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Abstract: Although iodine is not essential for plants, they take it up readily and, in 

foodchains, are significant sources of iodine for organisms with an essential requirement 

for it. During several nuclear accidents radioiodine has been an important component of 

releases of radioactivity and has caused serious contamination of foodchains. Differences 

in iodine uptake by different plant taxa are, therefore, important to nutritional and 

radioecological studies. Using techniques we have developed for a range of other elements, 

we analyzed inter-taxa differences in radioiodine uptake by 103 plant species and between 

varieties of two species, and analyzed them using a recent, phylogenetically-informed, 

taxonomy. The results show that there are significant differences in uptake above and 

below the species level. There are significant differences between Monocots and Eudicots 

in iodine uptake, and, in particular, hierarchical ANOVA revealed significant differences 

between Genera within Families. These analyses of the taxonomic origin of differences in 

plant uptake of iodine can help the prediction of crop contamination with radioiodine and 

the management of stable iodine in crops for nutritional purposes. 

Keywords: iodine; radioiodine; radioecology; angiosperm phylogeny; soil-to-plant  

transfer; foodchains 

 

  

OPEN ACCESS 



Agronomy 2015, 5 538 

 

 

1. Introduction 

Iodine (I) is readily taken up by plants if available [1], which is important to both agronomy and 

radioecology because, although I is not an essential element for plants, food crops are a major conduit 

for the entry of I to human foodchains. Stable I (127I) is an essential trace element for humans whilst 

the radioisotopes 131I and 129I can be significant radioactive contaminants of the environment [2]. 

About two hundred million people worldwide suffer from I deficiency disorders (IDD), with an at risk 

population potentially in excess of one billion [3]. It has been estimated that around 44% of children 

and adults in Europe have a mild iodine deficiency [4]. Low I intake from food crops is partly 

responsible for IDD and thus, as for many other trace elements [3], to redress deficiencies it is 

potentially useful to understand the agronomy of 127I in the soil-crop system. The iodized-salt 

enrichment diet has reduced I deficiency in some areas but there are still areas with a significant level 

of IDD. 

The toxicologically important radioisotopes 131I and 129I, which are both fission products, can be a 

significant component of releases of radioactivity to the environment, and, as isotopes of an essential 

element, tend to accumulate in animals if they are present in food. 131I has a short-half life (eight days), 

is quite a high energy  emitter and is primarily of concern as a food contaminant in the immediate 

aftermath of releases from accidents or from fall-out from above-ground nuclear weapons detonation. 
129I has a long half-life (15.7 × 106 years) and has been of importance in accidental releases, but it is a 

major, and potentially mobile, constituent of high and medium level nuclear waste [2], and is released 

into the marine environment from nuclear-fuel reprocessing plants [5]. 129I has the potential to be 

drawn upwards through soil profiles from repositories [6] and to be transferred from sea to land [5], 

provoking interest in its transfer characteristics from soil-to-plants during assessments of nuclear waste 

repositories and marine releases. 

The transfer of I from soils-to-plants is possible because its isotopes can be both available in soil 

and taken up by plants. In fact, in comparison to many other nutrients and radionuclides, I isotopes are 

highly available in many soils with, for example, compilations of soil-solution distribution coefficients 

(Kd) for radionuclides suggesting that 129I is amongst the least strongly adsorbed isotopes in a range  

of soils [7]. There is little sorption of 129I on clay minerals and any sorption is primarily to organic 

matter [6]. I is more labile under anoxic than oxic soil conditions. For example, the flooding of paddy 

soils has long been known to produce the “Akagare” phenomenon in rice, which results from I toxicity 

caused by large increases in availability brought on by anoxia [8]. It is also clear that there can be 

significant changes in I mobility between the water-table and the vadose zone in soils [6]. In many 

soils I− and IO3
− are the most common ionic forms, with I− most likely to be taken up by plants [1] 

because they have substantial capacity for the uptake of the chemically similar Cl− [9]. Overall, 

although soil-to-plant transfer factors can be quite low from, for example, Andosols with high anion 

exchange capacities [10], hydroponic experiments show that plants can take up large quantities of I if it 

is available to them [1] and most soils produce transfers to crops that can contribute significantly to 

food I content and to radiocontamination if 127I or 131/129I are available in the soil. 

