branching
thermophiles being heavily underrepresented in cultures. Cultivation-independent studies allow
the assessment of diversity in geothermal systems and other extreme environments (Hedlund et

al., 2015).

MAGs expand our knowledge of yet-to-be-cultured bacteria and their potential functions and
applications through gene prediction (Bodor et al., 2020). For example, thermophiles (45-80°C)
and hyperthermophiles (>80°C) inhabiting geothermal systems were some of the first sites that
were explored with cultivation-independent approaches using 16S amplicon sequencing. This
revealed an incredible amount of diversity and unlocked a whole area of life that was not known
to exist previously. In a paper by Hedlund and colleagues, they discuss how a groundbreaking
finding from cultivation-independent methods was found in Yellowstone National Park, where
they found deeply branching archaea (Korarchaeota) and two novel bacterial lineages (OP1-
OP12). From this, a few members have been cultured, but many remain unexplored due to

difficulty in figuring out growing conditions (Hedlund et al., 2015).
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The main advantage of metagenomics is the comprehensive, high-resolution understanding of
the community structure and possible metabolic pathways associated (at the community level)
(Liu et al., 2022; Xu & Zhao, 2018). MAGs (and SAGs) can be functionally annotated for
metabolic pathway reconstruction and to understand the organism’s functional potential, which
can help with their cultivation (Wang et al., 2017). Functional annotation involves two steps:
Gene prediction and gene annotation. Databases are used to infer coding sequence function and
can reveal metabolic traits, protein domains, and functional categories in yet-to-be-cultured
organisms. Public databases have reference pathways to which homologous protein sequences
can be mapped, which can help reconstruct metabolic pathways (Kunin Victor et al., 2008;
Solden et al., 2016; Xu & Zhao, 2018). This allows for an in-depth characterisation of the
molecular mechanisms of a particular organism or community, and it can be used for
metagenome-informed cultivation (Kotera & Goto, 2016). This relies on the availability of well-
characterised enzymatic reactions; if one enzyme is present that is already known to catalyse a
reaction, its amino acid sequence is used as a reference to identify pathways in the genome
interest (Kotera & Goto, 2016). Some examples are the cultivation of a critical nitrogen fixer,
Leptospirillum ferrodiazotrophum sp., from an acid mine drainage biofilm (Tyson et al., 2005).
Also, WG-1 from the Succinovibrionaceae group was successfully enriched from wallaby
digesta samples, further understanding its contributions to lower methane emissions in wallabies

(Pope et al., 2011).

1.4.3.2 Problems

Our view of microbial genetic diversity must be revised, as most sequenced prokaryotic genomes
sit in only four phyla. This is because isolates are necessary for traditional whole-genome
sequencing, and, as previously mentioned, culturing can be difficult for fastidious microbes.
Both metagenomics and single-cell genomics bypass this step and can be applied directly to
environmental samples (Rinke et al., 2014). These cultivation-independent methods provide vital
information about the microbial world, unlocking a large number of diverse organisms that were

never known to exist; however, MAGs being used as analogues for cultivated isolates can cause
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some issues and the information that can be gained from having an isolate should not be ignored
or overlooked. Even though the genomic data is available with metagenomics, it is missing the
unambiguous assignment of physiological traits that cultivated isolates allow (Jiao et al., 2021).
MAGs can only provide averages for the community and do not offer a fine taxonomic resolution.
The direct study of cultivated microbes is used in various applications such as uses in industrial
processes, new probiotics, biocontrol agents (Liu et al., 2022) and much more that may not be

known yet.

If there is no isolate, there can be no laboratory experiments, and therefore, there cannot be
complete confidence in the information gained from MAGs. Without cultured representatives
that allow verification of taxon assignment, MDM genomes from MAGs may potentially draw
misleading conclusions due to contaminated or misclassified contigs (Vollmers et al., 2022).
With metagenomes, when a gene is found, it is said to have that function. However, there is still
a possibility that this could be a chimeric bin or result of incorrect assembly. This shows that
there are a lot of steps in these workflows where errors could arise without acknowledgement.
Meziti et al. discuss how the strengths and limitations of the bioinformatics algorithms that make
up metagenome-assembled-genomes (MAGs) are based on tests with mock data sets with known
composition. This does not capture natural populations where diversity and complexity are
common. They wanted to see if MAGs could recover population variable genes (>10% <90% of
the population has the gene) as well as recover core genes (>90% of the population). To explore
these issues, they compared MAGs against isolated genomes from eight diarrheal samples
(Figure 1.5). They found that MAG quality may often be worse than predicted, with MAGs that
had completeness near 95% only capturing 77% of core genes and 50% of variable genes. They
also found possible errors at the genome binning step, with approximately 5% of the genes of
the MAGs being identified as missing from the isolate and having a different taxonomic origin

(Meziti Alexandra et al., 2021).
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Figure 1. 5. The pipeline used by Meziti Alexandra et al. (2021) to identify the population and isolate genes captured
by MAGs. From a faecal sample, isolates of E. coli (if tested positive for virulence factors by PCR) were sequenced,
resulting in draft genomes. Metagenomes were assembled and binned from the same sample, and MAGs were
recovered. They mapped metagenomic reads on isolate genes and contigs to identify variable and core genes and
strain-specific genes. They then searched these genes against the MAG to assess the MAG for how well it represents

the gene content.

As mentioned, genes can be predicted from metagenomes, and metabolic pathways can be
reconstructed. There are still challenges, however, as many metabolic pathways are
uncharacterised, and these methods cannot predict new enzymes or reactions that are not
currently in the reference pathways. This means it cannot be recognised if a new protein, enzyme,
or pathway is found. For proteins, function follows form, meaning that having access to the
protein structure is essential to understanding the function of that protein (Varadi & Velankar,
2023). Emphasis was initially put on prompt public availability of protein structures, so most of
them lack reliable information on their biochemical function, or no functional annotation is
given. Proteins are then assigned function due to simple bioinformatics analysis based on
sequence and three-dimensional structure comparisons but are often incorrect and
have propagated throughout databases (Mills et al., 2015). Based on experimentally derived data,

protein structures are archived and made available through the Protein Data Bank. However, the
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gap between experimentally determined structures and protein sequences continues to grow.
Varadi and Velankar stated that as of 2022, UniProt (protein sequence database) had over 230
million protein sequences, while the Protein Data Bank only had around 200,000 structures of
60,000 proteins (Varadi & Velankar, 2023), highlighting the many proteins where function is
not known. Modelling through artificial intelligence through applications such as AlphaFold has
begun to bridge this gap. Interpretation of data such as gene-gene interactions, clustering, and
classification based on phylogenetic profiling and function to identify nutritional requirements
to aid cultivation is a significant task and requires in-depth knowledge of physiology and
metabolic pathways (Kunin Victor et al., 2008; Solden et al., 2016).1.4.5.1 Databases

The dependence on databases also creates a limitation. While it would only be possible to have
the knowledge or ease of access to data available today with them, databases such as NCBI and
SILVA do have limitations that researchers should be conscious of. These include but are not

limited to:

e Outdated or incomplete information: As databases rely on data submitted by

researchers, they may only sometimes be up to date with the latest findings. This
can result in missing information or potential inaccuracies.

e Contamination: A notable portion of genomes is deposited into databases that

contain foreign genome fragments. This can originate both in silico and in vitro,
usually due to contamination of culture media or reagents during physical
processing in the laboratory (Orakov et al., 2021). Future comparative genome
analyses may be affected by gradual database contamination by past
submissions, causing propagating errors. Due to this, contamination filtering
must be strictly applied. However, current reporting standards tend to emphasise
completeness over purity, with checkM being the most used genome assessment
tool, which discriminates against fragmented genomes and, consequently,

uncultured taxa (Vollmers et al., 2022).
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e Taxonomic uncertainty: Knowledge of microorganisms is always rapidly

evolving. This means that databases might not always reflect the most current
taxonomy, leading to misinterpretation of data.

e Sequence quality and annotation: Submitted sequences can vary in quality, and

the annotation of these sequences might not always be consistent.
e Sampling bias: Databases can often be biased to well-studied environments and

organisms, creating a skewed representation of microbial diversity.

1.5 The Importance of Cultivation

Microbial cultivation is the most traditional method used in microbiology laboratories. It is the
process of providing the proper environmental conditions and nutrients to propagate organisms.
Classical cultivation strategies can be dated back to the 19th century and include methods such
as selective nutrient media, microscopy and colony picking from solid media (Lewis et al., 2021).
There has been a surge in genomic data since the rise of metagenomics and single-amplified
genomes, but cultivation still needs to be improved. With this surge in genomic data, the
bottleneck now lies with translating these sequences into functional context. The interpretation
of genes is biased by the physiology of a few well-known and studied model organisms. Cultures
can build bridges to help with this gap in knowledge by isolating and studying unusual
microorganisms (Carini Paul, 2019; Lewis et al., 2021). Isolates are indispensable and are the
foundation of microbiology research for understanding evolution, cell biology, and ecological
roles and impacts. As many environmental microbes are uncultured, there is a push to find ways
of bringing these poorly characterised groups into culture, as isolates can have a range of
applications, such as industrial processes, medicine, and various applications in biotechnology
and agriculture (Liu et al., 2022). As well as furthering our understanding of their roles in the
environment, such as their impacts on biogeochemical cycles. They are invaluable tools for

understanding, harnessing and utilising the microbial world for the benefit of science and society.
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1.5.1 Importance for Research

Isolated microorganisms in cultures are invaluable resources for experimentation and validation
of ecological value and processes, evolutionary processes, physiology, phenotypes, and
pathogenicity. They can also be used in research to understand how genes and the proteins they
encode for function (Gupta et al., 2021; Liu et al., 2022; Zengler, 2009). This can be done by
gene knockout mutations, which is the process of changing or deleting a gene in the intact
organism and seeing how differently it functions. An example of this is the Keio collection for
Escherichia coli. Baba et al. (2006) systematically made a set of single-gene deletions of all
nonessential genes in Escherichia coli K-12, which are precisely defined. They obtained mutants
for 3985 genes out of a possible 4288; the 303 that were unable to be disrupted are candidates
for essential genes. These mutants provide a resource for analysis of gene functions and
regulatory networks that would be impossible without the cultivated isolate (Baba et al., 2006).
The Keio Collection of gene knockouts is a critical resource in molecular biology and genetics.
The collection consists of an extensive library of bacterial strains, each with a specific gene
systematically knocked out. These curated mutants serve as an invaluable tool for researchers
studying gene function, allowing them to investigate the roles and effects of individual genes
with precision. The Keio Collection provides a standardised platform, making it easier to identify
the functions of genes in various biological processes, from metabolism to pathogenicity. This
resource has advanced our understanding of gene function and has widespread applications
(Baba et al., 2006). Escherichia coli is, therefore, one of the most well-studied model organisms,
and a lot is inferred from it with the assessment of how loss of a gene can impact phenotypes

being extensively used in other species (Aedo et al., 2019).

1.5.2 Environmental

Human activities can adversely affect natural ecosystems from farming, industrialisation, mining,
and other processes meant to enhance human life. However, this can cause changes in air, soil,

and water quality. It has been shown that certain microbes can aid in controlling heavy metal
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accumulation and nutrient cycling. An example is bacteria mobilising heavy metals in soil,
transforming and detoxifying it (M. Chen et al., 2015; Tiwari & Lata, 2018). The mechanisms
and processes involved in this are poorly understood and require further study, as this could be
enhanced by adjusting the factors that control them, such as genetic and structural adaptation

(Tshikantwa et al., 2018).

Bioremediation offers a promising solution for the rehabilitation of polluted environments.
Industrialisation presents challenges to the environment and requires a better understanding of
bioremediation strategies. Bioremediation relies heavily on the survival and effects of microbial
communities and how they interact with introduced microorganisms. As most microbiomes
remain uncultivated, more work needs to be done focusing on their functions in ecosystems so
that they can be better utilised for environmental biotechnology (Bodor et al., 2020). An
environmentally friendly and economically feasible way of treating wastewater is using
microorganisms as a biological treatment. Aided with CO; and molecular O,, microbes oxidise
organic compounds (Oljira et al., 2018). A great example of a valuable bacteria is methanotrophs,
which are interesting as they can survive on methane as their sole energy and carbon source.
They are found in various environments, such as sediments, seawater, fresh water, soils, hot
springs, and even the Antarctic. Methanotrophs are interesting due to their versatile applications
in bioremediation, pollution degradation, and the production of chemicals, as well as their critical

role in the global methane cycle (Murrell et al., 1998).

Bacteria can also be used in agriculture to modulate the microbiome by applying probiotics to
enhance soil health and plant growth. Probiotic bacteria, such as those from the genera Bacillus
and Pseudomonas, can be introduced into the soil to promote beneficial plant interactions. These
bacteria can improve nutrient availability, protect plants from pathogens, and stimulate plant
growth through various mechanisms. By establishing a healthy and diverse microbiome in the
rhizosphere, where the plant roots interact with the soil, probiotics can help modulate the plant's
microbiome to enhance its overall health and resilience (de Souza Vandenberghe et al., 2017;

Kim & Anderson, 2018). Most soils are currently depleted in nutrients; therefore, chemical
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fertilisers are used to combat this and produce healthy plants and crops. These fertilisers, in turn,
harm the environment and other organisms (Prasad et al., 2021). To promote sustainable
agriculture, investigating enhancing soil microbes for efficient nutrient recycling could reduce

reliance on synthetic fertilisers.

1.5.3 Medicine

Mammals' gastrointestinal tract hosts a diverse number of microorganisms (Sanchez et al., 2017).
This gut microbiome works with the epithelium and surrounding organs from birth to regulate
the immune system and digest nutrients. Therefore, disruptions to the gut microbiome have been
associated with gastrointestinal infections, inflammatory bowel disease, obesity and cancer
(Fishbein et al., 2023). Other aspects, such as antibiotics and poor diet, can also harm the human
gut microbiome. However, as the microbiome is a complex and diverse ecological network of
microbes, the effects of these can be variable (Fishbein et al., 2023). One way to increase the
health of the gut microbiome is to use bacterial isolates as probiotics. They can be introduced to
the gut in various ways to promote a healthier microbiome and increase overall human health
and well-being. Probiotics are perhaps the most common form of bacterial isolates used to
improve gut health. These are specific strains of bacteria, often from the Lactobacillus and
Bifidobacterium genera, known to confer health benefits when consumed. Probiotics are
available as supplements or are found in certain foods like yogurt. They can help maintain a
balanced and diverse gut microbiome by increasing the population of beneficial bacteria

(Agrawal, 2005; Fijan, 2014).

1.6 Isolation Issues - Common Barriers

Difficulty isolating specific organisms from the environment can be due to, but not limited to,
specific nutrients being hard to identify, growth conditions being difficult to replicate, symbiosis

and competition. These are described below:
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1.6.1 Nutrients and Growth Conditions

All living things, including bacteria, require certain nutrients and conditions to grow, some more
specific than others. Media components can be enhanced to select a certain organism to grow by
adjusting factors such as substrates and electron donors/acceptors. Growth factors (vitamins,
amino acids, inorganic compounds, nucleotides, humic acids) and inorganic compounds (metals,
nitrogen, sulphur) used in critical biogeochemical cycles can be difficult to identify. They may
be so low in the environment that they are not recognised (Lewis et al., 2021). Extremophiles
(those living in extreme environments previously thought to be uninhabitable) make up much of
MDM as their environments are complex to replicate in a laboratory setting. Environmental
factors include optimum growth temperature, pH, redox potential, and salt concentration. The
atmosphere is another factor, as microbes can be anaerobic or acrobic (obligate or facultative),
in which case, the growing environment can be artificially enhanced with different gas mixes,
including varying levels of hydrogen, nitrogen, and carbon dioxide (Tshikantwa et al., 2018).

