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Abstract 31 

Aims 32 

Non-mycorrhizal species such as Banksia (Proteaceae) that depend on root exudates to acquire 33 

phosphorus (P) are prominent in south-western Australia, a biodiversity hotspot on severely P-34 

impoverished soils. We investigated the consequences of an exudate-releasing P-mobilising 35 

strategy related to control of iron (Fe) acquisition in two Banksia species, B. attenuata R.Br. 36 

and B. laricina C. Gardner, that differ greatly in their geographical distribution and rarity.  37 

 38 

Methods 39 

We undertook solution culture experiments to measure root-mediated Fe reduction (FeR) in 40 

non-cluster and cluster roots at four stages of cluster-root development, and whole root systems 41 

for plants grown at 2 to 300 µM Fe (as Fe-EDTA). As a positive control, we used Pisum sativum 42 

(cv. Dunn) to validate the FeR assay. 43 

 44 

Results 45 

Unlike typical Strategy I species, both Banksia species showed no significant variation in FeR, 46 

for either cluster or non-cluster roots, when grown at a wide range of Fe supply. For roots of 47 

different developmental stages, we measured a range for B. attenuata cluster roots of 0.13±0.03 48 

to 1.29±0.14 µmol Fe3+ reduced g-1 FW h-1 and 0.56±0.11 to 1.10±0.24 µmol Fe3+ reduced g-1 49 

FW h-1 in non-cluster roots. Similarly, for B. laricina cluster-roots, FeR ranged from 0.22±0.07 50 

to 1.21±0.37 µmol Fe3+ reduced g-1 FW h-1, and in non-cluster roots from 0.56±0.11 to 51 

0.71±0.08 µmol Fe3+ reduced g-1 FW h-1. We also observed only minor differences for whole-52 

root system FeR, and even though B. attenuata showed signs of leaf Fe deficiency in the 2 µM 53 

Fe treatment, its FeR was the lowest of both species across all treatments at 0.079±0.009 µmol 54 

Fe3+ reduced g-1 FW h-1, compared with the fastest rate of 0.20±0.014 µmol Fe3+ reduced g-1 55 

FW h-1 for B. laricina in the 28 µM Fe treatment. Taking plants through a pulse from low to 56 

high Fe, then back to low Fe supply did not elucidate any significant response in FeR. 57 

 58 

Conclusions 59 

Although Fe acquisition is tightly controlled in the investigated Banksia species, such control 60 

is not based on regulation of FeR, which challenges the model that is commonly accepted for 61 

Strategy I species. 62 

 63 
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 68 

Introduction 69 

The South West Australian Floristic Region (SWAFR) is a 300,000 km2 area internationally 70 

recognised as a biodiversity hotspot, where the genus Banksia (Proteaceae) has high levels of 71 

endemism, with 90% of all Banksia species located in this region (Mast and Thiele 2007). In 72 

geological terms, the SWAFR is remarkable, being one of very few regions worldwide not 73 

affected by glacial activity since the Permian and been climatically buffered and mostly above 74 

sea level since well before the highest levels, 90 million years ago (Miller et al. 2005). The 75 

region has a Mediterranean climate with a stable and highly weathered landscape (Hopper and 76 

Gioia 2004). The resultant heavy leaching has created some of the world’s most nutrient-77 

impoverished soils (Lambers et al. 2010), coupled with an exceptionally high degree of plant 78 

diversity and endemism (Hopper and Gioia 2004).  79 

On the most phosphorus (P)-impoverished soils in the SWAFR, non-mycorrhizal Proteaceae 80 

species are a major component of the flora (Lambers 2014; Pate et al. 2001). These produce 81 

proteoid or cluster roots (Purnell 1960), that show high levels of root exudation (e.g., low-82 

molecular weight carboxylates; protons; phenolics; phosphatases) into the rhizosphere and 83 

enhance mobilisation and acquisition of P and micronutrients (Denton et al. 2007a; Shane and 84 

Lambers 2005a). There is abundant literature on the functioning of cluster roots in terms of P 85 

nutrition (Roelofs et al. 2001; Shane and Lambers 2005a); however, these carboxylate-86 

releasing roots also mobilise micronutrients such as iron (Fe), manganese (Mn), zinc (Zn) and 87 

copper (Cu) (Gardner et al. 1981; Jones and Darrah 1994; Lambers et al. 2020). Shane and 88 

Lambers (2005b) showed the concentration of Mn in old leaves of Hakea prostrata 89 

(Proteaceae), as well as that of Zn and to a lesser extent Cu, are closely correlated with the 90 

formation of cluster roots as dependent on P supply. Denton et al. (2007b), investigating nine 91 

Banksia species occurring in the SWAFR, measured carboxylate composition of root exudates 92 

and biomass of species grown in soil from their natural habitat as well as other soil types 93 

collected within the SWAFR. They reported the edaphically-restricted endemic, B. laricina C. 94 

Gardner, had the highest amount of rhizosphere carboxylates compared with eight other 95 

Banksia species, and showed poor growth on soils with higher oxalate-extractable or reactive 96 
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Fe compared with that when grown in soil from its natural habitat. However, for the most 97 

widespread of all Western Australian Banksia species, B. attenuata R.Br. with significantly 98 

lower amounts of rhizosphere carboxylates, no such trend was observed. This might indicate 99 

that B. laricina is adapted to soils with low Fe availability, but shows signs of leaf Fe toxicity 100 

when grown in soil with higher Fe availability, due to poor regulation of Fe reduction and/or 101 

uptake mechanism(s), similar to low-P adapted Proteaceae showing signs of P toxicity when 102 

grown with higher P availability (Handreck 1991; Hayes et al. 2019; Shane et al. 2004b). We 103 

tested this hypothesis by growing both Banksia species at a range of Fe concentrations in 104 

nutrient solution. Alternatively, Fe accumulation in B. laricina may have resulted from 105 

inhibition of growth on soil outside its own habitat, without Fe causing toxicity. 106 

There are two strategies among vascular plant species to acquire Fe, and these may also be 107 

used to acquire Cu, Mn and Zn (Cakmak et al. 1996; Guerinot 2000). Dicotyledonous and 108 

monocotyledonous non-graminaceous species use Strategy I for Fe acquisition (Kobayashi and 109 