It has been suggested, based on a limited number of species, that inter-species differences exist in 

the plant uptake of I under comparative conditions (e.g., [10]) and concentrations of almost all 

elements across different plant species do not simply reflect soil availability, i.e., there are significant 
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inter-taxa differences in uptake under the same conditions of availability [11]. It seems likely, 

therefore, that there might be inter-taxa differences in the concentration to which plants take up I, and 

that these might be useful to understanding the agronomy of I. There are, however, few data on this 

phenomenon and no studies that have attempted to link these differences to recent phylogenies of 

angiosperms (flowering plants), nor to compare them to inter-varietal differences. The understanding 

of the phylogeny (evolutionary relationships) of angiosperms has been transformed in recent years by 

molecular and computer methodologies, resulting in new phylogenies for angiosperms (e.g., [12]). 

Given that many phenotypes can be affected by phylogeny, angiosperm phylogenies specifically for 

use in comparative biological experiments have been published [13]. These have now been used  

to analyze inter-species differences in the concentrations to which plants concentrate numerous 

elements [11,14–18], and to establish that there is a significant influence of angiosperm phylogeny on 

plant mineralogy, including that of crop plants. Such analyses require quite large databases of  

inter-species comparisons, often produced by collating data from a variety of sources through, for 

example, Residual Maximum Likelihood (REML) analysis. Here we utilize techniques successfully 

used to investigate inter-species differences of other elements to construct a database of relative I 

concentrations following root exposure in 103 angiosperm species, analyze their differences using a 

recently published phylogenetic hierarchy for the angiosperms, compare them to inter-varietal 

differences in two species, and assess their influence on I concentrations in food crops. The usefulness 

of the results to predicting the transfer of I isotopes from soils to plants in agricultural and 

radioecological contexts is then discussed. 

2. Results and Discussion 

2.1. Inter-Species Differences in I Concentration 

REML-estimated relative mean I concentrations in 103 species of plants are shown in Table 1, 

which is the most taxonomically wide-ranging comparison of relative I concentrations in plants yet 

published. Given that raw data is loge-transformed prior to REML analysis, the large range in REML 

transformed values (−6.83 to 3.72) indicates that there are substantial inter-species differences in I 

uptake after the exposures used to generate data contributing to the database. This was confirmed using 

species grown for this work, in which replicate values for individual species grown under the same 

conditions allowed inter-species differences to be analyzed statistically (Figure 1). The International 

Atomic Energy Agency (IAEA) has recommended, based on data compilations across a range of 

different soil and crop types, mean soil-to-plant concentration ratios (CRs) for radioelements including 

radioiodine [19]. Iodine CR is calculated by dividing the concentration in the plants by the 

concentration in the soil. To enable comparison we estimated an overall CR for radioiodine of 0.075 

based on values for cereal stems and leaves, leafy vegetables and non-leafy vegetables (Table 17.1  

in [19]). 125I activity values measured in the experiments for Figure 1 were therefore transformed to 

have a geomean CR of 0.075. In this selection of species, inter-species differences in transformed CR 

following acute 4 h exposure varied from 0.0005 (Bergenia cordifolia) to 0.127 (Salvia splendens), a 

variability of recommended CR values that if it had been produced, for example, by different soil types 

would be regarded as very significant. 
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Table 1. Residual Maximum Likelihood I concentrations in 103 species of angiosperm listed according to the Angiosperm Phylogeny Group 

III system. (Study 1: [20]; Studies 2–14: [21]; Study 15: [22]; Studies 16–19: [23]; Studies 20–23: [24]; Studies 24–26: [25]; Study 27: [26]; 

Study 28: [27]; Studies 29–35 Experiments for this study; Study 36: [10]; Study 37: [28]. 