These factors must be optimised to allow fastidious microbes to grow in culture.

One specific challenge is the need to grow bacteria on solid media for various reasons, including
mutation and gene knockout experiments. Those obligately anaerobic and requiring insoluble
energy sources, such as elemental sulphur, can be difficult to cultivate on solid media. Using
anaerobic chambers can be costly, and not every laboratory can access them, so finding other
ways to provide an anaerobic environment would be beneficial. Also, ways to make nutrients

soluble and more bioavailable must be investigated.

1.6.2 Symbiosis

Microorganism’s interactions in a community are essential for the global biogeochemical cycling
of nutrients and play a role in many other processes, such as human health and disease. These
heterospecific interactions can be harmful, neutral, or beneficial to each species (Zengler &
Zaramela, 2018). Symbiosis is defined as the interspecies dependency of one or more microbes

(Lewis et al., 2021). The convoluted networks of microbial communities not only rely on each
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other for a variety of processes. These include the exchange of electron donors and signal
molecules (small peptides, siderophores), which may also depend on each other for reducing
ROS (reactive oxygen species) or inhibitory molecule detoxification (Zengler & Zaramela, 2018).
By degrading a substrate, organisms can also rely on each other to overcome thermodynamic
limitations. As this interdependency can sometimes be obligate, growing isolated cultures by

separating them can be difficult (Lewis et al., 2021).

An example is methane formation and oxidation, which are essential in the global carbon cycle
and are mediated by syntrophic archaeal and bacterial communities. Electron transfer between
species is a critical process in these cycles, as well as the member’s ability to take advantage of
their syntrophic partner’s metabolic abilities. This involves breaking down compounds they
cannot digest and overcoming energy barriers (Stams & Plugge, 2009). For such symbionts,
methods that allow co-isolation, such as cell sorting, may be beneficial for establishing a co-

culture (Lewis et al., 2021).

1.6.3 Competition and Low Abundance

Some microorganisms may exist in the environment in low abundances, making them rare but
still having ecological relevance and exerting substantial influences on the community. The low-
abundance organism may have a faster rate of substrate metabolism, but other organisms have a
higher growth rate (i.e. processes are not linked) (Lewis et al., 2021; Lynch & Neufeld, 2015).
This means that when culturing, the high abundance of organisms may dominate and outcompete
the target of interest. Cultivation of such rare microorganisms would benefit by choosing an
environment to sample from that they have the highest natural relative abundance; information
on this can be found by analysing publicly available 16S rRNA gene datasets. This may still not
work as even if it is initially in high abundance, the faster-growing microbes may still
outcompete once cultivation commences. This competition happens when rich substrates are

added to cultivation media (such as peptone or yeast). For oligotrophs, media with low nutrients
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can be successful. Slow growth can also be impractical and have economic implications for

research as it involves long timescales and can be fewer appealing targets (Lewis et al., 2021).

1.7 Current Cultivation Approaches

1.7.1 iChip

The isolation chip (iChip) is an innovative tool in microbiology, revolutionising how scientists
study and understand microbial diversity. It was developed by D. Nicols in 2010 to cultivate
microbial dark matter in its natural environment. It comprises hundreds of miniature diffusion
chambers, which are inoculated with a single cell from the environment (Nichols et al., 2010).
This technology employs a semi-permeable membrane that mimics the natural environment of
these microbes, allowing them to thrive under conditions similar to their habitat while protecting
them from competition with faster-growing species. It is successful in the microbial recovery of
species that are of notable phylogenetic novelty, such as those from the “uncultivated microbial
minority”, from a variety of environments (Liu et al., 2021; Nichols et al., 2010; Zhao et al.,

2023).

While the iChip has enabled the cultivation of some fastidious microbes, it does have some
limitations. While the iChip has revolutionised microbial cultivation, it does have some
limitations. One notable downside is the relatively low throughput compared to other culturing
methods, as validation can be time-consuming. Cultivating microorganisms using the iChip is
time-consuming and may not be suitable for high-volume studies or rapid screening of large
sample sets. Another challenge is maintaining the conditions required to grow diverse microbial
communities within the device, as environmental parameters can vary significantly between
microbial species. These limitations highlight the need for continued innovation and the

integration of complementary techniques to fully capture microbial diversity's richness.
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1.7.2  Cell Sorting

Cell sorting methods are techniques to separate different cell types from a heterogeneous mixture.

Some standard cell sorting methods include:

e Flow Cytometry: This method uses fluorescently labelled antibodies that bind to specific
cell surface markers. The cells are passed through a laser beam, and detectors measure
the fluorescence emitted by the labelled antibodies, allowing the sorting of cells based
on their unique characteristics (McKinnon, 2018).

e Fluorescence-Activated Cell Sorting (FACS): FACS is an extension of flow cytometry

that identifies and physically separates cells based on their fluorescence. It uses an
electrostatic charge to deflect droplets containing specific cells into different containers,
allowing the isolation of the desired cell population (Basu et al., 2010).

e Microfluidic Sorting: Microfluidic devices use small channels and chambers to

manipulate cells based on their size, shape, or other physical properties. Cells can be
sorted by passing through specific channels that exploit these differences (Farahinia et
al., 2023).
However, these methods can be challenging for several reasons. One is that cell sorting
equipment, such as flow cytometers or FACS machines, can be expensive to acquire and
maintain. Additionally, the expertise required to operate these instruments effectively adds to

the challenge, and they can also be prone to a lot of contamination in the negatives.

1.7.3 Metagenome-Informed Cultivation Success

The growing amount of sequence information from metagenomics and metatranscriptomics from
various environments allows for the guided isolation of microbes of interest. As a result, there
have been some examples of metagenome-informed cultivation success. One example of
successful cultivation is the cultivation of Artibacter laminatus by Katayama et al. (Katayama et
al., 2020). Culture-independent methods confirmed OP9 of the bacterial candidate phylum in

Yellowstone National Park sediments. This phylum was found to be important for hydrocarbon
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degradation and abundant in anaerobic habitats globally. It took Katayama et al. three years to
enrich this axenic culture. From omics techniques, they hypothesised that they have a
metabolism based on sugar degradation coupled with hydrogen production (Katayama et al.,
2020). However, they found that even though it produces hydrogen, it cannot tolerate high levels
of hydrogen. Therefore, it grows better in symbiosis with a hydrogen-consuming methanogen in
a co-culture. If further studies confirm this, this relationship could affect the methane cycle.
Understanding this syntrophic process could, therefore, be necessary for model development and
future climate change predictions. This study shows how important it is to put efforts towards
bringing microbial dark matter species into the culture. However, metagenomics is still primarily

used for sequence information.

Another example is by Imachi et al. (2020), who isolated an archaeon at the prokaryote-
eukaryote interface. This is very important in understanding how eukaryotes emerged, which
remains unclear and helps provide insights into life's origin. They isolated the Asgard archaeon
‘Candidatus Prometheoarchaeum syntrophicum’ strain MK-D1 after a 12-year study due to its
extremely slow-growing nature. They used the metagenome to explore the metabolic potential
of this archaecon and found that syntrophic growth with Methanogenium and Halodesulfovibrio
can catabolise ten peptides and amino acids through hydrogen transfer. Therefore, the addition
of hydrogen scavenger-inhibiting compounds and subsequent transfers allowed them to
eliminate Halodesulfovibrio from the culture, leaving Methanognium and the target MK-D1 in

a co-culture (Imachi et al., 2020)

1.8 Campylobacterota

1.8.1 Why are they interesting?

The novel phylum Campylobacterota was created from reclassifying the order Desulfurellales

(previously Deltaproteobacteria) and the Proteobacterial class Epsilonproteobacteria. This was
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due to recent analyses of marker genes and 16SrRNA to create bacterial trees that have failed to
recover Epsilonproteobacteria as monophyletic with the other classes of Proteobacteria.
Phylogenies based on the 16S rRNA gene and joined alignment of 120 conserved protein marker
sequences were used to organise the phylum (D. Waite et al., 2019; D. W. Waite et al., 2017).
Campylobacterota are captivating due to their significant impact on human health and the
environment. Some are pathogens residing in the stomach wall, for example, Campylobacter
Jjejuni, and some are also important in the sulphur cycle, living in deep-sea hydrothermal vents
and geothermal sites, Sulfurospirillum and Sulfurimonas spp. The ancestor of this new phylum,
as suggested by genomic analysis, was a thermophilic, autotrophic, motile, chemolithotroph (D.
Waite et al., 2019; D. W. Waite et al., 2017). They all share common energy conservation
mechanisms, and although they have a small genome, they have remarkably large amounts of
electron transport chain enzymes (van der Stel & Wosten, 2019). Campylobacterota also
undertakes a lot of horizontal gene transfer, increasing antimicrobial resistance (L. Ma et al.,

2021; Yoshida-Takashima et al., 2022).

Cultivating Campylobacterota in a laboratory setting poses considerable challenges. One key
reason for this difficulty lies in their fastidious growth requirements. These bacteria demand
specific nutrients, growth temperatures, and microaerobic or fully anaerobic conditions that are
difficult to replicate accurately in vitro, as previously described. This leads to the species in the
Camplyobacterota phylum being underrepresented in databases, with genomes being recovered
without isolates. Consequently, the mysterious nature of Campylobacterota makes them
fascinating and requires more research, as studying this could improve our understanding of
bacterial physiology and evolution. Further, there is an unequal nature of Camplyobacterota in
culture collections as there are a lot of Camplyobacteria and Helicobacters represented as these
are human pathogens. Still, there is a much smaller sample size of environmental

Camplyobacterota, including orders of Camplyobacterales, Desulfurellales and Nautiliales.

Desulfurella has been chosen as a test case as they have garnered attention due to their unique

metabolic capabilities, specifically their ability to participate in sulphur cycling and iron
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reduction processes. Desulfurella are obligately anaerobic and can utilise a variety of organic
compounds as energy sources while coupling their metabolism to the reduction of sulphur
compounds like sulphate or thiosulfate (A. P. Florentino et al., 2017). As mentioned above,
Desulfurella and other environmental Camploybacterota are underrepresented in databases and
culture collections, which makes them an interesting target. Thanks to the 1000 Springs Project,
they are known to reside in hot springs in Rotorua, New Zealand, making them an easily
accessible test case. They also offer a lot of challenges for cultivation on solid media, such as

utilising an insoluble energy source (elemental sulphur) and being obligately anaerobic.

1.9 1000 Springs Project

The 1000 Springs Project is a project where the team sampled 1000 geothermal sites in New
Zealand and subsequently generated a catalogue of information on the unique microbial diversity
in the ecosystems and other important geochemical information. The most important part of the
data for this project was the 16S rRNA sequencing, which allows for the assessment of microbial
diversity in each pool. This thesis leveraged this data for site selection to target pools with

Campylobacterota, specifically Desulfurella.

1.10 Conclusion

As mentioned, there are considerable downfalls in treating MAGs as analogues for isolates.
While genetic data can provide a lot of information on microorganisms, their isolation is still
essential to study and use in industries. As microbial dark matter is difficult to grow in axenic
culture, it could be beneficial to use reconstructed metabolic pathways from metagenomes to
inform the culturing conditions. This thesis will attempt to combine classical techniques with

omics tools to provide a workflow for isolating a targeted organism.
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1.11  Aims of This Thesis

This thesis aims to provide a targeted approach to cultivating bacteria, enabling the acquisition
of isolates of species of interest rather than those that are just easy to culture. This aims to target
the issue of the cultivated majority and the skewed view of the microbial world. It also aims to
provide cultivation approaches for fastidious microbes that are more accessible to standard

laboratories without needing expensive, specialised equipment.
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Chapter 2: Primer design and optimisation

2.1 Introduction

For any targeted cultivation project, like that presented in this thesis, appropriate polymerase
chain reaction (PCR) primers must be used to amplify the target species whilst minimising
erroneous (i.e. non-target) amplification. These primer pairs can be found in the literature,
modified from published primers, or designed de novo, depending on the specificity needed for
the project. Initially, the target for this study was the class Epsilonproteobacteria; therefore, 1
first used published primers, EPS F/ESP R (Gittel et al., 2012). The EPS_F/ESP_R primers
were developed for the Proteobacterial class Epsilonproteobacteria before this was reclassified
into the novel phylum Campylobacterota, combining the Epsilonproteobacteria class with the
order Desulfurellales (previously in Deltaproteobacteria class). This reclassification was due to
the analysis of marker gene and 16S rRNA phylogenies failing to recover Epsilonproteobacteria
as a monophyletic clade from other classes of Proteobacteria. Phylogenies based on the 16S
rRNA gene and a joined alignment of 120 conserved marker sequences were used to organise
this novel phylum (D. Waite et al., 2019; D. W. Waite et al., 2017). Due to this reclassification
and narrowing down to a more specific target of the species Desulfurella, new primers were
needed for this work, as EPS_F/ ESP_R did not include any Desulfurella sp. sequences in their
design process. In addition, I also sought to create a longer amplicon for sequencing since
EPS _F/EPS R only amplify approximately 150 base pairs. This chapter will outline the primers

designed for this study with these factors in mind and their optimisation for PCR.
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2.2 Methods

2.2.1 Original Published Primers

The EPS_F/EPS R primers were designed by Gittel et al. (2012) with Primrose based on 11,141
public domain sequences, with their specificity checked in silico against the Ribosomal Database

Project and ARB.

2.2.2  Primer Design

Geneious Prime was used to make an alignment of all available Desulfurella 16s rRNA
sequences from NCBI and SILVA, using a global alignment with free end gaps at 93% similarity
with a gap open penalty of 12 and a gap extension penalty of 3. Primers were edited or designed
based on this alignment and following basic  primer design rules

(https://www.thermofisher.com/blog/behindthebench/pcr-primer-design-tips/).

All primers were tested in silico on the Desulfurella alignment created previously using
Geneious Prime using the Test with Saved Primer’s function, allowing for binding anywhere on
the sequence and for one mismatch in the binding region. They were also tested using the
TestPrime function on the SILVA database ssu-138.1, sequence collection RefNR, which

allowed for one mismatch.

2.2.3 Optimisation

All primers were optimised for the optimal annealing temperature by running temperature
gradients of 56°C, 58°C, 60°C, 62°C, 63°C, and 64°C. The Platinum Direct PCR Universal
Master Mix by Invitrogen was used for this step. Alvinella pompejana microbial community
DNA was used to optimise the EPS F/EPS R and EPS FM/EPS RL primers as well as a
positive control for future PCRs. This was used as the microbial community inhabiting the back
of Alvinella pompejana has a highly diverse Epsilonproteobacteria community, making it useful

for optimising these primers (Campbell Barbara J. & Cary S. Craig, 2001). DSMZ526
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Desulfurella acetivorans DNA was used for the same purpose for the DS _F/DS R primers.

