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Abstract 

Aims This study aimed to determine the structure of the bacterial community inhabiting the 

roots and rhizosheath of sweet potato cultivars, and how these bacterial communities respond 

to P addition and subsequent changes in carboxylate exudation by sweet potato roots. 

Methods Five sweet potato cultivars were grown with and without P addition in a low P soil 

in a glasshouse: Beauregard and Northern Star (both international cultivars) and Whagi 

Besta, Maraso and Marasunda which originate from Papua New Guinea. Rhizosheath 

carboxylates were measured and the root/rhizosheath bacterial community analysed using 

16S rRNA gene sequencing. 

Results Carboxylate amount per g root weight was reduced (citrate) or increased (malate and 

oxalate) with addition of P. Carboxylate amount also positively correlated (citrate, oxalate 

and shikimate) or negatively correlated (malate) to bacterial alpha diversity when no P was 

added. P addition decreased bacterial diversity, altered the structure of the bacterial 

community (taxa and predicted function) and led to an enrichment of bacteria related to 
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known P-solubilising bacteria (Burkholderia and Massilia) as well as to functions related to 

biosynthesis. 

Conclusion This study provides a first indication of types and putative roles of 

root/rhizosheath bacteria in sweet potato cultivars originating from  a wide range of 

environments including marginal and P-impoverished soils and high-P agricultural systems. 

Introduction 

Sweet potato (Ipomoea batatas (L) Lam.) is the sixth most important food crop globally, with 

production of 100 million tonnes annually (FAO 2016). It is widely recognised as a cheap, 

nutritious food source in developing countries such as Papua New Guinea (PNG) where it is 

an essential subsistence food crop with a large economic and social importance (Bourke and 

Harwood 2009). Currently, 80-85% of the global supply of sweet potato is produced by 

China, whilst South America is considered the world’s most important hub of sweet potato 

genetic diversity, followed by PNG (Roullier et al. 2013).  

Sweet potato is widely grown in marginal soils characterised by low nutrient levels in tropical 

and sub-tropical climates including in PNG (Horton 1988; Loebenstein and Thottappilly 

2009). The fertility of such soils is generally controlled by their cation exchange capacity 

(CEC), as well as the size of the soil phosphorus (P) pool (Bailey et al. 2009; Pincus et al. 

2017).In PNG soils, CEC is controlled by a strong presence of 2:1 vermiculitic and 

montmorillonitic clays, as well as a large soil organic matter component (Bailey et al. 2009). 

Although such soils would be expected to have good cation retention characteristics, in 

practice this is not the case as soils with low CECs (<6 mEq per 100 g soil) are prevalent in 

PNG (Bleeker 1983). Additionally, the volcanic ash soils of PNG have a high capacity to 

immobilise P, thus reducing the levels of plant-available phosphate (Sanchez 1980; Moody 

and Radcliffe 1986).  

Sweet potato genotypes grown in low fertility soils over long periods of time are likely to 

have evolved strategies to acquire and maintain nutrients. Potential adaptions include 

symbioses with arbuscular mycorrhizal fungi (AMF) (Gai et al. 2006), alteration of root 

morphological traits (Lambers et al. 2006), conservative allocation of P internally within the 

plant (Veneklaas et al. 2012; Minemba et al. 2019), and exudation of low molecular weight 

carboxylates that alter rhizosphere chemistry (Minemba et al. 2019). Exudation of 

carboxylates such as citrate, oxalate and malate can occur when soil P is low, when Fe 

availability is low (and pH is high), or when soluble Al is high (and pH is low) (Ma 2000; 

Ryan et al. 2012). Carboxylates can increase plant available P by chelating metals such as 

Fe3+, Al3+ and Ca2+ which subsequently releases bound P thereby making it available for 

plant uptake (Dinkelaker et al. 1989; Rengel and Marschner 2005).  

Exudation of carboxylates by sweet potato has rarely been reported, but we (Minemba et al. 

2019) have recently shown that sweet potato has the capacity to exude carboxylates including 

citrate, fumarate, oxalate, and malate when collected using the trap solution technique. 

Although exudation rates of sweet potato were lower than those of high carboxylate exuding 

species (e.g. cluster root forming species) (Shane and Lambers 2005), the ability of sweet 

potato to exude carboxylates may still prove an effective P-scavenging strategy (Ryan et al. 

2012). Additionally, carboxylates can influence microbial processes in the rhizosphere, either 

via increasing microbial activity and/or causing a shift in the microbial community (Hashimoto 

2007; Fujii et al. 2010; Martin et al. 2016). The effect of carboxylate exudation on the microbial 

community will be especially favourable for enhancing sweet potato yield if activities and/or 



3 
 

populations of plant growth-promoting microbes (e.g. nitrogen fixers, phyto-hormone 

producers and phosphate solubilisers) are increased as a result. It is expected that variation will 

exist in root microbial communities among cultivars that have evolved to grow and persist in 

P-impoverished soils. However, to date, there has been only one published study on the 

microbiome (root, shoot or entire plant) of sweet potato (Khan and Doty 2009), in which the 

authors report the isolation and cultivation of endophytic bacteria capable of producing the 

phytohormone indole-3-acetic acid (IAA). These IAA-producing bacterial endophytes had 

close relatedness (16S rRNA gene) to the genera Pseudomonas, Enterobacter and Rahnella – 

all of which contain plant growth-promoting species (Khan and Doty 2009). Hence, there is 

some evidence of plant-growth promoting microbes living in association with sweet potato, but 

we do not know of their widespread occurrence, nor their possible relationship with plant 

nutrient status.  

 

The type of P available in the soil will also have an effect on native root microbial communities, 

for instance, the addition of rock P to soil has previously been shown to alter microbial 

community structure (Carson et al. 2007, 2009). Addition of P fertiliser has also been shown 

to alter root morphology, carboxylate exudation and reduce AM fungal colonization in sweet 

potato cultivars, but with significant variation among the cultivars (Minemba et al. 2019). 

However, the response of the sweet potato rhizosheath microbial community (excluding that 

of AMF) to P availability and carboxylate exudation has not been examined. Therefore, the 

objective of this study was to determine the response of sweet potato cultivars and their 

associated root/rhizosheath bacterial communities to P addition. 

 

We hypothesized that 1) P addition would result in plant morphological changes and changes 

in rhizosheath carboxylates among sweet potato cultivars, 2) variation in rhizosheath 

carboxylate amount would correlate with variation in bacterial community composition and 3) 

P addition would result in changes in the bacterial community. 

Materials and methods 

Site description, soil collection and characterisation 

Soil (0-10 cm) was collected on 8th March 2018 from an uncultivated remnant vegetation site 

located at The University of Western Australia Ridgefield farm near Pingelly (-32.514, 

116.994). Soils at this site experience a Mediterranean climate with hot dry summers and 

mild wet winters. Mean annual rainfall is 445 mm and the minimum mean annual 

temperature is 10.4 °C and the maximum mean annual temperature is 23.4 °C (Bureau of 

Meteorology 2013). To homogenise the soil, it was air-dried for five days and sieved (< 4 

mm) prior to use. A sub-sample of the sieved soil was sent to the CSBP Ltd. Soils & Plant 

Analysis Laboratory, Bibra Lake, Western Australia for geochemical analysis (Table 1). 
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Table 1. Geochemical properties of the soil used in this experiment. Soil was a sandy loam. 