“Class” “Subclass” “Superorder” Order Family Genus + Species Relative Mean (I) Studies 

MONOCOTS Lilianae Commelinids Commelinales Commelinaceae Commelina coelestis 2.646 30  

   
Zingiberales Cannanaceae Canna indica 2.333 31 

    
Zingiberaceae Zingiber officinale 0.016 31 

   
Poales Cyperaceae Carex nigra 0.842 30 

    
Juncaceae Juncus effusus 0.393 31 

    
Poaceae Agrostis tenuis 1.871 1, 16 

     
Agrostis alba 2.021 16 

     
Arrenatherum elatius 1.887 16 

     
Cynosuarus cristatus 2.244 16 

     
Dactylis glomerata 1.804 1, 16 

     
Festuca arundinacea 2.138 16 

     Festuca rubra 1.733 16 

     Festuca pratensis 2.021 16 

     Holcus lanatus 0.512 1,19 

     Hordeum vulgare 2.802 
2, 3, 4, 5, 6, 7, 8, 9, 10,  

11, 12, 13, 14, 15 

     Lolium perenne 2.31 1, 16, 20, 21, 22, 23 

     Lolium multiflorum 2.299 16 

     Lolium hybridum 1.702 1 

     Phleum pratense 2.296 16, 20, 21, 22, 23 

     Poa annua 0.666 1 

     Poa trivialis 1.59 1, 16 
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Table 1. Cont. 

“Class” “Subclass” “Superorder” Order Family Genus + Species Relative Mean (I) Studies 

     Poa pratense 2.021 16 

     Triticum aesitvum 2.852 24, 25, 26 

     Zea mays 0.108 15, 29 

  Non-Commelenids Asparagales Iridaceae Sisyrinchium striatum 1.484 32 

    Amaryllidaceae Allium cepa 0.622 27, 30, 36, 37 

     Allium sativum 2.321 27 

     Allium porum 2.565 27 

EUDICOTS Ranunculanae ranunculiids Ranunculales Papaveraceae Papaver commutatum −0.004 33 

 Rosanae fabids Cucurbitales Cucurbitaceae Cucumis sativa −2.131 27 

     Cucumis melo 1.872 27 

     Cucurbita maxima 0.611 27 

     Potentilla anserina −0.367 18 

   Fabales Fabaceae Cicer arietinum 2.719 29 

     Faba vulgaris −1.117 27 

     Lupinus angustifolius 0.412 29 

     Medicago sativa 2.099 31 

     Medicago lupulina 1.844 17 

     Phaseolus vulgaris 1.292 15, 27 

     Pisum sativum 2.505 
2, 3, 4, 5, 6, 7, 8, 9, 10, 

11, 12, 13, 27 

     Trifolium repens 1.355 
1, 16, 17, 19, 20, 21, 

22, 23 

     Trifolium subterraneum 1.611 1 

     Trifolium pratense 0.923 1,17,18,20,21,22,23 

   Malpighiales Euphorbiaceae Euphorbia cyparasissus −0.148 32 

     Euphorbia myrsinites −0.232 31,32 

    Linaceae Linum lewisii 0.328 31,33 

     Linum usitatissimum 0.47 31 
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Table 1. Cont. 

“Class” “Subclass” “Superorder” Order Family Genus + Species Relative Mean (I) Studies 

    Violaceae Viola wittrockiana −4.134 33 

   Rosales Cannabaceae Humulus japonica 2.701 35 

    Rosaceae Fragaria vesca 2.583 32 

  malvids Brassicales Brassicaceae Aubretia x cultorum 0.184 33 

     Brassica napus 3.258 27 

     Brassica oleracea 1.072 27, 36 

     Brassica chinensis 0.857 37 

     Eruca vesicaria 1.461 29 

     Lepidium sativum 0.138 15 

     Raphanus sativus 2.642 15, 27, 36 

   Geraniales Geraniaceae Geranium pratense 1.155 31 

   Saxifrgales Saxifrgaceae Bergenia cordifolia −0.497 30 

   Malvales Cistaceae Helianthemum nummularium −0.838 33 

 Caryophyllanae caryophylids Caryophyllales Amaranthaceae Amaranthus paniculatus 1.912 34 

