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Abstract 

Waste ŵateƌials like seǁage sludge aŶd ďiosolids aƌe ďeĐoŵiŶg ŵoƌe ĐoŵŵoŶ ǁith gloďal 

populatioŶ gƌoǁth, aŶd theǇ pƌeseŶt ďoth pƌoďleŵs aŶd oppoƌtuŶities. OŶ the oŶe haŶd, 

theǇ ĐoŶtaiŶ sigŶifiĐaŶt ƋuaŶtities of daŶgeƌous toǆiŶs, like heaǀǇ ŵetals, ďut theǇ aƌe also 

full of oƌgaŶiĐ ŵatteƌ aŶd iŵpoƌtaŶt ĐheŵiĐals that ĐaŶ ďe used to feƌtilize Đƌops. 

Biosolids, a tǇpe of pƌoĐessed aŶd deǁateƌed seǁage sludge, has gƌeat poteŶtial to ďe used 

as a soil aŵeŶdŵeŶt, ďut theǇ ofteŶ ĐoŶĐeŶtƌate toǆiŶs like Đadŵiuŵ aŶd lead, ǁhiĐh ŵakes 

faƌŵeƌs justifiaďlǇ distƌustful of its use. PhǇtoeǆtƌaĐtioŶ, ǁhiĐh ĐoŶsists of aďsoƌďiŶg a 

ŵatƌiǆ’s ĐoŶtaŵiŶaŶts iŶto the aďoǀe-gƌouŶd oƌgaŶs of plaŶts foƌ suďseƋueŶt ƌeŵoǀal, is 

ǁidelǇ used foƌ heaǀǇ ŵetal ƌeŵoǀal, ofteŶ ǁith gƌeat suĐĐess. A little-eǆploƌed faĐtoƌ that 

Đould iŶflueŶĐe plaŶts’ aďilitǇ to toleƌate aŶd aĐĐuŵulate heaǀǇ ŵetals is phosphatase 

aĐtiǀitǇ. 

Seǁage sludge ĐoŶtaiŶs heaǀǇ ŵetals ǁhiĐh ŵust ďe ƌeŵoǀed to aǀoid ďioaĐĐuŵulatioŶ iŶ 

the food ĐhaiŶ, aŶd phosphoƌus that ŵust ďe eǆtƌaĐted to aǀoid eutƌophiĐatioŶ iŶ 

ǁateƌǁaǇs. AŵoŶg the ŵethods that haǀe ďeeŶ applied to aĐhieǀe the ƌeŵoǀal of 

phosphoƌus, eleĐtƌoĐoagulatioŶ is ďeĐoŵiŶg populaƌ due to ƌeĐeŶt teĐhŶologiĐal adǀaŶĐes. 

IŶ this teĐhŶiƋue, aŶ eleĐtƌiĐal ĐuƌƌeŶt pass ďetǁeeŶ tǁo iƌoŶ oƌ aluŵiŶiuŵ eleĐtƌodes 

plaĐed iŶ a ďatĐh ĐoŶtaiŶiŶg the sludge, ƌeleasiŶg ŵetal ĐatioŶs that ƌeaĐt ǁith phosphate to 

foƌŵ aŶ iŶsoluďle salt. It ŵaǇ ďe possiďle to aĐĐeleƌate eleĐtƌoĐoagulatioŶ ďǇ degƌadiŶg 

oƌgaŶiĐ phosphoƌus at soŵe poiŶt ďefoƌe oƌ duƌiŶg the pƌoĐess, as these ŵoleĐules take 

ŵoƌe tiŵe aŶd ŵoƌe iŶteŶse ĐuƌƌeŶts to degƌade. 

This pƌojeĐt ǁas diǀided iŶ tǁo paƌts: 

(1) Tǁo fast-gƌoǁiŶg, high-ďioŵass Đƌop plaŶts, ŵaize ;Zea ŵaǇsͿ aŶd suŶfloǁeƌ ;HeliaŶthus 

aŶŶuusͿ, ǁeƌe gƌoǁŶ uŶdeƌ diffeƌeŶt Đadŵiuŵ ĐoŶĐeŶtƌatioŶs to deteƌŵiŶe the iŵpaĐt 

the ŵetal has oŶ theiƌ eaƌlǇ gƌoǁth. Seǀeƌal paƌaŵeteƌs ǁeƌe ŵeasuƌed, ŵost 

iŵpoƌtaŶtlǇ the aĐtiǀitǇ of thƌee Đlasses of phosphatases iŶ ƌoot eǆudates, ƌoot tissue, 

aŶd shoots. 
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(2) EleĐtƌoĐoagulatioŶ ǁas ĐoŶduĐted ǁith filteƌed suspeŶded sludge eitheƌ pƌe-tƌeated 

ǁith phosphatase oƌ ǁith the eŶzǇŵe added at the staƌt of the pƌoĐess, aŶd outĐoŵes 

ǁeƌe Đoŵpaƌed ǁith ĐheŵiĐal pƌeĐipitatioŶ of phosphoƌus ǁith iƌoŶ salts. 

