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Abstract 

Plants invest their carbon resource in various strategies to enhance phosphorus (P) uptake and use 

when growing in low P soils. Sweet potato has evolved and persisted in P-impoverished soils, but 

exhibits highly variable growth and yield. Variation among sweet potato cultivars in ability to access 

and use P may affect growth and yield: the influence of root system traits in this regard has been little 

researched. In this study we explored the root traits and rhizosphere chemistry of three sweet potato 

cultivars under P deficient and sufficient conditions. 

Three sweet potato cultivars, two  native to Papua New Guinea (Tambul Mai and Whagi Besta) and 

one internationally grown commercial cultivar (Beauregard), were grown  with seven levels of P (0-

360 mg P kg-1 soil added as KH2 PO4 ) for 84 days in a glasshouse in low P soil. Dry mass yield, tissue 

P concentration, root exudation of organic acids, colonisation by arbuscular mycorrhizal fungi (AMF) 

and root morphological and physiological traits were measured.  
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All cultivars maintained a constant tissue P concentration below 1.0 mg P g -1 DM when P supply was 

low. There were few distinct differences among the cultivars in the response to P addition for growth, 

total root length, specific root length, root tissue density, average root diameter, root mass fraction and 

colonisation by AMF. Four organic acids were exuded by roots. Malate and fumarate were abundant 

only in cultivars from Papua New Guinea, while citrate and oxalate were common across all cultivars.  

 Under P deficiency, all sweet potato cultivars used internal P efficiently, preferentially allocating 

carbon to shoots and to supporting AMF and organic acid release, rather than to increasing the root 

mass or forming specialised root structures. Among the root factors studied, the type of organic acid 

exuded was noteworthy, with citrate and malate being reported for the first time. 
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Introduction 

Sweet potato (Ipomoea batatas (L) Lam.) is widely grown in tropical and sub-tropical climates around 

the world, often in marginal soils characterised by sub-optimal levels of essential nutrients (Horton 

1988) . In these marginal soils most essential macro-nutrients (nitrogen, phosphorus and potassium) 

are removed from root zones through leaching or erosion of topsoil under high rainfall conditions or 

through removal of crop products (Bationo and Mokwunye 1991; Markewitz et al. 2004; Rose et al. 

2010). In addition to removal of phosphorus (P) from the root zone, a significant proportion of plant 

available P also becomes non-available to plants when in contact with aluminium (Al) and iron (Fe) 

hydrous oxides in acidic soils, or with calcium (Ca) in alkaline soils (Moody and Radcliffe 1986; 

Sanchez and Uehara 1980; Shen et al. 2004);  a phenomenon well known in soils from highly 

weathered tropical environments (Moody and Radcliffe 1986). The reactions between P and Al or Fe 

ions form insoluble P compounds that plant roots are unable to access. These poorly soluble or 

insoluble forms of P account for an increasing proportion of total P in arable soils (Hemwall 1957) 

which over time contributes to a significant decline in productivity of many agricultural systems, 



particularly in developing countries where the option of using chemical P fertilizer is always not 

feasible (Ramaekers et al. 2010; Simpson et al. 2011).  

Despite low P soil conditions, sweet potato has continued to be grown and is an important staple food 

crop in many developing countries in the tropics (Lebot 2009). It is reasonable to speculate that sweet 

potato could have evolved adaptation mechanisms to assist its growth and reproduction in P-deprived 

marginal soils. The capacity to evolve and adapt is enhanced by its high level of genetic 

polymorphism and the repetitive vegetative propagation techniques used over many years (Austin 

1988; Gichuki et al. 2003). These have generated over 5000 sweet potato cultivars grown in the world 

today. More than 3000 cultivars are grown in New Guinea (Bourke 1982; Schafleitner et al. 2009; 

Tay 2009) which represents the second largest collection of genetic diversity outside its centre of 

origin in South America (Roullier et al. 2013).    

One adaptation that sweet potato has evolved for growth in impoverished soils is a symbiosis with 

arbuscular mycorrhizal fungi (AMF) (Negeve and Roncadori 1985; O'Keefe and Sylvia 1992; 1993). 

It is a significant evolutionary adaptation strategy many plant species rely on in nutritionally 

impoverished environments which enhances access to limiting nutrients like P, and increases 

tolerance to other edaphic stress factors (Mosse 1973). Typically, AMF assist acquisition of P, and 

other less mobile nutrients in the soil, by exploring more soil area through their hyphae than plant 

roots alone are able to reach (Marschner and Dell 1994). AMF can only assist with acquisition of 

plant-available forms of P (Koide and Kabir 2000), although there is limited evidence that AMF may 

be involved in accessing P from insoluble P forms in the soil where P is bonded to Al and Fe oxides 

(Smith and Read 2010).  

Some plants exude a number of organic acids that alter rhizosphere chemistry, especially in low P 

situations or in the presence of high levels of soluble Al at low pH, or low availability of Fe at high 

pH (Ma 2000; Richardson et al. 2009; Richardson et al. 2011; Ryan et al. 2012). Citrate, malate and 

oxalate are common organic acids exuded from plant roots in such edaphically stressful situations  

(Lopez-Bucio et al. 2000). These organic acids chelate with Al3+, Fe3+ and Ca2+ which subsequently 

displace P in bound or precipitated forms, mobilising P that would otherwise be unavailable to plants 

(Gerke 2015; Marschner et al. 1986). In soils with soluble Al, exudation of organic acids from the 

roots will protect the plants by chelating Al3+ ions in the rhizosphere, preventing Al from entering the 

roots (Feng et al. 1997; Gerke 2015).      

