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Abstract 

Biological nitrogen fixation is important for agriculture, carbon sequestration, and 

ecosystem restoration. This is primarily conducted by rhizobia (nitrogen fixing bacteria) 

in association with legume plants.  

 

Most research in improving rhizobial strains involves single strain experiments. 

However, improved metagenomics methods have demonstrated considerable differences 

between single strain inoculations and strain behaviour when exposed to a complex 

microbiome.  

 

To identify some these differences, this experiment applies two treatment factors in a 

controlled environment of containers with autoclaved sand. All main experimental 

containers were inoculated with several strains of ​Bradyrhizobia japonicum​. The first 

treatment factor was the planting of surface-sterilised seedlings of host plant ​Acacia 

acuminata​; the second treatment factor was inoculation with an external soil 

microbiome. Several negative controls without planting or inoculation were also 

present. 

 

A novel method of whole genome metagenomic sequencing to observe known strain 

abundance, without amplification or culturing, was developed. Using this method, 

abundance patterns of these ​B. japonicum​ strains were compared between initial 

inoculation and the end of a growth period of several weeks. Analysis reveals a single 

strain as the preferred nodulation strain within this experiment, but also shows that all 

strains inoculated continued to persist in the substrate at detectable levels.  

 

The use of long reads with the MinION DNA sequencer also allowed the potential of 

identification of horizontal gene transfer events. None were detected in an initial screen, 

but a framework for further inspection of this dataset for such events is described. 
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1. Introduction 

Nitrogen fixation is important for a considerable amount of global ecological and 

economic processes. Most anthropomorphic bioavailable nitrogen is produced 

industrially via the Haber-Bosch process, currently responsible for over a third of the 

global nitrogen cycle ​(Gruber and Galloway, 2008)​. The Haber-Bosch process has been 

recently re-estimated to be responsible for the nitrogen needs of 48% of humans 

(Erisman et al., 2008)​ and has been essential for human nutrition ​(Wood and Baudron, 

2018)​. However, the Haber-Bosch process is highly energy intensive, and, as an 

industrial product, is not equally distributed throughout the world; a considerable 

proportion of its use has been directed towards intensive agricultural production of meat 

and dairy in wealthier countries ​(Erisman et al., 2008)​.  

 

Although increased anthropomorphic nitrogen has contributed towards some carbon 

sequestration ​(Gruber and Galloway, 2008)​, increased atmospheric carbon has resulted 

in a corresponding increase of nitrogen limited ecosystems, with associated 

consequences on ecosystem services and production of certain systems, such as reduced 

protein from rangeland cattle ​(Craine et al., 2018)​. It has been postulated that nitrogen 

may be a limiting factor for carbon sequestration ​(Gruber and Galloway, 2008)​. As 

such, enhancing terrestrial biological nitrogen fixation (BNF) may be a vital part of 

mitigating climate change.  

 

As part of efforts to mitigate anthropomorphic climate change and reduce inequality, 

some authors have proposed the concept of a global "safe operating space" with 

maximum limits on human perturbation of earth system effects, including the nitrogen 

cycle ​(Häyhä et al., 2016)​. Enhancing BNF is important to maintaining the safe 

operating space of the nitrogen cycle ​(Vitousek et al., 2013)​.  

 

BNF is primarily carried out by the rhizobia-legume system, but not exclusively so. 

Some non-legume plants can also carry out BNF, such as actinorhizal plants and 

https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20f2ce5da5e5d3;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20753995f0c77c;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f2100bb9db77984;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f2100bb9db77984;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20753995f0c77c;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20f2ce5da5e5d3;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f2101321996bb6c;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20f2ce5da5e5d3;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20fad469537af6;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20f44d12e946f8;;;;;
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Frankia​ ​(Santi et al., 2013)​ as well as a recently confirmed indigenous landrace of 

maize ​(Van Deynze et al., 2018)​. BNF is also carried out by cyanobacteria in oceanic 

environments ​(Capone et al., 2005)​. Some attempts at harnessing BNF as a sustainable 

alternative to the Haber-Bosch process include the use of electrical bioreactors ​(Rago et 

al., 2019) 

 

In this experiment, the legume ​Acacia acuminata ​and strains of its rhizobial symbiont 

Bradyrhizobium japonicum​ are used as a model system for methodological 

development. 

Acacias 

Australian acacias are vital for ecosystem restoration, as legumes that can grow in 

nitrogen-poor soils common in Australia ​(Thrall et al., 2007)​. The raspberry jam wattle 

Acacia acuminata​ has a home range in south Western Australia, and is an important 

host of economically valuable sandalwood (​Santalum spicatum​), with a market price up 

to AUD 15,000 per tonne of wood and AUD 1,100 per kg of oil ​(Environment and 

Public Affairs Committee, 2014; Woodall et al., 2002) 

 

Legume hosts, including ​A. acuminata​, form a mutualistic relationship with rhizobia. 

Hosts provide sugars to feed and grow rhizobia; in exchange, rhizobia fix atmospheric 

nitrogen and provide it to the plant.  

 

Acacias can also provide nitrogen to Eucalyptus trees through mycorrhizal fungi 

networks, further supporting a potential for carbon sequestration and rhizobia use in 

supporting agriculture beyond legumes ​(Paula et al., 2015)  

Rhizobia 

Rhizobia are Gram-negative bacteria that grow either free-living in soil or in symbiosis 

with a legume host during their life cycle. Although many rhizobial symbionts are fairly 

well studied, most of what we know about them in controlled environments is from 

https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20753a41e09fe4;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f2100a90f80cd1c;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20f4cb65e44e8e;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f210132195fe414;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f210132195fe414;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20753996624736;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f2101260b93c7d5;;;;;&cid=f21013219bb2e74;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f2101260b93c7d5;;;;;&cid=f21013219bb2e74;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20859cf703ac90;;;;;
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experiments involving single strains. Some work indicates results from such 

experiments may not be generalisable to more complex environments with multiple 

rhizobial strains present ​(Kiers et al., 2013) 

Previous work in this area includes work in the ​Medicago-Ensifer​ system, inferring 

strain fitness under different treatments ​(Burghardt et al., 2018)​. Observations of wild 

samples indicate that legumes often have multiple strains within individual plants 

(Dinnage et al., 2018)​.  

 

Not all rhizobia found in an environment are necessarily well adapted to that 

environment. Some strains of rhizobia are less capable of performing nitrogen fixation 

in certain conditions, but may persist through host nutrient investment even if they 

would normally disadvantage a host ​(Wendlandt et al., 2018) 

 

Rhizobia are often studied exclusively in nodules or in pure culture form ​(Burghardt et 

al., 2018)​. As rhizobia can be difficult to isolate directly from soil, soil metagenomics 

allows us to observe rhizobia in a complex soil environment.  