     Beta rapa 3.718 27 

     Beta cycla 1.025 27 

     Beta vulgaris 2.749 15, 29 

     Celosia cristata 1.184 30 

     Spinacia oleracea 1.072 15, 27, 33, 37 

    Caryophyllaceae Cerastium holosteiodes 2.443 17, 18 

    Polygonaceae Dianthus caryophyllus 1.4 30 

     Rheum tataricum 0.986 30 

     Rumex acetosa 1.801 17, 18, 19, 27 

     Rumex obtusifolius 2.485 17, 18 

 Asteranae lamiids Ericales Polemoniaceae Gilia tricolor 1.755 31 

   Gentianales Rubiaceae Cinchona pubescens −5.533 35 

     Galium vernum −0.299 31 

   Lamiales Lamiaceae Glechoma hederacea 2.488 18 
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Table 1. Cont. 

“Class” “Subclass” “Superorder” Order Family Genus + Species Relative Mean (I) Studies 

     Mentha spicata 1.933 30 

     Plectranthus blumei 2.22 34 

     Salvia Blaze of Fire' 2.199 33 

    Oleacae Fraxinus excelsior −1.835 31 

    Plantaginaceae Plantago major 1.763 17, 18, 19 

     Plantago lanceolata 1.911 17, 18, 19 

     Antirrhinum major 1.624 31 

     Digitalis purpurea 1.58 31 

     Veronica spicata 2.366 32 

     Veronica chamaedrys 2.488 18 

   Solanales Solanceae Lycopersicon esculentum 3.615 27, 32 

     Solanum tuberosum −6.828 27 

     Solanum melongena 0.08 27, 36 

     Solanum macrocarpon 0.587 30 

    Convolulaceae Ipomea aquatica 2.385 37 

  campanulids Apiales Apiaceae Apium graveolens −0.928 30, 37 

     Daucus carota 2.265 27, 29, 37 

     Heracleum sphondylium −6.828 18 

     Petroselinum crispum 2.719 27 

     Scandix cerifolium 1.813 27 

   Asterales Asteraceae Aster x frikartii 1.153 30 

     Lactuca sativa 0.159 15, 24, 25, 26, 27, 29, 36 

     Helianthus annuus 2.862 29 

     Taraxicum officinales −6.828 17, 18 

     Cichorum intybus −6.828 27 

     Cichorum angustifolium 1.684 27 

   Dipsacales Dipsacaceae Dipsacus fullonium 1.096 34 

     Lamium album 3.076 18 
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Figure 1. Mean I concentration ratios for 47 different species of plants all grown under the same conditions. Plants were exposed to 125I for  

4 h and above ground green shoots harvested and analyzed for 125I activity. Activities were then transformed to give a mean value of  

0.075—the mean soil-to-plant concentration ratio recommended by the IAEA (2014) (n = 5,  1 × SE). 
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2.2. Taxonomic Influence on Relative Mean I Concentration 

Although Q-Q normality plots showed that the REML-modeled mean iodine concentrations in Table 1 

approached a normal distribution (Figure 2), they failed the Shapiro-Wilkes test primarily because of a 

few low values, mostly from study 27 (Heracleum sphondylium, Taraxacum officinale, and Cichorium 

intybus). Given that ANOVA is relatively robust to the assumption of normality and that there were 

other values from study 27 in the database, the whole dataset of 103 REML-modeled mean species 

values was used to analyze for taxonomic effects. Nested ANOVA coded with the APG III angiosperm 

phylogeny showed that REML-estimated relative mean I concentrations were significantly different 

between genera within families (Table 2) and between “Superorder”. Using unbalanced nested factors 

in ANOVA can produce artifacts so we used the same unbalanced taxonomic hierarchy to analyze 103 

random numbers with a range of −6.83 to 3.71 (Table 3). This confirmed that, in the database we 

compiled, the significant nested differences we found were real, indicating that there are significant 

differences in iodine concentrations in plants associated with taxonomic categories above the species 

level. A T-test on REML-estimated data between the Monocots and Eudicots (“Classes”) indicated a 

highly significant difference between them (t = 2.88, df = 100, p = 0.005). Transformation of these 

values into CRs with a geometric mean of recommended IAEA values predicts significant differences 

between Monocots and Eudicots in CRs (Figure 3a). One-way ANOVA of REML-modeled values 

showed that there were significant differences between the Lilianae, Rosanae, Caryophyllanae and 