These were then run out on a 1% agarose gel for visualisation.

2.2.4 Universal Primers

The choice of which universal primers to use for 16S rRNA sequencing was also based on the
Desulfurella 16s TRNA gene alignment on Geneious Prime (Figure 2.1). Using the same Test
with Saved Primers function, EubB (AGAGTTTGATCMTGGCTCAG) and EubA
(AAGGAGGTGATCCANCCRCA) and the Earth Microbiome primers, 515F

(GTGYCAGCMGCCGCGGTAA) and 926R (CCGYCAATTYMTTTRAGTTT) were tested.

2.3 Results

2.3.1 Primer Design

To begin the primer design process, Geneious Prime was first used to align published
Desulfurella species 16s TRNA sequences (Figure 2.1) to create a consensus sequence. 16S
rRNA sequences were sourced from NCBI and SILVA online databases. Primers were tested
and designed based on the alignment created. The consensus sequence for this alignment shows
a high level of agreement amongst all those sourced, presenting a good resource for primer

design.
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Figure 2. 1. Geneious Prime alignment of Desulfurella 16S rRNA sequences from NCBI and SILVA databases.
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Table 2.1. Original primers and primers developed for this project. EPS-F mod edits from the literature are shown in

red. Version will be used to reference these primers throughout the rest of this study.

Primer Sequence (5’ — 3’) Estimated Method Reference
annealing
temperature °C
EPS F CGTTACTCGGAATCACTG 54 Published | (Lin et al.,
20006)
EPS R GATTTTACCCCTACACCA 54 Published | (Gittel et
al., 2012)
EPS FM CGTTRYTCGGAATCACTG 55.1-60.5 Modified This study
from
published
EPS F
primer
EPS RL CATTGTAGCACGTGTGTMG | 53.9-57.1 De novo This study
DS F GGTGCGCTAATACCGGATA | 58.3 De novo This study
C
DS R GCTCCTACTACTAGCATGT | 54.5 De novo This study
C

EPS F/EPS R primers hit 92.1% of Camplyobacterota, but as expected, they do not amplify
published Desulfurella sp. sequences based on the SILVA TestPrime function (Table 2.2). In the
Geneious alignment created, the forward (EPS F) binds with one mismatch, but the reverse
(EPS_R) does not bind at all. A new primer pair (EPS_FM/EPS_RL) was created to include

Desulfurella sp into the species targeted.
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EPS FM was modified from the EPS_F primer to target Desulfurella, and EPS RL was designed
de novo for a longer amplicon, better suited for sequencing, of 880BP. This primer pair
successfully targets the Geneious alignment, and the result from the SILVA search was that they
target 96.9% of Desulfurella sp. (Table 2.2). However, they also target 95.8% of all
Campylobacterota sp. and 16.1% of all bacterial species, making them unsuitable for this work.
DS _F/DS R primers are much more specific and produce a longer amplicon than the original
published EPS F/EPS R primer pair. They target no other bacterial or Campylobacterota
species other than Desulfurella sp., successfully hitting 88.2% of published Desulfurella sp.
(Table 2.2). Whilst this is lower than the EPS FM/EPS_RL primer pair, specificity was the focus
of the design for these primers, with the drop in sensitivity (96% to 88.9%) being acceptable for

this project.

Table 2.2. Primers checked for specificity in silico on the SILVA ref NR, SSU r138.1 database, allowing for one

mismatch.

Bacteria Number of
Campylobacterota Desulfurella
Primer pair targeted different phyla
targeted (total) targeted (total)
(total) targeted
EPS F/EPS R 1% 1 92.1% 0%
EPS FM/EPS
16.1% 89 95.8% 96%
RL
DS F/DS R 0% 1 0.4% 88.9%

2.3.2  Optimisation

Whilst the design process can give predicted characteristics of these primers, such as annealing
temperature, experimental optimisation is a crucial aspect of primer design. All primer pairs
presented in Table 2.1 were optimised for annealing temperatures using a temperature gradient

and running the resulting amplicons on a 1% agarose gel (Figure 2.2). When imaging the
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resulting gels, the optimum annealing temperature is determined by a drop-off in amplification
indicated by band brightness. Figure 2.2 shows that EPS F/EPS/R primers displayed a
significant drop off in amplification when the annealing temperature surpassed 60 degrees, with
no amplification above this. Therefore, an annealing temperature of 60 degrees was chosen for
this primer pair as the highest temperature is best for specificity. The same is true for the
DS _F/DS_R primers; there is slight amplification at 62 degrees, but 60 degrees was chosen for
this primer pair as amplification drops significantly here. EPS FM/EPS RL primers amplify up

to 66 degrees with a slight drop off in amplification here, so this temperature was chosen.

58 60 62 64 65 66 58 60 62 64 65 66

58 60 62 64 65 66
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Figure 2. 2. Optimising annealing temperature of all primer pairs. The temperature is °C. 2a. EPS _F/EPS R primers.

2b. EPS FM/EPS RL primers. 2c. DS _F/DS R primers.

2.3.3 Universal Primers

Although this chapter has focused on developing and optimising specific primers, using a more
general universal primer can still prove valuable. First, through the sequencing of universal
primers, it can become clear whether the targeted isolation has successfully recovered a clean
isolate. This is because while a specific primer pair determines the presence of the targeted
microorganism, its specificity removes its ability to assess if any other organisms are present.
Therefore, I sought to use a combinatorial approach to this project with specific and universal
primer pairs. The universal primer pairs can be used at two different taxonomic levels. The first

is at the phylum level, with the other being at the domain level.

The EPS_F/EPS R primer pair can be considered the phylum level universal primers as, while
they do not target any Desulfurella sp., they target 92.1% of all other Campylobacterota species.
Therefore, the combination of EPS_F/EPS R and DS _F/DS R provides good coverage of the
entire phylum. Indeed, the lack of any Desulfurella sp. amplification can be seen as an advantage
as it would inform of any Campyobacterota other than Desulfurella present in the isolation.

These phylum-level universal primers were optimised in the previous section.

The domain-level primer pair is helpful in assessing whether any other bacterial species outside
the phylum are present. Numerous published bacterial domain-level primers have been created
and published. I therefore decided to use the published EubA/EubB and Earth Microbiome
Project (EMP) primer pairs as domain-level universal primers. These universal primers were
checked in silico on Geneious Prime with the Desulfurella alignment to assess the best suited
for 16S rRNA sequencing. From the alignment, I noticed that the EubA/EubB primer pair is
problematic as it does not hit the start or end of several of the published sequences. The EMP
primers, however, successfully hit the alignment with the 515F and the 926R primers, both of

which had no mismatches. The PCR protocol used was as previously described.

49



Consensus
Identity - ;7 | |
Ce 1.NR_026459.1 AACGETHL L GTGCBTAACACATEC AAGTC GTAC BIGAAAGAAGHIL AACC TTCBAGTAAMGTHHK GEACGEGTGAGTAACACGTGGATAACCTGE CCCAAAGTCT
Ce 2.NR_026109.1 GAGTTTGATCC TGAK TCAGAAT GAAC GL TGO Gk GTGC BITAACACATGC AAGTC GTAC GRIGAAAGAAGGK AACC TTCBAGTARMGTHK GEACGAGTGAGTAACACGTGGATAACC TGE LCCAAGTCT!
L+ 3. NR_02 .1 AACKTEHL KL GT BTAACACATGC AAGTC GTAC RIGAAAGAAGGL AACC TTCBAGTAMGTGK GCAC GGGTGAGTAAC ACGTGGATAACC Tl' CCCAMGTCT
4. GCF_900101285_165_ribosomal_... TTTACTGAGAGTTTGATCC TGGK TCAGAAT GAAC (L TG (K GTGCITAACACATGE AAGTC GTAC CBIGAAAGAAGGEL AACC TTCBAGTAAMGTGA GCAC GRGTGAGTAAC AC GTGGATAACCTGE £CCAAAGTCT!
Ce 5.NR_121723.1 ACTGAGAGTTTGATCC TG TCAGAAT GAAC (L THK (X GTGCBTAACAC AT AAGTC GTAC IGAAAGAAGHL AACC TTCBAGTAAMG TG GEAC GGTGAGTAAC AC GTGGATAACC TGE LCCARAGTCTI
Ce 6. NR_026461.1 AACCTHL AL GTH BTAACACATC AAGTC GTAC RIGAAAGAAGHKK AACC TTCBAGTAAAGTGK GCAC GG TGAGTAACACGTGGATAACC TGE LCCAAGTCT!
Ce 7. NR_148765.1 GTTTGATCC TG TCAGAAT GAACGL TG G GTGCITAACACATGC AAGTC GTAC GIGAAAGAAGGK AACC TTCBAGTAAMGTH GEACGOGTGAGTAAC ACGTGGATAACC TG LCCAAMGTCT!
8. GCF_002119425_165_ribosomal_R... TTTACTGAGAGTTTGATCC TGGK TCAGAAT GAACGL TG GAK GTGCIITAACACATGN AAGTC GTAC CIGAAAGAAGHL AACC TTCIAGTAAMGTHL GCAC GHGTGAGTAAC ACGTGGATAACC TG CCARAGTCT!
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Figure 2. 3. Universal primers EubB/EubA tested in silico on the Desulfurella 16S rRNA gene alignment on Geneious

Prime Showing that these primers do not target the published sequences as they appear to be truncated on their end

of the 16S gene.
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Ce 1. NR_026459.1 TGEAGETTGATGGTACCTGCHMAGGAAGCACCGGC TAACTACGTGCCAGCAGCCGCGGTAATACGTAGGGTGCAAGCGTTATTCGGA/
Ce 2. NR_026109.1 TGEAGETTGATGGTACCTGCHMAGGAAGCACCGGC TAACTACGTGCCAGCAGCCGCGGTAATACGTAGGGTGCAAGCGTTATTCGGA/
Ce 3. NR_026460.1 TGEAGETTGATGGTACCTGCHMAGGAAGCACCGGC TAACTACGTGCCAGCAGCCGCGGTAATACGTAGGGTGCAAGCGTTATTCGGA/
4. GCF_900101285_16S_ribosomal_... TGEAGETTGATGGTACCTGCHBAGGAAGCACCGGC TAACTACGTGCCAGCAGCCGCGGTAATACGTAGGGTGCAAGCGTTATTCGGAS
Ce 5.NR_121723.1 TGEAGETTGATGGTACCTGCHMAGGAAGCACCGGC TAACTACGTGCCAGCAGCCGCGGTAATACGTAGGGTGCAAGCGTTATTCGGA/
Ce 6.[NR_026461.1 TGEAGETTGATGGTACCTGCHMAGGAAGCACCGGC TAACTACGTGCCAGCAGCCGCGGTAATACGTAGGGTGCAAGCGTTATTCGGA/
ce 7.[NR7148765.1 TERAGETTGATGGTACCTGCMGAGGAAGCACCGGC TAACTACGTGCCAGCAGCCGCGGTAATACGTAGGGTGCAAGCGTTATTCGGA/
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ACGCGTTAAACATCCCGCCTGGGGAGTACGGECGCAAGGTTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGGTACAC
ACGCGTTAAACATCCCGCCTGGGGAGTACGGECGCAAGGTTAAAACTCAAAGGAATTGIICGGGGGCCCGCACAABCGGTGGAGCATGTGGTTTAATTCGAAGGTACAC
\CgCGTTAAACATCCCGCCTGGGGAGTACGGICGCAAGGTTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGGTACAC
ACHCGTTAAACATCCCGCCTGGGGAGTACGGEICGCAAGGT TAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGGTACAC
ACGCGTTAAACATCCCGCCTGGGGAGTACGGEMCGCAAGGT TAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGGTACAC
ACGCGTTAAACATCCCGCCTGGGGAGTACGGEICGCAAGGTTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGGTACAC
ACGCGTTAAACATCCCGCCTGGGGAGTACGGHMICGCAAGRTTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGGTACAC
ACGCGTTAAACATCCCGCCTGGGGAGTALGGICGCAAGETTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGGTACAC

Figure 2. 4. The Earth Microbiome primers tested on the Desulfurella 16S rRNA gene alignment on Geneious Prime.

This shows much better predicted binding.

2.4 Discussion

This chapter aimed to determine a suite of primer pairs to be used throughout the isolation protocol
to inform on both the presence of the target organism and any contaminating organisms. The initial

target for this thesis was the class Epsilonproteobacteria; thus, the EPS _F/EPS R primers were used.
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This was reclassified into the novel phylum Campylobacterota with the inclusion of Desulfurellales,
and subsequently, the target was narrowed down to Desulfurella sp. This necessitated designing
novel primers suitable for this work. EPS FM/EPS RL were designed to target Desulfurella
while creating a longer amplicon for sequencing. The forward primer was edited from
EPS F/EPS R, but a new primer was designed to make a longer amplicon for future sequencing
efforts instead of just editing the reverse. The EPS _F/EPS R primers only amplify a 150BP
region, which is too short for Sanger sequencing. A conserved region among the alignments was

used to make EPSL-R2 amplify a region of 880BP.

These EPS FM/EPS RL primers were utilised initially, but it became clear from in silico
analysis that a far more specific primer pair would be more beneficial to this project. While these
primers can be utilised initially to check for Campylobacterota more broadly, more specific
primers are needed to confirm the target is present at the site and for each passage to ensure it is
not being lost. As shown in Table 2.2, the EPS FM/EPS_RL primers may amplify a fair amount
of non-target bacteria as well, which would be detrimental to the targeted approach of this thesis.
Out of the 89 other phyla that are targeted by EPS_ FM/EPS_RL, some have a low percentage of
species hit (<30%). Other phyla targeted by these primers have a higher number of species
predicted to amplify (>50%). For example, they target 52% of species in the Desulfobacteria
phylum. This is unsurprising as the Desulfobacteria phylum occurred through the reclassification
of the Deltaproteobacterial class into four new phyla. Therefore, the high recovery within this
phylum is recovering previously closely related taxa (D. W. Waite et al., 2020). This result
demonstrates the need to query the designed primers over a broad taxonomic range to account

for reclassifications in the database.

The DS_F/DS_R primers were designed only to amplify Desulfurella sp. These primers do not
amplify any other Campylobacterota and, as a result, are highly specific to Desulfurella. Table
2.2 summarises this, with 88% of Desulfurella targeted with no other species. These primers can
be used with EPS primers for initial site inspection for different stringency levels.

EPS FM/EPS RL can be used as a “universal” for Campylobacterota in general, DS F/DS R
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tells us if Desulfurella sp. is present, and EPS _F/EPS R is used to identify if it is another

Campylobacterota (negative for Desulfurella).

The EubB/EubA primers are often used to amplify bacterial SSU genes as they are “universal”
and target the whole 16S rRNA gene. However, against the Desulfurella sp. alignment in
Geneious Prime, these primers look as though they do not hit all of the target sequences. Some
of the Desulfurella 16S rRNA sequences seem truncated at the start and end, meaning these
primers may be missing it (Figure 2.3). Therefore, The Earth Microbiome primers (515F/926R)
will be used for whole 16S rRNA sequencing which look to amplify the target perfectly (Figure
2.4). “Universal” primers/published primers, such as those mentioned above, all have limitations.

No universal primer can target all bacteria, so it is important to be aware of what might be missed.