Nishizawa 2012). Prior to active transport into the roots of Strategy I plants, Fe3+-chelates are 110 

reduced to Fe2+ (Chaney et al. 1972) and this reduction is considered to be primarily catalysed 111 

by a root plasma-membrane-bound Fe reductase (Bienfait et al. 1983). When Fe supply is 112 

insufficient, Strategy I plants upregulate their Fe reductase activity and to a far lesser extent Fe 113 

solubilisation and reduction via exudation of soluble reducing agents and chelators from roots 114 

into the rhizosphere; they also enhance efflux of protons (Bienfait et al. 1983; Ivanov et al. 115 

2012; Römheld and Marschner 1983) which aids the functionality of the root plasma-116 

membrane-bound Fe reductase. For Strategy I plants, activity of this root plasma-membrane-117 

bound reductase is thought to be the limiting step for Fe acquisition (Grusak et al. 1993; Zheng 118 

et al. 2003). Graminaceous plants use Strategy II to acquire Fe, where uptake of Fe3+ is 119 

achieved via release of strong ferric-chelating substances known as phytosiderophores 120 

(Kobayashi and Nishizawa 2012), followed by root uptake of a Fe3+-phytosiderophore 121 

complex. When Fe is limiting, Strategy II plants enhance the release of phytosiderophores, that 122 

are subsequently taken up across the plasma membrane into root cells, where Fe is reduced 123 

(Ma 2005; Marschner and Römheld 1994).  124 

For Banksia species, known for abundant root exudation to aid nutrient acquisition, release of 125 

reducing compounds such as phenolics, carboxylates and flavonoids into the rhizosphere also 126 

facilitates Fe reduction (Jin et al. 2007). Massive release of Fe-reducing compounds might 127 

readily lead to Fe accumulation and possibly toxicity symptoms in these species; however, such 128 
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symptoms have not been reported for either Proteaceae species or the cluster-rooted Lupinus 129 

albus (white lupin). This release of reducing compounds for Fe acquisition in Proteaceae 130 

species and species in other families with a similar strategy to acquire P, e.g., L. albus 131 

(Fabaceae), would perhaps offset the notion of plasma-membrane-based Fe reduction being the 132 

limiting step for Fe acquisition. We chose B. attenuata and B. laricina, because of their 133 

contrasting distributions, to investigate if the limiting step for their Fe acquisition is, indeed, 134 

root-mediated reduction of Fe3+. Based on data from Denton et al. (2007b), we hypothesised 135 

that B. laricina would not moderate FeR with increasing Fe supply, whereas B. attenuata would 136 

down-regulate FeR. We also hypothesised that mature clusters would have the fastest rates of 137 

Fe reduction of all root types, due to the additional reducing potential of the exudates during 138 

their exudative burst (Shane et al. 2004a). We proposed that the lack of FeR regulation in B. 139 

laricina would explain its limited geographical distribution. We conducted solution culture 140 

glasshouse experiments to test our hypotheses.  141 

 142 

Materials and Methods 143 

Plant growth and culture 144 

Banksia laricina is a woody non-lignotuberous shrub, 0.3-2 m high, found within a restricted 145 

range of only 35 km2 on sandy soils in the Moore River National Park, approximately 100 km 146 

north of Perth (Fig. 1) (DEC 2012). In contrast, B. attenuata is a lignotuberous shrub or tree 147 

0.4-10 m high, widespread throughout the 300,000 km2 SWAFR on white, yellow, brown or 148 

pale-red sand, sometimes over laterite, on sandplains and sand dunes (DEC 2012; Groom et al. 149 

2001) (Fig. 1). Fruiting cones of B. attenuata and B. laricina were collected from three 150 

locations within the Moore River National Park (115°50’ E, 31°50’ S), with seeds subsequently 151 

extracted from cones and grown as described in Denton et al. (2007b). Seeds were germinated 152 

in washed river sand before washing roots free of sand with quarter-strength nutrient solution.  153 

For solution-culture experiments, seedlings were transferred to 25 L black rectangular tubs, 154 

placed in root-cooling tanks at 15-17°C in a naturally-lit glasshouse at the University of 155 

Western Australia with daily temperature 12-28°C and daily maximum photosynthetically 156 

active radiation ranging from 1000 to 1700 µmol quanta m-2 s-1. Tubs initially contained 157 

quarter-strength continuously aerated nutrient solution (in µM): 100 NO3
-, 50 Ca2+, 50 K+, 38 158 
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SO4
2-, 14 Mg2+, 5 Cl-, 0.5 Fe-EDTA, 0.06 Mn2+, 0.02 Zn2+, 0.005 Cu2+, 0.6 H3BO3, 0.07 Mo4+ 159 

at pH 5.8 (Shane et al. 2004a). After two weeks at quarter-strength, nutrient solution was 160 

replaced by full-strength solution, supplemented with 1 µM soluble P as KH2PO4. After 16 161 

weeks at this level, Fe treatments were imposed, incorporating five levels of Fe-EDTA (µM); 162 

2, 28, 72, 150 and 300, and plants were subsequently grown for a further 14 months. Nutrient 163 

solution was changed weekly for first two weeks, twice weekly for following four weeks, then 164 

every second day for remaining duration of the experiment. Before nutrient solution changes, 165 

pH was measured and found to be 5.6±0.5. Each tub contained three replicate individuals of 166 

both species and there were three replicate tubs per treatment arranged in a randomised block 167 

design. 168 

As a positive control for FeR measurements, we also included pea (Pisum sativum, cv. Dunn), 169 

grown over the same range of Fe concentrations as above. Seeds were first imbibed in deionised 170 

water for 24 hours prior to germination in washed river sand. After 12 days, seedling roots 171 

were washed free of sand with quarter-strength nutrient solution and transferred to 25 L tubs 172 

(6 plants per tub) where they were grown for 4 weeks as detailed above for Banksia with the 173 

exception that nutrient solution was maintained at full strength for the duration of pea growth 174 

and changed twice weekly. 175 

Soil and leaf mineral analyses 176 

Chemical characteristics for six soils of the SWAFR presented and referenced in this paper 177 

were from published data provided in Denton et al. (2007b) with soil reactive Fe concentration 178 

([Fe]), based on oxalate extractable Fe described by Rayment and Higginson (1992). 179 