 

Property Value  

pH (CaCl2) 5.3 

Organic carbon 1.8% 

N-NH4
+ 7 mg kg-1 

N-NO3
- 15 mg kg-1 

Bicarbonate-extractable P1 5 mg kg-1 

P-buffering index (PBI) 55.8 

Bicarbonate-extractable K 89 mg kg-1 

CEC 3.73 meq 100g-1 

1 Determined from (Colwell 1963) 

 

Sweet potato cultivars 

Five sweet potato cultivars were used in this experiment; three originate from Papua New 

Guinea (PNG; Whagi Besta, Maraso and Marasunda) and two are internationally grown 

cultivars (Beauregard and Northern Star). The cultivars from PNG are usually grown in the 

tropical climate of PNG under high rainfall (1000-9000 mm) and on soils of volcanic origin 

where P fixation through association with iron (Fe) and aluminium (Al) oxides is common 

(Bourke 2010). The international cultivars are often used in commercial production under 

high input systems (Villordon et al. 2014). The PNG and international cultivars have been 

grown in prior work in our laboratory (Minemba et al., 2019), where they displayed limited 

investment in root morphological traits to improve access to soil P, but exuded carboxylates 

into a trap solution. The sweet potato cultivars were initially supplied by the Queensland 

Department of Agriculture and Fisheries, Gatton Research Facility as pathogen tested 

materials and later multiplied at The University of Western Australia to generate enough 

planting materials for use in the experiment.  

Experimental design  

The experiment was established on 9th January 2018 (Australian summer) in a well-lit 

glasshouse. Black polystyrene round pots 12 cm in diameter and 17 cm in height were used. 

Each pot contained 1.5 kg of dried, homogenised soil placed inside transparent bags (20 cm x 

44 cm; no drainage holes). The experiment was then established as described in Minemba et 

al. (2019) with the exception of P rates which were as follows: two fertilizer rates were 

applied to create distinct differences in carboxylate exudation in the rhizosheath among the 

sweet potato cultivars. Fertilizer and basal nutrients were applied six days after planting 

according to Table 2. Only nutrients which were suggested by the soil analyses (Table 1) as 

likely to be limiting to plant growth were supplied in the basal nutrients. Pots were planted 

with one of the five sweet potato cultivars. The experiment was a completely randomised 

block design with six replications. Replicates were planted in three consecutive weeks (two 

replicates per week) to allow enough time to harvest at the end of the experiment. 
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Table 2. Concentration and form of fertilizer and basal nutrients applied in this study 

Compound Elemental concentration in soil 

KH2PO4 (0 or 526 mg kg-1 soil) 0 or 260 mg P kg-1 soil 

CuSO4.5H2O (60 mg kg-1 soil) 15 mg Cu kg-1 soil 

ZnSO4.7H2O (66 mg kg-1 soil) 15 mg Zn kg-1
 soil 

NH4NO3 (115 mg kg-1 soil)* 40 mg N kg-1 soil 

*Re-applied 15 days after planting to boost growth (O’Sullivan et al. 1997) 

 

Stem cutting and planting 

The experiment was established by watering the soil in the pots to 60% of field capacity 

before planting vine cuttings. Stems of similar diameter were selected for each cultivar and 

cuttings of equal length between three nodes were taken, with the nodes included. The nodes 

were selected in positions 9-13 counting from the tip as shown in Ma et al. (2015). The 

cuttings were prepared and planted on the same day. A single cutting was planted in each pot, 

with one node placed 3 cm deep in the soil.  

Experiment maintenance 

Pots were randomised in position on the bench and watered to weight using deionised water 

weekly. Soil water content was adjusted to 75% field capacity after fertilizer application. 

Yellow sticky traps were placed in each replicate to control insect pests and evaporation was 

decreased by placing a layer of sterile plastic beads on the soil surface. Weeds were removed 

manually as required. Temperatures recorded inside the glasshouse during the trial period 

ranged between 10-15 oC in the night and 18-25 oC in the day. Three days prior to harvest the 

soil water content was decreased to 50% field capacity in an attempt to facilitate sampling of 

the rhizosheath by ensuring it was strongly attached to the root. 

Harvest 

Harvest occurred when plants exhibited clear growth differences and commenced on 20th 

February 2018, 43 days after planting. Two replicates were harvested each week for three 

consecutive weeks in the same order as they were established. One day prior to harvest 

plastic beads were removed. At harvest, the transparent plastic bags enclosing the soil were 

lifted out of the pots. The plastic bags were cut and removed, exposing the soil but keeping 

roots and soil intact. Soil was gently dispersed, and soil not attached to the roots was 

carefully removed. Soil particles adhering to the roots when lifted were considered 

rhizosheath (Kidd et al. 2018). A small subsample of the rhizosheath (with roots) was taken 

for bacterial DNA extraction by cutting with sterile (75% ethanol) scissors and forceps, 

placing in a sterile Whirl-Pak ® bag and then into a portable freezer (-20 oC). The remaining 

root system (with rhizosheath) and aboveground tissue still attached was then immediately 

sampled for exudates (outlined below).  

Rhizosheath exudate collection and characterisation 
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Immediately after harvest, the whole plant with rhizosheath attached to root system, was 

placed in a 100 ml beaker. The minimum volume of 0.2 mM CaCl2 solution required for roots 

to be fully immersed was added, roots washed and volume noted. The contents of the beaker 

were swirled and time allowed for the silt to settle before a 10 ml syringe was used to draw a 

5 ml subsample from the middle of the beaker in a consistent manner for all treatments. A 0.2 

µm filter was then attached to the syringe before filling a 1 ml High Performance Liquid 

Chromatography (HPLC) vial containing 25 µl of orthophosphoric acid to three-quarters full 

with the filtrate. Vials were capped and transferred to an ice-filled insulated container before 

storage at -20 °C.  

The solutions were analysed for common carboxylates using HPLC as described by Cawthray 

(2003) except for oxalate, where the method of Uloth et al. (2015) was followed. Measured 

values of all carboxylates were compared to their known limit of detection (LoD) being 

(µM), citrate 5, oxalate 8, malate 7, fumarate 0.06, malonate 8, maleate 0.05, succinate 15 

and shikimate 0.015. Values below these limits were considered zero. Fumarate, malonate, 

maleate and succinate were at or below detection limit, and hence were not analysed further. 

Values were expressed as amount present per gram of root dry mass (µmol g-1 DM).     

Root morphology, dry mass, tissue P and PAE measurements 
 

Root scanning 

The root system was excised at the root/shoot interface, well-washed, wrapped in paper 

towel, sealed in a zip lock bag and stored at 4 o C for scanning. Since there were no storage 

roots formed on most cultivars and as there was a lack of distinct difference between 

adventitious roots and lateral roots that had multiple branching, all roots were categorised as 

lateral roots. A day after harvest the roots were floated in a tray of water and scanned to 

determine root length, diameter, surface area and root volume using an Epson 1680 scanner 

and WinRhizo version 4.1 computer software (Regent Instruments Inc. Quebec Canada).  