In conclusion, the Desulfurella primers (DS_F/DS R) designed de novo are highly specific for
this study. They will be used in the coming chapter to check for the presence of the target at the
initial site and at each passage step to ensure the target is not lost. EPS_F/EPS R will be used
for an initial site inspection to assess if any other Campylobacterota are present and before
sequencing as a negative control for Desulfurella sp. EPS FM/EPS RL were also used initially

as a broader, more “universal” Campylobacterota primer pair.
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Chapter 3: Targeted cultivation of a sulphur-

reducing, obligate anaerobe

3.1 Abstract

Microorganisms are ubiquitous and play essential roles in ecosystems, yet approximately 99%
remain uncultivated, limiting their study and application. Traditional cultivation methods
primarily succeed with easy-to-cultivate species, leaving the majority—often termed "Microbial
Dark Matter" (MDM )—unexplored. The ability to target and grow what is specifically wanted
from an environment and not just what is easy would be an essential step forward to studying
this MDM. This chapter aims to outline a workflow combining classical cultivation and
molecular techniques to provide a general approach to isolate a sulphur-reducing obligate
anaerobe, Desulfurella sp., from a geothermal pool in Rotorua, New Zealand. Initially, the target
was Epsilonproteobacteria, which was later narrowed down to, more specifically, Desulfurella
sp. The sites were first selected based on varying abundances of Epsilonproteobacteria from data
collected by the 1000 Springs Project, which, upon re-testing, showed marked differences in
community structure since the original study. Site 36 still possessed Desulfurella, although at a
significantly reduced relative abundance, this site was chosen as the inoculum for culturing. The
medium was adjusted based on the sampling environment and published genomes, changing pH
and temperature, respectively, to attempt to isolate the target organism. As one of the aims of
this work was to domesticate the target onto solid media, I also made an alteration by replacing
elemental sulphur with sodium polysulphide to increase the bioavailability of sulphur in the solid
media. To avoid the need for full-sized anaerobic chambers, making cultivation of obligate
anaerobes more accessible to various laboratories, a vacuum food bag sealer was used to culture
these solid media plates in an anaerobic headspace. Automated Ribosomal Intergenic Spaces
Analysis (ARISA) was used throughout cultivation to assess the complexity of the cultures

before sending them for shotgun and 16S rRNA gene sequencing with universal and species-
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specific primers designed in Chapter 2. 16S rRNA sequencing recovered a single Desulfurella
ASV in each of the culture conditions, which, when phylogenetically placed in the species 16S
rRNA gene tree, supports the genome recovered from the metagenome assembly. Due to time
constraints, shotgun sequencing was conducted before confirming the successful isolation of
cultures, treating them as mini-metagenomes. Unexpectedly, the shotgun sequencing did not
detect Desulfurella in the cultures, which was perplexing. Species-specific primers (DS_F/DS_R)

are highly specific and consistently showed amplification throughout the isolation process.

Furthermore, 16S rRNA gene sequencing of these amplicons from the isolation cultures revealed
a match to Desulfurella when compared with the NCBI 16S rRNA database. The most likely
explanation is that Desulfurella was initially present but was eventually outcompeted by other
taxa, with PCR detecting DNA from dead cells. The results from this chapter reveal the potential
pitfalls and challenges of trying to target cultivation for a novel environmental isolate. It also
provides a starting point to begin the culturing process for those looking to culture what they

want, not just what is easy, with the necessary molecular tools and media alterations.

3.2 Introduction

Microorganisms are in every environment globally and play crucial roles in maintaining
ecosystem functions in these habitats. Yet, estimates suggest that up to 99% of microbial species
have not been cultivated in a laboratory (Liu et al., 2022; Lloyd Karen G. et al., 2018; Steen et
al., 2019). This dates back to the 19™ century and includes techniques such as selective nutrient
media, colony picking from solid media and microscopy (Lewis et al., 2021). However, these
techniques pose several problems. First, selective nutrient media without prior knowledge of a
microorganism’s genome may not target the organism of interest, meaning that only easy-to-
cultivate microorganisms have been studied as isolates (Hedlund et al., 2014). Slow growth rates,
competition, low abundance, and symbiosis of the target microorganisms all contribute to the

difficulty in recovering a single fastidious microbe from the environment. These problems create
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a skewed knowledge base for the tree of life of those with cultivated representatives compared

with the underrepresented, uncultivated majority (Lewis et al., 2021).

The advent of cultivation-independent techniques (Voit, 2020) allowed the study of the genetic
material of community members without cultivation. Initially, 16S rRNA sequencing for
environmental samples revealed large numbers of taxa that had yet to be cultivated (Solden et
al., 2016). This shed light on the discrepancies between cultivated isolates and what is potentially
living in an environment (Lewis et al., 2021) and has revealed that the vast majority of
microorganism species remained hidden due to the previously mentioned drawbacks of
cultivation (Solden et al., 2016). This uncultured majority has been termed the Microbial Dark
Matter (MDM) (Schultz et al., 2023). Following these initial 16s rRNA metagenomic sequencing
studies, their presence is now regularly confirmed by cultivation-independent methods such as

whole shotgun metagenomics.

Metagenomes can decipher microbial communities' functional capacities and reconstruct their
roles in biogeochemical processes without the need for any cultivation. This entails bulk
sequencing of all DNA from an environment before analysis at either the whole community level
(Bhattacharjee et al., 2017; B. Ma et al., 2024) or genomic level through binning into
metagenome-assembled genomes (MAGs) (Cardenas-Hernandez et al., 2023; Li et al., 2023) or
both (Maruyama et al., 2024; Walters et al., 2023). However, whilst metagenomes and MAGs
have undoubted benefits, they each have weaknesses that need to be considered, as issues can
arise if MAGS are treated as analogues for cultivated isolates. The first potential pitfall when
using metagenomics is the creation of a fragmented assembly that can break up genes.
Fragmented assemblies commonly occur due to low-coverage genomes, intragenomic repeats,
and elevated levels of strain heterogeneity in the environment. These scenarios all present
difficulties for the assembler of choice to recover the correct sequence, thus creating a multitude
of short contigs. This problem carries over to the creation of MAGs as the binning algorithms

rely on the underlying assembly and often have a minimum contig size of at least 1000 bases
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(e.g. MetaWRAP (Uritskiy et al., 2018)). This combination leads to the recovery, if at all, of low

completeness and contaminated MAGs.

Furthermore, repetitive sequences, such as ribosomal RNA, are fragmented in the original
assemble and so missing in the final MAGs, whilst certain exogenous sequences, such as
horizontally acquired genes, are present in the assembly but possibly binned incorrectly.
Additionally, Mise and Iwasaki (2022) found that ribosomal genes are often missing from MAGs,
even though they are neither exogenous nor repetitive, and results from special evolutionary
patterns in ribosomal proteins and metagenomic binning algorithm characteristics (Mise &
Iwasaki, 2022). This is particularly problematic as tools for taxonomic (Parks et al., 2018) and
completeness (Parks et al., 2015) analysis of MAGs routinely use these genes in their marker
gene sets. The interpretation of genes is biased by the physiology of a few well-known and
studied model organisms, and with MAGs, there is a tendency to see a gene is present and assume
it has that function. Tools for the annotation of genomes and reconstruction of metabolic
functions are available to some extent; however, currently, there are no standardised approaches
for the comprehensive analysis of microbial interactions and their contributions to

biogeochemical cycling, metabolic prediction, and metabolite exchanges (Zhao et al., 2023).

There has, therefore, been a surge in genomic data since the rise of metagenomes and MAGs,
but the cultivation of these organisms still needs to be improved. With this surge in genomic data,
the bottleneck now lies with translating these sequences into functional context. Some efforts to
cultivate fastidious microbes have been successful but have been labour-intensive (van Teeseling
& Jogler, 2021b). Cultures can build bridges to help gaps in knowledge by isolating and studying
unusual organisms (Carini Paul, 2019; Lewis et al., 2021) , so combining traditional cultivation
methods and omics tools would be very beneficial in solving the issue of the uncultivated
majority. Isolates of bacteria are indispensable and are the foundation of microbiology research
for understanding evolution, cell biology, and ecological roles and impacts. There is a push to
find ways of bringing these poorly characterised groups into culture, as isolates can have a range

of applications, such as industrial processes, medicine, and various applications in biotechnology
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and agriculture (Liu et al., 2022). As well as furthering our understanding of their roles in the
environment such as impacts on biogeochemical cycles. They are invaluable tools for
understanding, harnessing, and utilising the microbial world for the benefit of science and society.
Research must have cultivated isolates to provide unambiguous assignment of genes and their
function. Isolated microorganisms provide unambiguous assignment of genes and are used in
research to understand how the proteins they encode function (Gupta et al., 2021; Liu et al., 2022;
Zengler, 2009). This can be achieved by gene knockout mutations, which is the process of
changing or deleting a gene in the intact organism and seeing how differently it functions. An

example of this is the well-known Keio collection for Escherichia coli (Baba et al., 2006).

Although bringing microbial dark matter into culture is challenging, it expands our knowledge
base and provides many benefits. This chapter aims to provide an easy-to-follow, straightforward
workflow to cultivate targeted environmental organisms using common molecular tools and
methods that are readily accessible in any standard microbiological laboratory. The overarching
goal was to culture specifically what is wanted, not what is common. Therefore, I will combine
classical cultivation and molecular techniques to culture a sulphur-reducing, obligate anaerobe
from an environmental sample. Namely a Desulfurella sp. from a geothermal pool in Rotorua,
New Zealand. This was chosen as a target as it is a basal lineage that is underrepresented in
databases online and there is a lack of cultured representatives in culture collections. This thesis
is presented in two parts: 1) using molecular tools to ensure the inoculum contains the target and
2) enriching the target using knowledge of genomes, published literature, and the environment
in which it was sampled. Geothermal sites in Kiurau Park, New Zealand, were targeted based on
varying abundances of Desulfurella sp. and different microbial complexities from the
information presented in the 1000 Springs Project (https://1000springs.org.nz/). I confirmed the
presence of our target taxa by 16S rRNA libraries, metagenomes and 16S rRNA gene amplicon
PCRs with primers designed at different stringency levels (chapter 2). ARISA (automated
ribosomal intergenic spacer analysis) and microscopy were utilised to assess how close the

culture was to being axenic. Liquid cultures were then domesticated onto solid media for colony
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picking to improve the axenic nature of these cultures, and DNA was extracted for genome

sequencing.

3.3 Methods

3.3.1 Site Selection

I used the data from the 1000 Springs Project (https://1000springs.org.nz/) (Power et al., 2018)

to identify geothermal pools in Kuirau Park, Rotorua, with Campylobacterota present, as this
class was the original broader target, which was later narrowed down to a more specific target
of the species Desulfurella sp. Table 3.1 shows all these sites with the Campylobacterota genera
present, Campylobacterota’s percentage of the community, alongside metadata of the pool and
published media recipes for the specific genera. Figure 3.1 shows an example of the 1000
Springs website for Kuirau Park. The website shows a map with easy-to-follow markers for each
feature (Figure 3.1a). For each site, the website provides a general overview (Figure 3.1b), with
subsequent pages providing detailed geochemistry (Figure 3.1¢) and taxonomic (Figure 3.1d)
data. We selected four of these sites for preliminary trials: sites 50, 39, 22 (Figure 3.2) and 36
(Figure 3.1b-d), as these represent different levels of Campylobacterota community complexity:
complex (site 22) and simple (36). Specifically, I decided to focus on Desulfurella sp. as a group,
which is the root group of the Campylobacterota and has limited species isolated in culture

collections.

Table 3.2. Sites of interest at Kuirau Park, Rotorua, New Zealand. With associated data from the 1000 Springs Project.

Sites marked in bold are those selected for initial trials.

Site Genus Percentage | pH Temperature | Complex? | Recommended

O media (DSMZ)
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Kuirau

Park Nitratiruptor 59.6 7.1 56.8 No 1024
Feature 2
Kuirau Nitratiruptor 46.5 1024
Park 543
39.7 No
Feature Sulfuricurvum 1.65 1020
16
Kuirau Sulfuricurvum | 50.2 1020
Park Sulfurimonas 0.163 1011
5.16 31.1 Yes
Feature
Desulfurella 2.89 480
22
Kuirau
Park
Sulfuricurvum 28.7 6.13 33.6 Yes 1020
Feature
27
Kuirau
Park
Sulfuricurvum 41.9 6.07 62.6 No 1020
Feature
28
Kuirau Sulfuricurvum 57.2 1020
Park Sulfurimonas 2.85 6.47 26.4 Yes 1011
Feature Sulfurovum 0.382 1570
30 Sulfurospirillum | 3.95 541
Kuirau
Park
Desulfurella 323 29 30.8 No 480
Feature
36
Sulfurimonas 29.2 1011
Kuirau 4.27 354 Yes
Sulfuricurvum | 6.99 1020
Park
Desulfurella 4.46 480
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Feature

39
Kuirau Sulfurimonas 29.3 1011
Park
4.5 29.3 No
Feature Desulfurella 5.44 480
43
Kuirau Sulfurovum 47.6 1570
Park Sulfuricurvum | 19.1 1020
5.97 29 Yes
Feature
Sulfurimonas 0.2 1011
50
Kuirau
Park
Nitratiruptor 80 5.75 54.5 No 1024
Feature
58
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3.1c 3.1d

Figure 3. 1. 1000 springs data for feature 36 at Kuirau Park. 3.1a. Map of all the sites sampled. 3.1b. Microbial

diversity in feature 36. 3.1c. Feature 36 data with a map of the site and photo. 3.1d. Feature 36 chemical properties.
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Figure 3. 2. 1000 springs data for feature 22 at Kuirau Park. 3.2a. Microbial diversity in feature 22. 3.2b. Feature

22 data with a map of the site and photo. 3.2c. Feature 22 chemical properties.

3.3.2  Sample Collection

Five litres of water were collected in sterile Nalgene bottles for metagenome sequencing, and
three 50mL falcon tubes were collected for culturing, PCR and pH analysis. These were stored
at room temperature, and the head space in the tubes was minimal to avoid excess oxygen
presence until use. Culturing was performed as soon as possible once back in the laboratory.
Serum vials containing the correct media (Table 3.1) and atmospheric conditions (each site and
media type had one vial prepared under H2:C02 and one under N2:CO2 at 80:20) being prepared

before sampling. At sampling, water temperature was also measured using a digital thermometer.

3.3.3 PCR with Platinum Direct PCR Universal Master Mix

The Invitrogen Platinum Direct PCR Universal Master Mix was utilised in this project as it is

designed to amplify DNA directly from various samples without the need to purify DNA. There
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is a direct protocol that allows samples to be aliquoted directly into the master mix without
extracting the DNA first. The kit also provides a lysis step that can be performed before
amplification to easily release DNA from the cell if preferred. Initially, the lysis step was utilised
before primer conditions were optimised. However, after optimising the primers, I found that the
direct protocol was able to be used successfully. All results presented later in this thesis used the
direct protocol unless otherwise specified. Primers optimised for annealing temperature in

Chapter 2.

Table 3.3. Volumes used in PCR reaction.

Component 20uL reaction Final concentration

Platinum Direct PCR | 10ul 1X

Universal Master mix 2X

Forward primer (10ng/ul.) 0.4ul 0.2uM
Reverse primer (10ng/ul) 0.4ul 0.2uM
Nuclease-free water 8.2uL -
Sample luL -

Table 3.4. Recommended universal PCR thermocycling conditions.