Many other plants change their root morphological traits to increase topsoil exploration where P 

supply is spatially low or variable (Lambers et al. 2006; Lynch 1995). Plants that resort to such 

morphological adaptation mechanisms tend to have, under low P conditions, greater specific root 

length (SRL: length per unit biomass), smaller average root diameter (ARD) and a larger root mass 

fraction (RMF; fraction of total plant biomass allocated to roots) (Föshe et al. 1991; Lambers et al. 



2006; Lynch and Brown 2001; Lynch and Ho 2005). These traits have been shown to enhance P 

uptake among pasture legumes (Jeffery et al. 2017; Kidd et al. 2016) and some crops (Dechassa et al. 

2003). Root hairs are directly responsible for most P uptake in soils with available P, however plants 

that are profusely colonised by AMF usually have less root hairs (Itoh and Barber 1983; Orfanoudakis 

et al. 2010).  

Some plants behave conservatively when soil P supply is low (Vance et al. 2003; Veneklaas et al. 

2012). Sensitive plants allocate and reallocate P internally to parts where it is needed most for growth 

and reproduction (Peng and Li 2005; Snapp and Lynch 1996). P is also translocated from mature or 

senescing parts of the plant to actively growing parts (Denton et al. 2007). Crop plants that utilise P 

efficiently and increase their total biomass or yield of a crop product with every single unit of P 

acquired are known as efficient internal P users and hence have a high P use efficiency (PUE) 

(Dechassa et al. 2003; Föshe et al. 1988; Hammond et al. 2009; Rose and Wissuwa 2012).  

None of the studies related to the P nutrition of sweet potato conducted in last 40 years have 

established any of these known mechanisms for P uptake or P use efficiency (Ravi et al. 2014; 

Villordon et al. 2014). Many have reported significant differences in growth and yield among 

cultivars of sweet potato under low P conditions, but the explanations provided do not relate to any of 

the known adaptive mechanisms described here.  For instance, Rendle and Kang (1977) reported 

storage root yield difference between cultivars, proposed that it was caused by differences in the 

ability of cultivars to access P from the soil solution and tried to correlate growth and yield 

differences with variations in critical P concentration in the leaf and petiole tissues.  Jones (1979) 

reported yield responses to P addition of a single cultivar grown on soils with a range of pre-existing 

P levels. Those soils with low P status gave significant yield responses compared to those of higher 

status, but the results were not consistent across the 18 locations covered and could not account for 

the observed variations. Rashid and Waithaka (1985) speculated that differences in growing seasons 

(wet and dry) were the cause of the difference in storage root yield and biomass in response to P 

fertilizer. Montanez et al. (1996) studied the response of three cultivars of sweet potato exposed to 

soluble and non-soluble P fertilizer sources. Two cultivars had superior ability to access P from 

soluble triple superphosphate (TSP), the insoluble Gafza rock phosphate and at no P supply, whereas 

the third cultivar had a very limited ability to take up P in all treatments. They lacked evidence to 

show what was causing such differences. Kanua (1998) suggested differences in adaptation 

mechanisms could be the probable reason for storage root yield difference between one local cultivar 

and two others, all exposed to three rates of P fertilizer, but again lacked the evidence to identify any 

specific adaptation traits.    

While all of these studies have demonstrated differences among cultivars, they do not identify specific 

traits (such as modified root morphology, exudation of organic acids, and colonisation by AMF or 



PUE) to further elucidate this phenomenon. Therefore, the aim of this study was to examine how root 

traits important for P uptake in three sweet potato cultivars selected to represent three ecologically 

different growing environments, respond to varying P supply. We hypothesised firstly that 

morphological, physiological and symbiotic root traits associated with P uptake would change in 

response to soil P level, with a higher exudation of organic acids, higher colonisation of root length by 

AMF, and increased SRL with a large RMF and reduced ARD at low P supply. Secondly, we 

hypothesised that these responses would vary among the cultivars.     

 

Methods and Materials 

We assessed the response of three sweet potato cultivars planted in soil of intrinsic low P status to 

seven levels of phosphorus (P). 

1. Sweet potato cultivar selection  

The three sweet potato cultivars used in this experiment, Beauregard, Tambul Mai and Whagi Besta 

each represent an important environment where sweet potato is grown. Beauregard is a commercial 

cultivar used in the United States, Australia and other parts of the developed world and is commonly 

used as a standard in sweet potato research (Villordon et al. 2014). Tambul Mai and Whagi Besta are 

grown only in the tropical climate in Papua New Guinea (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 and Harwood 2009). Within PNG, Tambul Mai is grown in the 

higher, cooler altitude region of PNG (> 1800 m) and Whagi Besta is grown in the mid-altitude 

regions (600 to 1600 m). The planting material of these cultivars were sourced as cuttings from 

pathogen-tested plants maintained in a screen house nursery at Gatton Research Station in 

Queensland, Australia. These cuttings were further multiplied in a glasshouse at the University of 

Western Australia for 4 months to generate enough cuttings for use in the experiment.  