 

Plant biomass 

The roots were weighed and placed in paper bags and dried at 60 oC for 5 days and dry mass 

recorded.  Aboveground, the original vine cutting (cutting) was separated from the new 

growth (regrowth stem and leaf) that sprouted from it after planting. Fresh weights of the 

regrowth of stem and leaf were recorded, then samples were placed in paper bags and oven-

dried for 5 days at 60 oC. Dry mass of regrowth stem and leaf were recorded before grinding 

with an electric kitchen grinder for P digestion. Note, data from the original stem cutting are 

not used in the paper. 

 

Tissue P analysis 

The ground samples of leaf and shoot stem were digested in a 3:1 HNO3:HClO4 acid solution. 

Total P concentrations were measured by colourimetry with a microplate reader by the 

molybdovanadophosphate yellow method (Motomizu et al. 1983). The leaf and stem P 

contents were calculated by multiplying P concentrations and dry weights. The rate of P-

acquisition efficiency (PAE) per unit of root length were estimated as follows: 

 

 

PAE = (shoot P content (µg)/root length (m))/growth duration (days)  
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Root mass fraction  

Total dry weight of the root system and the dry weight of aboveground regrowth were used to 

calculate root mass fraction (RMF), the proportion of root dry mass relative to total plant 

regrowth dry mass.  

DNA collection, extraction and 16S rRNA gene sequencing 

Three replicates were selected (replicate 1, 3 and 5) from the initial six replicates of the 

root/rhizosheath sampled for bacterial community analysis resulting in a total of 30 samples 

analysed. DNA extractions were performed using the PowerSoil™ DNA Isolation Kit 

(Qiagen) following the manufacturer's instructions. DNA extractions were quantified using a 

Qubit™ and the DNA extract stored at −40 °C prior to further analysis. The bacterial 

community was analysed using the primers 341F – 806R that target the V3-V4 hypervariable 

region of the 16S rRNA gene (Muyzer et al. 1993; Muhling et al. 2008; Caporaso et al. 

2011). Sequencing of pooled amplicons was performed by Australian Genome Research 

Facility on the Illumina MiSeq platform, using Nextera XT v2 indices and 300bp paired end 

sequencing chemistry.  

 

Primers were removed from all raw 16S rRNA gene data using cutadapt (v. 2.7) (Martin 

2011). The trimmed fastq files were then analysed in R (v. 4.0.0) using DADA2 (v. 1.16.0), 

phyloseq (v. 1.32.0), DESeq2 (v.1.28.1), Decipher (v. 2.16.1) and ggplot2 (v. 3.3.0) packages 

(Firth et al. 2009; Wickham 2009; McMurdie and Holmes 2013; Love et al. 2014; Callahan et 

al. 2016). Quality filtered reads (truncLen=c(270,250), maxEE=c(2,2), and max ambiguous 

bases = 0), were dereplicated, merged, clustered into amplicon sequence variants (ASVs) and 

chimeras removed using functions in DADA2. Taxonomy was assigned using IDTAXA 

(Murali et al. 2018) and the training set SILVA SSU r138 (Quast et al. 2013). Sequences 

assigned as “Chloroplast” and “Mitochondria” were removed. General sequencing statistics 

can be found in Table S1.  

 

To evaluate any predicted functional differences in the root/rhizosheath bacterial 

communities with P addition and cultivar, PICRUSt2 (Douglas et al. 2020) accompanied by 

EPA-ng (Barbera et al. 2019), gappa (Czech et al. 2020), castor (Louca and Doebeli 2018) 

and MinPath (Ye and Doak 2009) were used to assign filtered sequencing reads to functional 

orthologs (KEGG orthologs; KOs) and infer functional pathways. Pathways were 

subsequently classified to broader functional categories using a custom mapping file created 

using the metacyc database (Caspi et al. 2016). The weighted nearest sequenced taxon index 

(NSTI) ranged from 0.028 – 0.117 across all replicates and treatments indicating a well-

characterised community with regard to the placement of ASVs in the reference tree 

(Douglas 2019). 

 

Data analysis 

The experiment consisted of two factors fully crossed - cultivar (five sweet potato cultivars) 

and P treatment (2 levels). There were either six replicates (carboxylates, root measures and 

biomass) or a subset of three replicates (DNA) of each experimental unit. Phosphorus status 

measures (P content, concentration and PAE replicates ranged from 3 to 6 replicates; 

subsequently type III sum of squares was applied to account for uneven designs. The effect of 

experimental factors on plant growth, root traits, P uptake traits and rhizosheath carboxylate 

amounts was tested using two-way analysis of variance (ANOVA). All data were checked for 
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normality and transformed (log or square root) when required. Alpha diversity was estimated 

using Inverse Simpson and Chao 1 diversity indices on rarefied data. Differences in alpha 

diversity among cultivars and P fertiliser levels were then tested using two-way ANOVA. 

Bray-Curtis of relative abundances of ASVs and level 2 predicted functions were used to 

construct dissimilarity matrices of the taxonomy and function of the root/rhizosphere 

bacterial communities, and both were visualised using PCoA. Stratified permutational 

multivariate analysis of variance (PERMANOVA; R vegan function adonis) with 999 

permutations was conducted to explore the percentage of variance that could be explained by 

the differences in taxonomy or functional composition between plant cultivars and P fertiliser 

addition. Differential abundance of ASVs and predicted functions between P fertiliser rates 

was performed individually for each cultivar to test whether P fertiliser rate impacts specific 

taxa and/or functions of the root/rhizosheath microbial community. Differential abundance 

was performed on variance stabilised data that was agglomerated to genus level (for ASVs) 

using the DESeq2 package (McMurdie and Holmes 2014). Significance was determined by 

Benjamini–Hochberg corrected P values < 0.05. Sequences have been uploaded to NCBI 

under the BioProject number PRJNA578781. 

Results 

Above and belowground response of sweet potato cultivars to P addition 

P addition significantly increased the aboveground biomass of all sweet potato cultivars (Fig. 

1a, Table S2). However, there was no significant interaction between sweet potato cultivar 

and P addition, suggesting that although some cultivars differed significantly in their 

aboveground biomass (Table S2), the effect of P addition was of similar magnitude across all 

cultivars, with aboveground biomass 2.8 times higher on average with P addition. 

Belowground biomass and root architecture were also altered by P addition. Root dry mass 

and total root length increased by 1.8 and 1.4 times, respectively, with P addition across all 

cultivars (Fig. 1b, Fig. 1c, Table S2). Conversely, root mass fraction (RMF) significantly 

decreased with P addition (by 1.5 times) across all cultivars (Fig. 1d, Table S2). There was no 

significant interaction between cultivar and P addition for any root parameter, suggesting that 

the belowground response to P addition was the same among cultivars (Table S2).  
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Figure 1. Response of above and belowground biomass to P addition (260 mg P kg-1) across 

five sweet potato cultivars; boxplots with data points overlain (N=6). (a) Aboveground 

biomass (re-growth stem and leaves). (b) Root dry mass. (c) Root length. (d) Root mass 

fraction (RMF). NS = Northern Star. Significance of two-way ANOVA terms are indicated 

within each panel, where P = P treatment, P*C = interaction between P treatment and 

cultivar, *** = <0.001, ** = <0.01, * = <0.05 and ns = not significant.  