Asteranae (F = 2.95, p = 0.037) and produced predictions of significantly different mean CRs for these 

“Subclasses” (Figure 3b). At the ordinal level, when Orders with 3 or fewer species were excluded, 

there were significant differences between Orders (F = 2.05, p = 0.045). The Poales (incl. cereals and 

relatives), Asparagales (incl. onions and relatives), Caryophyllales (incl. beets and their relatives) and 

Lamiales (incl. mints and their relatives) had I concentrations significantly higher than the 

Malphigiales (flax and its relatives) and the Apiales (incl. carrot and its relatives) (F = 2.05,  

p = 0.045), again allowing us to predict significant differences in CR for these orders (Figure 3c). For 

Beta vulgaris one-way ANOVA showed that there were significant differences between varieties  

(p = 0.002, F = 6.544), Holm–Sidak tests indicating that Italian Chard had significantly higher 

concentrations than Mangel–Wurzel, Cheltenham Green and Perpetual Spinach (Figure 4). There were 

no inter-varietal differences in the concentrations of 125I in the C. arietinum varieties (Figure 4). 

Overall, it seems clear that the differences between taxa in I concentrations are not all associated with 

species and that not only is there a significant amount of variance associated with categories above the 

species level that can be used to make general predictions of CR but also that there can be differences 

in I uptake between varieties. 
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Table 2. Results of nested ANOVA of Residual Maximum Likelihood (REML)-modeled 

concentrations of iodine. Concentrations of 103 species of plants were analyzed using 

nested taxonomic units as factors—“Subclass” was nested within “Class”, then 

“Superorder” within “Subclass” within “Class” and so on. A general linear model that 

excluded the intercept was used. 

Factor df SS %SS Cumulative SS MS F p-value 

“Class” 2 38.28 4.80 4.02 19.14 6.26 0.053 

“Subclass” 3 7.37 0.92 5.72 2.45 2.53 0.136 

“Superorder” 3 1.96 0.24 5.97 0.65 0.15 0.928 

Order 12 48.21 6.05 12.02 4.01 1.03 0.494 

Family 12 50.37 6.32 18.34 4.19 0.82 0.623 

Genus 45 239.06 30.0 48.34 5.31 2.78 0.004 

Species 24 45.79 5.74 54.09 1.90 0.35 0.895 

Residual 98 365.78 45.90 100    

Table 3. Results of nested ANOVA of random numbers. Random numbers between −6.83 

and 3.70 for 103 species of plants were analyzed using the same taxonomy as for Table 2. 

Factor df SS %SS Cumulative SS MS F p-value 

“Class” 2 67.16 3.32 3.32 33.58 2.85 0.211 

“Subclass” 3 35.57 1.76 4.08 11.86 1.39 0.358 

“Superorder” 3 24.71 1.22 6.30 8.23 0.64 0.603 

Order 12 157.34 7.78 14.08 13.11 1.19 0.394 

Family 12 129.00 6.38 20.45 10.75 1.28 0.254 

Genus 45 355.43 17.57 38.02 7.89 0.78 0.774 

Species 24 244.65 12.09 50.12 10.19 14.62 0.204 

Residual 98 1009.18 49.88 100    

 

Figure 2. Normal Q-Q (Quantile-Quantile) plot of REML-modeled relative iodine 

concentrations in 103 species of plants. The data approach a normal distribution but fail the 

Shapiro–Wilkes test of normality primarily because of a few low values. 
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Figure 3. The mean Concentration Ratios predicted in angiosperm taxa according to the 

phylogeny of APG III (2009). (a) “Class”, 1 = Monocots (n = 28), 2 = Eudicots (73);  

(b) “Subclass”, 1 = Lilianae (n = 28), 2 = Rosanae (n = 30), 3 = Caryophyllanae (n = 11),  

4 = Asteranae (n = 31); (c) Order. 1 = Poales (21), 2 = Asparagales (4), 3 = Fabales  

(n = 10), 4 = Malphigiales (n = 5), 5 = Brassicales (n = 7), 6 = Caryophyllales (n = 11),  

7 = Lamiales (n = 12), 8 = Solanales (n = 4), 9 = Apiales (n = 5), 10 = Asterales (n = 6). 
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Figure 4. Mean I activities of shoots in varieties of seven-week-old Beta vulgaris and  

Cicer arietenum exposed to an acute dose of 125I. (n = 5, SEs). 