2. Soil selection and collection 

A sandy loam surface soil known to be of low P status was collected from an unfertilized block of 

remnant native vegetation at the University of Western Australia’s Future Farm, approximately 11 km 

north west of Pingelly, Western Australia (50 497694.06 E; 6404729.04 S) on 8th March 2016. 

Grassy vegetation was removed and soil to 10 cm depth was dug, sieved (2 mm) on site into 

galvanised buckets and stored at room temperature for 42 days before use. Soil was not pasteurised 

and, therefore, contained indigenous populations of microbes including arbuscular mycorrhizal fungi 

(AMF).  



Soil analysis 

A sub-sample of the sieved soil was sent to CSBP’s Soils & Plant Analysis Laboratory, Bibra Lake, 

Western Australia for analysis. Results are shown in Table 1. 

Table 1. The chemical properties of the soil used in the P response experiment. 

Character Value 

Colour BRGR 

Gravel 0 % 

Texture 1.5 

Conductivity  0.041 dS m-1 

pH (CaCl2) 5.3 

pH (H2O) 6.1 

Organic carbon 1.8 % 

Ammonium-nitrogen 7 mg kg-1 

Nitrate-nitrogen 15 mg kg-1 

Phosphorus  (Colwell) 5 mg kg-1 

PBI (P buffering index) 55.8 

Potassium (Colwell) 89 mg kg-1 

Sulphur 2.8 mg kg-1 

Boron hot 0.20 mg kg-1 

DTPA Copper 0.21 mg kg-1 

DTPA Iron 11.56 mg kg-1 

DTPA Manganese 6.47 mg kg-1 

DTPA Zinc 0.41 mg kg-1 

Exc. Aluminium 0.138 meq 100 g-1 

Exc. Calcium 2.94 meq 100 g-1 

Exc. Magnesium 0.33 meq 100 g-1 

Exc. Potassium 0.23 meq 100 g-1 

Exc. Sodium 0.09 meq 100 g-1 

DTPA = diethylenetriaminepentaacetic acid, (chelating agent) 

BRGR = Brown Grey 

   

3. Experimental design 

The experiment was established on 17th May 2016 in a well-lit temperature-controlled glasshouse. 

Black polystyrene round pots 12 cm in diameter and 17 cm in height were used. P rates (in mg kg-1 of 



soil) of 0, 10, 20, 40, 60, 120 and 360 were used based on work by Dowling et al. (1995) which 

calculated 48 kg ha-1 P to confer 90% of maximum yield.  These P rates were randomly allocated to 

each pot planted with one plant of the three sweet potato cultivars. The experiment was a completely 

randomised block design with three replications. Replicates were staggered and planted on 

consecutive weeks to allow enough time to harvest at the end of the experiment.     

a. Soil potting and watering 

Transparent bags (20 cm x 44 cm) filled with 2.16 kg of soil were placed in each pot. The bags were 

used to ensure soil could be removed with minimal disturbance to the rhizosheath. The pots and the 

transparent bag were gently tapped to remove air spaces. Water was added to 60% field capacity for 

each pot by watering to weight overnight before planting. Nutrients (see below) were added to the soil 

surface in stock solutions before increasing water to field capacity; soil water content was then 

maintained at 75 %. Seven days prior to harvest, soil water content was reduced to 50% field capacity 

in an attempt to facilitate sampling of the soil attached to roots (i.e. rhizosheath). 

b. Stem cutting and planting 

Stems of similar diameter were selected for each cultivar and cuttings of equal length between two 

nodes were taken, with the nodes included. The nodes selected were in positions 9-13  counting from 

the tip as shown in Ma et al. (2015). The cuttings were prepared and kept at room temperature 

wrapped in wet paper towels for 24 hours. The fresh weight of each stem cutting was recorded before 

planting. A single cutting was planted in each pot, with one node placed 3 cm deep in the soil.  

c. Nutrient treatment application 

All P treatments, and other basal nutrients at rates recommended for sweet potato in O'Sullivan et al. 

(1997), were supplied in stock solution 6-7 days after stem cuttings were planted. Only nutrients that 

were indicated as likely to limit growth by the soil test results were applied. We aimed to create seven 

P levels of 0, 10, 20, 40, 60, 120 and 360 mg kg-1 through application of 0, 44, 88, 176, 263, 526, 

1579 mg kg-1 of KH2PO4. The basal nutrients were applied as 60 mg kg-1 of CuSO4.5H2O to achieve 

the rate of 15 mg Cu kg-1, 66 mg kg-1 of ZnSO4.7H2O for 15 mg Zn kg-1 and 115 mg kg-1 of NH4NO3 

for 40 mg N kg-1. Only ammonium nitrate was reapplied, 15 days after planting, to assist healthy 

growth. 

d. Maintenance 

Three vine cuttings that did not sprout were replaced. Watering to weight using deionised water was 

performed weekly, together with re-randomisation of pots. Yellow sticky traps were placed in each 

replicate to control insect pests and evaporation was minimised by placing a layer of plastic beads on 



the soil surface. Weeds were removed manually. Temperatures recorded inside the glasshouse were 6-

10 oC in the night and 18-25 oC in the day during the trial period. The lowest temperature recorded 

was towards the end of the experiment. 

e. Harvest  

Harvesting commenced 84 days after planting on 8th August 2016 when the plants showed clear 

aboveground growth differences. One replicate was harvested each week for three consecutive weeks. 

