Changes in the soybean rhizosphere microbiome upon infection
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The rhizosphere is the layer of soil located around the plant root that is influenced by exudates and root shedding from the plant itself. These exudates attract and feed certain microbial species, and repel others. Among the microbes in the rhizosphere are so-called beneficial microbes, that may boost the plant’s immune system or plant growth by acquiring nutrients for the plant. Soybean is the 4th most abundantly cultivated crop in the world. However, not much is known about the plant’s ability to attract beneficial microbes. In this research, soybean’s ability to alter its rhizosphere microbiome upon Soybean Mosaic Virus infection was tested. DNA was extracted and a library was constructed of bacterial 16S and fungal ITS2 DNA. The data was analyzed using QIIME2 and indeed, the bulk soil composition differed from the rhizosphere composition. Moreover, the microbial communities in healthy plant rhizospheres were differentially abundant from diseased soybean rhizosphere communities, and potential beneficial microbes were characterized. Another experiment was performed where soybean was inoculated with the pathogenic fungus Fusarium virguliforme. Efforts were made to establish the most optimal F. virguliforme greenhouse inoculation method. No disease symptoms were identified.
Layman’s summary
In modern day agriculture, efficient cultivation of crops is essential. Crop rotation and the use of pesticides result in high yields. However, in current times, contributions need to be made for more sustainable agriculture. In every soil, many bacterial and fungal communities reside. These communities interact with each other, but also with plant root systems. Of course some of these species act as pathogens, but many species also act as ‘beneficial microbes’, that boost the plant immune system or acquire specific nutrients for the plant. Research has been performed on plants’ ability to attract these beneficial microbes. Soybean is the 4th most abundantly cultivated crop in the world. However, of this plant’s ability to attract beneficial microbes, not much is known yet. In this research, bacterial and fungal DNA was isolated from roots of soybean plants that were either healthy, or infected with Soybean Mosaic Virus. A difference in bacterial and fungal communities was found between healthy and infected plants, and potential beneficial microbes were characterized. A second experiment was performed, where soybean was infected with the fungus Fusarium virguliforme. Efforts were made to most efficiently infect soybean with this fungus. No disease symptoms were observed.
Introduction
In 1904, the rhizosphere was defined by the German scientist Lorenz Hiltner (Hartmann et al., 2008); Hiltner, (1904). He first mentioned the term ‘rhizosphere’ at a meeting of the German Agricultural Society in Eisenach, where he described the term as the ‘soil compartment influenced by the plant root’ (Smalla et al., 2006). He postulated that microbial communities in the rhizosphere influenced the plant immune system, abiotic stress resistance and plant growth (Hiltner, 1904; Yang et al., 2009; Bowen et al., 1999). 
Plants can influence the rhizosphere microbial composition by secreting compounds that attract and feed microbial communities that may boost the plant immune system or aid in the acquisition of nutrients, thereby promoting plant growth (Lynch et al., 2012; Bulgarelli et al., 2013; Pascale et al., 2020). For instance, by secreting photosynthetic carbon, the plant, in turn, obtains fixed nitrogen, phosphate or nutrients from the microorganisms it attracts. (Lynch et al., 2012; Bais et al., 2006).  In this way, both plant and micro-organism experience benefits from this exchange (Souza et al., 2015). 
In the rhizosphere, plant-beneficial microbes interact with the plant, but also with other microbes. There are three types of interactions: competition, antagonism and hyperparasitism (Raaijmakers et al., 2009). Competition takes place at the root surface, where microbes compete for space and nutrients released by the plant (Weller et al., 2002). Antagonism occurs when microbes interact with the pathogen by producing lytic enzymes or antimicrobial compounds that are toxic to the pathogen (Weller et al., 2002). Lastly, hyperparasitism is a situation in which a pathogenic microbe that acts as a parasite itself is infected by plant-beneficial microbes (Parratt et al., 2016). These three situations are all examples of direct disease suppressiveness (Raaijmakers). However, disease suppressiveness can also happen indirectly, by priming and enhancing the plant immune system. This is called Induced Systemic Resistance (ISR), by which a plant is systemically primed for a faster, stronger defence response upon pathogen infection (Pieterse et al., 2014). In this way, the plant rapidly restricts pathogen growth and becomes more resistant to disease. Moreover, evidence suggests that plants, infected by a certain pathogen, can actively recruit specific beneficial microbes in the rhizosphere that can aid the plant’s fight against a specific pathogen (Yuan et al., 2018).
Various studies have already been performed to examine plants’ abilities to recruit specific microbes in the rhizosphere. The effects of the soil microbiome in Arabidopsis thaliana disease resistance have already been studied to a certain extent.  Berendsen et al. (2018) showed that A. thaliana infected by downy mildew (Hyaloperonospora arabidopsidis (Hpa)) recruited three specific bacteria: a Microbacterium, a Stenotrophomonas and a Xanthomonas species (Berendsen et al., 2018). When mixed into soil, these three bacteria together promoted shoot growth of healthy plants and induced systemic resistance against Hpa. 
Additionally, Berendsen et al. showed that the cultivation of downy mildew-infected plants can protect a succession of plants against downy mildew (Berendsen et al., 2018). When this succession of plants was infected with the downy mildew pathogen, these plants were more resistant to the pathogen compared to plants grown on soil where only healthy plants had grown before. This was called the soil-borne legacy: upon attack of a certain pathogen, plants enrich and sustain specific beneficial microbes that come to their aid (Bakker et al., 2018). Similar experiments have been performed with a different pathogen, Pseudomonas syringae. Here too, successions of plants grown on soil pre-conditioned by infected plants were more resistant to the pathogen (Yuan et al., 2018). In this research, disease resistance was found for up to five successions of A. thaliana grown in the same soil where an infected population had grown previously. 
Until now, the so-called soil-borne legacy has been studied in the model plant A. thaliana. Knowledge about plant-beneficial microbes is very useful, because eventually these beneficials might contribute to sustainable agriculture as natural pesticides. For this, it is very useful to know whether globally-important crops are capable of recruiting beneficial microbes. One of these relevant crops is soybean, the 4th most widely used crop in the world. (Statistics United Nations' Food and Agriculture Organisation "FAQSTAT") Not much yet is known about the ability of soybean to attract beneficials under stressful conditions, although many studies have been performed on the soybean rhizosphere microbiome (Zhang et al., 2018; Longley et al., 2020) and the plant’s ability to engage in a symbiotic relationship with Rhizobium, a nitrogen fixating bacterium that grows in nodules on the root system (Shamseldin et al., 2017)
In this research project, we tested the ability of soybean to alter its rhizosphere microbiome upon pathogen infection. The soybean rhizosphere microbiome was surveyed under field and greenhouse conditions. Previously, soybean roots were sampled from healthy and naturally-infected plants from two Dutch commercial fields. Here, these samples were processed and bacterial 16S as well as fungal ITS2 amplicon data from one field was analysed. In addition, a greenhouse experiment was performed where soybean was inoculated with the pathogenic fungus Fusarium virguliforme. This pathogen causes sudden death syndrome (SDS), characterized by root rot, stunted growth, discoloration of the leaves and eventually defoliation and plant death (Bugg, 2010). Field-grown soybean infected by F. virguliforme was previously sampled in Kentucky, USA. To corroborate any prospective analyses of these field samples, efforts were made to establish the most optimal F. virguliforme greenhouse inoculation method. 