P nutrient status and carboxylate exudation  

There was a significant increase in PAE, aboveground P content (re-growth stem and leaves), 

leaf P concentration and stem P concentration (Fig. 2, Table S2) with the addition of P across 

all sweet potato cultivars. The PNG cultivar Marasunda had significantly lower PAE than the 

two international cultivars when grown under high P (Fig. 2a). Additionally, Marasunda had 

significantly lower aboveground P content than Northern Star (Fig. 2b) and significantly 

lower leaf P concentration than Beauregard (Fig. 2c) when grown under high P. Conversely, 

there were no significant differences among cultivars in any measures of P nutritional status 

when no P was added (Fig. 2).  
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Figure 2. Response of aboveground tissue P and PAE to P addition (260 mg P kg-1) across 

five sweet potato cultivars; boxplots with data points overlain (N=6). (a) P-acquisition 

efficiency (PAE). (b) Total aboveground regrowth P content. (c) Regrowth leaf P 

concentration. (d) Regrowth stem P concentration. NS = Northern Star. Significance of two-

way ANOVA terms are indicated within each panel, where P = P treatment, P*C = 

interaction between P treatment and cultivar, *** = <0.001, ** = <0.01, * = <0.05 and ns = 

not significant. Where a significant interaction was found, post-hoc tests are indicated by 

different lowercase letters.  

Malate and oxalate were the dominant carboxylates recovered from the rhizosheath of sweet 

potato (up to 5 µmol g-1 root DM of malate and 3 µmol g-1 root DM of oxalate), although the 

amounts of each carboxylate differed by cultivar (Fig. 3a, Fig. 3b). With the exception of 

Beauregard, citrate was also recovered from the rhizosheaths of the sweet potato cultivars 

(Fig. 3c), as well as shikimate, though at much lower amounts (up to 0.06 µmol g-1 root DM) 

(Fig. 3d). The addition of P affected rhizosheath carboxylate amount per gram of root mass of 

sweet potato cultivars, with a significant increase in oxalate and malate, a significant decrease 

in citrate and a cultivar specific change in shikimate - with only Whagi Besta significantly 

increasing shimikate amount with addition of P fertiliser (Table S3).  
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Figure 3. Response of rhizosheath carboxylate amount to P addition (260 mg P kg-1) across 

five sweet potato cultivars; boxplots with data points overlain (N=6). (a) Malate. (b) Oxalate. 

(c) Citrate. (d) Shikimate. NS = Northern Star. Significance of two-way ANOVA terms are 

indicated within each panel, where P = P treatment, P*C = interaction between P treatment 

and cultivar, *** = <0.001, ** = <0.01, * = <0.05 and ns = not significant. Where a 

significant interaction was found,  post-hoc tests are indicated by different lowercase letters.  

Root/rhizosheath bacterial community of sweet potato cultivars  

There was a significant difference in bacterial alpha diversity (Inverse Simpson and Chao 1) 

among sweet potato cultivars (Fig. 4a, Fig. 4b, Table S4). Additionally, there was a 

significant decrease in alpha diversity with the addition of P across all sweet potato cultivars 

(Fig. 4a, Fig. 4b). The addition of P also resulted in a shift in the bacterial community 

structure in taxonomical composition (PERMANOVA, F1,28 = 11.7, P< 0.001), and 

functional composition (PERMANOVA, F1,28
 = 12.3, P = <0.001), with 29% of the total 

variation in taxonomy and 31% of the total variation in predicted function explained by P 

addition (Fig. 4c, Fig. 5d). Conversely, there was no significant grouping of microbial 

community in taxonomy or predicted function by sweet potato cultivar.  

Across all cultivars, bacterial alpha diversity (Inverse Simpsons and Chao 1) correlated 

positively to oxalate and citrate amount per gram of root mass, while Chao1 correlated 

negatively to malate recovered from the rhizosheath, but only when P was not added (Table 

3). There were no significant correlations between bacterial alpha diversity and P nutrition 

measures (e.g. leaf and stem P, aboveground P content or PAE). Additionally, carboxylate 

amount per gram of root mass did not correlate significantly with leaf P and stem 

concentration, aboveground P content or PAE.  
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Table 3. Correlations between carboxylates recovered from the rhizosheath, nutrient 

acquisition efficiency (PAE), leaf P, stem P and above ground P content with the 

root/rhizosheath bacterial alpha diversity for sweet potato grown without and with P addition 

(260 mg P kg-1). Significant correlations were calculated using Pearson’s product moment. 

Bacterial 

alpha 

diversity Carboxylates 

P fertiliser 

rate  P t df r 

Inverse 

Simpson Oxalate 0 <0.001 4.1 13 0.75 

  260 NS    

 Malate 0 NS    

  260 NS    

 Citrate 0 0.03 2.4 13 0.55 

  260 NS    

 Shikimate 0 NS    

  260 NS    

  260 NS    

Chao1 Oxalate 0 <0.001 4.6 13 0.79 

  260 NS    

 Malate 0 0.01 -3.0 13 -0.64 

  260 NS    

 Citrate 0 <0.01 3.4 13 0.69 

  260 NS    

 Shikimate 0 0.04 2.2 13 0.52 

  260 NS    
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Figure 4. Response of the root/rhizosheath bacterial community to P addition (260 mg P kg-1) 

across five sweet potato cultivars; boxplots with data points overlain (N=3). (a) Calculated 

Inverse Simpson diversity. (b) Calculated Chao1 diversity. (c) Principal coordinates analysis 

(PCoA) of Bray-Curtis distances calculated from bacterial taxonomy. (d) Principal 

coordinates analysis (PCoA) of Bray-Curtis distances calculated from bacterial predicted 

functions. NS = Northern Star. Significance of two-way ANOVA terms are indicated within 

each panel, where P = P treatment, P*C = interaction between P treatment and cultivar, *** = 

<0.001, ** = <0.01, * = <0.05 and ns = not significant. 

 

Of the top 25 most abundant ASVs, more correlations were found between bacterial taxa and 

root parameters (root mass and total root length), aboveground biomass/P content and PAE 

than between bacterial taxa in the root/rhizosheath and carboxylates recovered from the 

rhizosheath (Fig. 5). Of the carboxylates, citrate had the greatest number of significant 

correlations with bacteria taxa; including positive correlations to Rhodanobacter, 

Phenylobacterium and Devosia and a negative correlation to Dylla (Fig. 5). The Burkolderia 

complex were significantly positively correlated to root mass (RM) and total root length 

(TRL) for the PNG cultivar Marasunda, while positively correlated to aboveground P content 

and PAE for the PNG cultivar Whagi Besta (Fig. 5). Jatrophihabitans and Nocardioides were 

also positively correlated to aboveground P content and PAE, but only for Whagi Besta (Fig. 

5). Solirubrobacter was significantly negatively correlated with RM, TRL, aboveground 

biomass, aboveground P content and PAE for Beauregard cultivar (Fig. 5). There were no 

significant correlations between root parameters (RM and TRL), aboveground biomass/P 

content, PAE and rhizosheath carboxylates and any predicted bacterial functions (level two or 

three). 
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Figure 5. Heat map of correlations between root dry mass (RM), total root length (TRL) 

aboveground DW, aboveground regrowth P content, P-acquisition efficiency (PAE), and 

rhizosheath carboxylate amount (citrate, malate, oxalate and shikimate) and the relative 

abundance of the top 25 most abundant ASVs (agglomerated to genus) for five sweet potato 

cultivars grown without and with P addition ((260 mg P kg-1). Correlations were calculated 

using Pearson’s correlation coefficient. Significant correlations (Benjamin and Hochberg 

adjusted P-values) are indicated with an asterisk, where * < 0.05, ** < 0.01, *** < 0.001. 