Microbiomes 

An increasing body of research indicates that microbiomes can have considerable 

effects on host organisms ​(Zilber-Rosenberg and Rosenberg, 2008)​, including plants 

(Vandenkoornhuyse et al., 2015)​. For example, overall microbiome composition can 

enhance disease resistance in plants ​(Chen et al., 2018; Kwak et al., 2018)​. A variety of 

positive effects from microbiome bacteria have been proposed ​(Goh et al., 2013) 

 

Microbiomes can also have effects on microbial symbionts that are part of the 

microbiome. One such effect is that adaptation to abiotic factors (e.g. drought, nutrients) 

within a strain population can reduced by other bacteria in the microbiome ​(Hall et al., 

2018)​. This may have considerable effects on the application of strains optimised in lab 

environments; strains developed for a particular purpose via soil inoculation may not 

https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20753a39a7fa25;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20ff52d4e09548;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f210107d4220bdc;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f2100a90f7b44d4;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20ff52d4e09548;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20ff52d4e09548;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20f25c1662fc9a;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20f75f5a8729ee;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f21013218ebc0f4;;;;;&cid=f2100d11f0d2718;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20f450b11846ec;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f210107d3aa120c;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f210107d3aa120c;;;;;
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maintain their effects if such strains are not tested in exposure to a complex 

environmental microbiome.  

 

Rhizosphere microbiome diversity is often reduced in areas of increased human activity, 

such as intensive agriculture and signified by effects such as metal contamination ​(Gans 

et al., 2005)​. Rhizosphere microbiome engineering with microbial consortia has been 

proposed to restore soil microbiome services in line with newer agricultural practices 

(Wallenstein, 2017)​.  

 

Despite advances in culture methods for soil bacteria ​(Manh Nguyen et al., 2018)​, the 

majority of microbes in soil are still not culturable with conventional culture methods. 

Soil metagenomics aims to resolve this through extracting DNA from microbial cells in 

a soil sample and sequencing it. This can either be done with a known variable sequence 

flanked by conserved sequence for amplification (e.g. 16S for bacteria, ITS for fungi) or 

through shotgun metagenomics, which sequences all DNA rather than specific 

amplicons. Shotgun metagenomics can offer insights into the abundance of genes and 

assist in inferring community function, but is usually worse at identifying the 

community composition (particularly with short read sequencing) ​(Leveau, 2007; 

Tringe et al., 2005)​.  

 

Several sources of potential bias are common in metagenomic sequencing. This can 

occur with sample collection, which is often done in small sample tubes, observing only 

a small portion of heterogeneous soil ​(Mocali and Benedetti, 2010)​. It can also happen 

in the analysis stage, with inappropriate application of statistical methods often used in 

other complex communities ​(McMurdie and Holmes, 2014) 

Long read sequencing 

Most metagenomic sequencing is conducted with Illumina sequencing by synthesis. 

This is referred to as "short read" sequencing, as read lengths are up to 300 bases long 

(Illumina, 2018)​. Short reads are usually assembled into contigs, but are often not long 

https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20753a3761da48;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20753a3761da48;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20fd18629e9a48;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f210107d413e1fc;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20753a2a74cc9b;;;;;&cid=f207539955895ad;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20753a2a74cc9b;;;;;&cid=f207539955895ad;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20f0c15b0365e1;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20f450b119fed8;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f21013219a4c4c4;;;;;
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enough to resolve repetitive regions of genomes, a problem exacerbated in 

metagenomes ​(Forouzan et al., 2018)​.  

 

New sequencing systems increase read lengths considerably. One main technique is the 

PacBio sequencing system, with read lengths >200kb, enough to acquire entire 

complete 16S sequences for metagenomics ​(Pacific Biosciences, 2018; Pootakham et 

al., 2017)​. An alternative long read sequencing technology is the Oxford Nanopore 

MinION, with even longer read lengths up to 2mb, and a variety of other benefits, being 

portable and having a faster turnaround time, allowing for adaptive experiments 

(Pomerantz et al., 2018)​. Both systems have higher error rates than Illumina sequencing, 

particularly when sequencing long homopolymer regions; as a result, both long and 

short reads are often combined to increase accuracy ​(Loman et al., 2015)​. This is not 

limited to single strains, but can be done in metagenomic samples ​(Bankevich and 

Pevzner, 2018)​. Long read sequencing has also been applied to identify horizontal gene 

transfer (HGT) events ​(Ashton et al., 2015)​. 

Genome assembly 

De novo​ assembly of genomes with short read shotgun sequencing often results in 

fragmented genome assemblies. These can make it hard to align other sequences, and 

determine gene position in chromosomes ​(Thomma et al., 2016)​. The application of 

long read sequencing allows for scaffolding short read contigs to form complete 

genomes. 

Aims 

The primary aims of this project are to: 

1. Observe abundance patterns of ​Bradyrhizobium japonicum ​within nodules of 

host ​Acacia acuminata​ when exposed to a mixture of closely related strains, and 

compared with additional exposure to a complex microbiome. 

2. Observe abundance patterns of free-living B. japonicum in soil outside a host, 

both in the presence or absence of a host plant. 

https://www.wizdom.ai/cite-in-google-docs/v2?cid=f21006495e4127c;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f21013219a53c64;;;;;&cid=f20fd4494ecc5d4;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f21013219a53c64;;;;;&cid=f20fd4494ecc5d4;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20ffb9c44199e4;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f208552f3f4732f;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f2100a55457c4f4;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f2100a55457c4f4;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20f6e99bddd10a;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20859cf715dbac;;;;;
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3. Develop a pipeline to identify potential horizontal gene transfer events from 

metagenomic reads, using the full genomes of added strains. 

 

As part of this, several milestones were identified at the start of the project: 

 

1. Compare long and short read data of the same samples. 

2. Compare rhizobia and other microbes in different samples. 

3. Identify HGT events in one or more metagenomic reads. 

 

Several results were hypothesised for these aims.  

 

 

Figure 1. Simplified example of expected results. Numbers represent proportions 

within the heatmap. In this example, both strains are in equal abundance in the 

inoculation solution. Strain 1 is more abundant in nodules, and Strain 2 is more 

abundant in sand. 

 

Sequencing the initial pure culture mix should show equal abundances of each strain, if 

the mixing protocol works as intended. From sequencing results after the growth period, 

some strains are expected to be more abundant in nodules, and other strains are expected 

to be more abundant in a free-living state. 
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HGT events are likely to occur between closely related strains ​(Ravenhall et al., 2015)​, 

such as the ones with hybrid assembled genomes in this experiment, and also carry 

features such as flanking regions or base composition which may enable them to be 

identified from single reads ​(Hendrickson et al., 2018; Tsirigos and Rigoutsos, 2005)​. 

 

 

  

https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20f787fa86d572;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f21002683dcda68;;;;;&cid=f20753a2319d3e7;;;;;
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2. Methods 

Methods listed here with considerable modifications from published protocols are also 

available online (see Supplementary Materials). 