A day before harvest of each replicate, the plastic beads were removed. At harvest the transparent 

plastic bags with plants inside were lifted out of the pots. The plastic bags were cut and removed, 

exposing the plant but keeping the roots and soil intact.  

f. Organic acid sampling and measurement 

The root system was gently teased from the bulk soil and gently shaken. As all three cultivars had 

formed very little rhizosheath and had very little soil adhering to the roots we chose the trap solution 

technique to sample organic acids, as described by Kidd et al. (2018). Briefly, once the soil attached 

to the roots was brushed off, the unwashed root system of the whole plant, with shoot still attached, 

was immediately placed in a 100 ml beaker.  The minimum volume of 0.2 mM CaCl2 solution 

required for roots to be fully immersed was added and the volume noted.  After 15 minutes of 

immersion, 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 HPLC vial 

containing 25 µl of orthophosphoric acid to three-quarters full with the filtrate.  Vials were capped 

and transferred to an ice-filled esky before storage at -20 oC.  

The solutions were analysed for common organic acids using High Performance Liquid 

Chromatography (HPLC) as described by Cawthray (2003) except for oxalate, where the method of 

Uloth et al. (2015) was followed. Measured values of all organic acids were compared to their known 

limit of detection being (µmol), citrate 5, oxalate 8, malate 7, acetate 24, fumarate 0.06, malonate 8, 

maleate 0.05, succinate 15, shikimate 0.015, cis-aconitate 0.1 and trans-aconitate 0.1. Values below 

these limits were considered zero. These values were expressed as amount exuded per cm of root 

length per hour (nmol cm-1 hr-1).     

g. Root scanning 

Plants removed from the CaCl2 solution were washed in water. The root system was excised at the 

root/shoot interface, wrapped in paper towel, sealed in a zip lock bag and stored at 4 oC. There were 

no storage roots formed for most cultivars and as there was a lack of distinct difference between 

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



day later the roots were removed from cold storage, taken out of the plastic and floated in a tray of 

water. They were then scanned to determine root length, diameter and volume using an Epson 1680 

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

h. Wet and dry weights 

After scanning, the lateral roots were subsampled, and the subsample weighed and stored in 50% (v/v) 

ethanol for later assessment of colonisation by AMF. The remaining lateral roots were weighed, 

placed in paper bags and dried at 60 oC for 3 days. Lateral root dry weights were recorded and roots 

finely ground using an electric kitchen grinder for P digestion. Aboveground, the original stem cutting 

was separated from the new growth of stems and leaves (new shoots) that sprouted from the stem 

cutting after planting. Fresh weights of stem cuttings and new shoots were recorded, then they were 

placed in brown paper bags and oven-dried for 3 days at 60 oC. Dry weights of stem cuttings and new 

shoots were recorded before grinding for P digestion. Samples of stem cuttings before planting had 

also been weighed, dried and ground for P digestion.   

i. Tissue P analysis 

The ground samples were digested in a 3:1 HNO3:HClO4 acid solution. Total P concentrations were 

measured by colourimetry with a microplate reader using the molybdovanadophosphate yellow 

method (Motomizu et al. 1983). The P contents were calculated from P concentrations as a proportion 

of their dry weights. The internal P-utilisation efficiency (PUE), which is the biomass produced per 

unit P accumulated in that tissue (Rose and Wissuwa 2012), was calculated for the new shoots as 

follows; 

New shoot PUE (g mg-1) = new shoot DM (g)/new shoot P content (mg).  

j. Mycorrhiza assessment 

The lateral root subsamples were cleared with 10% KOH in a water bath at 90oC for 45 minutes and 

stained in a 5% (v/v) Schaeffer blue ink and vinegar solution in a water bath at 90oC for 5 minutes. 

Stained roots were stored in lacto-glycerol (1:1:2 (v/v/v/) lactic acid, deionised water, glycerol) 

(Vierheilig et al. 1998). The percentage of root length colonised by AMF was assessed using the 

gridline intersect method with at least 100 intersects assessed per sample (Giovannetti and Mosse 

1980). 

4. Root morphology 

The fresh weight of lateral roots sampled for AMF and the dry weight of the remainder of the root 

system were used to calculate the dry weight of subsample used for assessment of colonisation by 

AMF and, thereby, to calculate the total dry weight of the root system. Total dry weight of the root 



system was used to calculate root mass fraction (RMF), the proportion of root dry weight relative to 

total plant dry weight. Specific root length (SRL) was calculated as the root length per unit of root dry 

weight and root tissue density (RTD) as the ratio of root dry weight to root volume. Note that root 

swelling consistent with storage root formation was observed in only one plant. 

5. Data analysis 

The data from the variables measured, except for organic acids, were checked for normality and a 

small number of outliers removed before a general two-way analysis of variance (ANOVA) was 

undertaken using GenStat 15.2 (Lawes Agricultural Trust, Rothamsted Experimental Station, UK, 

2012) with P level and cultivar, and their interaction, as factors. The LSD was calculated for P=0.05. 

Graphs were generated using SigmaPlot version 12 (Systat Software Inc.).    

 

Results 

1. Plant growth  

All three sweet potato cultivars increased growth as P level increased (Figure 1). Tambul Mai had 

higher total dry mass (DM) (Figure 1A) and new shoot DM (Figure 1B), while Whagi Besta had 

higher lateral root DM (Figure 1C). Beauregard had low new shoot and lateral root DM across all P 

levels.  