Materials and methods
DNA extractions
To analyze the DNA from the field samples, DNA was extracted following the Kingfisher protocol by Van Bentum et al. (unpublished). To each root sample in a 50 ml Falcon tube (Greiner), 10 glass beads were added, and to each bulk soil sample, in a 2 ml Eppendorf tube, two glass beads were added. Afterwards, bead solution and lysis solution were added in a ratio of 12.5:1 and relative to sample mass. DNA was extracted according to the protocol, including washing steps with C2 and C3 solutions to clean samples prior to DNA extraction. DNA binding steps were performed with a Pharma KingFisher™ Flex 96 Deep-Well Magnetic Particle Processor (ThermoFisher) with ClearMag binding solution (Qiagen). DNA concentrations were measured with NanoDrop.
DNA amplification
DNA amplifications were performed following the Illumina protocol (Illumina.com, 2013). For 16S amplicon PCR, the following mix was made in each well:
	Solution
	Amount

	Blocking primer
	4 µl

	Phazing primer mix (see supplementary table 2.)
	4 µl

	DNA sample (concentration 5 ng/ µl)
	2 µl

	KAPA Hifi Hotstart ready mix.
	10 µl

	
	20 µl



The following PCR program was performed for 16S amplicon PCR:Repeat 24x

	Temperature
	Time

	95 oC
	3 minutes

	95 oC
	30 seconds

	75 oC
	10 seconds

	55 oC
	30 seconds

	72 oC
	30 seconds

	72 oC
	5 minutes

	4 oC
	forever



A 1% agarose gel was prepared. 1 µl Orange G 0.2% dye was mixed with 5 µl sample and loaded on the gel. 

A 16S amplicon PCR cleanup was performed following the steps from the Illumina protocol. The following amounts were used:
	Item
	Quantity 

	10 mM Tris pH 8.5
	27.5 µl per 15 µl sample

	AMPure XP beads 
	12 µl per 15 µl sample

	Freshly prepared 80% Ethanol
	400 µl per 15 µl sample

	Magnetic stand
	1 


The PCR was cleaned up following the steps from the protocol. A 1% agarose gel was prepared. 1 µl Orange G 0.2% dye was mixed with 5 µl sample and loaded on the gel. Samples that showed bands at 1.550 bp were taken along for the Index PCR. 

For the 16S index PCR, the following amounts were used:
	Solution
	Amount

	DEPC-treated water
	4 µl

	Illumina Nextera DNA adapters (N70X-N50X, S70X-S50X)
	4 µl

	DNA sample (concentration 5 ng/ µl)
	2 µl

	KAPA Hifi Hotstart ready mix.
	10 µl

	
	20 µl



The following PCR program was performed for 16S index PCR:Repeat 9x

	Temperature
	Time

	95 oC
	3 minutes

	95 oC
	30 seconds

	55 oC
	30 seconds

	72 oC
	30 seconds

	72 oC
	5 minutes

	4 oC
	forever



A PCR clean-up was performed using the following amounts:
	Item
	Quantity 

	10 mM Tris pH 8.5
	27.5 µl per 20 µl sample

	AMPure XP beads 
	16 µl per 20 µl sample

	Freshly prepared 80% Ethanol
	400 µl per 20 µl sample

	Magnetic stand
	1 


The PCR product was cleaned up following the steps from the protocol. A 1% agarose gel was prepared. 1 µl Orange G 0.2% dye was mixed with 5 µl sample and loaded on the gel. Samples that showed bands at 1.550 bp were taken along for the library pooling.
[bookmark: _Hlk91266424]Samples were diluted to 4 nm/µl. 5 µl sample was transferred to a new tube. The tube was inverted 10x and 100 µl was transferred to a new tube. This DNA library was sent to USEQ for sequencing.