Rhizobia pure culture 

8 rhizobial strains were transferred from frozen stock to yeast-mannitol agar (YMA) 

plates (strains were previously cultivated in yeast-mannitol media). These were 

incubated for 7 days in a 30ºC incubator, with no light. 

 

Table 1. Strains initially provided for this experiment. Note that Illumina and long 

read columns here refer to sequencing conducted prior to this experiment; refer to 

Table 2 for final strains successfully resequenced and used in inoculation. 

Strain ID Illumina  Long read platform 

25.1 yes yes PacBio 

38.8 yes yes PacBio 

41.2 yes yes PacBio 

65.7 yes yes PacBio 

182.5 yes yes PacBio 

36.1 yes no none 

36.8 yes no none 

213.6 yes yes ONT 
 

Strains with visible colonies were transferred to yeast-mannitol broth (YMB) for culture 

amplification and left for at least 7 days. Visibly turbid broth was considered as a 

successful culture. One culture was later identified as a contaminated ​Bacillus​ culture 

from sequencing results, and consequently excluded from the culture mix. 

 

To form the culture mix, each culture used was diluted to 0.2 absorbance at 600nm and 

mixed in equal volumes before being further diluted to form the culture mix inoculum. 
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Strain DNA extraction 

Successful YMB cultures for strains lacking a previous complete genome assembly 

were pelleted and extracted using a magnetic bead based extraction. This is based on 

Schalamun et al. modification of the Mayjonade et al. protocol for high molecular 

weight gDNA extraction, but excluding the further chloroform-isoamyl alcohol cleanup 

as this was not needed for pure bacterial cultures (full protocol linked in Supplementary 

Materials) ​(Schalamun et al., 2018)​. DNA extractions were checked for quality via gel 

electrophoresis (assessment of fragment size and RNA contamination), Qubit 

fluorometer (higher accuracy DNA quantitation), and Nanodrop spectrophotometer 

(other contaminants). The gDNA library was then prepared and sequenced with the 

Oxford Nanopore Technologies (ONT) MinION system according to ONT protocols. 

 

Some phenotypic differences between strains may have resulted in differences in DNA 

quality, as shown in differences in NanoDrop results (Fig 1). 

Strain de novo genome assembly 

MinION raw data was basecalled with Scrappie and Albacore. This was combined with 

Illumina reads acquired before this project in a hybrid assembly using Unicycler ​(Wick 

et al., 2017)​. Flye ​(Lin et al., 2016)​ was also used in assembly, yielding a genome with 

fewer contigs, particularly with nanopore-only assemblies. Unicycler was used for all 

final hybrid assemblies due to integrated circularisation and additional polishing steps. 

However, not all assemblies were finished, most likely due to insufficient long read 

coverage (Table 1). 

Soil slurry preparation 

Soil samples were acquired from the base of an ​A. acuminata​ accession in the 

Australian National Botanic Gardens in 15ml tubes. Water was added to the tubes and 

vortexed to create a soil slurry suspension. 1ml of supernatant was removed from each 

tube and diluted to make the soil slurry inoculum.  

https://www.wizdom.ai/cite-in-google-docs/v2?cid=f2100c151a3c04c;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20fd449515b270;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20fd449515b270;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20fbfc228a3822;;;;;
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Growth curve observation 

Several strains appeared successful (based on turbidity) in initial broth culture. These 

strains were subcultured in duplicate in 50ml Falcon tubes, along with a blank control. 

Absorbance was measured every 24 hours, starting at 48 hours post inoculation. At each 

time point, 500µl of culture was removed and diluted with 1500µl YMB (to 

accommodate an optimal loading volume) and absorbance measured at 600nm in a 

Varian Cary 50 UV-Vis Spectrophotometer. Data was converted from a Varian report 

format and loaded into R with a custom script (see Supplementary Materials). 

Soil DNA extraction 

Prior to DNA extraction, each pot was homogenised by taking a 25ml soil sample, 

vortexing with MilliQ water, and filtering by Miracloth. This was followed by an initial 

centrifugation step for sand samples to remove water. 

To avoid DNA extraction bias, allsequenced inoculation, nodule, and soil samples 

(except the pure broth cultures) had DNA extracted using the Qiagen PowerSoil kit, 

including the concentrated culture mix and soil slurry inoculum, the autoclaved sand 

substrate, crushed nodules, and each original soil sample. PowerSoil kits were chosen 

due to their reputation for high recovery with low contamination and ease of use ​(Lear 

et al., 2018)​. Kits were used mostly according to manufacturer protocol, but DNA 

elution times were extended to 20 minutes instead of 5 minutes, as per ONT 

recommendations. To maximise yield, the full volume from the PowerSoil kit 

(~100µl/sample) was used in the library preparation. The library was later concentrated 

to the volume required for MinION library loading, via magnetic bead cleanup after 

index addition.  

Experimental design 

8 treatments were used overall. Host effects were applied by either the presence or 

absence of an ​A. acuminata ​plant. Two primary inoculations were used; the soil slurry 

and culture mix (see sections above). A third inoculation treatment applied both 

https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20ff134782c528;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20ff134782c528;;;;;
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inoculations together in the same pot. As a control for contamination, some pots had no 

inoculation treatment applied. 

 

Figure 2. Schematic of treatment categories applied. Soil refers to soil slurry 

inoculation, and not the substrate; all plants were grown in autoclaved sand. 

 

Table 2. Treatments used. Soil+Culture refers to adding equal quantities of soil 

slurry solution and rhizobial culture mix. Treatment 5 (host absent, no inoculation, 

control) has two less pots to accommodate for color checkers, and was deemed to 

be the least necessary treatment, to replace for that purpose. 

Treatment designation Inoculation Host presence Amount of pots 

1 None (sterile) Yes 16 

2 Soil slurry Yes 16 

3 Culture mix Yes 60 

4 Soil+culture Yes 60 

5 None (sterile) No 14 

6 Soil slurry No 16 

7 Culture mix No 60 

8 Soil+culture No 60 
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Acacia germination 

Acacia acuminata​ seeds were purchased online from Nindethana Seed Company. Seeds 

were surface-sterilised with ethanol and bleach before soaking in MilliQ water 

overnight. This was followed by incubation on 1% agar at 30ºC for 2 days. 

Acacia growth and maintenance 

Successful germinants (visible radicles) were transferred to autoclaved sand in standard 

APPF 5cm pots. To avoid cross contamination from watering, bottom trays were 

removed; pots were directly placed on a rack over the chamber drainage system. 

Autoclaved McKnight's solution (a nitrogen-free nutrient solution) was prepared 

bi-weekly from 200x stock solution. Plants were top-watered daily over the duration of 

the experiment with 10ml of solution. Water was delivered via serological pipette in 

order to minimise contamination. 