2.3. Comparison of Taxonomic Effects 

In total about 12% of the variance in I concentrations was accounted for by ranks of Order  

(Table 2). This is greater than the influence on N (3.3%) and P (6.8%), [16], but less than that for Cs 

(23.3%) [17], Pb (20%), Cr (24%), Cu (24%), [11], Na (23%) [16], Cd (27%) [11], Zn (44%), Ni 

(46%) [11], K (49%) [16], and Ca (63%) [15]. Of the elements for which phylogenetic influences have 

been detected, I is most closely related to Cl. In the only published analysis of relative mean 

concentration for Cl [18] there are 24 species that are also in Table 1. There was no correlation 

between relative mean I and Cl values in these species. 

3. Discussion 

Table 1 and Figure 1 indicate that there is a wide range of I concentrations between plant species. 

They confirm the existence of inter-species differences in I concentrations of sufficient magnitude to 

support previous suggestions that crop species might be as important as soil type in determining I 

concentrations in crop plants [21]. For elements in which there are very small phylogenetic influences 

above the species level there is very little variance attributable to taxonomic levels above the species. 

Table 2 shows that there is a phylogenetic influence on inter-species differences in iodine 

concentration, especially for Genera within Families. Figure 4 indicates that inter-varietal differences in I 

concentrations do occur, strengthening the assertion that there is nothing especially significant about 

the species as a taxonomic unit to describe inter-taxa differences in I concentrations in plants. These 

observations suggest, for the first time, (a) that angiosperm phylogeny influences the I concentrations 

of plants; (b) that the species is not an independent sampling unit for I concentrations in plants; and  

(c) that it might be possible to make general predictions of relative I concentrations in food crops based 

on phylogeny. If correct, such insights are potentially useful for understanding the agricultural 

chemistry and food toxicology of I. 
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The validity of the general insights above, however, depends on a number of assumptions about the 

relative mean concentrations reported in Table 1. First, a high proportion of the data in Table 1 are 

from experiments with 125I. There is no evidence of discrimination between I isotopes during plant 

uptake and 125I has previously been used as a proxy for other I isotopes in uptake experiments [22], so 

we assume that the data for 125I are very likely to represent the behavior of I isotopes of more 

agricultural and toxicological significance. Second, it is likely that the acute exposures to I used to 

generate much of the data in Table 1 will not produce exactly the same relative mean concentrations in 

plants as chronic exposures. However, much nutrient uptake takes place during the exponential phase 

of growth when our plants were exposed so we assume that our observations will approximate  

inter-species differences that might be found following chronic exposures. Nevertheless the data in 

Table 1 may be more directly relevant to acute exposures to 129I (which can be radioecologically 

significant, for example, during pulsed movement up through soil profiles [6]) than to long-term 

uptake of 127I. And third, it is important to acknowledge that the relative mean concentrations between 

plant species reported in Table 1 might not be the same under all environmental conditions, i.e., there 

might be an interaction between environment and inter-species differences. Despite these assumptions, 

it is notable that similar observations to those we make above for I have been reported for numerous 

other elements using a variety of isotopes, exposure times and environmental regimes [11,14–18]. 

Thus, given that it is the most taxonomically wide-ranging database yet reported for inter-species 

differences in plant I concentrations and that it is compatible with results for other elements, Table 1 

provides a basis for initiating assessments of the influence of phylogeny on I concentrations in plants. 

There have been detailed studies of the translocation of I in plants and its partitioning between plant 

parts [22], which clearly affect I concentrations in food stuffs. As the data in Table 1 focuses on green 

shoots in toto, phylogenetic influences identified might provide background concentrations upon 

which internal partitioning is imposed. 