Mature fully-expanded leaves of both species in the 2, 72 and 300 µM Fe solution-culture 180 

experiment were sampled and then analysed as per Denton et al. (2007b).   181 

Cluster-root ages  182 

Compound cluster roots of Banksia have a ‘Christmas-tree’ like morphology, consisting of an 183 

assemblage of multiple cluster roots (Pate and Watt 2002; Shane and Lambers 2005a). Age 184 

classification from Shane and Lambers (2005a) for B. grandis was used in this study. Figure 2 185 

illustrates the four stages of cluster-root development we defined for both Banksia species: 186 

‘initiating’, indicating start of new cluster where branching from main axis just starting to 187 
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become prominent; ‘young’, root hairs appearing on branches of main roots; ‘mature’, where 188 

formation of numerous lateral roots and prolific root hairs results in dense cover; and 189 

‘senescing’, where root hairs had collapsed and cluster had lost its brilliant white colour and 190 

was browning off. 191 

Root and whole plant iron-reduction assay 192 

Iron reduction attributable to both root reductase and exudates was determined on excised roots 193 

(Chang et al. 2003; López-Millán et al. 2000) of Banksia and whole root systems of intact 194 

Banksia and pea plants, using the spectrophotometric determination of Fe2+  chelated with 195 

bathophenanthrolinedisulfonic acid (BPDS) (Grusak 1995). All roots were excised whilst 196 

submerged in nutrient solution then immediately transferred to well aerated wash solution 197 

consisting of nutrient solution minus Fe with 5 mM 2-(N-morpholino)ethanesulfonic acid 198 

(MES) buffered to pH 5.5 with 1 M KOH. For non-cluster roots of both Banksia species, five 199 

to eight individual root tips (the terminal 10 mm) per replicate plant comprising 4 to 15 mg 200 

fresh weight (FW) were combined per assay. For clusters at the four growth stages detailed in 201 

Fig. 2, excised specimens ranged 10 to 500 mg FW per assay. Samples were brought into a 202 

darkened laboratory and given a second wash for 10 min. The wash solution was replaced with 203 

known volume, typically 4-20 mL, of well aerated assay solution, consisting of nutrient 204 

solution in 5 mM MES at pH 5.5 supplemented with 200 µM Fe-HEDTA and 100 µM Na2-205 

BPDS. Both wash and assay solutions were fully aerated prior to use, with ratio of solution to 206 

root fresh weight always excessively in favour of solution to negate a reducing environment 207 

forming from root respiration. Samples were then placed onto an orbital shaker in the dark at 208 

ambient temperature for 2 h.  209 

For whole plant assays, the entire root system was washed twice as per above for excised roots. 210 

Plants were then bought to a laboratory and placed in beakers with measured amount of assay 211 

solution and incubated for 2 h with constant aeration. Plants returned to solution culture as part 212 

of the pulse experiment were first washed twice with the nutrient solution they were returning 213 

to. 214 

Non-enzymatic reduction of Fe attributed to root exudation was measured by omitting Fe-215 

HEDTA and BPDS from the assay solution for the 2 h incubation. After this time, all root 216 

material was removed before adding small aliquot of concentrated Fe-HEDTA and BPDS 217 
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solution to provide final concentration of 200 and 100 µM respectively. Samples were then 218 

placed in the dark and gently shaken for 20 min at ambient temperature.  219 

Rates of FeR were calculated by measuring absorbance of assay solutions at 535 nm with a 220 

Cary 3 UV/Vis spectrophotometer (Varian, Palo Alto, CA, USA) and using a molar extinction 221 

coefficient for Fe2+-BPDS3 of 22.14 mM-1 cm-1. Assay blanks were used to correct for auto-222 

reduction of Fe3+. Time-course studies on both excised and whole root systems of Banksia 223 

species showed a linear response in FeR over a minimum 3 h time span and 2 h for pea. 224 

Throughout this time period, assay [Fe] was never depleted by more than 6 %. 225 

Excised roots were blotted dry after assay and FeR rates expressed on FW basis. For whole 226 

root systems of Banksia species, roots were divided into cluster, non-cluster and woody roots 227 

and FeR was based on the combined FW of cluster plus non-cluster roots. Dry weight (DW) of 228 

each root class, leaves and stem was also recorded after whole plant assays allowing for 229 

calculation of whole plant assay FeR on a DW basis. To reduce the likelihood of Fe 230 

contamination of leaf tissue, biomass was washed several times with deionised water, then 231 

dried for 3 days at 70°C.  232 

Whole plant pulsed iron-reduction activity 233 

Banksia plants were grown in solution culture, as detailed above, for 14 months in either 2 or 234 

28 µM Fe-EDTA before undertaking the pulse experiment. Baseline FeR was measured at 235 

day zero before plants were immediately transferred to 150 µM for four days. Whole plant 236 

FeR was measured on days one, two and four, after which plants were transferred back to the 237 

original 2 or 28 µM and grown for an additional two days with whole plant FeR measured on 238 

both recovery days. After each assay, root systems were twice washed with fresh nutrient 239 

solution before being returned to the growth medium. 240 

Analysis of carboxylates 241 

Low molecular weight carboxylates in FeR assay samples were analysed by HPLC (Waters, 242 

Milford, MA) as detailed in Cawthray (2003). Selected samples were freeze dried to 243 

concentrate 12–fold to improve detection. 244 

Statistical analyses 245 
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GraphPad Prism 6.0 (GraphPad Software Inc., San Diego, CA, USA) was used for one- or two-246 

way ANOVA (with Tukey or Bonferoni post hoc tests) and Student’s t-tests to compare means 247 

of FeR within each Fe treatment. Unless otherwise stated in the text, all significant differences 248 

reported are P<0.05. 249 

Differences in FeR among species and pulse treatment days, for plants originally growing in 250 

different Fe-EDTA concentrations, were tested using generalised linear mixed-effect models, 251 

with individual replicates as random effect (McCulloch and Neuhaus 2005). Due to the 252 

difficulty of sampling suitable replicates of all root types (i.e. initiating, young, mature, 253 

senescing and non-cluster) of both species across all Fe treatments, samples from the 2 and 300 254 

µM treatment were sampled three months prior to all other treatments. As such, the effect of 255 