 

A total of 300 pots across 12 trays were used, of which 152 had plants. Treatments were 

randomised within trays with a custom Python script (see Supplementary Materials). 

Lighting, humidity, and temperature were adjusted to simulate springtime conditions 

within the home range of ​A. acuminata​ in Western Australia (home range based on data 

from the ALA ​(Atlas of Living Australia, 2018)​) with conditions provided by the APPF 

using pysolarcalc (https://github.com/borevitzlab/pysolarcalc), specifically at GPS 

coordinates -37.0, 117.0 and starting from a simulated date of October 1st, 2018. (full 

solarcalc file linked in Supplementary Data) 

As part of the APPF growth chamber system, photos were taken at regular intervals. 

Sample DNA sequencing 

Sequencing was done by trays, with each tray being prepared for one sequencing run. 

Given that plant ID ordering was already randomised, the first (by ID) suitable pot was 

prepared for sequencing. Suitable pots were pots that did not have visible substrate 

https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20fd9046267e64;;;;;
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abnormalities (particularly fungal or other visible microbial contamination, and errant 

plant matter that was missed in initial sand transfer and decontamination), and if it was a 

host-present treatment, the pot had to have a visibly growing plant. Initial experiment 

design called for 96 samples, but only 24 of these were completed due to technical 

difficulties. 

 

After 5 weeks, plants were gently removed from each pot with forceps and visually 

inspected for root nodules. Nodules were cut from roots with a scalpel and pooled by 

pot in 1.5ml sample tubes. Pooled nodule samples were surface cleaned with 70% 

ethanol and sodium hypochlorite. Cleaned nodules were crushed with a glass pestle 

immediately prior to DNA extraction. 

All instruments were decontaminated between samples by a 70% ethanol wash and 

100% ethanol dip followed by exposure to a flame. 

Assessment of microbial diversity 

Microbial community analysis often requires a large database of microbial genomes. An 

online resource, the EDGE bioinformatics server, was used due to local file storage 

limitations. Selected samples were run through the EDGE bioinformatics server, using 

BWA-MEM mapping and Kraken with Nanopore default settings ​(Li et al., 2017) 

Strain abundance measurement 

MinION raw data was basecalled with Albacore. Sample demultiplexing and 

barcode/adapter removal was conducted with Porechop. Reads were filtered to target 

strain genomes through K-mer analysis using Readfilter ​(Ng et al., 2018)​ with Kraken 

(Wood and Salzberg, 2014)​. These filtered reads were passed through the DiTASic 

pipeline ​(Fischer et al., 2017)​, involving the usage of a generalised linear model to 

resolve similarities between genomes and estimate actual abundance from read counts. 

Abundance estimates for each sample were then further processed in R, including basic 

normalisation (conversion to proportion of total abundance estimates in the sample) and 

grouped by treatment. In treatment grouping, Edgington's method for combining 

https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20fbe1f5bc2fa2;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f2101260bf9c442;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20f550470cefaa;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20fd1862b58ac8;;;;;
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p-values ​(Edgington, 1972)​ was used, as DiTASic often assigns zero p values and no 

particularly large values of p are observed. The mean of abundance values was used in 

combining each abundance estimate. For combining variance, the Satterthwaite 

approximation was applied through the R package limma ​(Ritchie et al., 2015)​. 

 

Figure 3. Overall schematic of data collection and abundance measurement, 

starting with either sand homogenisation or whole nodule selection. 

Read simulation 

As a control for bias in the bioinformatics pipeline, an equal mix of reads in the same 

distribution were simulated from all 4 genomes using Nanosim-H ​(Yang et al., 2017)​. 

Considering that there was a considerable difference in absolute number of reads 

between samples, simulations were conducted at 100-100,000 total reads with equal 

amounts of reads between samples (see Supplementary Materials for simulation 

parameters). To ensure that the model controlling for ambiguous read assignment 

worked as intended with these genomes, simulation of 10,000 reads from each genome 

was also conducted. These simulated readsets were passed through the same pipeline. 

  

https://www.wizdom.ai/cite-in-google-docs/v2?cid=f207539961c347b;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20f734e98706e6;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20fcaf33af2170;;;;;
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3. Results 

Pure colony DNA extraction 

 

Figure 4. Gel electrophoresis in 1% agarose of initial gDNA extraction, with 

extraction optimised for long reads. Lane labels refer to ​​B. japonicum​​ strain IDs. 

 

Several DNA extraction methods were evaluated, as gDNA MinION sequencing 

libraries generally require a large mass of relatively pure DNA compared to Illumina 

libraries or PCR-based systems ​(Schalamun et al., 2018)​. The modified bead-based 

protocol (see Methods) resulted in the usable DNA in Fig. 3. Nanodrop results also 

indicated low contaminants, suitable for MinION sequencing (Fig. 5). Quality control 

tests for other extractions were primarily conducted to confirm extraction success prior 

to sequencing (see links in Supplementary Materials). 

 

https://www.wizdom.ai/cite-in-google-docs/v2?cid=f2100c151a3c04c;;;;;
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Given the aim of using long reads for HGT and to maximise genome completeness 

through scaffolding Illumina data, a few attempts were made at using the Josh Quick 

protocol for ultra-long reads ​(Quick, 2018)​. This other method, however, did not 

consistently yield enough DNA for sequencing.  

 

 

Figure 5. Nanodrop results for a set of DNA extractions conducted in triplicate for 

each strain. Note the groupings of three curves per strain; the top three curves are 

for strain 65.7, the middle three curves for strain 36.8, and bottom three curves for 

strain 213.6.  

Genome assemblies 

All 8 strains were previously sequenced with Illumina. Genome assemblies combined 

both Illumina and ONT reads, but low coverage from ONT resulted in incomplete 

assemblies with both Unicycler and Flye. Per-base accuracy should be maintained with 

high Illumina coverage (approximate 2Gb Illumina data for each strain). 

https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20ff1347d79668;;;;;
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Table 3. Genome assemblies used for strain abundance assignment. Annotation 

was performed by the RAST server ​​(Aziz et al., 2008; Overbeek et al., 2014)​​. Note 

the much higher number of coding sequences for the complete assembly of 36.1. 

More contigs indicates a fragmented assembly; increasing sequencing coverage 

reduced fragmentation. Similar GC content and RNAs is likely indicative of 

accurate, high-coverage short read data. 