There was an interaction between P level and cultivar for total, new shoot and lateral root DM, and 

RMF (Figure 1D). Increases in growth varied with level of P for each cultivar. For Beauregard, the 

increases in total and new shoot DM were notable when P level increased from 60 and 120P, and for 

lateral root DM between 40 and 60P. Tambul Mai increased total DM between 10 and 20P, and new 

shoot and lateral root DM between 40 and 60P. Whagi Besta increased total and new shoot DM 

between 60 and 120P, and lateral root DM from 20 to 40P. When P level increased three-fold from 

120 to 360P, Tambul Mai and Whagi Besta continued to increase new shoot DM, but not the lateral 

root DM, while Beauregard maintained a steady low new shoot DM, but increased lateral root DM.  

The RMF of all the cultivars varied little as P level increased, with Beauregard having a higher RMF 

across all P levels followed by Whagi Besta and Tambul Mai (Figure 1D). Between 120 and 360P, 

Whagi Besta alone decreased RMF due to a relatively greater increase in new shoot DM than the 

other two cultivars, coupled with little change in lateral root DM. 



 

Figure 1. Effect of seven levels of applied phosphorus  (0, 10, 20, 40, 60, 120, and 360 mg P kg soil-1) 

on (A) total (new shoot, stem cutting and lateral root), (B) new shoot (new growth of stem and leaf ) 

and (C) lateral root  dry mass (DM), and (D) root mass fraction (RMF), of three sweet potato cultivars 

grown for 84 days in a low-P field soil (mean ± se, n=3). There was an effect of P level and cultivar 

on total (P<0.001, P<0.001), new shoot (P<0.001, P<0.001) and lateral root (P<0.001, P<0.001) DM, 

and RMF (P<0.001, P<0.001). A P level x cultivar interaction occurred for total (P<0.003, 

LSD=0.56), new shoot (P<0.001, LSD=0.32) and lateral root (P<0.001, LSD=0.17) DM, and RMF 

(P<0.001, LSD=0.036).   

  

2. Root morphology 

There was no interaction between P supply and cultivar for total root length (TRL) and average root 

diameter (ARD). However, the TRL of the cultivars increased as P supply increased. Beauregard had 

a much lower TRL than both Tambul Mai and Whagi Besta, particularly below 120P (Figure 2A). 

The ARD did not differ among cultivars and was unresponsive to P level (Figure 2D). There was an 

interaction between P supply and cultivar for specific root length (SRL) and root tissue density 
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(RTD). Whagi Besta displayed a hint of a decreasing trend in SRL (Figure 2B) and Tambul Mai had 

similar trend with RTD (Figure 2C) as P level increased, while Beauregard kept a steady high RTD 

between 60P and 360P.  

Root hairs were not measured, but it was observed when assessing colonisation by AMF that they 

were sparse and short. 

 

  

Figure 2. Effect of seven levels of applied phosphorus (0, 10, 20, 40, 60, 120, and 360 mg P kg soil -1) 

on (A) total root length (TRL), (B) specific root length (SRL), (C) root tissue density (RTD) and (D) 

average root diameter (ARD) of three sweet potato cultivars grown for 84 days in a low-P field soil 

(mean ± se, n=3). There was an effect of P level and cultivar on TRL (P<0.001, P<0.001), SRL 

(P<0.001, P<0.001) and RTD (P<0.001, P<0.001). There were interactions between P level and 

cultivar for SRL (P<0.001, LSD=2.92) and RTD (P<0.001, LSD=0.02). 
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3. Tissue phosphorus concentrations  

The P concentration of all cultivars in the new shoots, stem cuttings and lateral roots changed little as 

P supply increased from 0P to 60P before increasing after 60P for Beauregard and greatly increasing 

beyond 120P for all three cultivars. At 360P, the new shoot P concentration of each cultivar was 

around twice that at 120P and differed among the three cultivars. The P concentration of the stem 

cuttings showed a similar response to new shoot P concentration and differed among cultivars at the 

highest P level (360P). The P concentration of the lateral roots also showed a similar response to P 

level, but there was no effect of cultivar. 

The P concentrations pre and post planting (0P) of stem cuttings used as planting materials were also 

recorded. The results indicate a slight reduction in stem cutting P concentration over the course of the 

experiment (Figure 3, caption). At harvest, stem cutting P concentration at 0P had been reduced by 

3% for Beauregard, 16.5% for Whagi Besta and 16% for Tambul Mai.  

 

4. Tissue P content 

Whole plant tissue P content for all cultivars increased with P level (Figure 4), but no interactions 

occurred between cultivar and P level for total, new shoot, lateral root, and stem cutting P content. 

New shoot P content varied with both P level and cultivar (Figure 4B). Tambul Mai accumulated most 

new shoot P (1.75 mg) and Beauregard the least (0.76 mg). Lateral roots had a low P content (Figure 

4C) compared to the new shoots (Figure 4B) and were affected by P level and cultivar. Both Whagi 

Besta and Tambul Mai maintained a higher lateral root P content compared to Beauregard. The P 

content in the stem cuttings (Figure 4D) was very low compared to both new shoot and lateral root 

content (Figure 4B and C) and varied with P level. As with new shoot and lateral root P content, the 

most notable change in stem cutting P content was between 120P and 360P. Tambul Mai maintained 

the highest stem cutting P content, followed by Whagi Besta and Beauregard. 