Step Cycles Temperature (°C) Time
Activation 1 94 2 min
Denaturation 94 15 sec
Annealing 35-40 60 15 sec
Extension 68 20 sec/kb
Hold 1 4 Hold
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3.3.4 Water Sample Processing and DNA Extraction

As the water collected was murky and contained sediment, it was spun down in 50mL falcon
tubes to pellet the biomass. The supernatant was filtered through a Sterivex filter to recover any
biomass missed during centrifugation. This resulted in two separate tubes for DNA extraction
for each site, 22.1 and 36.1 for the Sterivex extraction and 22.2 and 36.2 for the pellet extraction.
Once pelleted, total DNA was extracted from each using the Cary lab CTAB soil extraction
protocol for low biomass samples. Briefly, 0.5mL of the sample was put in a tube containing 0.1
mm and 2.5 mm silica-zirconia beads. 300 uL phosphate buffer (100mM NaH,PO4) and 300 uL.
SDS lysis buffer (100mM NaCl, 500mM Tris pH 8.0, 10% SDS) was added to the tube. Samples
were then bead-beaten for 10 minutes on a vortex genie. Samples were then centrifuged at
10,000rpm for 3 minutes. The supernatant was mixed with 200ul. CTAB buffer + 0.5% BME,
incubated at 300rpm at 60°C for 30 minutes, and centrifuged at 10,000rpm for 30 seconds. I
added 350 pL chloroform: isoamyl alcohol (24:1), vortexed the sample for 15 sec and then
centrifuged at 10,000rpm for 5 minutes. After this, I removed the upper aqueous layer into a new
1.5mL sterile microfuge tube, added 500 pL chloroform: isoamyl alcohol (24:1), vortexed for
10 seconds, and then left it on a rocking bed for 20 minutes at 20°C. This was then centrifuged
at 13,200rpm for 5 min, and I removed the upper aqueous layers into a new 1.5mL sterile
microfuge tube. 10M ammonium acetate was added to the sample to a final conc. of 2.5 M,
vortexed and then centrifuged at 13,200rpm for 5 min. The upper layer was then transferred to a
new sterile microfuge tube, and I added 0.54x volume of isopropyl alcohol, mixed by repeated
inversion (20 times), and then incubated at -20°C for 48 hours. Following this, I centrifuged at
13,200rpm for 20 min and discarded the supernatant to leave the pellet, which I washed with
ImL 70% ethanol. This ethanol wash was centrifuged at 13,200rpm for 1 min, and then the
ethanol was pipetted off. The resulting pellet was dried in a speed vacuum for approximately 4-
15 min (medium drying setting). Finally, I re-suspended the DNA pellet in 20 pL sterile ultra-

pure water, then stored at -80°C until use.
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3.3.5 DNA Sequencing Processing

The 16S rRNA library was prepared using the universal EMP16S NexteraXT-V2 fusion primer
set. The resulting amplicons went through SequelPrep and were sequenced on the NovaSeq 6000.
In this study, sequence analysis was performed using BioConductor 3.17 (Huber et al., 2015),
RStudio 4.3.0 (R Core Team, 2023), and DaDa2 v1.28 (Callahan et al., 2016). The data were
processed through the DADA2 pipeline using default options presented in their tutorial

(https://benjjneb.github.io/dada?/tutorial.html). The quality profiles of forward and reverse reads

were visualised to determine the desired truncation length. Following quality assessment,
filtering and trimming processes were implemented to enhance data integrity. Error rates were
estimated, and sample inference was performed based on the generated error model.
Subsequently, paired-end reads were merged, and an amplicon sequence variant (ASV) table
was constructed. Chimeric sequences were removed, and tracking metrics were generated to
monitor the analysis pipeline's performance. After this site 22.1 had no reads and 36.1 had only
36, compared to 22.2 and 36.2 having 18344 and 3018 reads respectively. This is likely because
22.2 and 36.2 were extracted from pelleted samples, while 22.1 and 36.1 were filters of the
supernatant from this, so all of the cells appear to have been spun down into this pellet. Due to
this, it was decided only the pelleted DNA-extracted sequences would be used in this study.
Taxonomic assignment was conducted using the SILVA138 training set, refined to the species
level. Finally, readable information arrays containing metrics, taxonomic assignments, and ASV

distributions were exported for further analysis.

3.3.6 Metagenome Analyses

Prior to assembly, metagenomic reads (Illumina 150bp paired) were trimmed with bbduk from
BBMap (v39.01) (Bushnell, 2014) to remove Illumina sequencing adapters, poly-Gs, and to a
quality above 20 over a sliding window. These quality trimmed paired reads were then further
cleaned before being assembled with SPAdes (v3.15.4) (Nurk et al., 2017, 2017). Specifically,

BayesHammer (Nikolenko et al., 2013) was used to error correct the input read set using default
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settings, before assembly using specific kmers (21, 33, 55, 77, 99 and 127) with the --meta
setting. Assembled contigs were binned into MAGs using the metaWRAP pipeline (v1.2.1)
(Uritskiy et al., 2018). MetaWRAP uses three different binning tools in its pipeline: MetaBat2
(v2.12.1) (Kang et al., 2015), MaxBin2 (2.2.6) (Wu et al., 2016), and CONCOCT (v1.0.0)
(Alneberg et al., 2014). This creates three separate bin sets that are then dereplicated to the final
bin set. The final dereplicated bin set was assessed for completeness with CheckM?2 (Chklovski
et al., 2023) and taxonomically placed using GTDB-tk (v2.3.2) (Chaumeil et al., 2022) that used
the GTDB 1214 database (Parks et al., 2022). The multiple sequence alignments outputted from
the GTDB-tk pipeline was subsetted to contain all representative species of the class
Desulfurellia, as well as one species from the phylum preceding the Campylobacterota in the
GTDB tree (DQVGO1 sp015661865 from the phylum Aquificota) to act as a root for the
phylogeny. This multiple sequence alignment was input to FastTree (Price et al., 2009, 2010)
(v.2.1.10) using the —1g —wag —cat options. The phylogeny was viewed and rerooted in FigTree
(v1.4.4) before being plotted using ggtree (Yu et al., 2017) (v3.8.0) in R v4.3.2 (R Core Team,
2023). The community profile of the metagenome was estimated using SingleM (Woodcroft et
al., 2024) (v0.18.1) using the raw reads, which uses the GTDB 1220 database. First, singlem pipe
was run to estimate the read coverage of single copy marker genes for all taxonomic levels.
Secondly, singlem summarise was run on the profile output from singlem pipe to give an estimate
of relative abundance at desired taxonomic levels (phylum and family). Had this also been done
before commencing culturing, metabolic pathway reconstruction could have helped with altering

culturing conditions best suited for the target species.

3.3.7 Campylobacterota Presence in Water Samples

Camplyobacterota presence was confirmed in the water sample by 16S rRNA amplification
using EPS_F/EPS R (Chapter 2). These primers were used directly on 1uL of the water samples
using the Platinum Direct PCR Universal Master Mix by Invitrogen. As discussed in Chapter 2
(primer design), more primers were designed (EPS_ FM/EPS RL and DS _F/DS_R) in this study

and were later applied to the same sample for sites 22 and 36.
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3.3.8 Culturing Conditions

Initially, the culturing was targeted for Desulfurella and Sulfuricurvum using modified
DSMZ480 Desulfurella medium (A. P. Florentino et al., 2015) and modified DSMZ1024
Nitratiruptor and Nitratifactor medium (appendix) to target Sulfuricurvum (Nakagawa et al.,
2007). Gas mixes of 80:20 H»:CO» and N».CO- were tested as well as two different temperatures
of 30°C and 50°C based on the pool temperature at sampling and optimal temperature of
Desulfurella in the literature (A. P. Florentino et al., 2015). These conditions were also originally
used to target Sulfuricurvum as previously stated, the target had not been narrowed down to just

Desulfurella so culturing started out more broadly for Epsilonproteobacteria in general.

3.3.9 Transfers

Passages to fresh media were done every two weeks, originally transferring 3mL in 20mL of
broth but changing down to approximately 100uL into 20mL to speed up isolation by reducing
the amount of dead cell debris that non-target bacteria could use as an energy source. Every
transfer was checked through PCR with DS_F/DS R primers to ensure the target was not lost
and to visually inspect community diversity microscopically. This process spanned over two

years.

3.3.10 Culture Media Adjustments

Sodium polysulphide was used to make sulphur bioavailable in solid media. However, this
caused the media to become too alkaline. Phosphate and MOPs buffers were compared in liquid
media to see which buffer would work best to combat this and keep the pH at 6. Alongside the
transfers every two weeks, samples of different media conditions for buffers were also trialled
for three months. The control was keeping the media unchanged; the other conditions were
MOPs + regular media, MOPs + sodium polysulphide + exclusion of elemental sulphur,
phosphate buffer + regular media, phosphate buffer + sodium polysulphide + exclusion of

elemental sulphur. MOPs were then used throughout.
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To help speed up the isolation process, other conditions for liquid media were trialled out. First,
the pH of the media was adjusted to pH 4 as it is closer to the environmental conditions at the
sampling site, and also a pH more favourable to Desulfurella. In the literature, Desulfurella has
also been found to have the optimum growth temperature of 50°C (A. P. Florentino et al., 2015),
which was also tested. An increase in temperature also correlates with a decrease in pH, which
is likely to have an effect as well. All three versions of primers from Chapter 2 were tested on

these adjustments.

3.3.11 Solid Media

Initially, stab cultures were utilised to assess which viscosity of agar was best to grow the cultures
on. Tubes with 40%, 60%, 80%, and 100% agar (where 100% is the recommended viscosity of
15g/L) were made into the modified 480 media by keeping the nutrients at the same
concentration and decreasing the amount of agar used (3mg/mL, 6mg/mL, 9mg/mL, 12mg/mL
and 15mg/mL respectively). 2mL of the highest concentration of agar was put in the bottom of
a tube sitting in an ice bath so that the agar set quickly. Once set, 2mL of the next highest
concentration was put on top to create the gradient. A wire was flamed and put into the culture,
then stabbed down through the centre of the different viscous solid media. The tube was capped,

sealed and incubated at 30°C for four weeks.

A food-grade vacuum bag sealer was used to seal the plates in the preferred anaerobic conditions.
The plates were put into a bag with an anaerobic gas-generating sachet and anaerobic indicator
to ensure all residual oxygen was removed. All the air was drawn out using the vacuum sealer
and was sealed off twice to ensure no holes might let air in. Using a disposable 25g x 1"
Microlance 3 needle, the gas mix (N2:CO; at 80:20) was then added, which was also sealed off
twice. In a few hours, the indicator was checked to see if it had gone from bright pink to white,
confirming that the atmosphere was anoxic. Plates were incubated at 30°C for four weeks

minimum. This was used to further isolate by colony picking, taking one small, frosted colony
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(FC) and one bigger colony (BC) and growing them back in liquid media. I transferred these

onto solid media again and left them for six weeks to grow enough biomass to extract DNA.

3.3.12 Automated Ribosomal Intergenic Spacer Analysis (ARISA)

The automated method of ribosomal intergenic spacer analysis (ARISA) can be used to estimate
microbial diversity and community composition (Fisher & Triplett, 1999). In this case, it was
used to check the axenicity of culturing efforts. 1pL of cultures were directly put into the
Platinum Direct Universal Master Mix as described above, and PCR amplification was
performed with 1406f/23Sr (Purahong et al., 2015) these ARISA primers have a broad target
range and are used to estimate microbial community diversity by amplifying the Intergenic
spacer between the 16s and 23s TRNA genes. As this spacer region is under less stringent
selection than TRNA genes, it is more prone to changes that can allow different taxa to be
distinguished on the amplicon size without sequencing. This was then sent for Sanger sequencing
(Applied Biosystems 3730 Genetic Analyzer) at the University of Auckland with ARISA-PCR
fragments varying in size from 400 to 1,200 bp. A LIZ1200 ladder was used with matrix D
selection DS30. This gave a good indication of how mixed communities were or if the culture
appeared axenic.

This was substituted for the Agilent 4200 TapeStation System for automated electrophoresis
when one became available in the laboratory. This was compared with samples that had already
been run through sequencing, and it gave similar results, which appears sufficient to estimate

community diversity.

3.3.13 16S rRNA Gene Amplicon Analysis of Enriched Culture

DNA was extracted from the enriched cultures using the same extraction method as above
(CTAB modified for low biomass). The cultures with enough DNA yield to be sent for

sequencing were BC6 and BC4 (big colony at pH6 and pH4), FC6 and FC4 (frosted colony at
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pH6 and pH4), and 50°C plates were diluted where necessary to Sng/uL. and amplified using
both 515F/926R (i.e., universal bacterial 16S rRNA gene) and DS_F/DS R (Camplyobacterota-
specific) primer pairs. Samples were sent to AUT for 16S rRNA gene sequencing, and the results
were analysed using Geneious Prime. Chromatograms of base calls were visually inspected for
quality and manually edited with the sequences' start and end being trimmed. Forward and
reverse reads were aligned using global alignment with free end gaps with a cost matrix of 93%
similarity, gap open penalty 12, and gap extension penalty 3. Each sample's final 16s amplicon
sequence was queried against NCBI’s Bacterial and Archaeal 16s ribosomal RNA sequences
database using megablast (Morgulis et al., 2008) of the BLAST suite (Altschul et al., 1990).
From this output, all hits with a percentage identity over 85% had their sequence downloaded.
All these downloaded sequences were input to AliView (Larsson, 2014), before using MUSCLE
(Edgar, 2004) within AliView to align these raw sequences. The alignment was manually
checked before used as an input to FastTree (v.2.1.10) (Price et al., 2009, 2010) using the -gtr
option to create a 16s TRNA phylogeny. The phylogeny was viewed and rerooted in FigTree
(v1.4.4) before being plotted using ggtree (v3.8.0) (Yu et al., 2017) in R v4.3.2 (R Core Team,

2023).

3.3.14 Culture DNA Extraction and Shotgun Sequencing

DNA was extracted from the enriched cultures using the same extraction method as above
(CTAB modified for low biomass). The relative abundance of all microbes within the sequencing
reads was estimated with singlem pipe (Woodcroft et al., 2024) and summarised, as described in
the Metagenome analyses section. As the 16s rRNA sequencing, as well as other analyses (i.e.
singlem relative abundance), showed these cultures were mixed, they were therefore treated as
mini-metagenomes using the same assembly and binning protocol as the metagenomes specified
above. For assembly, sequencing reads (Illumina 150bp paired) were trimmed with bbduk from
BBMap (v39.01) (Bushnell, 2014) to remove Illumina sequencing adapters, poly-Gs, and to a

quality above 30 over a sliding window. Despite this trimming of poly-Gs, many poly-Gs were
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still present so a second round of cleaning using a different program, fastp (v.0.23.4) (S. Chen et

al., 2018), was conducted to improve the quality of these reads.