B. japonicum 
strain 

Size 
(bases) 

GC 
content 
(%) 

Contigs Subsystems Coding 
sequences 

RNAs Nanopore 

bases 

Nanopore 

coverage 

(x 

genome) 

36.1 8112753 63.2 1 503 14513 52 1,161,226,230 143.1 

36.8 7885263 63 2 372 7970 53 332,025,880 42.1 

65.7 7058791 63.1 51 366 7174 51 29,206,276 4.1 

213.6 7943014 63.6 6 375 8081 53 62,241,391 7.8 

 

Growth curve 

Initial estimates based on visible turbidity for strain growth projected negligible growth 

within the first 48 hours; no initial baseline data points were taken. Additionally, the 

earliest data points taken within the first 48 hours were incorrectly measured due to 

human error. As a result, no accurate estimation of doubling time could be calculated 

for comparison between strains. 

https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20eb6d6044153a;;;;;&cid=f20f44e58541ab8;;;;;
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Figure 6. Absorbance over time for each strain. Note the different starting points 

due to invalidation of earliest results.  

Colony phenotype 

Rhizobia cultured on identical media and growth conditions showed considerable 

qualitative difference in colony morphology.  
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Figure 7. ​​B. japonicum​​ colony morphology, with associated strain IDs. Note that all 

plate agar media had visually similar opacity and were taken from the same batch 

of media, but increased exposure was needed on smaller colonies to allow imaging. 

The smallest dots visible are undissolved components of the media used. 

Plant phenotype 

Almost all agar plates of germinated seedlings appeared to have some contamination of 

colonies of an unidentified microbe. Only seedlings not on the contaminated areas of 
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plates were planted. Experimental planning accommodated for this, as a 90% 

germination failure rate was expected in the worse case and the quantity of seeds 

adjusted appropriately. Only half of the germination plates were needed as a result. 

 

 

Figure 8. Chamber used for the experiment, several days after planting. At this 

early stage, no obvious emergence is visible. 

 

Plants were imaged regularly in the APPF chambers. Several issues resulted in loss of 

early capture, preventing observation of emergence time; no further image analysis was 

conducted, although a leaf folding circadian rhythm was visible. 
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Figure 9. Two plants, imaged at 1100 hrs (top) and 1900 hrs (bottom) on the same 

day at about 5 weeks after planting. Note the folded leaves in the second image. 
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Figure 10. Percent germinated by treatment, taken at week 4. No significant 

difference between counts found with chi-sq test. 

 

Emergence was manually taken several weeks into the experiment. Soil slurry provided 

a slight but statistically insignificant increase of emergence. 

DNA sequencing  

Previous attempts at barcoding with ONT standard kits resulted in around 30% reads 

that could not be demultiplexed (Borevitz Lab, unpublished). In the first run for this 

experiment, 23.7% of reads accounting for 18.5% of total bases could not be 

demultiplexed. In the second run, 45.0% of reads accounting for 35.5% of total bases 

could not be demultiplexed.  
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In total, 248,863 reads were successfully demultiplexed, accounting for 474 Mb of 

sequencing data. In comparison to BASE (Biomes of Australian Soil Environments) 

recommendations for soil samples, only two of 24 samples had more than 20,000 reads, 

but 19 of 24 exceed the 2,000 reads needed to preserve between-sample differences 

(Bissett et al., 2016)​. BASE recommendations are intended for short read amplicon data; 

most reads in this dataset would carry more information allowing for species or strain 

identification than typical short reads ​(Benítez-Páez and Sanz, 2017)​.  

 

No filtering to remove host reads was done, as there was no available full ​A. acuminata 

genome at the time, and the DNA extraction was optimised for microbial DNA. Given 

the high proportions of reads mapping to bacteria, it is unlikely that host DNA 

contamination had a considerable effect on the results, particularly given the already 

high variability in absolute read yield between samples.  

 

Although some work indicates that dead microbes may form a considerable proportion 

of microbiomes ​(Emerson et al., 2017)​, this risk is reduced with a short experiment 

starting with autoclaved soil (which was sequenced and yielded almost no reads), and is 

further mitigated by not using amplification, and with the relatively high requirements 

for DNA structural integrity for ONT gDNA sequencing.  

Complex community composition 

A considerable amount of the soil slurry inoculum contained ​Bradyrhizobium​ strains, 

which likely accounts for the low level of unique maps to strain genomes, possibly from 

more conserved sequences.  

 

https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20fa560f419e32;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20fd4495276128;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20fdc512b4af1c;;;;;


 

31 

 

Figure 11. Kraken analysis of soil slurry inoculation. Unassigned sequence is not 

shown. Note the high levels of unassigned bacteria - often denoting classification of 

uncultivated bacteria. 

 

Manual inspection of taxonomic assignments indicates that many community members 

of the soil slurry persisted in the low nitrogen, low organic content, sand environment 

that was used. 
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Figure 12. Kraken taxonomic assignment of pot 228 sand sample, as a fairly 

representative community composition of a soil slurry + culture mix treatment pot. 

Unassigned reads are excluded from this graph. 

 

General taxonomic assignment of nodule sequence assigns most sequence to 

Bradyrhizobium ​spp. Minor presence of other bacteria may be indicative of insufficient 

surface cleaning of nodules. No major (>1%) presence of other bacteria were found, 

except for pot 207, with a considerable amount of Pseudomonas (particularly 

Pseudomonas fluorescens​) assignment. This sample also had a high level of unassigned 

reads compared to other nodule samples. Most reads that did not map to target genomes 

or minor bacterial presence were unassigned, and may represent host DNA. 
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Figure 13. Pot 228 nodules, with Kraken assignments. Almost all sequence is 

assigned to Bradyrhizobiaceae, as expected. 

 

Sample 207 nodules are an interesting outlier, as only 7.1% of nodule reads matched 

strain genomes. Further Kraken analysis indicates that 88% of these reads could not be 

assigned to microbial genomes. 
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Figure 14. Kaiju results for the sample 207 (nodules). 88% of reads could not be 

classified and was excluded from this graph.  

 

Abundance estimates 

Abundance estimates were conducted separately across samples, across combined 

treatments, and across all simulated treatments.  
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Figure 15. Proportional abundance estimates of each sample. The soil slurry 

inoculation and culture mix have percentages of reads mapping to strain genomes. 
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For all other samples, sample label denotes, in order: Pot ID, Tray ID, percentage 

of reads mapped to target strain genomes, inoculation treatment, and host 

presence/absence. Abundances marked as significant are denoted with an asterisk 

(*).  

 

Summary abundances over treatment appear to show four overall groupings. Strain 

213.6 has the highest abundance across all nodule treatments. Even though 36.1 

appeared to have an initial advantage in being the most abundant in the inoculation 

treatment, both strains 213.6 and 36.1 are the most abundant in culture mix only 

treatments. Although 213.6 had higher abundance in these samples, this cannot be 

confidently assigned given the large error bars from working with a relatively low 

amount of reads. Strain 213.6 was the most abundant not only in nodules, but also in 

soil+culture samples.  

 

Sand from containers inoculated with soil slurry only (and not culture mix) all reflected 

a similar pattern of relatively equal abundance between strains. This may be due to other 

rhizobial strains in the soil slurry matching to strain genomes.  