Fe-EDTA concentrations on FeR of the different root types and species were also examined 256 

using generalised linear mixed-effect models, with time of sampling considered as a random 257 

effect. This random effect formalizes the assumption that the average value of the y variable 258 

can vary across collection month beyond the variation explained by the covariates and residual 259 

error. FeR was transformed with log(y+1) to meet the assumptions of homoscedastic residuals. 260 

Model selection was based on AICc values and post-hoc Tukey HSD test used to determine 261 

differences among distinct species and pulse treatment days (McCulloch and Neuhaus 2005). 262 

Statistical analyses were performed with the R software platform (R Core Development Team 263 

2013) and models were fitted using the ‘lmer’ function from the lme4 package (Bates et al. 264 

2014).  265 

 266 

Results 267 

When the two Banksia species were grown in six soils of the SWAFR, ranging in soil reactive 268 

(oxalate extractable) [Fe] from 38 to 103 µg Fe g-1 soil, total leaf [Fe] of the widespread B. 269 

attenuata did not vary (Fig. 3a) with average of 54.5±4.0 µg Fe g-1 DW. Across these six soils 270 

where soil pH ranged 5.2 to 5.7, B. attenuata leaf P concentrations ([P]) ranged 154±22 to 271 

199±17 µg P g-1 DW (data from Denton et al., 2007a,b). Banksia laricina, however, showed 272 

increasing leaf [Fe] with increasing soil reactive [Fe] from 47.4±6.25 µg Fe g-1 DW in its 273 

‘home’ soil to 181±45.7 µg Fe g-1 DW, with a concomitant decrease in plant growth (Fig. 3b). 274 

For these six SWAFR soil, there was little variation in leaf [Mn] and [Zn] across species (data 275 

not shown). 276 
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Leaf P:Fe values for B. attenuata remained relatively constant with an average ratio of 3.1±0.24 277 

(n=24) across the six soils, whereas the ratio decreased for B. laricina with increasing soil 278 

reactive [Fe]. Values for B. laricina ranged from 5.9±1.2 (n=4) in its ‘home’ soil with reactive 279 

[Fe] of 54 µg Fe g-1 soil to lower ratios of 1.1±0.1 (n=4) and 0.61±0.21 (n=3) in soils with 280 

reactive [Fe] of 91 and 103 µg Fe g-1 soil, respectively. For example, when grown in its ‘home’ 281 

soil, B. laricina leaf [P] was 257±29 µg P g-1 DW. However, when grown in two soils with 282 

significantly higher soil reactive [Fe] of 91 and 103 µg Fe g-1 soil, B. laricina leaf [P] was only 283 

178±9 and 110±9 µg P g-1 DW, respectively. 284 

Solution culture experiments: FeR of cluster root developmental stages  285 

Values of FeR reported in this manuscript are based on the total amount of Fe reduced, being 286 

a combination of membrane-localized Fe-reductase activity and Fe reduction attributed to 287 

root exudates. 288 

Overall, there was no effect of Fe treatment on FeR of any of the root types for either species. 289 

However there was a significant interaction in FeR between cluster root age and Banksia 290 

species (F1,4 = 5.103, p < 0.001). Senescing cluster roots had reduced FeR for both species, 291 

with B. attenuata 3 times lower and B. laricina 1.5 times lower than other roots (Fig. 4). While 292 

non-cluster roots of B. laricina were lower than FeR for initiating cluster roots of B. laricina 293 

(Fig 4).  294 

Within individual Fe treatments, for the 2 µM Fe treatment after 10 months (Table 1), only 295 

FeR for initiating clusters showed a difference across species, with B. attenuata lower 296 

compared to B. laricina. Within species, FeR for senescing clusters of B. attenuata were lower 297 

compared with both initiating and young clusters. For B. laricina, senescing clusters had a 298 

lower FeR compared with initiating and mature clusters. 299 

In the 28 µM Fe treatment, after 13 months (Table 1), only FeR for senescing clusters were 300 

different across species with B. attenuata lower than for B. laricina. Within species, B. 301 

attenuata senescing clusters had lower FeR compared with initiating clusters, but not different 302 

to that for young clusters. For B. laricina, we observed no difference in FeR among the 303 

developmental stages of cluster root. 304 
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For the 72 µM Fe treatment after 13 months (Table 1), there were no differences in FeR for the 305 

same root type assayed across species. Within species, FeR for B. attenuata senescing clusters 306 

was lower than for young and mature clusters. For B. laricina, FeR of senescing clusters was 307 

lower than that of initiating clusters. 308 

With the 150 µM Fe treatment after 13 months (Table 1), only FeR of senescing clusters 309 

showed a difference across species with B. attenuata lower than for B. laricina. Within a 310 

species, for B. attenuata FeR of initiating clusters was higher than that of the other three stages 311 

of clusters. For B. laricina, FeR of initiating clusters was higher than for young clusters, but 312 

we observed no other differences in FeR, with respect to the developmental stages of cluster 313 

roots of B. laricina. 314 

Comparing cluster-root developmental stages of the two species after 10 months in the 300 µM 315 

Fe treatment (Table 1), across species only initiating clusters FeR showed a difference with 316 

values for B. attenuata higher compared to B. laricina. Within B. attenuata, with exception of 317 

FeR for initiating versus senescing clusters, there were no differences in FeR for the different 318 

cluster-root developmental stages. For B. laricina, FeR for both senescing and mature clusters 319 

were lower than those for young clusters. 320 

Solution culture experiments: non-enzymatic Fe reduction 321 

Non-enzyme mediated Fe reduction made considerable contribution to total Fe reduced in B. 322 

laricina non-clusters, but there was no difference across Fe treatments with an overall average 323 

of 46±3.0% non-enzymatic contribution to Fe reduced. In mature clusters, non-enzyme 324 

mediated Fe reduction in 2 µM Fe treatment was 23±1.1% and in 300 µM Fe treatment was 325 

21±3.9%. For senescing clusters, non-enzyme mediated Fe reduction in 2 µM Fe treatment was 326 

50±21% and in 300 µM Fe treatment was 18±8.4%. In senescing clusters of B. attenuata non-327 

enzyme mediated Fe reduction was 52±11%, 36±13% and 41±14% in 2, 28 and 72 µM Fe 328 

treatment respectively. 329 

Solution culture experiment: FeR with whole root systems 330 

For the iron reductase assay positive control, FeR for peas in 2 µM Fe (0.244±0.037 µmol g-1 331 