For ITS2 amplicon PCR, the following mix was made in each well:
	Solution
	Amount

	Blocking primers
	4 µl

	Phazing primers (see supplementary table 2.)
	4 µl

	DNA sample (concentration 5 ng/ µl)
	2 µl

	KAPA Hifi Hotstart ready mix.
	10 µl

	
	20 µl



The following PCR program was performed: Repeat 9x

	Temperature
	Time

	95 oC
	3 minutes

	95 oC
	30 seconds

	55 oC
	30 seconds

	72 oC
	30 seconds

	72 oC
	5 minutes

	4 oC
	forever



Samples were loaded on a 1% agarose gel again. ITS2 bands run at 390 bp. The PCR was cleaned up with the following amounts:
	Item
	Quantity 

	10 mM Tris pH 8.5
	27.5 µl per 15 µl sample

	AMPure XP beads 
	12 µl per 15 µl sample

	Freshly prepared 80% Ethanol
	200 µl per 15 µl sample

	Magnetic stand
	1 



The ITS2 Index PCR was performed with the following mix in each well: 
	Solution
	Amount

	DEPC-treated water
	4 µl

	Illumina Nextera DNA adapters (N70X-N50X, S70X-S50X)
	4 µl

	DNA sample (concentration 5 ng/ µl)
	2 µl

	KAPA Hifi Hotstart ready mix.
	10 µl

	
	20 µl



The following PCR program was performed:Repeat 24x

	Temperature
	Time

	95 oC
	3 minutes

	95 oC
	30 seconds

	75 oC
	10 seconds

	55 oC
	30 seconds

	72 oC
	30 seconds

	72 oC
	5 minutes

	4 oC
	forever



The PCR was cleaned up using the following amounts: 
	Item
	Quantity 

	10 mM Tris pH 8.5
	27.5 µl per 20 µl sample

	AMPure XP beads 
	16 µl per 20 µl sample

	Freshly prepared 80% Ethanol
	400 µl per 20 µl sample

	Magnetic stand
	1 


The clean-up was performed following the steps from the protocol. The samples were once again loaded on a 1% agarose gel. Samples with the wrong weight or more than 1 band were not taken along for the library pooling. Samples were diluted to 4 nm/µl. 5 µl sample was transferred to a new tube. The tube was inverted 10x and 100 µl was transferred to a new tube. This DNA library was sent to USEQ for sequencing.
All primer sequences used in the amplicon and index PCRs can be found in supplementary table 1.

Bioinformatics analysis
16S DNA:
The DNA libraries were analyzed: they were demultiplexed by USEQ and assigned to samples. Demulitplexed reads were processed in QIIME 2019.7. Due to lower quality of reverse reads, the data was analyzed using single-end reads. Primer sequences were removed and DADA2 was used to trim reads based on a quality threshold (Q30 ≥ 30), resulting in reads of 149 base pairs. The trimmed reads were annotated as amplicon sequence variants (ASVs) with SILVA 1.32. Plant (chloroplast), Archaeal and unannotated reads were removed, after which the samples with relatively low sequencing dept (≤16,000 reads) were filtered. ASVs with reads below 170 and/or that were present in less than three samples, were filtered. Data was rarified at depth 15873. The filtered data consisted of 37 samples and 1357 ASVs.



ITS2 DNA:
[image: ]Because for these samples quality of both forward and reverse reads was sufficient, paired-end reads were used for this analysis. With DADA2 forward reads were trimmed to 264 bp and reverse reads were trimmed to 219 bp. Reads were denoised, merged and non-chimeric reads retained. Reads were assigned taxonomy based on the UNITE database (version 8.2) and non-fungal or unassigned reads were removed. Samples with less than 2500 reads were filtered out. Based on cumulative abundances, ASVs represented by less than 40 reads and/or present in less than 10% of samples were removed. The filtered data comprised 29 samples with 890 ASVs. 

Sorghum inoculation with F. virguliforme
[image: ]Fusarium virguliforme Mont-1 was generously shared by the Chilvers lab (Michigan State University). F. virguliforme was plated on Nash Meyer medium. Sorghum was soaked in distilled water for 12h, after which it was autoclaved twice on consecutive days for 45 minutes. A sorghum slurry was made from sterile sorghum and Fusarium cultures in the following ratios: 5 sterile NM plates : 5 Fusarium-inoculated NM plates : 500 ml deionized water for 1.8 kg sorghum. For the mock batch, the inoculated NM plates were replaced with sterile NM plates. The slurry was added to the soaked and autoclaved sorghum in sterile Eco2boxes and F. virguliforme was allowed to colonize the sorghum. For three weeks, the boxes were left at room temperature with ambient light and shaken or stirred daily. After three weeks, the sorghum was dried on paper sheets in the flow cabinet for three days. 