Due to time constraints, no DNA was extracted from nodules of soil inoculation only 

plants (although all plants removed from that treatment had visible nodules similar to 

plants from other treatments of a similar size). 
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Figure 16. Overall abundance estimates by treatment. Treatment label denotes 

sample type, inoculation treatment, and host presence, in order (except for the 

culture mix and soil slurry). 
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Figure 17. Comparison of inoculum abundance with simulated equal proportion 

reads and simulated single-strain reads. Note the slight bias towards strains 213.6 

and 65.7. All abundance estimates in this test were marked as significant by 

DiTASiC.  
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Potential horizontal gene transfer 

Although a pipeline for identification of potential horizontal gene transfer events from 
individual reads was planned, this was not completed. A considerable number of long 
reads suitable for this purpose were identified, with the longest reads being 46kb long 
(Fig. 16).  

 

Figure 18. Length distribution of read fragments across all pot (sand and nodules) 

samples. No filtering of short (<1kb) fragments was conducted, as these were kept 

for the purpose of strain abundance assignment. 
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4. Discussion 

Abundance patterns 

The main result of this experiment largely confirms our initial hypothesis that 

inoculated rhizobia strain abundance patterns would change under different 

circumstances, with certain strains being better suited to plant nodulation, and other 

strains with better adaptation to a free-living soil environment. As expected, nodulation 

was necessary for plant growth in a very low nitrogen soil environment.  

 

Previous work based on strain mutation rate indicates generation time in an external 

environment is likely considerably longer than in a lab environment, particularly in rich 

growth media ​(Gibson et al., 2018)​. Given the already slow growth of these strains 

(taking up to a week for visible colonies on agar), abundance levels may not have 

reached an equilibrium. Taking samples at more time points may help to resolve the 

extent to which abundance patterns are still changing.  

 

Some evidence for sufficient microbial growth is that sterile controls show similar 

abundance patterns with each other and to soil slurry with culture mix inoculations, 

pointing to early cross contamination and within-community interactions. A pure 

founder effect bias would likely result in differing abundance patterns from order of 

contamination in sterile controls. 

 

One evidence against abundance stabilisation is in having minimal abundance pattern 

difference between host present and host absent treatments; the effect of plant root 

exudates is likely to cause some effect, potentially both directly on strain abundance and 

on other microbes with secondary effects on the rhizobial strains ​(Bauer and Mathesius, 

2004; Wendlandt et al., 2018)​. Plants may also carry their own microbes in seeds and 

vertically transfer microbiome community members, but no evidence of this was seen in 

strain abundance patterns ​(Aguilar et al., 2018)​. Further analysis of the rest of the 

https://www.wizdom.ai/cite-in-google-docs/v2?cid=f210048edf63b08;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20753a051229da;;;;;&cid=f2100a90f7b44d4;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20753a051229da;;;;;&cid=f2100a90f7b44d4;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f2100e1d6adbee8;;;;;
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microbiome, both in identification of community members and in observation of gene 

families present, would likely help in identifying host effects. 

 

Preliminary analysis led to a suspected bias from genomic differences between strains, 

particularly given the differences in genome quality. As such, read simulation was used 

to assess the extent of this bias (Fig. 13). The differential abundance in most samples 

exceeds the level of bias found through read simulation; as such, it is likely that actual 

biological factors are responsible for the differential abundance observed in most 

samples. 

 

Soil abundance was not directly representative of nodule abundance, although the most 

abundant strain in sand was also the strain that appears primarily responsible for 

nodulation (Fig. 13). Strain 213.6 was the most successful overall; however, low sample 

size indicates that this result may be specific to the samples tested. Particularly given 

that multiple nodules were found on each plant, neutral nodulation selection (i.e. 

inoculated strains encountered by roots have an equal probability of forming nodules) is 

unlikely to produce the results seen. This may indicate that other factors such as 

signalling with the particular genotype of these plants were affecting nodulation. 

Survivorship bias may also have an impact, given high losses of germinated plants. This 

likely had an additional selection effect on these strains. One explanation of this would 

be that plants that selected other strains had insufficient nitrogen fixed, and failed to 

grow to a suitable size for selection. Another possible explanation is that plants which 

were better adapted to surviving in the experimental environment also had other 

phenotypic traits that led to selection of the favoured strain Given the overall success of 

strain 213.6, it may be worth further evaluating this strain for further use. 

 

Variation by tray and spatial effects was planned, but not completed due to insufficient 

trays being sequenced. All plants with successful emergence had nodules, but 

insufficient phenotypic data allows for determining impact of strains on plant success.  
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Abundance estimate error and significance were provided by the DiTASic pipeline 

(Fischer et al., 2017)​. Modifications to statistical procedures may be necessary for other 

experiments, particularly in the grouping of p-values (if some samples have much 

higher p-values than others, or if abundance patterns follow a different distribution 

(Heard and Rubin-Delanchy, 2018)​). No threshold has been set or statistically 

considered for the presence or absence of a given strain; this may be necessary in other 

applications ​(Fischer et al., 2017) 

 

Although all strains were cultured from ​A. acuminata​ nodules, the plants used in this 

experiment have not been genotyped, and as such may favour this strain for nodulation 

based on signalling than others. Inoculation strains were collected along a transect 

within the home range of ​A. acuminata​, and the controlled environment may have 

altered host preferences for nodulation. The simulated chamber environment was 

calibrated against one particular point over a given time period of the ​A. acuminata 

home range; altering the environmental parameters may influence nodulation. Water 

was added consistently but not at a saturating level due to time constraints, and likely 

had an additional influence on strain selection, both in affecting plant phenotype and in 

the abundance of free-living rhizobia ​(Swaine et al., 2007)​. Individual genotyping 

would have provided additional data on the extent that host effects were a factor, but 

was outside the original scope of this project, and given a current absence of an ​A. 

acuminata​ genome, is likely currently impractical. Usage of seed from a single maternal 

line can also mitigate this, but would likely be an additional source of bias from host 

genotype effects. 

 

Exclusively using autoclaved sand was done to minimise substrate contamination, 

induce strong nodulation from lack of environmental bioavailable nitrogen, and 

minimise substrate chemistry changes in autoclaving. While most of the ​A. acuminata 

home range is in primarily sandy soil, some strains would likely be adapted to areas 

with more organic content.  

 

https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20fd1862b58ac8;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20feb08b82e83c;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20fd1862b58ac8;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f207539955c8fd6;;;;;
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Given that results are largely in line with available literature and initial hypotheses, it 

can be concluded that the method developed here allows for accurate abundance 

measurement of inoculated high abundance community member bacteria strains. 