FW h-1, n=3) was higher than all other Fe treatments by a factor of 3.2 for 28 µM Fe treatment 332 
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(0.077±0.015 µmol g-1 FW h-1, n=3) up to 3.9 for 300 µM Fe treatment (0.063±0.006 µmol g-333 

1 FW h-1, n=3). 334 

For B. attenuata (Fig. 5) FeR in 2 µM Fe was less than that in the 72 M treatment, but no 335 

difference was observed for all other Fe treatments. For B. laricina, there was no difference in 336 

FeR with increasing Fe supply. Across the two species, with exception of FeR in 2 µM Fe 337 

treatment where the rate for B. attenuata was lower, there was no difference in FeR with Fe 338 

treatment. For the pulse experiment, neither species showed any significant FeR regulation 339 

going from a low (2 or 28 µM) to high (150 µM) Fe-EDTA treatment and back again over six 340 

days (Fig. 6). Comparing the two species, B. laricina had higher FeR rates at all times 341 

throughout the pulse time frame, often greater than B. attenuata.  342 

Root exudate carboxylates 343 

With exception of cis- and trans-aconitate, we detected no carboxylates in FeR assay samples. 344 

Based on detection limits (Cawthray 2003), maximum possible rate for citrate exudation in this 345 

study would be ≤ 0.04 nmol g-1 FW s-1 for non-cluster roots and ≤ 0.011 nmol g-1 FW s-1 for 346 

mature cluster roots.  347 

Biomass of shoots and roots 348 

Total plant stem and leaf DW (g plant-1) within species (Fig. 7a) showed no difference with 349 

increasing Fe supply. There were no differences in biomass across the two species, with the 350 

sole exception of lower biomass of B. attenuata in 28 µM Fe treatment, although B. attenuata 351 

in 2 µM Fe treatment also had low stem and leaf biomass compared with B. laricina. 352 

Fraction of roots as clusters, non-clusters and woody in B. attenuata differed among Fe 353 

treatments (Fig. 7b), but that of B. laricina (Fig. 7c) did not as a function of Fe supply. For B. 354 

attenuata, woody roots ranged 55±4% in 300 µM Fe treatment to a higher 81±4% in 28 µM Fe 355 

treatment. Plants in 28 µM Fe treatment also had more woody roots than those in 72 µM 356 

(59±9%) and 150 µM (59±4%) Fe treatments. Percentage of roots invested in clusters ranged 357 

8.0±1.9% and 8.0±1.4% in the 2 and 28 µM Fe treatments, respectively, to a higher 28±8% in 358 

72 µM Fe treatment. Percentage of clusters in both 150 µM (24±6%) and 300 µM (26±8%) Fe 359 

treatments were greater than those in 2 and 28 µM Fe treatments. Root % as non-clusters in B. 360 
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attenuata ranged 11±3% in 28 µM Fe treatment to 19±3% and 19±5% in 2 and 300 µM Fe 361 

treatments, respectively, without significant differences. 362 

For B. laricina, % roots in each class did not change with increasing Fe supply (Fig. 7c). 363 

Percent roots classified as woody ranged from a low of 55±5% in 300 µM Fe treatment, to an 364 

equal high of 65±5% and 65±3% in the 2 and 28 µM Fe treatments, respectively. Percent roots 365 

as clusters ranged 23±7% in 2 µM Fe treatment, to 35±6% in 300 µM Fe treatment. Percent 366 

roots as non-clusters ranged 8.4±1.8% in the 28 µM Fe treatment to 12±2% and 12±3% in the 367 

2 and 150 µM Fe treatments, respectively.  368 

Leaf Fe, Mn and Zn concentrations  369 

For B. attenuata, mature leaf [Fe] of 24±4 µg Fe g-1 DW in 2 µM Fe treatment increased to 370 

64±14 µg Fe g-1 DW in 300 µM Fe treatment. For B. laricina, mature leaf [Fe] of 22±4 µg Fe 371 

g-1 DW in 2 µM Fe treatment increased highly significantly (P < 0.001) to 90±2 µg Fe g-1 DW 372 

in 300 µM Fe treatment. Comparing the two species, there was no difference in leaf [Fe] in the 373 

2, 72 and 300 µM Fe treatments. Although mature leaf [Fe] for both species was the same in 374 

the 2 µM Fe treatment, B. attenuata did show typical signs of Fe deficiency (Fig. 8) after 14 375 

months of growth at this level. At no time did B. laricina show any symptoms of Fe deficiency. 376 

For B. attenuata, mature leaf Mn concentration ([Mn]) of 203±32 µg Mn g-1 DW in 2 µM Fe 377 

treatment decreased to 119±19 µg Mn g-1 DW in 300 µM Fe treatment, albeit with no 378 

significant difference. For B. laricina, mature leaf [Mn] of 121±26 µg Mn g-1 DW in 2 µM Fe 379 

treatment was similar at 123±24 µg Mn g-1 DW in 300 µM Fe treatment. Comparing the two 380 

species, there was no difference in leaf [Mn] at 2, 72 or 300 µM Fe. 381 

For B. attenuata, mature leaf Zn concentration ([Zn]) of 9.6±0.69 µg Zn g-1 DW in 2 µM Fe 382 

treatment was higher than the 7.4±0.50 µg Zn g-1 DW in 300 µM Fe treatment. For B. laricina, 383 

mature leaf [Zn] of 9.9±2.1 µg Zn g-1 DW and 9.0±0.12 µg Zn g-1 DW in 2 µM and 300 µM 384 

Fe treatments was measured. Comparing the two species, there was no difference at 2 and 72 385 

µM Fe; however, in 300 µM Fe treatment, B. laricina showed higher leaf [Zn]. 386 

 387 

Discussion 388 
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The significant interactions of soil reactive [Fe] observed with B. laricina growth, leaf [Fe] and 389 

leaf [P] might partly explain its endemic nature. Denton et al. (2007b) measured significantly 390 

reduced shoot and root growth for B. laricina grown in soils with the highest soil reactive [Fe], 391 

yet no changes were seen for B. attenuata. This result that led to the research reported here, 392 

focusing on FeR of both species over a range of Fe treatments. However, we rejected our 393 

original hypothesis that B. laricina was adapted to low-Fe soils and show P-toxicity when 394 

exposed to a greater availability of Fe. Rather, Fe Accumulation in B. laricina must have 395 

resulted from growth inhibition on soil outside its own habitat which warrants further 396 

investigation.   397 

For B. laricina, there was a clear imbalance in both Fe and P acquisition, as evident through an 398 

increase in leaf [Fe] and decrease in leaf [P] in soils with increasing concentrations of reactive 399 