When the P content of new shoots, stem cuttings and lateral  roots were combined (total plant P 

content) (Figure 4A), the trend was very similar to that of new shoot P content (Figure 4B) with an 

effect of P level and cultivar. The mean total plant P content for the cultivars almost doubled between 

120P and 360P with Tambul Mai highest and the Beauregard lowest.  

 



 

Figure 3. Effect of seven levels of applied phosphorus (0, 10, 20, 40, 60, 120, and 360 mg P kg soil -1) 

on P concentration in (A) new shoots (new growth of stem and leaf), (B) stem cuttings (i.e. the stem 

cutting used at planting) and (C) lateral roots of three sweet potato cultivars grown for 84 days in a 

low-P field soil (mean ± se, n=3). There was an effect of P level on P concentration in the new shoots 

(P<0.001), stem cuttings (P<0.001) and lateral roots (P<0.001). A cultivar effect was found for P 

concentration in the new shoots (P<0.001) and stem cuttings (P<0.001). There was an interaction 

between P level and cultivar for P concentration in the new shoots (P<0.001, LSD=0.263) and stem 

cuttings (P=0.009, LSD=0.164). Average P concentrations of stem cuttings before planting (and in the 

0P treatment at harvest) were: Tambul Mai= 0.92 (0.67), Whagi Besta =0.93 (0.64) and Beauregard = 

0.78 (0.77) (mg g-1 DM). 
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Figure 4. Effect of seven levels of applied phosphorus (0, 10, 20, 40, 60, 120, and 360 mg P kg soil -1) 

on P content in (A) total, (B) new shoot (i.e. new growth of leaf and stem), (C) lateral root  and (D) 

stem cutting (i.e. the stem cutting used at planting) of three sweet potato cultivars grown for 84 days 

in a low-P field soil (mean ± se, n=3). There was an effect of P level and cultivar on P content in total 

(P<0.001, P<0.001), new shoot (P<0.001, P<0.001), lateral root (P<0.001, P=0.002) and stem cuttings 

(P<0.001, P=0.042). No interactions occurred among P level and cultivar. 

 

5. Shoot P use efficiency and arbuscular mycorrhizal fungal colonisation 

Shoot PUE 

The shoot P use efficiency (PUE) of the three sweet potato cultivars decreased as P level increased 

(Figure 5A). There was an interaction between P level and cultivar with Tambul Mai having a higher 

shoot PUE than the other cultivars at the lower P levels.    
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Colonisation by AMF  

There was an initial increase in the percentage of root length colonised by AMF between 0P and 10P, 

but colonisation mostly then decreased steadily above 10P in all three cultivars (Figure 5B). There 

was an interaction between P level and cultivar as Whagi Besta had higher colonisation than the other 

two cultivars at lower P levels. 

 

Figure 5. Effect of seven levels of applied phosphorus (0, 10, 20, 40, 60, 120, and 360 mg P kg soil -1) 

on (A) shoot phosphorus use efficiency (PUE) and (B) percentage of root length colonised by 

arbuscular mycorrhizal (AM) fungi for three sweet potato cultivars grown for 84 days in a low-P field 

soil (mean ± se, n=3). There was an effect of P level (P<0.001) and cultivar (P<0.001) on shoot PUE 

with an interaction between P and cultivar (P<0.001, LSD=0.17). There was a P (P<0.001) and 

cultivar (P<0.001) effect on colonisation by AMF with an interaction between P and cultivar 

(P<0.001, LSD=2.45). 
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6. Root organic acid exudation 

The rate of exudation of each detected organic acid from the roots often differed with cultivar and P 

level (Figure 6). Oxalate was the dominant organic acid exuded by Beauregard, comprising up to 88 

% of the measured organic acids exuded. In contrast, in Tambul Mai and Whagi Besta, oxalate was 

40-50 % of the measured organic acids exuded, with a commensurate increase in mostly malate but 

also citrate. There was a weak interaction between P level and cultivar (P=0.05) for malate only. 

Tambul Mai and Whagi Besta exuded more malate than Beauregard with almost the same exudate 

composition at every P level. Higher malate exudation rates were found in Tambul Mai and Whagi 

Besta at 40P, 60P and 120P, while much lower rates were found at 0P, 10P, 20P and 360P. There was 

a moderate effect of cultivar (P=0.02) for oxalate exudation rate, being higher for Beauregard than the 

other cultivars. P level had no effect. The rate of citrate exudation was affected by both cultivar and P 

level. The citrate exudation rate from Whagi Besta was slightly higher than Tambul Mai and 

Beauregard. The mean citrate exudation rate did not vary between 0P and 120P but then decreased 

between 120P and 360P. Only trace amounts of fumarate were recorded, but these differed among 

cultivars with Tambul Mai highest and Beauregard lowest. There was no effect of P level. 