If there is no effect of phylogeny on inter-species differences in uptake then, as is approximately  

the case for N and P [16], there will be no variance associated with taxonomic levels above the species. 

This is not the case for I and we conclude that Tables 1 and 2 show that there is an influence of 

phylogeny on differences in I concentrations between plant species. This gives further support to the 

assertion that particular taxa of plants have characteristic mineralogies and that a phylogenetic 

perspective on plant contribution to the transfer of elements in the soil-crop system might be  

useful [16]. A phylogenetic influence also means that plant species are not independent sampling units 

for I, i.e., great care must be taken in statistical analysis of I transfer in the soil-crop system as many 

techniques, such as regression, make the assumption that samples from different species are 

independent. In contrast to the frequency distribution of relative concentrations of some elements [15], 

I concentrations in plants are not normally distributed. This indicates that the parametric statistics often 

used in soil-crop transfer analysis must be used with care in analyses with numerous species. Normal 

distributions of phenotypes are often characteristic of polygenic, “quantitative”, traits. Quantitative 

techniques, such as the Quantitative Trait Loci analysis used to locate genes impacting on the 

concentration of other elements in plants [29,30] might have to be used with care for analysis of the 

genetic factors affecting the I chemistry of crops. 

Detailed analyses of the effects of phylogeny necessitate concentration values for more than 103 

species but some patterns do emerge from the analysis carried out here. It seems clear that, as is the 
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case with some other elements [16,17], there is a significant difference in I concentration between 

Monocot and Eudicot plants. Of Orders with significant numbers of food crops the analysis reported 

here indicates that plants in the Poales (cereals and relatives), Asparagales (onions and relatives), and 

Caryophyllales (beets, amaranths, buckwheat and relatives) might have higher than average I 

concentrations. These Orders might worth further investigations if explanations for dietary loadings of 

I are being sought, particularly as some of these Orders are represented by few species in Table 1. 

Further investigations might, for example, test the suggestion that at a given soil availability of I, 

cereal grains such as amaranths and buckwheat might provide higher I concentrations than grains such 

as wheat or rice. These effects might be used to expand the reported general pattern of I concentrations 

in foodstuffs of legumes > vegetables > fruit [31] because they suggest that there are groups of plants 

with significantly higher I concentrations than legumes. 

Figure 4 suggests that although there might be some inter-varietal differences in I concentrations in 

some crops, they might be small compared to inter-specific differences. This supports conclusions  

of previous studies with numerous varieties of clover, grasses and other herbage crops [23,25,32]. 

Nevertheless, further analyses might very usefully compare the amount of variation above and below 

the species level in order to determine the extent to which I concentrations in plant biomass can be 

altered by choosing different varieties or different species. The phylogenetic effects described above 

have some similarity to those we have reported for Cl [18], especially the higher than average values in 

the Caryophyllales. However, we found no direct correlation in relative mean values for 24 species that 

occur in both data sets. It might be interesting to investigate, using a dataset with more species, if this 

lack of correlation reflects real differences in the behavior of I and Cl. 

In the database compiled here, loge-transformed values subject to REML-modeling are approximately 

normally distributed. Using the IAEA recommended value and back transforming modeled values to 

CRs, confirms the loge-normal distribution of I concentrations in plants and enables us to predict 

geometric mean CRs for different plant groups and 95% confidence intervals (Figure 2). These suggest 

that significantly improved predictions of CR for radioiodine can be made by taking taxonomic group 

into account, with splitting the recommended CR into two, one for Monocots and one for Eudicots, 

bringing about a significant improvement in predicted CR very simply (Figure 2a). Such overall 

predictions for groups of many species are very useful in the case of a contamination event in which 

many Monocots and Eudicots might be contaminated simultaneously. In different ecosystems that have 

different proportions of Monocots and Eudicots, the predicted CRs in Figure 2 could significantly 

improve predictions of overall radioiodine transfer from soils to plants. 