 

Differential abundance analysis revealed that P fertiliser resulted in enrichment of several 

microbial taxa across several sweet potato cultivars, including Massilia (enriched in 

Beauregard and Whagi Besta), Burkholderia environmental complex (including 

Burkholderia, Paraburkholderia and Caballeronia; enriched in Marasunda and Beauregard) 

and Gryllotalpicola (enriched in Marasunda and Maraso) (Fig. 6a, Fig. 6b). The Burkholderia 

complex also had the greatest base mean abundance of the enriched taxa (Fig. 6a, Fig. 6b). 

Leptothrix was the only genus that was more abundant in the non-fertilised controls (Fig. 6a, 

Fig. 6b).  

P fertiliser also resulted in the enrichment of several putative functions that were 

predominantly related to biosynthesis (e.g. cell structure biosynthesis, amine and polyamine 

biosynthesis and other biosynthesis; Fig. 6c, Fig. 6d). Conversely, the abundance of functions 

relating to metabolism and energy were higher in the non-fertilised controls (e.g. 

carbohydrate degradation, nucleotide degradation and respiration; Fig. 6c, Fig. 6d). 
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Additionally, functions that relate to fermentation and anaerobic processes were also more 

abundant in the non-fertilised controls (e.g. nitrate reduction, alcohol degradation, C1 

compound utilisation and fermentation; Fig. 6d). 

 

 

Figure 6. Response of the root/rhizosheath bacterial community to P addition (260 mg P kg-1) 

across five sweet potato cultivars (a) Differentially abundant level 3 functions (P<0.05) with 

P (>0 log2 fold change) and without P addition (<0 log2 fold change). (b) Differentially 

abundant level 2 functions (P<0.05) with P (>0 log2 fold change) and without P addition (<0 

log2 fold change). (c) Differentially abundant ASVs at the genus level (P<0.05) with P (>0 

log2 fold change) and without P addition (<0 log2 fold change). The size of each circle 

corresponds to the baseMean of that ASV or predicted function.  

Discussion 

This is the first study to examine bacterial communities in sweet potato roots/rhizosheaths 

and their interaction with P addition and carboxylate exudation. We found that P addition 

decreased bacterial alpha diversity and altered the structure of the bacterial community (taxa 

and predicted function). However, P addition also promoted the occurrence of several 

bacterial ASVs and predicted functions, including putative phosphate-solubilizing bacteria 

(e.g. Burkholderia complex and Massilia), as well as functions related to biosynthesis. This 

promotion of phosphate-solubilizing bacteria could result in greater than expected responses 

to P addition and may explain the variation in responses to P addition among previous 

studies. Future research on the role of root/rhizosheath bacteria in aiding the uptake of 

fertiliser P by sweet potato could benefit cultivar selection and breeding for efficient use of P-

fertiliser for both subsistence and high-input agricultural systems.  
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P addition changes root morphology, P uptake, and amount of rhizosheath carboxylates 

in sweet potato  

Addition of 260 mg P kg-1 of soil resulted in morphological changes across all sweet potato 

cultivars that are characteristic of changing resource allocation; that is, an increase in 

aboveground biomass relative to belowground biomass as a consequence of the decreased 

requirement for roots to forage for P. The addition of P also caused small changes in the 

amounts of carboxylates recovered from the rhizosheath; increasing oxalate and malate and 

decreasing citrate. It is still unclear as to what factors regulate exudation rates of carboxylates 

from roots in plants; particularly so for sweet potato where there is extremely limited 

information on root exudation. In chickpea, exudation of carboxylates varies with soil 

properties and plant developmental stage, but there is no simple correlation with soil P status 

(Veneklaas et al. 2003; Wouterlood et al. 2004). Further investigation into which mechanisms 

determine carboxylate release in sweet potato is warranted.  

Also unclear is the role that carboxylates play in plant P uptake, especially when the 

measured amounts are low. In general, carboxylates with three carboxyl groups (e.g. citrate) 

are more effective at mobilising bound P than carboxylates with one or two carboxyl groups 

(e.g. shikimate and fumarate) (Wouterlood et al. 2004). As such, plant P content might be 

expected to correlate positively with citrate exudation or the amount of rhizosheath citrate per 

gram of root mass when plants are grown in a low P soil; this was demonstrated for a number 

of Kennedia species which mostly had rhizosheath carboxylate amounts of 25-75 µmol g-1 

root (Ryan et al. 2012). However, the total amounts of rhizosheath carboxylates detected in 

this study were very low (< 5 µmol g-1 root) compared to those in Ryan et al. (2012) and 

those measured in similar glasshouse experiments for other agricultural species, which 

reached 100-200 µmol g-1 root (Kidd et al. 2018). Hence it is perhaps not surprising that in 

our study there was no positive correlation between citrate recovered from the rhizosheath 

and PAE, shoot P content or tissue P concentration. One explanation for the alteration in 

carboxylate amount with P addition may be that, in high nutrient environments, carboxylate 

release may be more related to the need to maintain cation-anion balance than as a direct P-

acquisition strategy (Ryan et al. 2001). Additionally, the interaction of carboxylates with 

plant nutrition may be more complex than a direct impact on root P uptake as it is likely 

mediated via interactions with the soil microbial community.  

Rhizosheath carboxylates are correlated with changes in the bacterial community, but 

not with predicted function  

The amount of individual rhizosheath carboxylates was correlated with both alpha diversity 

and the abundance of specific bacterial genera in the sweet potato root/rhizosheath. Different 

carboxylates are taken up by different microbial membrane transport systems (Jones et al. 

1996) – hence each individual carboxylate is likely to be utilised by different components of 

the microbial community which may lead to decreases or increases in overall diversity. In 

this study, bacterial alpha diversity was positively correlated to rhizosheath amount per gram 

of root mass of oxalate, citrate and shikimate and negatively correlated with malate – but 

these correlations were only evident in the absence of P addition. When looking at the 

individual ASVs at the genus level, rhizosheath amounts of citrate per gram of root mass 

correlated positively with Rhodanobacter, Phenylobacterium and Devosia and negatively to 

Dyella. Exudation of carboxylates can acidify the rhizosphere as protons are released to 

balance cation/anion uptake across the plasma membrane of plant cells (Jones 1998; Ryan et 

al. 2001). Rhodanobacter spp. appear to be tolerant of acidic environments (pH < 4) (Green 

et al. 2012), hence their association with citrate may be in response to changes in pH in the 
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rhizosheath. Carboxylates such as citrate, malate, succinate, and fumarate have also been 

shown to be effective chemical attractants for enhancing root colonisation for beneficial 

bacteria such as Pseudomonas fluorescens (Kamilova et al. 2006; Oku et al. 2014). Hence the 

effect of carboxylates on these bacteria is likely a result of serving as a source of carbon, 

functioning as a chemoattractant for facilitating root colonisation and/or by causing changes 

to the geochemical environment of the rhizosheath.  