Soybean inoculation with Fusarium-sorghum mixFigure 1: top) set-up of the first experiment. The sorghum was mixed with soil in a 1:3 ratio. bottom) set-up of the second experiment. Here only 80 ml of sorghum-soil mix was added. The sorghum was added to the soil in ratios 1:5, 1:10 and 1:15

In the first experiment, the dried sorghum was mixed with soil in a 1:3 ratio. In this sorghum:soil mix, a single soybean seed was planted per pot (9x9x9.5 cm). In total, 20 pots were prepared with mock-sorghum and 20 pots with Fusarium-sorghum. 
In the second experiment, based on findings from the paper by Luckew et al., (2018), a new inoculation method was performed. Pots were filled with 400 ml soil. Next a 80 ml sorghum/soil mix was added. On top of this layer, a 80 ml layer of soil was added. On top of this layer, another 80 ml of soil was added, in which the soybean seed was planted. The ratio of sorghum:soil in the second layer differed between 1:5, 1:10 or 1:15. For each sorghum : soil ratio, both pots with mock-sorghum and Fusarium-sorghum were prepared.
	Ratio sorghum:soil
	Treatment
	Amount of pots with germinated soybean

	1:15
	F. virguliforme
	16

	
	Mock
	8

	1:10
	F. virguliforme
	14

	
	Mock
	7

	1:5
	F. virguliforme
	8

	
	Mock
	4


Table 1: overview of the amount of germinated soybean seeds per treatment.
Soybean cultivation and disease scoring
Pots with mock- or Fusarium-sorghum were prepared and soybean seeds were sown as described above. For the first week, the top of the pot was sprayed with tap water every other day, and trays with plants were closed with lids. In the second week after sowing, the first seedlings emerged and lids were removed. With a two-daily interval, the plants received either 40 ml of tap water or 40 ml Hoagland medium. Disease was scored by checking for above- and belowground symptoms of F. virguliforme infection: root rot, discoloration of the root and stunted root growth, as well as premature defoliation, stunted shoot growth and potential plant death. For the first experiment, plants were scored weekly from 2 to 5 weeks after sowing. In the second experiment, plants were scored weekly from 3 to 5 weeks after sowing.
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Results
Soybean rhizosphere microbial community composition is different from bulk soil microbial composition.
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Figure 2: Left: Bray-Curtis distance matrix for 16S bacterial DNA. Depicted in red are the bulk soil samples, in orange the healthy plant rhizosphere samples and in blue the diseased plant rhizosphere samples. Right: Bray-Curtis distances of fungal ITS2 DNA.
From two fields in Flevoland, the Netherlands, root samples were obtained from soybean that were either healthy or showed symptoms of a Soybean Mosaic Virus (SMV), as determined by van Bentum et al. (2021). DNA was extracted from 10 bulk soil samples, 25 healthy and 25 diseased plant rhizosphere samples that showed symptoms of soybean mosaic virus (SMV). The DNA was used to prepare 16S and ITS2 DNA amplicon libraries and sequenced at the Utrecht Sequencing Facility (USEQ). Amplicon sequences were processed as amplicon sequence variants (ASVs) and used to calculate Bray-Curtis distances. Based on principal coordinates analysis (PCoA; fig. 2), bulk soil microbial communities are largely different from soybean rhizosphere communities. This seems to be the case for both bacterial 16S and fungal ITS2 data, where separation of bulk soil and rhizosphere samples is visible along the first axis (explaining 40.59% and 38.78% of variation in the 16S and ITS2 data, respectively). This is famously known as the rhizosphere effect: in the rhizosphere, the microbial composition is different from the bulk soil, because of plant exudates attracting certain microbial species (Hiltner, 1904). This effect was also shown in other plant species (Micallef et al., 2009) (Li et al., 2019). In addition, bacterial rhizosphere communities from healthy and SMV-infected soybean plants seem to diverge along the first axis, whereas the fungal rhizosphere communities seem to diverge between healthy and infected plants along the second axis (fig. 2). 
To find out which bacterial and fungal groups differ in abundance between bulk soil and the soybean rhizosphere, the relative abundance for each bacteral or fungal order found in each sample was determined. The top 20 most abundant bacterial and fungal orders were analysed, because these already account for 97% of reads per sample for ITS2, and 70% of reads per sample for 16S. Differentially abundant microbial orders were determined by ANOVA (p < 0.05) and a Tukey-Kramer post hoc test (q > 3.465, based on the amount of samples). 