Overall, in both agriculture and radioecology inter-taxa differences in I uptake by plants are 

important—in addition to iodized salt and irrigation water, it has been suggested that crop selection 

and/or breeding might help to provide increases in I concentration in food [31] and predictions of 

radioiodine movement into foodchains use CRs for soil-to-plant transfer. The data reported here  

improve the understanding of inter-taxa differences in I concentrations, and by initiating investigations 

of the phylogenetic distribution of the diversity in I uptake, might help to identify those groups of 

plants with particular I concentrations thus benefitting both agricultural supply of iodine and 

predictions of radioiodine transfer to food, flora and fauna. 
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4. Experimental Section 

4.1. Plant Growth 

For each of the 47 species, 5 replicates, in 12 cm pots, each filled with 250 g of Levington’s F2S 

compost (Fisons, Ipswich, UK) (Table 1), were grown for approximately 7 weeks, i.e., to the 

exponential phase of growth and before anthesis, in a greenhouse with 16 h day and 8 h night at  

ca. 24 °C and 16 °C, respectively. The 47 species were radiolabeled in 7 experimental sets (“studies”) 

(Table 1). Forty-seven species were selected to provide a spread across the angiosperm phylogeny. In 

addition, 5 replicates of each of 5 additional varieties of Beta vulgaris and 4 additional varieties of 

Cicer arietinum were also radiolabeled—which gave 54 taxa in total. Five replicates of Carex nigra, 

Canna indica, Geranium pratense, Euphorbia myrsinites and Linum lewisii were labeled in two 

experimental blocks to provide linking species between blocks. Seeds were supplied by Chiltern Seeds 

(Cumbria, UK), Kings Seeds (Essex, UK) and the Institute for Crop Research in the Semi-Arid Tropics 

(Patencheru, Telangana, India). 

4.2. Radiolabeling with 125I 

Following trial experiments to establish appropriate labeling volumes, carriers, activities and 

exposures, 50 mL of 50 M KI radiolabeled with 74 kBq of 125I were added to each pot. During 

radiolabeling, replicate pots of each species were arranged in a randomized block design in an arena in 

the laboratory with artificial lighting at ca. 350 E−2s−1. Pots were not watered for 24 h prior to 

radiolabeling and were placed in the arena with the lights on at least 1 h before the addition of 

radioactivity. Entire green shoots were harvested 1 cm above soil level 4 h after the radiolabel was  

added, dried for at least 48 h at 80 °C and then ground up. Ground plant samples were analyzed for  
125I  emissions, with appropriate calibrations and blanks, on an LKB Wallac Compugamma “1282” 

(NaI (Tl) detector). 

4.3. Residual Maximum Likelihood Analysis (REML) 

As used in previous studies [11,14–18] REML modeling was used to estimate relative mean  

I concentrations across the seven experimental blocks reported here plus the literature data of  

similar inter-species comparisons of I uptake. There were 30 “studies” identified from 10 literature  

sources [10,20–28] that reported I concentration values after similar experiments, i.e., I concentrations 

in green shoots after simultaneous root exposures in two or more plant species. There were 

concentration values for 56 species in these literature sources of which 6 also occurred in the 

experiments carried out for this analysis. Overall, therefore, the data for analysis included 103 species 

(47 + 65 − 9) from 37 “studies” (7 + 30) (Table 1). In the REML modeling of I concentrations there 

were 440 concentration values in 37 “blocks” (studies) from 103 “treatments” (species). The REML 

modeling accounts for the effect of block (study) on concentration to estimate relative mean 

concentrations in the treatments (species) across the whole dataset. Differences in absolute 

concentrations arising from different substrates and exposure conditions are, therefore, accounted for 
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statistically. Raw data were loge-transformed before REML analysis. REML analysis can produce 

negative as well as positive values [33] and was run on the statistical package SPSS. 

4.4. Analysis of Taxonomic Effects 

Following REML analysis, the mean I concentrations in species were analyzed using an unbalanced 

hierarchical Analysis of Variance (ANOVA) coded with the angiosperm phylogeny group III [34].  

The nominal designations of “Class”, “Subclass” and “Superorder” were used for categories above the 

Order, although their application to recent phylogenies is unresolved. Tests for normality of I 

concentrations using the Shapiro–Wilkes test, and all ANOVAs were carried out on SPSS v 22.0 for 

Mac (SPSS, Armonk, New York, USA). 
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