Method application 

This method allows for observation of bacterial distribution without bias from 

amplification or culture-based methods. One potential source of bias is from PCR, 

which may under-represent abundance of DNA fragments with very high or low GC 

content ​(Aird et al., 2011) 

 

One drawback of this method is an inability to detect rare (<1%) strains. Inefficiencies 

in library preparation and sequencing result in a loss of total DNA fragments at several 

stages, and DNA fragments from rare strains may be lost entirely through this process; 

amplification-based methods lose DNA before these stages, and are more likely to 

identify rare strains. As rare strains are often tested more for presence or absence than 

distribution, conventional microbiome sequencing techniques and different statistical 

methods ​(Gans et al., 2005)​ may be more appropriate. 

 

Handling low biomass without amplification and the resulting need to pool samples 

together results in a loss of resolution in cases where individual nodules have diverse 

strain types, i.e. inter-nodule diversity cannot be distinguished from intra-nodule 

diversity. This is particularly true in the case of larger plants ​(Dinnage et al., 2018)​. For 

these results, container and plant size were likely too small for considerable 

intra-sample heterogeneity.  

 

ONT reports on enhancing nanopore sequencing accuracy ​(Brown, 2018)​ indicate that 

consensus accuracy should increase considerably with the use of multiple nanopore 

variants, as systematic error differs between variants. However, this is unlikely to 

improve sequencing accuracy for this method, as abundance estimation and potential 

https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20f0dbcfacf1c4;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20753a3761da48;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f210107d4220bdc;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f210132198c2fe4;;;;;
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horizontal gene transfer is conducted on individual reads, and assembly is generally not 

conducted at any stage.  

 

The future use of the more recent ONT 1D​2​ sequencing method, which sequences both 

strands of dsDNA fragments, should increase the overall sequencing accuracy from 

calling internal consensus, but does not reduce systematic pore-based error. Given that 

the 1D​2​ method is fairly new, both usage in metagenomics and extensive independent 

verification of accuracy is still lacking.  

 

Agricultural application of commercial rhizobia strains often requires frequent 

reapplication. Guidelines for application are often based on rough heuristics, with 

effectiveness judged based on crop nitrogen or yield ​(GRDC, 2013)​. These metrics are 

also dependent on other factors, and not necessarily indicative of the effectiveness of 

added inoculation ​(van Kessel and Hartley, 2000)​. As this method relies more on 

subsampling total DNA and as such has a reduced requirement for the clean room 

controls for typical amplification-based microbiome analysis, and uses portable 

MinION sequencing, it may be possible to use this method for rapid site-specific 

validation of strain effectiveness, both for soil persistence to optimise application, and 

nodulation of crops. This is particularly applicable for future ONT devices with reduced 

cost and improved field capabilities, such as integrated basecalling and single-tube 

DNA extraction with library preparation ​(Brown, 2018) 

Community composition 

Most root nodule samples yielded high overall reads mapping to strain genomes. An 

initial concern was that high levels of host DNA would be present in samples, but the 

DNA extraction method appears to have minimised the amount of ​A. acuminata ​DNA 

present in bacterial samples. Plant cell walls allow for selective extraction of non-host 

DNA ​(Lear et al., 2018)​, and it appears that the PowerSoil kit was effective in this 

regard, given the high rates of mapped reads in most nodule samples.  

 

https://www.wizdom.ai/cite-in-google-docs/v2?cid=f21013219c62ac4;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20f676064880ba;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f210132198c2fe4;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20ff134782c528;;;;;
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One interesting result was the high levels of ​Pseudomonas ​from nodule samples in pot 

207 (Fig. 14). ​Pseudomonas​ spp. have previously been shown to be present in and 

potentially capable of forming ​Medicago​ nodules ​(Wigley et al., 2017)​ and may 

promote plant growth through antifungal effects ​(Kumar et al., 2002)​. Although this was 

from only one sample, further research into this area may prove insightful, given 

previous research on ​Pseudomonas​-plant interactions. 

 

Surface sterilisation of seeds may not have been sufficient to prevent vertical transfer of 

microbiome community members. This is supported by widespread apparent 

contamination of surface-sterilised seeds across multiple batches, but will need different 

methods to confirm ​(Aguilar et al., 2018)​. If so, these did not appear to have a 

noticeable effect on target strain abundance. 

 

The accuracy of this method indicates potential future use particularly with inoculated 

strains, where strain genomes are available for use in mapping. However, it is likely that 

this method can still be used in environments where most environmental strains have 

previously been sequenced. 

 

Some reports indicate that there should be observable levels of archaea in the soil 

microbiome ​(Chen et al., 2008)​. The almost complete absence of archaea in these 

samples may indicate a bias in the extraction method ​(Plassart et al., 2012)​ or poor 

suitability to a lab environment; further testing with positive archeal controls may assist 

in this regard. It may also indicate unsuitability of archaeal growth on the media used. 

Horizontal gene transfer 

The initial plan for HGT identification was to use BLAST on each read using a local 

database with the sequences of the inoculated strain genomes and filter reads that have a 

unique alignment to one strain genome, flanked by alignments to different strain 

genome. As such, this method only works on HGT that results in chromosomal 

integration and not plasmid transfer.  

https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20fe04f0469658;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f210154a7f125e5;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f2100e1d6adbee8;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f207539d698178d;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=f20753a201e4ba4;;;;;
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Although no actual instances of HGT were observed in individual reads through manual 

BLAST search on a small subset, the presence of reads mapping to other strains within 

nodules may indicate HGT events and the transferred sequence being picked up as most 

of a given read, rather than an actual separate strain present in the nodule. Obtaining 

strains from the nodules and sequencing pure strain colonies may allow confirming if 

actual HGT has occurred, if the particular strain that had an HGT event was picked up 

in culturing. If the resequenced strain had no HGT events, this would still not rule out 

that HGT events had not occured, as the particular colonies with HGT or other strains 

may not have been picked up in subculturing. Additionally, several strain genomes were 

not completed into single chromosomal contigs, further complicating identification from 

chromosome position ​(Hendrickson et al., 2018) 

 

Several issues with HGT identification using this method were identified through its 

development. Firstly, as flanking regions are common to HGT events ​(Ashton et al., 

2015)​, an HGT event may occur in a flanking sequence that maps to more than one 

sequence, but with an inserted sequence from a non-overlapping set of strains (e.g. 

flanking sequence present in strains A and B, with an insertion from a sequence found 

in strains C and D). Secondly, chimeric reads (false positives) may occur from DNA 

library preparation, particularly in ligation-based library preparation. DNA fragments 

that enter a nanopore in quick succession may also result in the software falsely reading 

two or more fragments as a single read ​(White et al., 2017)​. Both of these may be 

mitigated by requiring flanking alignments rather than simple unique alignments to 

different strain genomes. Thirdly, homologous recombination areas are likely to have 

overlap where the recombination occurs; a threshold of overlap has to be set to 

accommodate nanopore sequencing errors for a given BLAST threshold. Lastly, using 

only strain genomes means that HGT events incorporating DNA from outside the 

inoculated strains would not be detected. It may be possible to resolve this through 

further BLAST of unknown sequence insertion and matching it to other bacterial strains 
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found in the same sample; however, this is not necessarily indicative of which particular 

organism the sequence came from, as a previous HGT event may have occurred. 