3.4 Results

3.4.1 Site Analysis

To compare how these sites might have changed since those recorded in the 1000 Springs Project
(Power et al., 2018), I retested the temperature and pH of the sites as these were the biggest
drivers of community composition in that study. It is also important to have this information to
inform culturing conditions. The pH and temperature of the sites are recorded in Table 3.4, which
shows that there have been subtle changes in these sites compared to Table 3.1. However, this
can still have a profound influence on community composition. Therefore, I conducted PCRs
with the primers described in Chapter 2 to determine that the target organism was still present.
The direct PCR performed straight from the water sample with EPS_F/EPS_R primers is shown
in Figure 3.3. This was done before narrowing the target down to Desulfurella and before
creating primers for this, so only EPS_F/EPS R primers were used. Since sites 50 and 39 did
not amplify with these primers, this indicates that the target is not present, so the focus was
narrowed down to sites 36 and 22. After the design of more primers, these were tested on the
original site samples for 36 and 22 (Figure 3.4). This shows that site 36 amplifies for all three
primer pairs, but site 22 lacks amplification for DS _F/DS R, meaning this site is lacking

Desulfurella sp.

Table 3.5. pH and temperature of initial sites sampled at Kuirau Park compared to the original 1000 springs study.

1000 springs | 1000 Current Temperature
Current pH
Site | Temperature | springs | Temperature Difference
pH Difference
°O) pH °O) °O)
22 31.1 5.16 31.0 6 -0.1 +0.84

71



36 30.8 2.9 30.2 3.5 -0.6 +0.6

39 354 427 36.1 4 +0.7 -0.27

50 29 5.97 28 6 -1.0 -0.03
Ladder - 50 39 36 22 +

Figure 3. 3. The gel of the initial water sample of PCR with EPS _F/EPS R primers. 1Kb+ ladder was used

Ladder 36v2 36v1 36v3  22v2 22v1 22v3 + + + - - -




Figure 3. 4. The gel of sites 36 and 22 run with all 3 versions of primer pairs from Chapter 1. 1Kb+ ladder was used.

Primer versions: V1 = EPS F/EPS R, V2 = EPS FM/EPS RL, and V3 = DS F/DS R.

3.4.2 16S rRNA Libraries

Similarly, to comparing the overall physiochemical properties of these sites, I also sought to
compare the potential change in overall prokaryotic communities. The 16S rRNA libraries on
sites 22 and 36 show that Desulfurella sp. is absent or exceedingly rare, respectively, as expected
from the lack of amplification of DS_F/DS R primers. Campylobacterota are present at 13% at
site 36, with 10% of that being Desulfurella, with only one ASV present, representing 1.09% of
the total community. These sites show pronounced differences in their prokaryotic community
composition from the 1000 springs data. For instance, site 36 only had Desulfurella sp of
Campylobacterota at 32.3% abundance, whereas the pool now has a more complex
Campylobacterota community. This is expected from the change in pH since the 1000 springs
(+0.6) as changing pH from an acidic to more alkaline resulted in more diverse communities

(Power et al., 2018).
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Phylum

Acidobacteriota
Armatimonadota
Bacteroidota
Campilobacterota
Chloroflexi
Cyanobacteria
Dependentiae
Desulfobacterota
Elusimicrobiota
Proteobacteria
Thermoplasmatota
Thermotogota
\'ﬁnucomlcroblota

3.5a

Genus

B Desulfurella
B Sulfuricurvum
¥ Sulfurimonas

3.5b

Figure 3. 5. 16S rRNA library for site 36 at Kuirau Park. 3.5a. at the phylum level, Campylobacterota makes up 13%
of the total community with Desulfurella making up 1.09%. 3.5b. Pie chart of the genus level for the

Campylobacterota, with Desulfurella accounting for 10%.
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Phylum

Acidobacteriota
Armatimonadota
Bacteroidota
Bdellovibrionota
Campilobacterota
Chloroflexi
Cyanobacteria
Dependentiae
Desulfobacterota
Firmicutes
Gemmatimonadota
Hydrogenedentes
argulisbacteria
Myxococcota
Nanoarchaeota
Patescibactena
Planctomycetota
Proteobacteria

[ ] \'\ﬁrrucomicrobiota

Figure 3. 6. 16S rRNA library for site 22 at Kuirua Park. No Desulfurella present.

3.4.3 Culturing

Change of Buffer

As the DSMZ 480 media was modified to use sodium polysulphide instead of elemental sulphur
to increase bioavailability in solid media, this necessitated secondary changes. Specifically, a
change of buffer was needed for a higher buffering capacity as the addition of sodium
polysulphide increased the pH to 9 when it needed to stay at pH 6. Two buffers were trialled to
keep pH in the desired ranges: phosphate (Phos) and MOPS buffers. The growth in DSMZ 480
containing elemental sulphur with either buffer was used as a control, with growth confirmed by
amplification of the DS_F/DS R primers. When grown in the controls, there is good growth, as
expected, meaning these buffers have no adverse effect on the growth of the default media.
However, when these buffers were tested with the DSMZ 480 media using sodium polysulphide,
only successful growth was observed in the MOPS buffer. From then on, 10M MOPs buffer was

used in the culturing media.

75



1kB+ MOPS+ Phos+
Ladder Control MOPS PS Phos PS -

Figure 3. 7. Gel showing amplification with different buffer adjustments in the media using a site 36 isolate and

DS F/DS R primers. PS = Polysulphide, Phos = phosphate buffer.

Solid Media

Before moving cultures onto solid media, I first wanted to determine at what agar viscosity
growth was visible. For the different viscosities, I used different percentages of agar per litre of
media, where 100% viscosity is 15g agar per litre of media. I created a stab culture with five
different agar viscosities of 20%, 40%, 60%, 80%, and 100%. The culture was stabbed through
the five viscosities, incubated for a month, and checked for visible growth. It is difficult to see
in Figure 3.8, but growth was observed by visual inspection down to 80% in this stab culture
method. This was then used to inform the plates, using 80% agar with the modified DSMZ480

media (sodium polysulphide + MOPS bufter).

The second aspect of this solid media protocol was to develop an easy-to-use system that can be

more accessible than current anaerobic chambers. This was intended to provide a low-cost option
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to easily grow obligate anaerobes or, for ease of accessibility, if culturing needed to be carried
out in the field. I, therefore, tested the use of a vacuum bag sealer normally used for storing food
to grow these cultures under anaerobic conditions. Figure 3.9 shows this idea of using a vacuum
food bag sealer, whilst Figure 3.10 indicates the two colonies successfully grown and picked
from solid media to be grown back up in liquid media. Various colony morphologies were
observed, including small frosted white colonies, larger colonies, and mucoid-like larger
colonies. Florentino et al. (2015) similarly reported the appearance of small (<0.5 mm) white
colonies after four weeks when culturing Desulfurella. Based on this, I hypothesised that the
small frosted white colonies were most likely the target species. To further investigate, I selected
one small, frosted colony (FC) and one larger colony (BC) to grow for the rest of this project.
These cultures were checked with species-specific PCR primers before each transfer. Figure 3.11
shows the last PCR run with all primer pairs after any media adjustments and just before
sequencing. No cultures amplified for the broad Campylobacterota primers (EPS_FM/PES RL),
whereas all amplified for Desulfurella (DS_F/DS_R), and both BC treatments and the 50°C
treatments amplified for Epsilonproteobacteria (EPS_F/EPS R) but the FC treatments did not.
From this, I expected the BC and 50°C treatments to contain a co-culture of Desulfurella and

other Campylobacterota. This indicates that the FC treatment only contained Desulfurella.
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Figure 3. 8. A stab culture of DSMZ480 with varying percentages of agar, starting at the bottom with 100%, 80%,

60% and 40%.

living@co.

Figure 3. 9. Solid media is set up to create an anaerobic atmosphere of the N2:CO2 gas mix in a more

accessible/portable way.
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Figure 3. 10. Solid media with different morphology of colonies. Blue = small, frosted colony (FC). Red = Big, mucoid

colony (BC)
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Ladder BC6v2 BC6v1 BC6v3 BC4v2 BC4vi BC4v3 FC6v2 FC6vl FC6v3 FC4v2 FC4v1l FC4v3

Ladder 50v2 50v1 50v3 +v2 +v1 +v3 -v2 -V -v3

Figure 3. 11. The gel of all primer versions on all cultures. Primer versions: VI = EPS F/EPS R, V2 =
EPS FM/EPS RL, and V3 = DS F/DS R. +vi& v2 = Alvinella DNA positive control. +v3 = DSMZ Desulfurella

positive control. -v1, -v2, & -v3 = blank negative controls.

3.44 Automated Approach for Ribosomal Intergenic Spacer Analysis (ARISA)

During the isolation workflow, it is important to confirm both the presence of the target organism
through the use of specific PCR primers used above and determine the axenicity of the culture.
ARISA was used in this study to assess how axenic the cultures were. ARISA was used multiple
times during the isolation workflow to check for potential axenic cultures. I first used the DSMZ
Desulfurella acetivorans isolate as a positive control to determine the appropriate fragment size
of this species. Figure 3.12 shows the ARISA fragment analysis for DSMZ Desulfurella run on
both the Sanger sequencer and the tape station, showing, as expected, a singular peak showing

an axenic isolate.
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Interestingly, the predicted fragment size differs between the two machines, so rather than
focusing on the size of the fragment, I focused on the profile to determine the cleanliness of the
culture. Similarly, the fragments' overall peak size is less important than the relative heights of
the different peaks. ARISA, throughout the isolation workflow, shows a distinct improvement
in the cleanliness of the culture (Figure 3.13). The first six months of the isolation used 3 ml
between transfers, and as such, there was contamination in the culture (Figure 3.13a). This
transfer volume was subsequently reduced to 100ul to speed up isolation but did not have the
desired effect (Figure 3.13b). It was only when I successfully grew the culture on solid media
before picking a colony into liquid media that the cleanliness of the culture improved (Figure
3.13c, d). This shows the importance of growth on solid media, as colony picking appears to

speed up isolation.

Sequence intensity

Size (BP)

3.12a 3.12b

Figure 3. 12. ARISA fragment analysis of DSMZ Desulfurella acetivorans. 3.12a. on the 3130 sequencer. 3.12b. on

the tape station.

81



Sequence intensity
Sequence intensity

! Size (BP)
Size (BP)

3.13a 3.13b

Sequence intensity

Size (BP)

3.13c 3.13d

Figure 3. 13. ARISA fragment analysis for site 36. 3.13a. From liquid culture after 6 months of passages using 3mL
inoculum. 3.13b. From liquid culture after a further 6 months of transfers and starting to use 100uL inoculum. 3.13c.
Liquid culture after transferring from a single colony from solid media. 3.13d. The same as in 3.13c¢ but run on the

tape station instead of the 3130 sequencer.

Following the success of colony picking, I subsequently altered the growth conditions to
investigate how changes in temperature and pH affect the isolation workflow. Specifically, I
altered the temperature and pH to mimic both the conditions in the pool and the published optima
for the genera. This entailed changing the media to approximately pH 4 to simulate the
environment (pool pH is 3.5), as the standard media recipe had a pH close to the organism’s
optimum (pH 6). As pH decreases with increasing temperature, [ increased the growth
temperature of the standard DSMZ 480 media (pH 6) to 50°C to more closely match both the
taxa’s temperature and pH optima. Interestingly, this change did not produce the expected results,

instead resulting in more peaks during ARISA (Figure 3.14). This could be explained by the
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change in culture duration, which increased from two to four weeks to increase biomass for DNA
extraction and genome sequencing. This increase could have resulted in several non-target taxa

increasing in growth from the last ARISA (Figure 3.13).

e L 3.14b

3.14c \ 3.14d

3.14e

Figure 3. 14. ARISA fragment analysis of the different media alterations. 3.14a. BC pH6. 3.14b. BC pH4. 3.14c. FC

pH6. 3.14d. FC pH4. 3.14e. 50°C

3.4.5 16S rRNA Gene Amplicon Analysis

To determine whether Desulfurella was still present in the cultures shown in Figure 3.14, the
extracted DNA samples were amplified with DS _R/DS_F, which was amplified successfully,
showing Desulfurella presence in these cultures. 16S rRNA sequencing of these cultures was

carried out with universal primers (515F/926R) and Desulfurella specific primers (DS_F/DS_R).
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As expected, the sequencing for the universal primers came back messy due to the mixed-species
nature of the culture. The sequencing of the DS_F/DS R amplicon came back reasonably clean
(Figure 3.15). Following the recovery of a single ASV from the 16S rRNA community analysis,

I expected a singular Desulfurella species that would give a clean sequencing run.

Additionally, despite Desulfurella species having multiple copies of 16s rRNA genes in their
genome, these copies are nearly identical, and so would also result in a clean sequencing run.
Despite this, there are regions in the sequencing run that showed low confidence in their base
calling, which could be due to errors in the sequencing or the amplification of non-targets, which
would indicate that multiple species could be present. The consensus sequence of each culture
presented in Figure 3.14 was submitted to NCBI’s BLAST webpage query using blastn. All hits
with greater than 85% sequence identity were extracted to produce a phylogenetic tree of these
cultures (Figure 3.16). The BLAST result and the subsequent phylogeny show that all these
cultures contain Desulfurella species isolates, with the BLAST result bearing identical
percentage identity fo D. acetivorans, D. multipotens, and D. kamchatkensis (range 98.25%-

99.83%).
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Figure 3. 15. Chromatogram 16S rRNA sequences from the FFC pH4 treatment amplified with DS _F/DS R. The colour

of blue indicates confidence in the base call, light blue is very confident — and dark blue is not.
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Figure 3. 16. 16S rRNA gene tree from Desulfurella alignments with DS _F/DS R primers. Red dots indicate isolates

from this study.

3.4.6 Metagenome Analysis

Community Profile

I used the shotgun metagenome to further investigate the community composition of site 36 as a
comparison to the 16s rRNA amplicon results. Using singleM on the raw metagenomic
sequencing reads reaffirmed the recent results of multiple Campylobacterota species present in
this pool, with Desulfurella not being the dominant species from this phylum (Figure 3.17).
Furthermore, this analysis suggested a singular, novel Desulfurella species in this site, supporting

the previous ASV work.
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Figure 3. 17. Metagenome community profile for site 36 at Kuirau Park. 3.17a. at the phylum level, Campylobacterota
makes up 7.02%. 3.17b. Pie chart of the family level for the Campylobacterota, with Desulfurellaceae making up 5%

of the overall family.

Assembly and Binning

Following this community profile analysis, | assembled and binned the metagenome to recover
this Desulfurella MAG and all other Campylobacterota species. I recovered three medium
quality (>50% completion, <10% contamination) (Bowers et al., 2017) Campylobacterota

MAGs from this metagenome. Two of these MAGs are putative novel species within the
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CAITKPO!1 genus within the Sulfurimonadaceae family, with the third MAG being the targeted

Desulfurella MAG. The binning statistics of these three MAGs are presented in Table 3.5. To

determine the placement of this Desulfurella MAG into the wider Desulfurellia class, the

multiple sequence alignment of the Desulfurella MAG and all GTDB Desulfurellia

representative species were concatenated and input to FastTree. This phylogeny indicates that

the MAG is a putative novel, ancestral species within the Desulfurella genus (Figure 3.18).

However, this positioning could be a consequence of the incomplete nature of the MAG.

Nevertheless, this confirms the previous results from the 16s RNA analyses of a singular, novel

Desulfurella species present at this site.