[image: ]Figure 3: a) bacterial orders that were determined significantly abundant in bulk soil, based on a Tukey-Kramer post-hoc test. b) Bacterial orders that are significantly enriched in the rhizosphere. c) Bacterial orders that showed no significant difference between bulk soil or rhizosphere samples. 
Based on the 16S data, seven bacterial orders were significantly enriched in the soybean rhizosphere of healthy and/or SMV-infected plants (fig. 3a), and nine orders were enriched in the bulk soil (fig. 3b). Within the rhizosphere-enriched bacterial orders, the Sphingomonadales significantly differed in relative abundance between healthy and SMV-infected soybean rhizosphere samples (fig. 3b). Among the bulk soil-enriched bacterial orders, Subgroup 6 (uncultured Acidobacteria 1), Gemmatimonadales, Pedosphaerales and Solibacterales were significantly different between healthy and SMV-infected plant rhizosphere samples (fig 3a). The order Chitinophagales was significantly differentially abundant between bulk soil and infected-plant rhizosphere samples, which was not observed for bulk soil versus healthy-plant rhizosphere samples. As the differences in relative abundance between all three groups of samples were limited, the Chitinophagales were determined as not differentially abundant between bulk soil and rhizosphere samples. 


[image: ]
Figure 4: Boxplots showing the relative abundances for bacterial orders from all samples. a) four fungal orders are signifiantly abundant based on the Tukey-Kramer post-hoc test. b) eight fungal orders are significantly enriched in the rhizospere. c) Three fungal orders are not differentially abundant between bulk soil and rhizosphere samples.
Based on the ITS2 data, four orders were enriched in bulk soil (fig. 3a), and eight fungal orders were enriched in the soybean rhizosphere (fig. 3b). Within the rhizosphere-enriched fungal orders, the Glomerales, Olpidiales, Tremellales and Sporidiobolales were differentially abundant between healthy- and infected-plant samples, indicating a difference in rhizosphere fungal communities between healthy and SMV-infected plants. Mortierellales, Unidentified Fungus 2 and Pleosporales were determined as not differentially abundant between bulk soil and soybean rhizosphere samples, although the unidentified fungus did significantly differ in relative abundance between bulk soil and infected-plant rhizosphere samples. 
In conclusion, the rhizosphere composition of soybean greatly differs from the bulk soil composition. Among the orders that differ are several that are highly relatively abundant. Moreover, differences between healthy and diseased rhizospere samples can also be observed, based on this statistical analysis. 
Several bacterial and fungal orders are differentially abundant between healthy and diseased soybean rhizosphere samples.ITS2
16S
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Figure 5: Left: Bray-Curtis distance matrix with rhizosphere samples only for bacterial 16S DNA. A separation along axis 1 is visible. Right: Bray-Curtis distance matrix for fungal ITS2 rhizosphere samples. A separation along axis 1 and 2 is visible. Blue dots are healthy samples, red dots are diseased samples.
In order to determine whether soybean rhizosphere communities differ between healthy and SMV-infected plants, the Bray Curtis distances between healthy- and infected-plant samples were plotted, excluding the bulk soil samples (fig. 5). Sample types separate along axis 1 for 16S DNA and along axis 1 and 2 for ITS2 DNA (fig. 5) In order to validate this, a Permutational Multivariate Analysis of Variance (PERMANOVA) test was performed and p-values were generated. These were 0.002 and 0.001 for 16S and ITS2, respectively. Following the PERMANOVA, an ANCOM analysis was performed, in order to find differentially abundant ASVs. Volcano plots were generated for both 16S and ITS2 DNA.
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Figure 6: a) ANCOM statistical analysis for 16S rhizosphere samples. Three ASVs were significantly abundant, marked here in red. b) ANCOM statistical analysis of fungal ITS2 rhizosphere DNA samples. No ASVs were signifcantly abundant, but one did stand out, marked in red as well.
 
For 16S data, three ASVs differed significantly between healthy- and infected-plant rhizosphere samples, with a W value of 177, 130 and 70 (fig. 6a). Based on taxonomic annotation with the SILVA database, these ASVs corresponded to the bacterial orders Cytophagales, Pedosphaerales and Betaproteobacteriales. When comparing read counts, these three orders were all enriched in soybean samples infected with SMV. For ITS2 data, no ASVs differed significantly between rhizosphere sampels of healthy and infected plants. One ASV did stand out though, with a W value of 30 (fig. 6b). This ASV corresponds to the fungal order Glomerales. This ASV is enriched in healthy samples.
In summary, both the bacterial and fungal rhizosphere composition of healthy and SMV-infected soybean differs. A few bacterial and potentially fungal taxa can be linked to these differences. 
No sudden-death-syndrome-like symptoms were observed after inoculation of soybean with F. virguliforme.
[image: Afbeelding met antenne