 

Discussion 

The aim of this study was to examine root traits important for P uptake in three sweet potato cultivars 

in response to increasing P supply in a low P soil.  Our results provide some useful, and unexpected, 

insights into the strategies employed by sweet potato to enhance P uptake and enable high P use 

efficiency (PUE) in low P conditions. In particular, it was evident that sweet potato makes little 

change to root morphological traits when P is limited, and also does not increase the rate of exudation 

of organic acids. Very few storage roots were observed due to low temperatures (6-10oC) during the 

study period (Nawale and Salvi 1983) and therefore discussion related to storage root yield are 

excluded.  Sweet potato, at low P supply (0P), has a remarkable ability to maintain low internal tissue 

P concentration, enabling a high PUE, and it also maintains a high proportion of its root length 

colonised by arbuscular mycorrhiza fungi (AMF). Hence, our first hypothesis was only partly 

supported and our second, that responses would vary among cultivars was, mostly, rejected. The 

following discussions also highlight a few unexpected insights on how sweet potato is able to use P to 

sustain its growth in limited P conditions, specifically its remarkable ability to maintain constant, low, 

internal P concentration and the differences in internal P use among the cultivars.  

 



 

 

Figure 6. The effect of seven levels of applied phosphorus (0, 10, 20, 40, 60, 120, and 360 mg P kg 

soil-1) on the composition of organic acids exuded by roots of three sweet potato cultivars grown for 

84 days in a low-P field soil (mean ± se, n=3). There was an effect of P level on malate (P<0.001) and 

citrate (P=0.006). An effect of cultivar was found for oxalate (P= 0.020), citrate (P=0.011), malate 

(P<0.001) and fumarate (P<0.001). There was an interaction between P level and cultivar for malate 

(P=0.048, LSD=2.32).  
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Increased growth despite the constant internal P concentration 

Within the 84 days of growth, all three cultivars of sweet potato accumulated DM as P supply 

increased from 0P to 120P (Figure 1), but their corresponding internal P concentrations remained 

almost unresponsive (Figure 3). Since there was little difference among cultivars, the average values 

will be used in this discussion instead of making reference to individual cultivars.  

The average shoot DM of the cultivars increased by 72% from 0.56 to 1.98 g when the supplied P 

increased from 0 to 120 mg P kg-1 soil. Yet the corresponding shoot P concentration only increased by 

less than 40% from 0.64 to 1.05 mg P g-1 DM. The P concentrations in the new shoots, stem cuttings 

and roots only increased greatly after P supply tripled from 120 to 360 mg P-1 kg. In a previous study 

under almost identical circumstances to our study, but with a different plant species, Jeffery et al. 

(2017) showed the response of P concentrations in pasture legumes were contrary to our findings. The 

P concentration in shoots and roots of six Trifolium subterranean cultivars increased instantly as P 

supply was increased from 0 to 60 mg P-1 kg soil. In that study, the shoot DM trebled from 0.18-0.25 

g to 0.62-0.75 g from 0P to 60P and the corresponding shoot P concentration also trebled from  0.7-

1.0 to 3.0-4.1 mg P g-1 DM. Similar large responses were also reported for grass species (Yang et al. 

2017) and crop species such as cabbage and potato (Dechassa et al. 2003). These results indicate that 

sweet potato has a distinctive response to low P conditions, that is, by maintaining a constant low P 

concentration and resorting to some other means of internal adjustment to sustain its growth. Our 

results corroborate two other studies. Nicholaides et al. (1985) used 5 rates of P that ranged from 0 to 

47 kg ha-1 and reported P concentrations in leaves and petioles that varied between 2.6 to 2.7 mg P g-1 

DM in a site that had P status of 30 mg P kg-1. A similar trend was also reported for a second site with 

a P status of 16 mg P kg-1. Djazli and Tadano (1990) compared tolerance of sweet potato and potato 

(Solanum tuberosum) in low P soils and concluded that sweet potato can maintain a constant internal 

P concentration in its shoot tissue to sustain its growth for longer periods than potato.   

The fact that sweet potato can maintain a constant low internal P concentration, diminishes the 

urgency for it to invest its carbon resources to modify root morphological traits necessary for 

enhancing P uptake. Our findings showed that the three sweet potato cultivars exhibited no distinct 

changes in root traits that enhance P acquisition under low P such as increases in specific root length 

and root mass fraction (Lynch 1995; Lynch and Brown 2008), reduced average root diameter and root 

tissue density (Crush et al. 2008) or production of longer or more frequent root hairs (Föshe et al. 

1991) . Only the total root length positively responded to P supply, which  Mollier and Pellerin (1999) 

have described as an exploratory response. Many other crop species modify these root traits to 

enhance P uptake under low P conditions (Fernandes et al. 2014; Fernandez and Rubio 2015; Föshe et 

al. 1988). Our results suggest that sweet potato instead relies on internal P reserves from the planting 

materials (stem cuttings or seed tubers) as observed in other tropical tuberous species early in growth 



(Nadeem et al. 2013; Veneklaas et al. 2012) and has a low physiological requirement for P. This is 

indicated by a slight reduction in average P concentration from the stem cuttings at harvest compared 

to pre-planting concentrations found in all cultivars, especially the two from PNG. Our results could 

be interpreted to mean that sweet potato delays the need to develop the ability to scavenge for P, when 

the P supply in the soil is low, by maintaining low internal tissue P concentrations for as long as 

possible and then taking up P again whenever P supply in the soil solution improves. Sweet potato 

appears to store its carbon resources for starchy storage root production instead of investing in root 

morphological adaptations. 