Table 3. 6. MAG statistics for Campylobacterota species recovered from enriched cultures from site 36. Bin 77 being

the targeted Desulfurella.

Bin ID Completeness (%) | Contamination Genome GC (%)
Length

Bin. 19 81.91 3.5 1557872 40

Bin. 50 61.5 2.37 1366875 37

Bin. 77 71.91 241 1100160 33
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Figure 3. 18. Multiple sequence alignments outputted from the GTDB-tk pipeline subsetted to contain all
representative species of the class Desulfurellia, as well as one species from the phylum preceding the

Campylobacterota to act as a root. Desulfurella MAG from this study (site 36) is “bin. 77"

3.4.7 Isolation Culture Sequencing

Despite the evidence of a mixed culture in the five different isolation cultures (Figure 3.14),
these cultures were sent for sequencing due to time constraints and treated as mini-metagenomes.
Unfortunately, culture FC4 did not produce enough DNA for sequencing due to low growth, so
only four of the five cultures were sequenced. These sequencing runs were assembled and binned
as per the metagenome analysis pipeline, which successfully recovered between three and five
MAG:s for each of these four cultures, with these MAGs classified in the Bacillota, Bacteroidota,
Campylobacterota, Desulfobacterota, and Pseudomonadota. One MAG from the Bacteroidota
was present in all cultures, with a MAG from the Desulfobacterota present in three of the four
cultures. Surprisingly, none of these MAGs were classified as Desulfurella species. This points

to the fact that potentially due to the increased growth time, other species were able to
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outcompete Desulfurella in these cultures successfully. The lack of Desulfurella in these cultures
was confirmed by analysing the reads with singleM, as a mini-community analysis to ensure
Desulfurella was not missed due to errors in assembly or binning. Moreover, the fact that the
metagenome community analysis conducted on the site microbial community (Figure 3.17)
discovered Desulfurella at a very low abundance (<1% total community) supports the previous
assertion that Desulfurella was lost during one of the passages, rather than an error in the

bioinformatics analyses.

3.5 Discussion

This chapter sets out to provide an easy-to-follow, straightforward workflow to cultivate targeted
environmental organisms by combining standard molecular tools and classical cultivation
techniques while making it accessible in any standard microbiological laboratory. The aim was
to provide targeted isolation of a sulphur-reducing, obligate anaerobe from an environmental
sample. Namely a Desulfurella sp. from a geothermal pool in Rotorua, New Zealand. This
chapter planned to use published literature and the environmental conditions that it was sampled

in to enrich for the target.

This chapter focuses on enriching the target species using molecular tools and traditional
cultivation methods. The 1000 Springs Project (Power et al., 2018) informed the sites selected
for sampling, with additional sampling and testing conducted to update 16S rRNA libraries and
metagenomic community profiles. Interestingly, the results differed from those initially reported
in the 1000 Springs Project. Subsequent culturing experiments were conducted by modifying
existing media, tailored to the known genomes and the specific environmental conditions,
focusing on variations in pH (4 and 6) and temperature (50°C and 30°C). Adjustments were also
made to adapt the media for solid growth. An innovative approach involved using a vacuum
food-grade bag sealer to cultivate anaerobes, aiming to make the process more accessible and

portable, especially in settings without standard laboratory equipment. ARISA was employed
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throughout the experiments to evaluate the community complexity in the cultures before they
were subjected to whole genome sequencing. Due to time limitations, the cultures were
sequenced before isolating a pure strain, resulting in mini-metagenomes that, unfortunately, did
not yield a genome for Desulfurella. Nonetheless, 16S rRNA sequencing successfully amplified
a Desulfurella sequence in each sample, enabling the phylogenetic placement of the species

within the gene tree.

3.5.1 Site Selection

The sites for this project were initially selected based on the varying abundances of the class
Epsilonproteobacteria, which was the original target. The 1000 Springs Project database (Power
et al., 2018) was thoroughly analysed to identify pools with differing complexities and
abundances of the target organisms (Table 3.1). I aimed to select sites with a spectrum of
microbial community complexities—from those with low levels of Epsilonproteobacteria that
are more complex to simpler communities where this group was more abundant. As a result,
sites 50, 39, 35, and 22 were chosen based on their microbial compositions. However, sites 39
and 50 were later excluded due to not amplifying with the initial primers (EPS_F/EPS R). The
focus then shifted to specifically targeting the genus Desulfurella, a basal linecage that is
underrepresented in online databases and for which there are few cultured representatives in
culture collections. Site 22 starts in the 1000 Springs Project database with very low levels
(2.89%) of Desulfurella, but it also contained some other Campylobacterota with Sulfuircurvum
in high abundance (50.2%). This Desulfurella appears to have been lost by the time of sampling
for this project, as indicated by the 16S rRNA library (Figure 3.5) and DS _F/DS R primers
(Figure 3.4). As a result, site 36 became the primary target, amplifying with all primer versions
from Chapter 1 (Figure 3.4) and 1 ASV in the 16s rRNA library, accounting for 1.09% of the
whole community (Figure 3.5). This is much lower than when the 1000 springs project was
sampled at this site (Figure 3.1, Table 3.1), where they found Desulfurella in a much higher
abundance of 32.3%, making it one of the dominant taxa in 2012. With the current abundance

of Desulfurella being so low, this creates a few hurdles, such as pulling out a MAG from the

90



metagenome becomes increasingly difficult, and culturing to exclude other, more dominant taxa

becomes more challenging.

When looking at the 16S rRNA library comparisons between the 1000 Springs Project and this
study, there are noticeable differences in microbial community compositions, with several
explanations for this. It is important to note that two different sequencing technologies were used,
which could explain some of the differences in community compositions. 1000 Springs used lon
Torrent PGM, and this study used Illumina MiSeq, which was the laboratory standard at the time.
Several studies have noted differences in community profiles between these two sequencing
platforms when applied to the same community (D’Amore et al., 2016; Fouhy et al., 2016;
Salipante et al., 2014). The choice of primers used in the sequencing is also a very significant
factor when estimating community composition (Fredriksson et al., 2013). While both this study
and the 1000 Springs Project used the same forward primer (515F) we differed in our reverse
primer (806R and 914R). While this may not have a significant impact as the first primer is the

same, it is a factor to consider, and the same primers should be used when comparing studies.

Alternatively, the community profile differences could also be explained by a legitimate change
in composition due to changes in the pools over time. The 1000 Springs Project was conducted
in 2014, almost ten years before this study. A change in pH in site 22 was noted at the time of
sampling from 5.16 in 2014 to approx. 6 in 2022, site 36 went from 2.9 in 2014 to 3.5 in 2022.
While this does not seem like a significant change, the pH scale is logarithmic, so with an
increase of one integer value, concentration changes by 10-fold. pH has been proven to be the
biggest determinant of microbial community composition, where decreases in pH result in
reduced microbial diversity (Power et al., 2018, 2023). As most microbes are mesophilic, this is
unsurprising and correlates with the increase in diversity seen here as the pH increases from 2.9
in 2014 to 3.5 in 2022. There were observed changes in the Campylobacterota abundances as
well, with only one being reported in 2014 (Desulfurella) (Figure 3.1b), which increased to 3 in
2022 (Sulfuricurvum, Sulfurimonas and Desulfurella) (Figure 3.5b). The increase in pH supports

this as while Desulfurella can survive at a low pH, Sulfuricurvum and Sulfurimonas are
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mesophilic (Hu et al., 2021; Kodama & Watanabe, 2004), requiring a more neutral pH. The
initial sites were chosen based on the 1000 Springs Project (https://1000springs.org.nz/) for
different complexities and abundances of Desulfurella. Site 36 had a high amount of Desulfurella
present, with it being the most dominant species. Therefore, this community composition has
changed based on our 16S rRNA library and metagenome data. With this knowledge, site 36 was
possibly not the best target site for Desulfurella as it is in very low abundance, with only one
ASV present and accounting for 1.09% of the community. However, the use of published
community data was part of this study design, revealing a possible common pitfall that could

impact many other studies that use previous community analyses.

The metagenome community abundance profile agrees with the 16S library (Figure 3.17) in that
the community composition now contains far less Desulfirrella than recorded previously. Having
this knowledge before selecting the site instead of selecting based on the 1000 Springs data may
have given this project a greater chance of success. Choosing a site with a high abundance of the
target with less community complexity is ideal. Also, had this been done before commencing
culturing, metabolic pathway reconstruction could have helped with altering culturing conditions

best suited for the target species, speeding up isolation.

This analysis was done by sequencing the pool’s DNA twice, getting 5Gb of data each time, the
Desulfurella MAG that was initially obtained from the initial sequencing run had relatively low
completeness (~30%) and high contamination (~9%), which is indicative of a poor MAG
(Bowers et al., 2017). However, it also had a high genome size (~1.5Mbp after accounting for
contamination levels), which could mean that it is more complete than estimated, just more
fragmented (N50 < 1500). Currently, MAG quality is assessed on the recovery and copy number
of universal and housekeeping genes (Meziti Alexandra et al., 2021) , and if these are missing
or broken into fragments, it will be reported as less complete. This could have been the case with
the Desulfurella MAG in this study where initially, SGB of data from the metagenome was
acquired and pulling out the Desulfurella MAG from this was difficult and fragmented, as

mentioned above.
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Species that undergo horizontal gene transfer can pose a great challenge regarding sequence
assembly and metagenomic binning. Desulfurella species are one of the lineages most impacted
by this and could explain the fragmented nature of the binned MAG (Nagies et al., 2020).
Additionally, the low abundance of this Desulfurella species in the community (1.09% from 16s
rRNA analysis) could explain the difficulties in gaining a good quality MAG from the initial
5Gb of data (Albertsen et al., 2013). It would be unusual to delve into this in detail if a regular
metagenome study was conducted, meaning that the Desulfurella MAG would only have been
recovered with additional sequencing and analysis. Reconstruction of MAGs from metagenomes
is a computationally difficult task; this is an example of what may be missed when interpreting
the data. After more data was requested, a good-quality MAG was recovered with 71.91%
completeness and 2.41% contamination. The estimated genome size is slightly lower (1.1Mbp),
but with only a slightly higher N50 (>1800), it still points to Desulfurella species being difficult

to recover in metagenomes, especially when at low abundance.

3.5.2 Primers

In Chapter 2, I explored the potential of using three different primer sets (published, modified,
and designed de novo) for tracking a target organism through isolation. The published primers
initially used for this study were designed in 2012 (Gittel et al., 2012) before the reclassification
of Desulfurella and Epsilonproteobacteria into the Campylobacterota phylum (D. W. Waite et
al., 2017). These primers, therefore, only amplify members of the former Epsilonproteobacteria
class and not any Desulfurella species (Table 2.2). As this inconsistency was only picked upon
after the initial sites were tested, two sites (39 and 50) were discounted from isolation without
testing with primers that target Desulfurella species. Site 50 did not initially possess Desulfurella
species from the 1000 springs data (Table 3.1), so the likelihood of them gaining this species is
low. Site 39 originally contained a Desulfurella sp. (Table 3.1) at 4.46% abundance, so it is
possible this pool was erroneously removed. However, the fact that the remaining pools (22 and
36) saw drastic reductions in Desulfurella abundance (extinct in site 22, 30-fold reduction in site

36) suggests it is possible that the same occurred in this pool. This is supported by the fact that
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these sites exhibited less pronounced pH changes than sites 22 or 36, though in the opposite

direction (sites 22 and 36 were less acidic, site 39 more acidic).

Furthermore, as there was no amplification from these sites using EPS F/EPS R, all
Campylobacteria members were also missing from these sites. As a result of these primers
specifically targeting the rest of the families in the Campylobacteria class but excluding members
of the Desulfurellia class, I decided this would be an interesting negative control for our sites. In
other words, when used in conjunction with a set of highly specific primers, I could assess the
cleanliness of the culture. If both the published and specific primers amplified then that would
indicate a mixed culture with several Campylobacterota members, including Desulfurella.
Alternatively, if the published primers did not amplify, but the specific primers did, then that

would mean the culture was clean from other Campylobacterota members.

3.5.3 Culturing

Passages for liquid media were performed every two weeks, and solid media was performed
every four weeks. Growth was very slow; it took four weeks to see colonies on solid agar plates
that were less than 0.5mm. Both visually and microscopically, pH 4 and 50-degree treatments
had fewer cells than pH 6, which was to be expected as it was performed to decrease non-target
cells. This also translated into a very low DNA extraction yield, resulting in one of the pH 4
treatments not having enough DNA for genome sequencing. A paper by Florentino et al. found
that growth peaked at 35 days for Desulfurella in both the pH 6.5 and pH 3.5 treatments, with a
good amount of growth at two weeks (A. P. Florentino et al., 2017). However, larger volumes
may be required when it comes to the final extraction for sequencing. For the last round of solid
media, the plates were left in the incubator for six weeks to grow more biomass for extracting
DNA. This may have had an effect of also allowing even slower-growing microbes (i.e. non-
target taxa) to grow; as seen in the ARISA, the cultures look to get messier, not cleaner, on the

final extraction.

94



Initially, 3mL of culture was transferred to fresh liquid media every two weeks which was
changed to 100ulL. This was changed as Microbial EPS debris released from the cell after
rupturing can play a significant role as an organic carbon source (Davis et al., 2005). This
positively impacted isolation (Figures 3.13a and 3.13b), and decreasing this further could also

benefit as the less organic carbon available, the fewer non-target microbes have to survive on.

3.5.4 Solid Media

One of the goals of this project was to domesticate Desulfurella on solid media as colony picking
can aid in gaining an axenic isolate. It is also useful in research, for example for performing
genetic mutation experiments. Therefore, a substitute for elemental sulphur was required as it is
not soluble and would not be bioavailable in solid media. Sodium polysulphide was used to
replace elemental sulphur. However, this increased the pH of the media to an undesirably
alkaline pH. The buffer in the original media was sodium bicarbonate, but it did not have a

buffering capacity high enough to keep the media at the desired pH.

For this reason, MOPs and phosphate buffers were assessed as substitutes. Figure 3.6 shows that
phosphate buffer with polysulphide (without elemental sulphur) seems to have little to no
amplification, whilst MOPs under the same conditions continue to have growth. Cultures were
also checked microscopically under phase contrast with MOPS buffer, showing a similar number
of cells as the control and phosphate having significantly less. MOPs was therefore chosen to
add to the media to keep the pH in the correct range. Like sodium bicarbonate, phosphate buffer
has a weaker buffering capacity than MOPS, so it may not have been strong enough to counteract
the strong alkaline nature of the polysulphide. The trial went on alongside regular passages every
two weeks for six months before deciding it was successful, and MOPs were included in the

media.

When modifying the media, measuring the impact on cell growth is crucial. As mentioned earlier,
PCR and microscopy were employed, each with distinct advantages and drawbacks. PCR, while

helpful, cannot differentiate between live and dead cells, leading to potential false positives or
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negatives (Nocker & Camper, 2006). Microscopy, although requiring considerable expertise to
distinguish between species, can determine cell viability through motility observation. Optical
density measurement could be another method for assessing culture growth; however, the
turbidity of this media likely precludes its effectiveness. Resazurin staining is commonly used
to evaluate cell viability, shifting from blue to pink when cells are alive. However, in this study,
its function as an anaerobic indicator means this is also not viable for anaerobic microbes.
Therefore, 16S rRNA gene PCR remained the standard method for determining the growth of

the target taxa despite the known drawbacks.