Automatisch gegenereerde beschrijving]Another experiment was performed to investigate the difference between healthy and infected plant rhizosphere samples upon infection with the soil-borne fungus Fusarium virguliforme in semi-controlled conditions, in order to be able to repeat the findings from the field in the US. To create the fungal inoculum, F. virguliforme was grown on autoclaved sorghum for three weeks (Wang et al., 2019; Radwan et al., 2011; Brar et al., 2011). At the same time, mock-treated sorghum was maintained under similar conditions. After the sorghum had been overgrown by fungus, the sorghum was mixed with natural soil in a 1:3 ratio. Soybean seeds were sown directly in the pots and monitored for five weeks. From two to five weeks after sowing, shoot and root systems were surveyed for root rot weekly from mock- and Fusarium-inoculated plants. Symptoms that indicate infection include discoloration of the roots and incomplete growth, followed by discoloration of the leaves and premature defoliation. None of these symptoms were observed in the experiment. Little germination was observed for all treatments. The soil was very wet and was colonized by an unidentified fungus. 
Based on the method by Luckew et al. (2018), the experiment was repeated, but with multiple ratios of sorghum to soil (1:5, 1:10 and 1:15 sorghum to soil). First, 3/8th of the pot was filled with soil (fig. 7a). Next, 1/8th of the pot was filled with the sorghum/soil mix, in the different ratios described above (fig. 7b). Two layers of soil were added on top of layer B (fig. 7c and 7d), and in the top layer, the soybean seed was sowed (fig. 7e) Plants were surveyed for five weeks, including uprooting plants weekly from three weeks post-sowing onwards. Germination in this experiment was much higher than previously. However, no discoloration was found of leaves, roots and stems in this experiment (fig. 8). When comparing root systems of mock- and inoculated plants, no clear differences were observed. All root systems appeared healthy and complete.Figure 7: intersection of the pot set-up for the experiment, based on Luckew et al. (2018). First, 150 ml of soil was added (layer A). Next, a layer of sorghum/soil mix was added in several ratios (layer B). On top of this layer, layer C and D were added, which consist solely of soil. In Layer D, the soybean seed was sowed (E)

[image: ]
Figure 8: results of the inoculation experiment based on the method by Luckew et al. (2018). The top row are soybean of which the sorghum was inoculated with F. virguliforme. The bottom row was grown on mock sorghum. No distinct difference in root systems can be observed. All root systems are complete, discoloration of the unifoliates is visible mainly for mock plants. No root rot was observed. 
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Evidence suggests that the rhizosphere effect is demonstrable in soybean 
There is a difference between bulk soil community composition and soybean rhizosphere community composition, as seen in Fig. 2-4. This so-called rhizosphere effect is caused by root exudates that change the physical and chemical environment of the soil (Bowen et al., 1999) and thus act as a selective force for bacteria and fungi in the soil (Pascale et al., 2020; Bulgarelli et al., 2013; Micallef et al., 2009). 

The ANOVA and Tukey-Kramer post-hoc test showed seven bacterial orders that were enriched in the rhizosphere (fig. 3). These were orders Betaproteobacteriales, Rhizobiales, Sphingomonadales, Cytophagales, Flavobacteriales, Saccharimonadales and Opitutales. The functions of these orders vary from nitrogen fixation to cellulose digestion. (Gyaneshwar et al., 2011; Shamseldin et al., 2017; Kertesz et al., 2019; Tao et al., 2019; Drake et al., 2007; Wang et al., 2022; Hester et al., 2018) The order that stands out from this list is Rhizobiales. Bacterial species that belong to this order are known plant beneficials (Shamseldin et al., 2017; Delves et al., 1986). The Rhizobium bacteria stimulate root hairs to grow and form nodules around them (Vance et al., 1979). In this nodule, the bacteria exchange fixed nitrogen for carbon and amino acids from the plant (Lodwig et al., 2003), resulting in improved plant growth (Gopalakrishnan et al., 2015).
The three most abundant bacterial orders in the soybean rhizosphere of the field-grown samples were Betaproteobacteriales, Chitinophagales and Rhizobiales. The functions of these orders are the conversion of soil ammonia to nitrates, acquirement of phosphates and nitrogen-exchange, respectively (Gyaneshwar et al., 2011; Mason et al., 2021; Zhong et al., 2018). Studies show that the most abundant bacterial phyla in healthy soybean rhizosphere are Proteobacteria (59.9%), Acidobacteria (6.5%) and Actinobacteria (13.6-30%) (Zhang et al., 2018; Longley et al., 2020). This rhizosphere composition is similar to that of other plant species (Philippot et al., 2013). Proteobacteria are diazotrophs, meaning they fix inorganic nitrogen in the soil (France et al., 2009; Moulin et al., 2001). Acidobacteria play an important role in the carbon cycle, since they are able to break down polysaccharides excreted by the plant, like cellulose and lignin (Ward et al., 2009). Lastly, members of the Actinobacteria produce several bioactive secondary metabolites and have been coupled to disease-suppressive soils (Arunahalam Palaniyandi et al., 2013; Mendes et al., 2011). When compared to the soybean microbiome in literature, indeed the three most abundant bacterial orders in field-grown plants are all covered by phylum Proteobacteria.
In the bulk soil samples, the following bacterial orders are enriched: Subgroup 6 (an uncultured Acidobacterium), Gemmatimonadales, Pedospaerales, Xanthomonadales, Subgroup 6 (an uncultured Acidobacterium), Tedispaerales, Pirellulales, Pyrinomonadales and Solibacteriales. The functions of these orders vary from nitrogen breakdown to fermentation (Kalam et al., 2020; Bach et al., 2018; Gutierrez, 2019; Dedysh et al., 2020; (Mason et al., 2021). Among these orders, no well-known plant-beneficials are determined. This might be a reason why these orders are depleted in the rhizosphere: because these microbes have no functions that directly link them to the plant, they might be out-competed by beneficial microbes that do engage in mutualistic relationships with the plant. 