Other future directions 

A wide variety of analyses can be conducted using this dataset alone. Correlation of 

abundance patterns to specific community member bacterial groups should be possible, 

given that general taxonomic assignment on individual samples was fairly informative. 

A considerable amount of phenotypic data in regular imaging and manual emergence 

counts was taken, but was not analysed due to time constraints. Given both plant 

phenotypic data and whole microbiome data was collected, this data can be analysed for 

correlations between overall microbiome composition and plant phenotype, although 

this was outside the scope of this project.  

 

Additional controls that were considered but not completed are the use of single-strain 

inoculations for each strain, to confirm nodulation potential of each strain with the given 

batch of ​A. acuminata​, and to consider founder effects in a free-living state. Culturing 

rhizobial strains at different OD600 levels and quantifying colony-forming units would 

likely result in improved equal abundance inoculation. 

 

Only one complex microbiome inoculation was used, from the base of an established ​A. 

acuminata​ tree. Inoculation with a different microbiome, possibly from low-rhizobia 

soil, or a simple mix of cultured strains ​(Vorholt et al., 2017)​, may impact results 

considerably, particularly with the presence or absence of other bacteria that have a 

specific interaction with these rhizobial strains ​(Hall et al., 2018) 

 

Use of different soils are also likely to change abundance patterns. Unlike the sand used 

in this experiment, other soil types may be difficult to sterilise and are also likely to 

have considerable changes in chemistry through this process, and may no longer be 

representative of the original soil type ​(Wolf et al., 1989)​. Different nutrients and the 
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availability of preexisting bioavailable nitrogen may also have an impact on abundance 

patterns ​(Chen et al., 2016; Ouyang et al., 2018)​.  

 

Many amplification-based kits have common contaminants that can impact abundance 

or strain presence data ​(Salter et al., 2014)​. This method is sample agnostic, and should 

be applicable beyond soil and nodule metagenomics, and as such offers an alternative 

with reduced bias in high biomass samples, such as in fecal or mucosal samples. 

Conclusion 

In this experiment, the effectiveness of direct gDNA sequencing for abundance 

estimation of known closely related strains was demonstrated. This allows for avoidance 

of culture or amplification bias. The bioinformatics pipeline used was also validated for 

distinguishing closely related strains and for accuracy of abundance estimation through 

the use of read simulation. 

 

Long reads from MinION sequencing also allows the possibility of HGT identification 

from single reads. Manual inspection of a small subset did not yield any results. 

Although no software was successfully developed for this purpose, a framework for 

identification of HGT from single reads has been described. 

 

Abundance patterns found show that only one strain, 213.6, formed nodules with ​A. 

acuminata​ plants, even though all strains used were originally obtained from wild ​A. 

acuminata​ nodules. All strains persisted at observable levels in soil, but abundance 

patterns appeared to be altered in the presence of external microbiome inoculation. 

Inoculation with an external microbiome also increased emergence slightly, but this was 

not statistically significant. 

 

These results contribute toward an enhanced understanding of rhizobia within and 

beyond the lab, and may also direct a variety of future experiments in clarifying the 

biological processes affecting strain abundance. The method developed as a part of this 
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process opens new avenues for research and agricultural diagnostics, particularly with 

increased need for solutions in a changing climate for a world with changing needs. 
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Supplementary Materials 

Code 

All code written for this project is available at: 

https://github.com/borevitzlab/ming-honours-code 

 

Further large raw data files will be uploaded and made available at: 

https://mdchia.github.io/legume-rhizobia-complex-microbiome/ 

 

Full protocols 

Where applicable, protocols used in this project have been documented and archived 

using protocols.io. A full listing of protocols used in this project is available at: 

https://www.protocols.io/private/25F4013B95EBD3B555505D8802E25573 
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Growth chamber layout 
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Figure S1 (previous page). Physical planting layout and associated treatment 

codes. Total quantity of inoculum is based on application of 1ml of inoculum to 

each pot treated. 

Sequencing layout 

Table S1. Pots with completed sequencing. (See treatment code list for pot 

treatment.) Empty cells indicate either no plant (for host absent treatments) or 

that nodules were not transferred to sequencing for that run.  

PotID Treatment Tray Sand run Sand 
barcode 

Nodule run Nodule 
barcode 

205 7 11 1 9   

207 1 11 1 11 1 4 

210 3 11 1 10 1 2 

211 6 11 1 12   

212 7 11 1 7   

213 8 11 1 1   

216 5 11 1 5   

217 4 11 1 3 1 8 

222 3 12 2 4   

223 6 12 2 9   

224 4 12 2 5 2 10 

227 2 12 2 1   

228 4 12 2 6 2 8 

231 1 12 2 11   

232 4 12 2 7   

233 8 12 2 2   

234 5 12 2 3   

236 4 12 2 12   
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Sequencing results 

Table S2. Summary of sequencing results. In the "Sample" field, S denotes sand 

samples, R denotes nodules, and C is control, used for a non-nodule root sample. 

Run Barcode Pot Sample Reads Bases Mean read 
length 

Reads 
filtered 

1 1 213 S 1,901 1,708,173 899 31 

1 2 210 R 36,778 58,289,150 1,585 27434 

1 3 217 S 6,366 1,027,349 161 20 

1 4 207 R 4,224 3,568,210 845 298 

1 5 216 S 5,394 1,575,389 292 20 

1 6 207 C 2,002 193,375 97 4 

1 7 212 S 2,691 623,196 232 4 

1 8 217 R 3,095 1,801,050 582 855 

1 9 205 S 4,515 3,862,137 855 219 

1 10 210 S 712 599,975 843 45 

1 11 207 S 5,786 4,784,815 827 41 

1 12 211 S 683 394,669 578 6 

1 Unresolved  22,990 17,801,228 774 -  

2 1 227 S 6,153 13,655,187 2,219 148 

2 2 233 S 9,112 24,106,377 2,646 301 

2 3 234 S 1,525 3,537,730 2,320 47 

2 4 222 S 1,972 4,400,535 2,232 174 

2 5 224 S 18,811 41,776,135 2,221 1167 



 

64 

2 6 228 S 21,096 20,159,207 956 934 

2 7 232 S 3,715 9,917,605 2,670 216 

2 8 228 R 2,955 6,015,611 2,036 2688 

2 9 223 S 19,672 52,110,450 2,649 636 

2 10 224 R 7,044 12,883,071 1,829 6013 

2 11 231 S 72,266 181,352,297 2,510 2278 

2 12 236 S 10,395 25,603,796 2,463 499 

2 Unresolved  143,145 217,907,838 1,522 - 

 

 
 