When attempting to culture an organism on solid media for the first time, transitioning directly
from liquid to 100% agar could be too drastic. A more gradual, gradient-based approach is
essential to determine the optimal agar viscosity for the target species. As detailed in the methods,
a stab culture technique was used, with growth monitored down to 80% agar (Figure 3.7).
Consequently, all subsequent plates were prepared with 80% granulated agar. Growth on solid
media was notably slow, taking about four weeks to produce colonies smaller than 0.5 mm.
Various colony morphologies were observed, including small frosted white colonies, larger
colonies, and mucoid-like larger colonies. Figure 3.13c¢ shows the ARISA for a colony picked,
indicating a possible axenic culture. However, these colonies were then transferred back to liquid

media for further cultivation and either outcompeted or contaminated.

3.5.5 Media adjustments

To speed up the isolation process, some different culturing conditions were trialled out. The pH
of the media for one condition was lowered to pH 4 as this is closer to the environmental
conditions when sampling the site (pH 3.5 - 4). The 1000 Springs Project also found pH to be
the biggest driver in determining microbial community composition (Power et al., 2018).
Additionally, while DSMZ culturing conditions advise a pH of 6, the optimum pH range for
Desulfurella is said to be 3-7 (A. Florentino et al., 2015). This could mean that lowering the pH
may be able to eliminate any non-target bacteria that cannot withstand the lower pH. The second

condition was to grow the cultures at 50°C instead of 30°C, which was the temperature of the
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pools at sampling. 50°C is near the optimum growth temperature for D. acetivorans and D.
multipotens (Bonch-Osmolovskaya et al., 1990; A. P. Florentino et al., 2017; Rainey & Hollen,
2015). These were passed alongside the original cultures for six months. In hindsight, this work

should have been done right at the beginning, or a fresh inoculum should have been sampled.

These cultures were then confirmed to grow Desulfurella with DS _F/DS R primers, so they
were grown on solid media for six weeks to grow enough biomass for DNA extraction. Figure
3.11 shows all the primer versions from Chapter 2 on each media adjustment. BC6, BC4, and
the 50-degree treatment returned positive for EPS F/EPS R and DS _F/DS R primers. This
could mean that all these cultures are co-cultures of Desulfurella with one or more
Campylobacterota, with the possibility of them living symbiotically and not being ruled out. It
could also mean that the original primers (EPS_F/EPS_R) are still amplifying Desulfurella, as
previously discussed, and the mismatches in the primer sequence to the target are not in
detrimental binding locations. FC6 and FC4 are interesting as they only amplify for DS_F/DS R
primers, indicating no other Campylobacterota are present. It is also interesting to note that the
EPS FM/EPS RL primers did not amplify at all. These are supposed to be the broadest primers
targeting Campylobacterota and other bacterial classes. These cultures were all sent for genome
sequencing except for FC4, which had a very low DNA extraction yield. This was done
prematurely due to time constraints in order to look at the genomes and assess if cultivation

strategies were working.

3.5.6 ARISA

After running an in-silico PCR with the ARISA primers, it is shown that Desulfurella has the
smallest amplicon out of the Campylobacterota order (607-610BP); anything below this may be
contamination from other species. Anything bigger may be a co-culture, possibly with other
Campylobacterota. Interestingly, when running the DSMZ Desulfurella acetivorans with the
ARISA primers on the Applied Biosystems 3730 Genetic Analyzer, the peak came out at a much

lower size than expected (607-610BP) of around 413 BP (Figure 3.12a) This was also run on the
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Agilent 4200 TapeStation System and was 513 BP (Figure 3.12b). Due to this discrepancy, the
ARISA and tape station results were only used as a proxy to indicate whether a culture was
isolated. Figure 3.13 shows the progression of the community composition throughout different
passages. Transferring 100uL. of inoculum instead of 3mL has a positive effect (Figure 3.13b),
with colony picking even more successful (Figures 3.13c and 3.13d). Figure 3.14 then shows the
fragment analysis of the different media changes. These look to have more peaks than the
original, which could indicate contamination or be due to other factors, such as the longer
incubation time used to create more biomass for extraction. This could have allowed more slow-
growing bacteria that were already present time to grow. Both pH 4 treatments follow a similar
trend, losing some larger peaks and increasing in the smaller ones. Papers such as Fisher &
Triplett (1999) described anything below 390BP as artifacts (Fisher & Triplett, 1999) that also
potentially applies here. While ARISA could be a valuable and fast way to see how many species

are present, it could also provide false confidence.

3.5.7 16S rRNA Sequencing

After visually inspecting the sequence chromatograms for the 16S rRNA gene sequencing using
universal primers 515F/926R, all the sequences look to be mixed communities with two or more
species present. This is not surprising based on the results from the ARISA. Ideally, the best
practice is to wait until only one peak is seen on the ARISA before sequencing. However, under
time constraints for this project, I had to do this prematurely. Due to this, 16S rRNA sequencing
was also conducted with the Desulfurella specific primers (DS _F/DS R) to assess if the target
was present and where it would be placed in the phylogenetic tree. These sequences came back
relatively clean (Figure 3.15), and the 16S rRNA gene tree was created in Figure 3.16. All the
samples in this study are likely the same species of Desulfurella, which corroborates with only

one ASV from the initial 16S rRNA library.

98



3.5.8 Isolation Culture Shotgun Sequencing

The shotgun genome sequencing results for all cultures did not detect Desulfurella, which is
confounding. The species-specific primers (DS _F/DS_R) consistently amplified throughout the
isolation protocol, and when these amplicons were sequenced, they matched a Desulfurella when
blasted against the NCBI 16S rRNA database. There could be several explanations for this. First,
Desulfurella possibly did not lyse as effectively as other taxa but is still present. However, the
same DNA extraction method was used for the environmental sample 16S rRNA library and
metagenome where Desulfurella was successfully detected (Figures 3.16, 3.18), so this is
unlikely. Second, since PCR amplifies DNA from both viable and non-viable cells, the
amplification could target DNA from dead Desulfurella cells as the target may have been
outcompeted and died off. Finally, Desulfurella could be present but in extremely low abundance.
However, singleM (Woodcroft et al., 2024) analysis is highly sensitive, so this is likely
improbable as it would have detected even minimal Desulfurella reads. Also, a Desulfurella
MAG (Table 3.5 and Figure 3.18) was recovered from the environmental sample at very low
abundance, and the same method was used here, suggesting that the method was valid. Therefore,
the most plausible explanation is that Desulfurella was present initially but was outcompeted

over time by other taxa with the PCR-detected DNA from dead cells.

3.6 Conclusion

This chapter discusses the challenges involved with isolating fastidious environmental
microorganisms to specifically target sulphur-reducing obligate anaerobe Desulfurella sp. from
a geothermal pool in Rotorua, New Zealand. Traditional cultivation methods have often failed
to capture the diversity of this microbial dark matter, with molecular tools shedding light on this
discrepancy. The work presented here combines classical cultivation techniques with molecular
tools to enhance the isolation process. Although the end sequencing results did not confirm the

isolation of the target Desulfurella, the use of species-specific primers and media modifications
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provided insights and knowledge into the necessary steps for future cultivation efforts. This study
shows the importance of adapting cultivation strategies and utilising molecular tools to explore

microbial dark matter further.
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Chapter 4: Discussion

As discussed in previous chapters, cultivating microbial dark matter is challenging, but isolates
provide many benefits and can expand our knowledge of the microbial world. The current
literature provides some insights into this problem, but there are yet to be any straightforward
workflows to combat this issue. This thesis aimed to develop a simple and accessible workflow
for cultivating specific environmental organisms by integrating widely used molecular tools with
traditional cultivation methods. This approach was designed to be easily implemented in any
standard microbiological laboratory. A test case was to target a sulphur-reducing, obligate
anaerobe from an environmental sample. Namely a Desulfurella sp. from a geothermal pool in
Rotorua, New Zealand. This was planned in two parts. The first was to develop and use molecular
tools to ensure the target is present in the inoculum and cultures. Second, to enrich the target,
culture media was adjusted based on knowledge from published literature and the environmental

conditions it was sampled in.

I designed and assessed primers based on the target taxa at different stringency levels in the first
experimental chapter. I first assessed primers from the literature (EPS_F/ESP_R (Gittel et al.,
2012)) that targeted Epsilonproteobacteria, which was the initial target. However,
Epsilonproteobacteria was reclassified into the novel phylum Campylobacterota, combining the
Epsilonproteobacteria class with the order Desulfurellales (previously in the Deltaproteobacteria
class). Desulfurella sp. subsequently became the specific target for isolation. After this change,
I found that, unsurprisingly, EPS_F/EPS R did not target Desulfurella sp. at all, as these
sequences were not included in their initial design. Therefore, I designed new primers by
modifying these published primers (EPS FM/EPS RL). I aimed to create a primer pair to
produce a longer amplicon for sequencing and target the entire Campylobacterota phylum more
broadly. However, after in silico testing of the specificity of this primer pair, it was apparent that
they also amplified a lot of non-target species (i.e. members of the Desulfobacterota phylum),

making them unsuitable for this work. Finally, I designed a third set of primers de novo to target
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Desulfurella sp. with higher specificity (DS_F/DS_R). The aim for this primer pair was similar
to EPS FM/EPS RL (e.g. longer amplicon for sequencing) but to be highly specific, which in
silico testing confirmed. These primers can all be used together to assess the site and also the
isolates before sequencing: DS F/DS R tells us if Desulfurella sp. is present, and EPS_F/EPS R

is used to identify if it is another Campylobacterota (negative for Desulfurella).

The second experimental chapter attempts to enrich this target using the primers described above
and classical cultivation strategies. Site selection was based on the 1000 Springs Project (Power
et al., 2018), but I retested the microbial community composition with current 16S rRNA gene
sequencing and metagenome community abundance profiles. This showed pronounced
differences from the original study, which is to be expected with the time that had passed since
that original study was conducted. I subsequently began culturing these samples by modifying
published media based on published literature and the sampling environment, specifically
investigating changes in pH (4 and 6) and temperature (50°C and 30°C). Alterations were also
made to the media to allow growth on solid media by replacing elemental sulphur with
polysulphide. A vacuum food-grade bag sealer was used as a new way of cultivating anaerobes
to make it more accessible to a range of laboratories and to make it portable if the cultivation
was to take place without a standard laboratory. For example, in the laboratory where this
research occurred, having a working anaerobic chamber was very expensive to keep operational
over two years. | used Automated Ribosomal Intergenic Spacer Analysis (ARISA) throughout
to assess the axenicity of the cultures before sending them for both 16s rRNA and whole genome
sequencing. 16S rRNA gene sequencing amplified one Desulfurella in each culture from the
different conditions with the species-specific primers (DS_F/DS _R), which allowed for the
phylogenetic placement of the species in the gene tree, supporting the genome recovered from
the metagenome assembly. Due to time constraints, these cultures were sent for sequencing
before a pure isolate was obtained and treated as mini-metagenomes. Intriguingly, this failed to

produce a MAG for Desulfurella despite being the same culture that recovered Desulfurella from
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the 16s rRNA sequencing. In this chapter, I will discuss what I learnt from undertaking this study

and suggest improvements if this were to be carried out again or utilised for a different organism.

In the future, Figure 4.1 shows what I would recommend when isolating a species of interest
again. Firstly, I would suggest that 16S rRNA library analysis is carried out before selecting a
site and choosing one with the best possible chance of success (i.e. where the target is the
dominant species and the community is less complex, instead of relying on a database or previous
studies results). Using a database could guide the initial site selection to remove sampling and
sequencing pools known to be not of interest, but pools of interest should be re-evaluated.
Altering the media based on the metagenome and literature should also be done immediately,
and there should be more variations and safety guards to ensure the target is not lost, for example,
Quantitative PCR (qPCR) at each transfer or 16S rRNA gene libraries. Also, inoculating in the

field would decrease damage to the inoculum and create a better chance for success.

An improvement [ would make to my isolation protocol is to use a method to quantify the amount
of the target, not just if it is present or absent, such as using qPCR. qPCR with taxa specific
versus a broad bacterial primer set would determine if the target taxa increased or decreased in
abundance over the isolation protocol. This has been used by Jian et al. 2020 alongside next-
generation sequencing to accurately estimate taxon abundances, which could be applied here
(Jian et al., 2020) A decreasing abundance would indicate that other taxa are outcompeting the
desired target or perhaps even died off. Alternatively, DNA could be extracted every few
passages to conduct a 16S rRNA library to determine the community composition of the isolation
culture. Similarly to the qPCR protocol, this would see if the desired taxa are increasing in

abundance and close to isolation, though it is a more costly and time-consuming option.

Using more primer sets during the isolation protocol would be beneficial (i.e. having 23S and
ribosomal protein primers, rather than only targeting 16S) to reduce the chance of amplifying
not target taxa. As mentioned earlier in the thesis, designing specific PCR primer sets relies upon

the database chosen, which is problematic for taxa of which have few representatives in that
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database. This could lead to an overestimation of that PCR primer set’s specificity. Furthermore,

overreliance on TRNA genes for primer design could limit the sample size due to the low

likelihood of recovering these genes from metagenomes. Using other housekeeping genes, as

they are more vertically transferred (Nagies et al., 2020), could expand the sample size for primer

design, giving greater confidence in their specificity. I also learnt that colony picking to liquid

media, leaving the incubation time constant, and then extracting DNA is the best option. Doing

this with higher volumes of liquid rather than putting this back onto solid media to grow more

biomass creates less room for contamination and for slower-growing microbes to out-compete

the target. I could have also utilised methods such as dilution to extinction to gain pure cultures.

4.1 Modified Isolation Workflow
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Figure 4. 1. Modified isolation workflow with the main differences being community analysis informing cultivation
while keeping standard media to run in parallel. The addition of environmental conditions could also be run alongside
these if they do not fall into the same categories. The addition of gPCR when passaging is a key addition to ensure
the target is growing and it is not just ancient DNA being amplified. Solid media would still need to be optimised for

agar viscosity and sulphur bioavailability as mentioned in the text.

4.2 Final Thoughts

This thesis faced several challenges, primarily due to the limited initial study design and the lack
of early access to metagenomic data, which hindered the cultivation process and affected the
project's overall direction. This initial setback, in my view, compromised the foundation of the
research as the media was not able to be edited originally as planned. Consequently, adjustments
to the culture media were made later in the process despite recognising that these modifications
should have been implemented earlier. Unfortunately, time constraints became a significant

factor.

This work demonstrates the complexities involved with targeting and isolating uncultivated
microorganisms. Despite difficulties encountered, there were also some successes, such as
specific primer design, domesticating onto solid media, enabling better accessibility to cultivate
anaerobes and the use of ARISA to assess isolation success. This work also highlights the
importance of combining classical cultivation techniques with molecular approaches to explore
the world’s microbial diversity and provides an optimised workflow from the learnings gained
throughout. While the target organism appears to not be alive in the final cultures, this study
contributes insights into the isolation process. It aims to aid future research in overcoming

barriers to cultivating “Microbial Dark Matter.”

This being said I have dedicated substantial effort to this project. While the final result may have
been less desirable, the experience has been extremely valuable, particularly in understanding

the research process and the critical importance of a well-thought-out study design
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