Fe. An apparent lack in ability to control Fe acquisition may have given rise to problems with 400 

P acquisition, as high concentrations of available Fe in soils may bind with P and limit plant 401 

acquisition of P. This would account for its very low leaf [P], in spite of a very large release of 402 

carboxylates (Denton et al., 2007b), along with lower shoot biomass. We surmise that the 403 

strong accumulation of Fe in the rare B. laricina when grown in soils that differ from that in its 404 

natural habitat is due to a very low capacity to acquire P from these soils. The exuded 405 

carboxylates are possibly unprotected, and hence microorganisms may compete with the 406 

cluster roots of B. laricina for P mobilised by carboxylates.  Handreck (1991) observed Banksia 407 

ericifolia, grown in a pine bark-based soil-less medium, showed no change in leaf [P] with 408 

increasing Fe supply, using additions of 1 mM Fe-EDDHA. An increase in leaf [Fe] with 409 

decreasing leaf [P] has been found in Arabidopsis thaliana (Hirsch et al. 2006) and Oryza 410 

sativa (Zheng et al. 2009). It would be worth investigating if negative correlations between 411 

[Fe] and [P] in leaves are due to chemical interactions between these elements in the soil or in 412 

leaves themselves.  413 

Results from plants grown in solution culture at a range of Fe supplies demonstrates a relatively 414 

tight control of Fe acquisition in both Banksia species, which differ markedly in their 415 

geographical distribution. Our results demonstrate that Fe reduction associated with root 416 

activity is unlikely to be the major mechanism controlling Fe acquisition, as would be expected 417 

for Strategy I species. In accordance with our hypothesis, B. laricina showed no clear pattern 418 

of FeR regulation for any developmental stage of cluster roots or non-cluster roots across five 419 

Fe treatments, spanning 2 to 300 µM Fe-EDTA using excised roots or whole root system 420 
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assays, including a pulse of low to high Fe-EDTA, then back to low again. Similarly, B. 421 

attenuata also demonstrated no clear pattern of FeR regulation for any developmental stage of 422 

cluster roots and non-cluster roots across a broad range of Fe treatments, likewise on a whole 423 

root system basis. This is a most surprising result, with the lack of regulation in FeR particularly 424 

evident for B. attenuata at the lowest Fe supply of 2 µM, where, regardless of root classification 425 

or developmental stage, no up-regulation in FeR compared with the higher Fe treatments was 426 

observed. The lower FeR for B. attenuata in the 2 µM Fe treatment from the whole root system 427 

assay supports what we found for the excised roots, i.e. no up-regulation of FeR. Although both 428 

species had similar leaf [Fe] in the 2 µM Fe treatment, B. attenuata visually appeared Fe-429 

deficient. We therefore conclude that for B. attenuata there is minimal regulation of FeR as 430 

dependent on Fe supply, regardless of root developmental stage. This is clearly in contrast with 431 

what has been found for a range of species using Strategy I to acquire Fe (Blair et al. 2010; 432 

Chaney et al. 1972; Gogorcena et al. 2005) and in our assay control studies with pea 433 

(Supplemental Fig. 1).   434 

Compared with in vivo whole root system assays, FeR values observed in this study were 435 

similar to an order of magnitude lower compared with other cluster-rooted (non-Proteaceae) 436 

Strategy I species reported in the literature. From the present study, whole plant FeR for B. 437 

attenuata ranged from 0.08 to 0.18 µmol Fe3+ reduced g-1 FW h-1 and for B. laricina range was 438 

0.16 to 0.19 µmol Fe3+ reduced g-1 FW h-1. Under Fe-deficient supply of 0 µM, Rodríguez-439 

Celma et al. (2011) reported an FeR range of 0.10 to 0.44 μmol Fe reduced g−1 FW h−1 in 440 

Lupinus albus with a Fe supply of 45 μM, assayed with 100 μM Fe-EDTA and BPDS at pH 441 

5.5. Rosenfield et al. (1991) reported FeR of 5.5 μmol Fe reduced g−1 FW h−1 in excised roots 442 

of Ficus benjamina after 42 days at 0 μM Fe supply, assayed with 100 μM Fe-EDTA and BPDS 443 

at pH 5.5. In squash, Cucurbita pepo, Waters and Blevins (2000) reported FeR of 444 

approximately 1 µmol Fe3+ reduced g-1 FW h-1 under 0 µM Fe-deficient conditions assayed 445 

with 100 µM Fe-EDTA and BPDS at pH 5.5. The subtle trend in regulation when plants were 446 

subjected to a pulse treatment of low–high–low Fe-EDTA in this study was unlike the 20-fold 447 

increase reported in peach (Prunus persica) rootstocks one day after being supplied with 180 448 

µM post Fe deficiency (0 µM) for four days (Gogorcena et al. 2000).  449 

In B. attenuata, the lower percentage of clusters observed in the 2 and 28 µM Fe treatments 450 

indicates that cluster-root suppression occurred at low Fe concentrations, with this suppression 451 

balanced by an increase in percent woody roots. Stimulation of cluster-root growth in H. 452 
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prostrata (Shane et al. 2003b) and L. albus (Keerthisinghe et al. 1998; Shane et al. 2003a) is 453 

associated with low shoot [P], with Fe deficiency also triggering cluster-root formation in L. 454 

albus (Liang and Li 2003). Waters and Blevins (2000) observed stimulation of cluster-like root 455 

growth in C. pepo under Fe-deficient conditions. In contrast, Handreck (1991) found no 456 

evidence that Fe deficiency stimulated cluster-root growth of Banksia ericifolia which supports 457 

our observations for B. attenuata and B. laricina. It is possible that the increasing Fe supply 458 

reduced solution P concentration to a level that stimulated cluster-root development, and that 459 

this led to a higher percentage of clusters in the overall root mass in these higher Fe treatments 460 

for B. attenuata. However, the full range of percentages of cluster roots observed for B. laricina 461 