Rhizosheath carboxylates did not correlate with predicted functions at level 2 or 3. However, 

caution must be applied when interpreting findings from functions predicted from 16S data, 

as predictions are limited to the gene contents of existing reference genomes. Additionally, 

PICRUSt2 mapping to high-level functions (for example level 2 and 3 that we have 

employed), is dependent on the accuracy of the mapping file used. We attempted to increase 

the accuracy of our mapping file by discarding pathways that were irrelevant to plant/soil 

ecosystems (e.g. “Human Diseases”) which resulted in a mapping file with only a relatively 

small set of assigned potential functions (35 functions at level 2). Hence the lack of 

correlations between predicted functions and rhizosheath carboxylates should be viewed in 

the context of these higher level functions and the limitations of existing reference genomes. 

Our study focused on carboxylates in the rhizosphere as these are known for their interaction 

with P availability through plant-soil feedbacks. Further research should also explore the role 

of other root exudates (such as sugars, amino acids and phenolic compounds) and senesced 

root cells or tissues, which may have positive or negative effects on the soil microbial 

community.  

P addition lowers bacterial diversity, but promotes occurrence of putative phosphate-

solubilizing bacteria in root/rhizosheaths of sweet potato 

The addition of P resulted in a decrease in bacterial alpha diversity for all sweet potato 

cultivars. P addition also led to an enrichment in bacteria related to the Burkholderia complex 

(including Burkholderia, Paraburkolderia and Caballeronia), Massilia and Gryllotalpicola. 

The Burkholderia complex was also significantly positively correlated with PAE, 

aboveground P content, TRL and RM, while Massilia was positively correlated to RM. 

Several Burkholderia related strains possess putative functions that are beneficial to plant 

growth including nitrogen fixation (Minerdi et al. 2001; Taulé et al. 2012) and P-

solubilisation (Delvasto et al. 2008; Wickramatilake et al. 2011), while bacteria related to 

Massilia have also been described as P-solubilising bacteria (Estrada et al. 2013; Wang et al. 

2016). Microbes related to Burkholderia and Massilia have previously been found to increase 

in abundance with the addition of rock phosphate in either bulk soils (Wickramatilake et al. 

2011) or in the rhizosphere of maize (Silva et al. 2017): this suggests that these bacteria are 

particularly adapted to living in high P environments. Although many Burkholderia-related 

bacteria have plant growth-promoting properties, some strains are also known plant 

pathogens (e.g. Burkholderia cepacian and Burkholeria gladioli) (Eberl and Vandamme 

2016). Currently, there is no clear taxonomic delineation between those that have been 

identified as beneficial and those that have been identified as pathogenic, so we cannot 

ascertain if the Burkholderia members identified in this study are likely or be plant growth-

promoting or pathogenic. 

Conversely, Solirubrobacter were negatively correlated with plant P status (PAE, tissue P 

content and tissue P concentration). Solirubrobacter have previously been found to occur in 

higher abundance in organically managed soil than conventionally managed soil where 

fertilisers have been added (Liao et al. 2019). It is still unclear why Solirubrobacter appear to 

prefer organically managed soils, but it may be related to a preference for stable soil 
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aggregates as could be present in some organically farmed soils (Sánchez-Marañón et al. 

2017), or be related to other soil properties such as pH.  Leptothrix was the only genus that 

was more abundant in the non-fertilised controls. Leptothrix are sheathed bacteria that can 

oxidise iron (II) and manganese (II). Oxidation of manganese by these bacteria can be 

inhibited by high levels of PO4 
-3 (Van Veen et al. 1978), which may relate to their reduced 

abundance when P was added. 

P addition also resulted in the enrichment of several putative functions that were related to 

biosynthesis, whilst the abundance of functions relating to metabolism and energy were 

higher in the non-fertilised controls. This could suggest that concentrated applications of P 

result in greater growth/biomass of select bacteria (e.g. P-solubilisers), whilst overall 

bacterial metabolic activity is reduced. Interestingly, functions that relate to fermentation and 

anaerobic processes were also more abundant in the non-fertilised controls (e.g. nitrate 

reduction, alcohol degradation, C1 compound utilisation and fermentation), which suggests 

that high rates of P may negatively impact fermenting communities. However, as previously 

mentioned, caution must be applied when interpreting 16S rRNA gene-predicted functions; 

particularly so for less explored environments such as soils (Douglas et al. 2020). Lastly, the 

use of DNA limits our ability to determine if any of these ASVs and predicted functions are 

active. Future work utilising RNA would be beneficial to corroborate which microbes and 

associated functions are active in the sweet potato rhizosheath.  

Conclusion  

The main conclusions of this study in relation to our initial hypotheses are as follows: (1) P 

addition resulted in morphological changes and changes in root/rhizosheath carboxylate 

amounts per gram of root mass among sweet potato cultivars, (2) bacterial community 

composition correlated with some root/rhizosheath carboxylates, but there was no correlation 

between carboxylates and predicted bacterial functions, (3) P addition reduced bacterial 

diversity and altered community structure (taxa and predicted function), and resulted in 

enrichment of putative P-solubilising bacteria. Overall, our study is the first to investigate 

patterns among rhizosheath carboxylates, P addition and the bacterial community present in 

the sweet potato root/rhizosheath. We identified types and putative functions of bacteria for 

sweet potato in P-impoverished soils, as well as high-P agricultural systems.   

Funding 

David Minemba was supported under the Australia Award scholarship from the Australian 

Government. Megan Ryan was funded by an Australian Research Council Future Fellowship 

(FT140100103). The molecular work was funded by the UWA Institute of Agriculture.  

Conflict of interest Statement 

Author B. C. Martin was employed by the company Ooid Scientific. The remaining authors 

declare that the research was conducted in the absence of any commercial or financial 

relationships that could be construed as a potential conflict of interest 

References 

An C, Huang G, Yu H, et al (2010) Effect of short-chain organic acids and pH on the 

behaviors of pyrene in soil-water system. Chemosphere 81:1423–1429. 

https://doi.org/10.1016/j.chemosphere.2010.09.012 

Bailey JS, Ramakrishna A, Kirchhof G (2009) An evaluation of nutritional constraints on 



19 
 

sweet potato (Ipomoea batatas) production in the central highlands of Papua New 

Guinea. Plant Soil 316:97–105. https://doi.org/10.1007/s11104-008-9762-6 

Bleeker P (1983) Soils of Papua New Guinea. ANU Press, Canberra 

Bourke RM (2010) Altitudinal limits of 230 economic crop species in Papua New Guinea. In: 

Haberle S, Stevenson J, Prebble M (eds) Altered Ecologies: Fire, Climate and Human 

Influence on Terrestrial Landscapes Terra. ANU Press, Canberra 

Bourke RM, Harwood T (2009) Food and Agriculture in PNG. ANU Press, Canberra 

Callahan BJ, McMurdie PJ, Rosen M, et al (2016) DADA2: High resolution sample inference 

from Illumina amplicon data. Nat Methods 13:4–5. 

https://doi.org/10.1038/nmeth.3869.DADA2 

Caporaso JG, Lauber CL, Walters WA, et al (2011) Global patterns of 16S rRNA diversity at 

a depth of millions of sequences per sample. PNAS 108:4516–4522. 

https://doi.org/10.1073/pnas.1000080107 

Carson JK, Campbell L, Rooney D, et al (2009) Minerals in soil select distinct bacterial 

communities in their microhabitats. FEMS Microbiol Ecol 67:381–338 

Carson JK, Rooney D, Gleeson DB, Clipson N (2007) Altering the mineral composition of 

soil causes a shift in microbial community structure. FEMS Microbiol Ecol 61:414–423 