Based on the ANOVA and Tukey-Kramer post-hoc test, the following eight fungal orders were enriched in the rhizosphere: Glomerales, Hypocreales, Olpidiales, Glomerellales, an unidentified fungus, Microascales, Tremellales an Sporidiobolales. All of these orders consist of pathogens, parasites and yeasts, except for Glomerales and Hypocreales. Glomerales are well-known mycorrhizal fungi, that engage in symbiotic relationships in a wide range of plants (Pagano et al., 2016), Hypocreales, as well, engage in nitrogen-exchange with the plant (Behie et al., 2012).
The three most abundant fungal orders in the soybean rhizosphere samples of field-grown plants were Glomerales, Hypocreales and Olpidiales. These orders are associated to phyla Glomeromycota, Ascomycota and Olpidiomycota, respectively. When compared to literature, Ascomycota (83.5%) and Basidiomycota (8.4%) are the most abundant fungi found in the soybean rhizosphere (Zhang et al., 2018; Longley et al., 2020). Ascomycota is the largest phylum of fungi, containing over 33,000 fungal species. Among these are yeasts, filamentous fungi, mycorrhizal species and pathogens (Money, 2016). Basidiomycota consists mostly of saprotrophic yeasts that decompose and feed on dead plant material and play a role in nutrient distribution (Crowther et al., 2012).
The fungal composition of the field-grown plants differs slightly from the composition found in literature: Ascomycota are found as an abundant phylum in both the field-grown samples and the previous studies. The field-grown samples, however, also contain Glomeromycota and Olpidiomycota. This can be due to the fact that the starting microbial pool for different soil types influences the rhizosphere composition (Liu et al., 2019) or the genetic variation within plant species (Qu et al., 2020)

The fungal orders enriched in the bulk soil are two unidentified fungi, Pezizales and Sordariales. These two identified orders are both very broad, having members that vary from plant pathogens to mutualistic agents (Egger et al., 1986; Marin-Felix et al., 2020). Unfortunately, based on this analysis, not much can be said about the function of these orders in the soil. More research would have to be performed, characterizing the families and species present. Once defined, their function in the soil can be further specified.

In conclusion, there is a difference between bulk soil and soybean rhizosphere composition for both bacterial and fungal orders. In the rhizosphere potential beneficial microbes are enriched, whereas the orders enriched in the bulk soil are mostly very broad and have functions that range from fermentation to plant pathogens. Based on these results, soybean indeed seems to attract microbial species that are beneficial for the plant, aiding in disease resistance or acquiring nutrients for the plant.

There is a difference in rhizosphere composition between healthy and diseased plant samples.
Between healthy- and infected-plant rhizosphere samples, the bacterial orders Sphingomonadales, Gemmatimonadales, Pedosphaerales and Solibacterales differed significantly in relative abundance. Zooming in on specific ASVs, Cytophagales, Pedosphaerales and Betaproteobacteriales were differentially abundant taxa between rhizosphere samples of healthy and SMV-infected plants. More specifically, these were bacterial families Microscillaceae, Pedosphaeraceae and genus Piscinibacter. The function of Microscillaceae is nitrogen fixation, so this is a possible plant beneficial: fixed nitrogen obtained by microbes in the rhizosphere generally promotes plant growth (Mylona et al., 1995). The function of Pedosphaeraceae is not completely defined yet, but the family seems to play a key role in biochemical processes (Bach et al., 2018). Piscinibacter have catalytic properties (Cho et al., 2016). When comparing feature counts, all three were enriched in diseased samples. 
Based on ITS2 amplicon data, the fungal orders Glomerales, Olpidiales, Tremellales and Sporidiobolales differed significantly in relative abundance between healthy and SMV-infected plants. No fungal ASVs were differentially abundant between healthy and diseased samples. However, one ASV did stand out. This ASV corresponded to the order Glomerales, and more specifically to Funneliformis Mosseae, a known mycorrhizal fungal species (Zhang et al., 2020), which is enriched in healthy samples. This phenomenon has a few possible explanations. The higher abundance of the fungus in healthy plants might have protected these plants against diseases. Another possible explanation is the fact that the rhizosphere environment might have changed as a result of the disease, causing the diminishing of mycorrhiza-soybean interaction.

In conclusion, the rhizosphere composition between healthy and infected plant samples is different for both bacterial and fungal orders. Bacterial orders that are enriched in diseased samples are potential beneficial microbes obtaining nutrients for the plant, improving plant growth and plant health. The fungal species Funneliformis Mossae that stands out in healthy plants are known plant beneficials that might have protected healthy plants against the disease. 
The next step would be to investigate whether these bacterial and fungal orders indeed protect soybean in disease resistance. This can be examined by pre-inoculating soils with these bacteria or fungi and then growing soybean. After infection with SMV, the plant’s capability to fight off disease can be investigated. When this is indeed the case, a next experiment would be whether a succession of plants is also protected against the same disease, when grown in the same soil: the soil-borne legacy.
Another application of the knowledge gathered in this research project is the mining for beneficial microbes. Now that the bacterial and fungal orders enriched in the soybean rhizosphere are known, mining for these beneficials can be performed more directionally and efficiently. 