(23-35%) encompassed the range in B. attenuata for the three highest Fe treatments. For B. 462 

laricina, there was no difference within root type in response to Fe treatment. The non-463 

statistical differences in biomass and FeR over the entire range of Fe treatments may be 464 

associated more with an appropriate level of Fe nutrition required for growth compared with 465 

that for B. attenuata. Zaid et al. (2003) observed that cluster-root growth in solution-cultured 466 

Casuarina glauca, C. cunninghamiana and C. equisetifolia was stimulated more by low [Fe] 467 

than by low [P], and the threshold solution [Fe] where no clusters were formed differed for 468 

each of these species, at 100, 20 and 5 µM, respectively. Thus, within a genus, there are marked 469 

differences in the response of individual species, and this might be the case for Banksia, with 470 

B. attenuata showing sensitivity in Fe treatments ≤ 28 µM, whereas B. laricina showed 471 

minimal sensitivity to solution [Fe] across the range tested in our research. Considering B. 472 

attenuata showed clear signs of Fe deficiency in the lowest Fe treatment where young and 473 

mature leaf [Fe] for both species were statistically the same, this suggests that B. attenuata has 474 

a higher Fe requirement. This implies that for B. attenuata, Fe-deficient conditions were 475 

provided, yet still no statistical differences were observed in root-mediated Fe reduction for 476 

this species across all root types and cluster-root age with Fe treatment, nor with a pulse from 477 

2 µM to 150 µM Fe-EDTA. 478 

Plants in the present study were supplied with 1 µM P as soluble KH2PO4. For H. prostrata, 479 

Shane et al. (2003b) showed exudation of low molecular weight carboxylates from active 480 

clusters was not significant at 1 µM P and above, whereas in P-starved plants, exudation was 481 

two orders of magnitude greater. Our results agree with this, with citrate not detected in any 482 

root classification of either species in any Fe treatment. Shane et al. (2004a) reported maximum 483 

citrate exudation rates of 0.32 nmol g-1 FW s-1 for 12-13 day old clusters of H. prostrata, 10 484 

times faster than the fastest rate in this study. Carboxylates exuded into the rhizosphere act as 485 
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chelators of Fe3+, Al3+ and Ca2+, releasing P from bound or precipitated forms (Fox et al. 1990; 486 

Geelhoed et al. 1999). Tricarboxylates (e.g., citrate) are more effective than dicarboxylates 487 

(e.g., malate) at displacing bound P, due to their greater affinity for Fe3+, Al3+ and Ca2+ 488 

(Hinsinger 2001; Ryan et al. 2001). Denton et al. (2007b) reported that B. laricina grown in 489 

soil showed the greatest concentration of rhizosphere carboxylates of nine Banksia species, 490 

with B. attenuata the lowest. In all but one soil, rhizosphere carboxylate concentration for B. 491 

laricina was greater than that for B. attenuata. For both species, citrate was the most abundant 492 

carboxylate in rhizosphere extracts, with oxalate (dicarboxylate), aconitate (tricarboxylate) and 493 

malate (dicarboxylate) also found. Lambers et al. (2002) working with B. grandis reported 494 

citrate as the major carboxylate exuded when soil was amended with FePO4; their work also 495 

showed 500 and 1000 µM citrate solutions (pH 5-6) extracted significant amounts of Fe (~45 496 

µg g-1 DW) from a sandy soil with reactive [Fe] of 100 µg g-1 DW soil. Gardner et al. (1983) 497 

suggested citrate exuded by roots of L. albus into the rhizosphere forms a Fe/OH/PO4 polymer 498 

species and that after diffusion to the root surface, degradation from reducing agents liberates 499 

Fe2+ in the presence of an active uptake mechanism for Fe2+. Exudation of citrate from roots 500 

would therefore mobilise Fe from soil to the root surface or intercellular spaces where the 501 

action of reducing agents is more likely effective. 502 

Since root exudation is a major mechanism for P and micronutrient acquisition in Proteaceae 503 

species, incidental reduction of soil Fe is a very real possibility. The results presented in this 504 

work show significant Fe reduction attributed to the action of root exudates, which is generally 505 

considered to be a very minor component for Strategy I Fe acquisition. Subsequent regulation 506 

of Fe reductase as the main process for Fe acquisition is therefore possibly not the case for 507 

Banksia. Weisskopf et al. (2006) reported mature clusters of white lupin exuded large amounts 508 

of the isoflavanoid genistein, as a putative mechanism to inhibit microbial degradation of root-509 

released citrate and malate. The release of such compounds by lupin (Bednarek et al. 2003), 510 

Beta vulgaris (Sisó‐ Terraza et al., 2016) and indeed Banksia species may provide a chemically 511 

reducing environment in the rhizosphere that inadvertently results in Fe reduction. In 512 

Arabidopsis thaliana, Misson et al. (2005) observed down-regulation of FeR and the iron-513 

regulated transporter 1 (IRT1) under P starvation. The reported coumarin family of phenolics 514 

exuded by Brassica napus and Arabidopsis thaliana (Fourcroy et al. 2014; Schmidt et al. 2014), 515 

possibly providing a substrate for FeR and IRT1 activity, delves further into the alternatives to 516 

Fe acquisition in plants beyond regulation of Fe reductase as the only dominant process.  517 
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Reports have raised such alternatives based on down-regulation of IRT1 and increased 518 

expression of Fe-scavenging ferritins under P-limiting conditions (Hoehenwarter et al. 2016).  519 

In the present study, we investigated if root-mediated Fe reduction explains, even in part, the 520 

limited distribution of B. laricina using the widespread B. attenuata as a control. Experiments 521 

carried out with plants grown in nutrient solution across a broad range of external Fe supply, 522 

provide no convincing evidence that Fe uptake is regulated via root-mediated Fe reduction 523 

differently in the rare and common Banksia species.  Our observations of unresponsive FeR 524 

for both Banksia species across a range of external Fe supply were unexpected and in contrast 525 

with what we know from the literature on Strategy I species. Leaf [Fe] for B. attenuata ranged 526 

2.7-fold and for B. laricina ranged 4-fold only across a 150-fold range of Fe supply; therefore, 527 

both species showed a relatively tight control of mature leaf [Fe]. We surmise that iron uptake 528 

may well be regulated at the transporter stage due to incidental Fe reduction by root exudates, 529 

rather than by Fe reductase activity alone which is considered typical for Strategy I plants. As 530 

part of this work, extensive, yet unsuccessful, efforts were made to isolate and characterise Fe 531 

reductase genes from both Banksia species. Although there is little molecular information on 532 

Banksia species, analysis of strategy I-related gene expression, such as FRO (ferric reductase) 533 

or IRT1 (Fe2+ transporter) would assist to elucidate these mechanisms further.  534 
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Figure legends 

Fig. 1: Distribution maps for Banksia attenuata and B. laricina in Western Australia, Australia. 