Cawthray GR (2003) An improved reversed-phase liquid chromatographic method for the 

analysis of low-molecular mass organic acids in plant root exudates. J Chromatogr A2 

1011:233–240 

Colwell JD (1963) The estimation of the phosphorus fertilizer requirements of wheat in 

southern New South Wales by soil analysis. Aust J Exp Agric Anim Husb 3:190–197 

Delvasto P, Valverde A, Ballester A, et al (2008) Diversity and activity of phosphate 

bioleaching bacteria from a high-phosphorus iron ore. Hydrometallurgy 92:124–129. 

https://doi.org/10.1016/j.hydromet.2008.02.007 

Dinkelaker B, Römheld V, Marschner H (1989) Citric acid excretion and precipitation of 

calcium citrate in the rhizosphere of white lupin (Lupinus albus L.). Plant Cell Environ 

12:285–292. https://doi.org/10.1111/j.1365-3040.1989.tb01942.x 

Douglas GM, Maffei VJ, Zaneveld JR, et al (2020) PICRUSt2 for prediction of metagenome 

functions. Nat Biotechnol. https://doi.org/10.1038/s41587-020-0548-6 

Eberl L, Vandamme P (2016) Members of the genus Burkholderia : good and bad guys. 

F1000Research 5:. https://doi.org/10.12688/f1000research.8221.1 

Estrada GA, Baldani VLD, de Oliveira DM, et al (2013) Selection of phosphate-solubilizing 

diazotrophic Herbaspirillum and Burkholderia strains and their effect on rice crop yield 

and nutrient uptake. Plant Soil 369:115–129. https://doi.org/10.1007/s11104-012-1550-7 

Firth H V., Richards SM, Bevan AP, et al (2009) DECIPHER: Database of Chromosomal 

Imbalance and Phenotype in Humans Using Ensembl Resources. Am J Hum Genet 

84:524–533. https://doi.org/10.1016/j.ajhg.2009.03.010 

FOA (2016) Food and agriculture data. http://faostat.fao.org 

Fujii K, Hayakawa C, Van Hees PAW, et al (2010) Biodegradation of low molecular weight 



20 
 

organic compounds and their contribution to heterotrophic soil respiration in three 

Japanese forest soils. Plant Soil 334:475–489. https://doi.org/10.1007/s11104-010-0398-

y 

Gai JP, Feng G, Christie P, Li XL (2006) Screening of arbuscular mycorrhizal fungi for 

symbiotic efficiency with sweet potato. J Plant Nutr 29:1085–1094. 

https://doi.org/10.1080/01904160600689225 

Gao Y, Ren L, Ling W, et al (2010) Desorption of phenanthrene and pyrene in soils by root 

exudates. Bioresour Technol 101:1159–1165. 

https://doi.org/10.1016/j.biortech.2009.09.062 

Green SJ, Prakash O, Jasrotia P, et al (2012) Denitrifying bacteria from the genus 

Rhodanobacter dominate bacterial communities in the highly contaminated subsurface 

of a nuclear legacy waste site. Appl Environ Microbiol 78:1039–1047. 

https://doi.org/10.1128/AEM.06435-11 

Hashimoto Y (2007) Citrate sorption and biodegradation in acid soils with implications for 

aluminum rhizotoxicity. Appl Geochemistry 22:2861–2871. 

https://doi.org/10.1016/j.apgeochem.2007.07.006 

Horton D (1988) World patterns and trends in sweet potato production and use. In: 

Exploration, Maintenance, and Utilization of Sweet Potato Genetic Resources: Report of 

the First Sweet Potato Planning Conference 

Jones D (1998) Organic acids in the rhizospere - a critical review. Plant Soil 205:25–44 

Jones DL, Prabowo AM, Kochian L V. (1996) Kinetics of malate transport and 

decomposition in acid soils and isolated bacterial populations: The effect of 

microorganisms on root exudation of malate under Al stress. Plant Soil 182:239–247. 

https://doi.org/10.1007/BF00029055 

Kamilova F, Kravchenko L V., Shaposhnikov AI, et al (2006) Organic acids, sugars, and L-

tryptophane in exudates of vegetables growing on stonewool and their effects on 

activities of rhizosphere bacteria. Mol Plant-Microbe Interact 19:250–256. 

https://doi.org/10.1094/MPMI-19-0250 

Khan Z, Doty SL (2009) Characterization of bacterial endophytes of sweet potato plants. 

Plant Soil 322:197–207. https://doi.org/10.1007/s11104-009-9908-1 

Kidd DR, Ryan MH, Hahne D, et al (2018) The carboxylate composition of rhizosheath and 

root exudates from twelve species of grassland and crop legumes with special reference 

to the occurrence of citramalate. Plant Soil 424:389–403 

Lambers H, Shane MW, Cramer MD, et al (2006) Root structure and functioning for efficient 

acquisition of phosphorus: Matching morphological and physiological traits. Ann Bot 

98:693–713. https://doi.org/10.1093/aob/mcl114 

Liao J, Xu Q, Xu H, Huang D (2019) Natural farming improves soil quality and alters 

microbial diversity in a cabbage field in Japan. Sustain 11:1–16. 

https://doi.org/10.3390/su11113131 

Loebenstein G, Thottappilly (eds) (2009) The Sweetpotato. Springer, Dordrecht 

Love MI, Huber W, Anders S (2014) Moderated estimation of fold change and dispersion for 

RNA-seq data with DESeq2. Genome Biol 15:1–21. https://doi.org/10.1186/s13059-



21 
 

014-0550-8 

Ma J, Aloni R, Villordon AQ, et al (2015) Adventitious root primordia formation and 

development in stem nodes of ‘Georgia Jet’sweetpotato, Ipomoea batatas. Am J Bot 

102:1040–1049 

Ma JF (2000) Role of organic acids in detoxification of aluminum in higher plants. Plant Cell 

Physiol 41:383–390. https://doi.org/10.1093/pcp/41.4.383 

Martin BC, George SJ, Price C a., et al (2014) The role of root exuded low molecular weight 

organic anions in facilitating petroleum hydrocarbon degradation: Current knowledge 

and future directions. Sci Total Environ 472:642–653. 

https://doi.org/10.1016/j.scitotenv.2013.11.050 

Martin BC, George SJ, Price CA, et al (2016) Citrate and malonate increase microbial 

activity and alter microbial community composition in uncontaminated and diesel-

contaminated soil microcosms. Soil 2:487–498. https://doi.org/10.5194/soil-2-487-2016 

Martin M (2011) Cutadapt removes adapter sequences from high-throughput sequencing 

reads. EMBnetJ 7:2803–2809 

McMurdie PJ, Holmes S (2013) Phyloseq: an R package for reproducible interactive analysis 

and graphics of microbiome census data. PLoS One 8:1–11. 

https://doi.org/10.1371/journal.pone.0061217 

McMurdie PJ, Holmes S (2014) Waste not, want not: why rarefying microbiome data is 

inadmissible. PLoS Comput Biol 10:1–12. https://doi.org/10.1371/journal.pcbi.1003531 

Minemba D, Gleeson DB, Veneklaas E, Ryan MH (2019) Variation in morphological and 

physiological root traits and organic acid exudation of three sweet potato (Ipomoea 

batatas) cultivars under seven phosphorus levels. Sci Hortic (Amsterdam) 256:108572. 