The inoculation-experiment with sorghum will need to be repeated in different conditions.
The experiment with F. virguliforme did not yield any results, because none of the plants showed convincing symptoms of SDS. It is unlikely that this is due to the Fusarium virguliforme Mont-1 strain not being infectious enough: in previous studies the Mont-1 strain was proven to cause the greatest reduction in shoot weight and shoot length, compared to other F. virguliforme strains (Li et al., 2009). Evidence suggests that many factors, including temperature, media and incubation time, can influence the toxicity of F. virguliforme (Hartman et al., 2004; Xiang et al, 2015).  Moreover, in the field, SDS is observed more frequently in years with above-average rainfall (Leandro et al., 2013). Additionally, F. virguliforme-infected plants often cluster together. The transition between healthy and infected plant zones are often abrupt and are believed to be linked to changes in soil composition, like fertility or flooding (Hartman et al., 2004). Several studies have shown infection success with the sorghum-based inoculation method (Wang et al., 2019; Radwan et al., 2011; Brar et al., 2011). Mueller et al. (2002) successfully inoculated soybean by taping two sorghum seeds to the main root of soybean. For a future experiment, this may be included as one of the inoculation methods. Moreover, different soil types may be used, and a gradient in fertility, moisture and temperature can be tested to define optimal conditions for inoculation. 
	After specifying the optimal inoculation method, the findings from the field in the US can be repeated in semi-controlled conditions, in order to validify the results and expand understanding of  findings from the field. 

[bookmark: _Toc86410172]In conclusion, the rhizosphere is indeed affected by plant exudates, resulting in specific microbial communities that are enriched – or depleted – in the soybean rhizosphere. Among these communities are beneficial microbes, that either promote plant growth, obtain nutrients like nitrogen or phosphate, or engage in a mutualistic relationship by forming mycorrhiza. Defining these beneficial microbes is a first step toward sustainable agriculture: instead of pesticides, these specific microbes can be deployed to protect plants against diseases. 


Supplementary Tables
Primer sequences used to amplify 16S and ITS2 amplicons. Amplicon primers for amplification of the V3-V4 region of 16S rRNA gene were adapted from De Muinck et al. (2017). Blocking primers used in 16S amplification were based on Lundberg et al. (2013). Blocking primers used in ITS2 amplification were adapted from Agler et al., (2016). Primers used for the index PCR were Illumina Nextera DNA adapters (N70X-N50X, S70X-S50X).

	Name
	Amplicon
	Type of primer
	Forward/reverse
	Sequence

	ITS2-fw
	ITS2
	Amplicon primer
	Forward
	5’-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTGARTCATCGAATCTTTG-3’

	ITS2-rv
	ITS2
	Amplicon primer
	Reverse
	5’-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTCCTCCGCTTATTGATATGC-3’

	mPNA
	16S
	Blocking primer
	NA
	5′-GGCAAGTGTTCTTCGGA-3′

	pPNA
	16S
	Blocking primer
	NA
	5′-GGCTCAACCCTGGACAG-3′

	ITS2-block-fw
	ITS2
	Blocking primer
	NA
	5’-CGTCTGCCTGGGTGTCACAAATCGTCGTCC-3’

	ITS2-block-rv
	ITS2
	Blocking primer
	NA
	5’-CCTGGTGTCGCTATATGGACTTTGGGTCAT-3’


Supplementary table 1: blocking primers and ITS2 primers used. 


	Sequence Name
	Sequence

	50-NGS1-16s-N701
	TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTCGCCTTACCTGTGGCCTACGGGNGGCWGCAG

	51-NGS1-16s-N702
	TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCTAGTACGGAGTGGCCTACGGGNGGCWGCAG

	52-NGS1-16s-N703
	TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTTCTGCCTTGCGACCTACGGGNGGCWGCAG

	53-NGS1-16s-N704
	TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGCTCAGGAATGACCTACGGGNGGCWGCAG

	54-NGS1-16s-N705
	TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAGGAGTCCCGACCTACGGGNGGCWGCAG

	55-NGS1-16s-N706
	TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCATGCCTACGACCTACGGGNGGCWGCAG

	56-NGS1-16s-N707
	TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTAGAGAGGTCCTACGGGNGGCWGCAG

	57-NGS1-16s-N708
	TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTCTCTGGTCCTACGGGNGGCWGCAG

	58-NGS1-16s-N709
	TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAGCGTAGCTCCTACGGGNGGCWGCAG

	59-NGS1-16s-N710
	TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCAGCCTCGTCCTACGGGNGGCWGCAG

	60-NGS1-16s-N711
	TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTGCCTCTTCCTACGGGNGGCWGCAG

	61-NGS1-16s-N712
	TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTCCTCTACCCTACGGGNGGCWGCAG

	62-NGS1-16s-N501
	GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTAGATCGCCACTTCTGACTACHVGGGTATCTAATCC

	63-NGS1-16s-N502
	GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCTCTCTATTTCTCTGACTACHVGGGTATCTAATCC

	64-NGS1-16s-N503
	GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTATCCTCTACTCAGACTACHVGGGTATCTAATCC

	65-NGS1-16s-N504
	GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGAGAGTAGAGATAGACTACHVGGGTATCTAATCC

	67-NGS1-16s-N506
	GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGACTGCATATCGACTACHVGGGTATCTAATCC

	68-NGS1-16s-N507
	GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGAAGGAGTAAGACTACHVGGGTATCTAATCC

	69-NGS1-16s-N508
	GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCTAAGCCTGACTACHVGGGTATCTAATCC


Supplementary table 2: 16S Phazing primers used.
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