Permission to reproduce the species distribution maps was kindly provided by Paul Gioia 

(Parks and Wildlife Service, Western Australia) (http://florabase.dpaw.wa.gov.au/).  

Fig. 2: The four developmental stages of compound cluster root for Banksia attenuata (top) 

and B. laricina (bottom), also including non-cluster root. From left to right for both species; 

non-cluster, initiating, young, mature and senescing cluster roots. In general, the time taken for 

a cluster root to progress from initiation to senesced was 15-18 days for both species. 

Fig. 3: Total leaf iron (Fe) (µg Fe g-1 DW) as a function of plant leaf dry weight biomass (g 

plant-1 DW), for (a) Banksia attenuata and (b) B. laricina grown for 35 weeks on a range of 

soils collected in the Southwest Australian Floristic Region (mean ± 1 S.E.), represented by the 

open circles. Soil reactive Fe (µg Fe g-1 DW) is represented by the closed circles; soil data from 

Denton et al. (2007b). Scales for both figures are kept the same for direct comparison. 

Fig. 4: Root mediated FeR (mean ± 1 S.E.) between cluster root age for B. attenuata (square) 

and B. laricina (triangle). Different letters beside bars representing standard error indicate 

significant differences (P < 0.05). As there was no effect of Fe treatment it was removed from 

statistical modelling. 

Fig. 5: Whole plant mediated iron (Fe) reduction (FeR, µmol Fe3+ reduced g-1 FW h-1, mean ± 

1 S.E., n=6) as a function of the Fe concentration in nutrient solution, based on cluster+non-

cluster root fresh weight for Banksia attenuata (open columns) and B. laricina (closed 

columns). Different letters above bars representing standard error indicate significant 

differences; one-way analysis of variance (ANOVA, P <0.05). Plants were grown in the 

respective Fe treatments for 14 months.  
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Fig. 6:  Whole plant mediated iron (Fe) reduction (FeR, nmol Fe3+ reduced g-1 FW h-1, mean ± 

1 S.E., n=3) for Banksia attenuata (square) and B. laricina (triangle) plants grown in nutrient 

solution for 14 months with 2 (a) or 28 (b) µM Fe (as Fe-EDTA), before transfer into 150 µM 

Fe then returning to initial after 4 days. Baseline FeR was measured at day 0, then placed in 

150 µM Fe up to and including day 4 before return to initial Fe and recovery FeR measured at 

days 5 and 6. 

Fig. 7: Plant dry weight biomass (g plant-1, mean ± 1 S.E., n=6) of (a) Banksia attenuata (open 

columns) and B. laricina (closed columns), with root biomass fractions for B. attenuata (b) and 

B. laricina (c) on a dry weight basis as a function of the iron (Fe) concentration in nutrient 

solution after 14 months (non-cluster = vertical lines; cluster = horizontal lines; woody = dots).  

Fig. 8: Banksia attenuata (left) and B. laricina (right) plants grown in nutrient solution for 14 

months with 2 μM iron (as Fe-EDTA), highlighting iron-deficiency symptoms in B. attenuata. 

Supplemental Fig. 1: Whole plant mediated iron (Fe) reduction (FeR, µmol Fe3+ reduced g-1 

FW h-1, mean ± 1 S.E., n=3) as a function of the Fe concentration in nutrient solution, for the 

assay positive control, Pisum sativum (cv. Dunn). Different letters above bars representing 

standard error indicate significant differences; one-way analysis of variance (ANOVA, P 

<0.05). Plants were grown in the respective Fe treatments for 1 month. 

 



Table 1: Root mediated iron reduction (µmol Fe3+ reduced g-1 FW h-1) of the four 

developmental stages of excised cluster roots and non-clusters in Banksia attenuata and B. 

laricina as a function of iron (Fe) concentration in nutrient solution.  Values in brackets are 

one standard error of the mean and n (SE,n) with NA indicating insufficient root material 

could be sampled. 

 

Species Fe 

(µM) 

Initiating Young Mature Senescing Non-cluster 

B. attenuata 2 0.64(0.09,14) 0.33(0.06,3) NA 0.13(0.03,3) 0.66(0.10,7) 

B. laricina 2 1.04(0.18,6) 0.48(0.07,3) 1.00(0.06,3) 0.22(0.07,4) 0.63(0.08,9) 

       

B. attenuata 28 0.96(0.16,5) 0.97(0.22,5) NA 0.27(0.03,3) 0.73(0.09,7) 

B. laricina 28 1.21(0.37,3) 0.85(0.08,7) 0.78(0.10,3) 0.62(0.10,4) 0.56(0.11,7) 

       

B. attenuata 72 0.94(0.28,3) 1.22(0.28,3) 0.82(0.07,6) 0.32(0.10,4) NA 

B. laricina 72 1.00(0.16,5) 0.74(0.08,4) 0.90(0.19,7) 0.47(0.12,5) 0.71(0.08,14) 

       

B. attenuata 150 1.29(0.14,8) 0.78(0.10,4) 0.73(0.09,5) 0.33(0.04,3) 1.10(0.24,7) 

B. laricina 150 1.08(0.08,6) 0.60(0.04,4) 0.91(0.21,6) 1.06(0.26,3) 0.70(0.09,8) 

       

B. attenuata 300 0.80(0.05,5) 0.56(0.14,3) 0.60(0.13,3) 0.26(0.05,5) 0.92(0.08,6) 

B. laricina 300 0.48(0.06,4) 0.74(0.11,3) 0.42(0.06,4) 0.33(0.03,3) 0.62(0.03,8) 
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