https://doi.org/10.1016/j.scienta.2019.108572 

Minerdi D, Fani R, Gallo R, et al (2001) Nitrogen fixation genes in an endosymbiotic 

Burkholderia strain. Appl Environ Microbiol 67:725–732. 

https://doi.org/10.1128/AEM.67.2.725 

Moody PW, Radcliffe DJ (1986) Phosphorus sorption by Andepts from the southern 

highlands of Papua New Guinea. Geoderma 37:137–147 

Motomizu S, Wakimoto T, Toei K (1983) Spectrophotometric determination of phosphate in 

river waters with molybdate and malachite green. Analyst 108:361–367 

Muhling M, Woolven-Allen J, Murrell JC, Joint I (2008) Improved group-specific PCR 

primers for denaturing gradient gel electrophoresis analysis of the genetic diversity of 

complex microbial communities. Isme J 2:379–392. 

https://doi.org/10.1038/ismej.2007.97 

Murali A, Bhargava A, Wright ES (2018) IDTAXA: A novel approach for accurate 

taxonomic classification of microbiome sequences. Microbiome 6:1–14. 

https://doi.org/10.1186/s40168-018-0521-5 

Muyzer G, De Waal EC, Uitterlinden AG (1993) Profiling of complex microbial populations 

by denaturing gradient gel electrophoresis analysis of polymerase chain reaction-

amplified genes coding for 16S rRNA. Appl Environ Microbiol 59:695–700. 

https://doi.org/0099-2240/93/030695-06$02.00/0 



22 
 

O’Sullivan JN, Asher CJ, Blamey FPC (1997) Nutrient disorders of sweet potato. ACIAR, 

Canberra 

Oku S, Komatsu A, Nakashimada Y, et al (2014) Identification of pseudomonas fluorescens 

chemotaxis sensory proteins for malate, succinate, and fumarate, And their involvement 

in root colonization. Microbes Environ 29:413–419. 

https://doi.org/10.1264/jsme2.ME14128 

Pincus LN, Ryan PC, Huertas FJ, Alvarado GE (2017) The influence of soil age and regional 

climate on clay mineralogy and cation exchange capacity of moist tropical soils: A case 

study from Late Quaternary chronosequences in Costa Rica. Geoderma 308:130–148. 

https://doi.org/10.1016/j.geoderma.2017.08.033 

Quast C, Pruesse E, Yilmaz P, et al (2013) The SILVA ribosomal RNA gene database 

project: Improved data processing and web-based tools. Nucleic Acids Res 41:590–596. 

https://doi.org/10.1093/nar/gks1219 

Rengel Z, Marschner P (2005) Nutrient availability and management in the rhizosphere: 

Exploiting genotypic differences. New Phytol 168:305–312. 

https://doi.org/10.1111/j.1469-8137.2005.01558.x 

Rodgers-Vieira EA, Zhang Z, Adrion AC, et al (2015) Identification of anthraquinone-

degrading bacteria in soil contaminated with polycyclic aromatic hydrocarbons. Appl 

Environ Microbiol 81:3775–3781. https://doi.org/10.1128/AEM.00033-15 

Roullier C, Kambouo R, Paofa J, et al (2013) On the origin of sweet potato (Ipomoea batatas 

(L.) Lam.) genetic diversity in New Guinea, a secondary centre of diversity. Heredity 

(Edinb) 110:594 

Ryan MH, Tibbett M, Edmonds-Tibbett T, et al (2012) Carbon trading for phosphorus gain: 

The balance between rhizosphere carboxylates and arbuscular mycorrhizal symbiosis in 

plant phosphorus acquisition. Plant, Cell Environ 35:2170–2180. 

https://doi.org/10.1111/j.1365-3040.2012.02547.x 

Ryan PR, Delhaize E, Jones DL (2001) Function and mechanism of organic anion exudation 

from plant roots. Annu Rev Plant Physiol Plant Mol Biol 52:527–560 

Sánchez-Marañón M, Miralles I, Aguirre-Garrido JF, et al (2017) Changes in the soil 

bacterial community along a pedogenic gradient. Sci Rep 7:1–11. 

https://doi.org/10.1038/s41598-017-15133-x 

Sanchez PA (1980) Management considerations for acid soils with high phosphorus fixation 

capacity. In: Khasawneh FE, Sample EC, Kamprath EJ (eds) The Role of Phosphorus in 

Agriculture. Soil Science Society of America, Madison 

Shane MW, Lambers H (2005) Cluster roots: A curiosity in context. Plant Soil 274:101–125. 

https://doi.org/10.1007/s11104-004-2725-7 

Silva UC, Medeiros JD, Leite LR, et al (2017) Long-term rock phosphate fertilization 

impacts the microbial communities of maize rhizosphere. Front Microbiol 8:1–11. 

https://doi.org/10.3389/fmicb.2017.01266 

Taulé C, Mareque C, Barlocco C, et al (2012) The contribution of nitrogen fixation to 

sugarcane (Saccharum officinarum L.), and the identification and characterization of 

part of the associated diazotrophic bacterial community. Plant Soil 356:35–49. 

https://doi.org/10.1007/s11104-011-1023-4 



23 
 

Uloth MB, You MP, Cawthray GR, Barbetti MJ (2015) Temperature adaptation in isolates of 

Sclerotinia sclerotiorum affects their ability to infect Brassica carinata. Plant Pathol 

64:1140–1148 

Van Veen WL, Mulder EG, Deinema MH (1978) The Sphaerotilus-Leptothrix group of 

bacteria. Microbiol Rev 42:329–356. https://doi.org/10.1128/mmbr.42.2.329-356.1978 

Veneklaas EJ, Lambers H, Bragg J, et al (2012) Opportunities for improving phosphorus-use 

efficiency in crop plants. New Phytol 195:306–320. https://doi.org/10.1111/j.1469-

8137.2012.04190.x 

Veneklaas EJ, Stevens J, Cawthray GR, et al (2003) Chickpea and white lupin rhizosphere 

carboxylates vary with soil properties and enhance phosphorus uptake. Plant Soil 

248:187–197. https://doi.org/10.1023/A:1022367312851 

Villordon AQ, Ginzberg I, Firon N (2014) Root architecture and root and tuber crop 

productivity. Trends Plant Sci 19:419–425 

Wang F, Shi N, Jiang R, et al (2016) In situ stable isotope probing of phosphate-solubilizing 

bacteria in the hyphosphere. J Exp Bot 67:1689–1701. 

https://doi.org/10.1093/jxb/erv561 

Wickham (2009) ggplot2: Elegant Graphics for Data Analysis. 

Wickramatilake ARP, Munehiro R, Nagaoka T, et al (2011) Compost amendment enhances 

population and composition of phosphate solubilizing bacteria and improves phosphorus 

availability in granitic regosols. Soil Sci Plant Nutr 57:529–540. 

https://doi.org/10.1080/00380768.2011.600243 

Wouterlood M, Cawthray GR, Scanlon TT, et al (2004) Carboxylate concentrations in the 

rhizosphere of lateral roots of chickpea (Cicer arietinum) increase during plant 

development, but are not correlated with phosphorus status of soil or plants. New Phytol 

162:745–753. https://doi.org/10.1111/j.1469-8137.2004.01070.x 

 

 

 

 