 

Potential changes in colonisation by AMF, exudation of organic acids and critical P 

concentration among the cultivars     

Root colonisation by AMF 

AMF were not included as a separate treatment but use of an unsterilized field soil allowed 

opportunistic assessment of colonisation of lateral roots by an indigenous community of AMF. Sweet 

potato is known to have strong symbiotic relationship with AMF which assists P uptake and likely 

aids tolerance to other edaphic stresses (O'Keefe 1989; O'Keefe and Sylvia 1992; Yano and Takaki 

2005). The roots of all cultivars used in our study were profusely colonised by AMF. The percentage 

of root length colonised was highest at 10P, rather than at 0P, but diminished steadily thereafter as P 

levels were further increased (Figure 5B). This is a typical response for AMF (Jeffery et al. 2017) and 

indicates that colonisation is maximal over a distinctive P range, which is not necessarily the lowest P 

status in the soil. Although the cultivars showed some differences in root length colonised by AMF, 

with Tambul Mai consistently at higher levels than Whagi Besta and Beauregard, the differences were 

not sufficient to conclude that indigenous species of AMF aided the growth of Tambul Mai more than 

Whagi Besta and Beauregard, as no detailed investigation of AMF was undertaken (Mulongoy et al. 

1988; O'Keefe and Sylvia 1992).     

Exudation of organic acids 

Plants exudate a range of organic acids from the roots under normal growing conditions but, often, 

more so under nutritional stress such as low plant available P in soil (Marschner et al. 1986). 

Exudation rates of organic acids from sweet potato roots were recorded for the first time in this study. 

The organic acids exuded were oxalate, citrate, malate and fumarate.  While the exudation rates of 

these four organic acids varied among the cultivars, only malate and citrate were affected by P level, 

with a weak interaction between P level and cultivar for malate due to higher exudation by Tambul 

Mai and Whagi Besta at intermediate P levels. These two cultivars are mainly cultivated in acidic 



tropical soils so their ability to exude higher malate levels might be expected. Oxalate was the 

dominant organic acids exuded from Beauregard. Exudation of oxalate is instigated with increased 

aluminium (Al) levels in the soil and may not necessarily relate to P stress.  The soil used in the 

present study did not have a sufficiently low pH to cause Al3+ to occur in solution (Table 1), but had 

an intrinsically very low level of available P that may have been the cause of oxalate exudation  (Ma 

2000; Ma and Miyasaka 1998). The rates of exudation of these organic acids were lower than those of 

known high exuding plant species (Chen et al. 2013; Krishnapriya and Pandey 2016), but the fact that 

sweet potato can exude organic acids is a positive trait that could be manipulated to enhance P uptake 

(Raghothama and Karthikeyan 2005). Citrate and malate alter rhizosphere chemistry to chelate with 

Al3+, Fe3+ and Ca2+ and displace bound P and mobilise P that would otherwise be unavailable to 

plants (López-Bucio et al. 2000; Ramaekers et al. 2010).  

Cultivars differed in critical P concentrations that affected growth 

The two cultivars selected from Papua New Guinea, Tambul Mai and Whagi Besta, grew better than 

the standard international cultivar, Beauregard, and the increase in growth also varied with P levels 

for each cultivar. Tambul Mai and Whagi Besta showed multiple growth responses to different P 

levels, even when P was tripled from 120 to 360P.  Beauregard, in contrast, had a single growth 

response between 60 and 120P and maintained low growth. The increase in lateral root DM with 

higher RMF and RTD of Beauregard at higher P levels were probably related to increased cambial 

activity initiating storage root development (Villordon et al. 2009) which had likely been delayed due 

to low night temperatures (Nawale and Salvi 1983). The behaviour of these cultivars clearly reflects 

the environment they represent. Tambul Mai and Whagi Besta have evolved for cultivation in a P 

impoverished environment and therefore seem to reflect a better adaptation ability. Beauregard is 

widely used commercial cultivar bred specifically for a high input system and seems to have partly 

lost some traits that would assist its growth in a low P environment.  

The critical range of P concentration for sweet potato is recorded as 1.7 to 2.2 mg P g-1 DM in fully 

expanded leaf tissue (Reuter 1997). Deficiency symptoms will appear when P concentrations drop 

below this range (O'Sullivan et al. 1997). All three cultivars used in our study had reached their 

critical P concentration above 120P. However the responses to P concentration differed among the 

cultivars in the reverse order to their growth responses. For example, at 360P the P concentrations in 

new shoot, stem cutting and lateral roots in Beauregard were higher than the PNG cultivars, despite its 

low new shoot and lateral root DM. Beauregard surpassed the critical P concentrations at lower P 

supply than Whagi Besta and Tambul Mai. This implies that cultivars of sweet potato have different 

specific P requirements to achieve the critical P range needed for maximum crop yield.  

Since this study is the first of its kind for sweet potato, it raises the potential for selection of cultivars 

based on lower P requirement for cultivation in low P soils. To date, most breeding and selection of 



sweet potato has focussed on identifying cultivars that are adapted to high input commercial 

production systems. This paper suggests there is potential for deliberate selection of cultivars with a 

much lower critical P value for sustainable household production in acid tropical soils, leading to 

improved P management of sweet potato in the future (Manschadi et al. 2014).     

Conclusion 

Contrary to many other studies of cultivated species, this study indicates that sweet potato is a crop 

that does not rely on any specialised root morphology to acquire P in low P-status soils, but relies on 

efficient internal P use to sustain growth.  We found potential differences in root traits and other 

attributes among the three cultivars in response to level of P supply and conclude that more work is 

needed to better understand the role of organic acids and AMF in P acquisition and select for cultivars 

that have these traits for cultivation under low P conditions. 
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