Cadŵiuŵ had a sigŶifiĐaŶt effeĐt oŶ all gƌoǁth paƌaŵeteƌs, ƌeduĐiŶg shoot height, 

ĐhloƌophǇll ĐoŶteŶt, aŶd ƌoot leŶgth aŶd ǁeight, ǁhile iŶĐƌeasiŶg ƌoot haiƌ aƌea iŶ ďoth 

speĐies. AĐtiǀitǇ leǀels foƌ all phosphatases iŶ ƌoot eǆudates ǁas iŶĐƌeased, eǆĐept foƌ 

ŵoŶoesteƌase at the highest Đadŵiuŵ ĐoŶĐeŶtƌatioŶ. Most of the iŶĐƌease iŶ total ƌoot 

diesteƌase aŶd phǇtase aĐtiǀities iŶ the pƌeseŶĐe of Đadŵiuŵ ǁas due to eǆudate aĐtiǀitǇ, 

aŶd Ŷot ƌoot tissue aĐtiǀitǇ. Maize steŵs shoǁed deĐƌeased aĐtiǀitǇ of ŵoŶoesteƌase aŶd 

phǇtase, aŶd Ŷo ĐhaŶge iŶ diesteƌase aĐtiǀitǇ. SuŶfloǁeƌ steŵs had Ŷo ĐhaŶge iŶ 

ŵoŶoesteƌase aĐtiǀitǇ aŶd iŶĐƌeases iŶ diesteƌase aŶd phǇtase, ďut at the highest Đadŵiuŵ 

ĐoŶĐeŶtƌatioŶ, all eŶzǇŵes had deĐƌeased aĐtiǀitǇ. Both ƌoot aŶd shoot tissue aĐĐuŵulates 

Đadŵiuŵ, ǁith a tƌaŶsloĐatioŶ ƌate fƌoŵ ƌoot to shoot higheƌ thaŶ eǆpeĐted foƌ ǇouŶg 

plaŶts: shoot Đadŵiuŵ ƌeaĐhed ϯϵ% of total plaŶt Đadŵiuŵ iŶ ŵaize aŶd ϯϯ% iŶ suŶfloǁeƌ. 

Phosphatase aĐtiǀitǇ, uŶlike the otheƌ paƌaŵeteƌs, did Ŷot ŶeĐessaƌilǇ folloǁ the saŵe 

patteƌŶ uŶdeƌ Đadŵiuŵ stƌess as iŶ phosphoƌus depƌiǀatioŶ. 

EleĐtƌoĐoagulatioŶ ĐoŵďiŶed ǁith phǇtase ǁas the oŶlǇ tƌeatŵeŶt that eŶaďled the 

Đoŵplete ƌeĐoǀeƌǇ of phosphoƌus dissolǀed iŶ sludge. Pƌe-tƌeatŵeŶt ǁith phǇtase did Ŷot 

haǀe gƌeat iŶflueŶĐe oŶ the ƌesult of the pƌoĐess Đoŵpaƌed to phǇtase added at the 

ďegiŶŶiŶg of the pƌoĐess, ďut it did lead to ŵoƌe ƌapid pƌeĐipitatioŶ foƌ the fiƌst ϮϬ-ϯϬ 

ŵiŶutes of eleĐtƌoĐoagulatioŶ; phǇtase also lead to gƌeateƌ phosphoƌus ƌeĐoǀeƌǇ fƌoŵ 

ĐheŵiĐal pƌeĐipitatioŶ ǁith tǁo iƌoŶ salts, ďut Ŷot Đoŵplete ƌeĐoǀeƌǇ. AlkaliŶe ŵoŶoesteƌase 

did Ŷot lead to Đoŵplete phosphoƌus ƌeĐoǀeƌǇ uŶdeƌ aŶǇ tƌeatŵeŶt, ďut it ĐoŶtƌiďuted to 

gƌeateƌ pƌeĐipitatioŶ ǁheŶ ĐoŵďiŶed ǁith iƌoŶ;IIͿ sulphate. 

This pƌojeĐt pƌoǀides the fiƌst ĐoŵpƌeheŶsiǀe pƌofile of phosphatase aĐtiǀitǇ uŶdeƌ heaǀǇ 

ŵetal stƌess iŶ tǁo ŵajoƌ Đƌop plaŶts, aŶd the ƌesults aƌe ƌeleǀaŶt foƌ eŶgiŶeeƌiŶg liŶes that 

ĐaŶ toleƌate aŶd eǆtƌaĐt Cd fƌoŵ the soil. TheǇ also leŶd ĐƌedeŶĐe to the status of ŵaize aŶd 

suŶfloǁeƌ as iŵpoƌtaŶt phǇtoeǆtƌaĐtoƌs. The eleĐtƌoĐoagulatioŶ eǆpeƌiŵeŶts pƌoǀide the 

fiƌst eǀideŶĐe that eŶzǇŵes ĐaŶ iŵpƌoǀe the ƌate of phosphate ƌeĐoǀeƌǇ fƌoŵ seǁage 
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sludge; futuƌe ƌeseaƌĐh should foĐus oŶ ƌeĐoǀeƌǇ effiĐieŶĐǇ ǁith ĐoŵďiŶatioŶs of eŶzǇŵes 

aŶd ǁith the ĐoŶjugatioŶ of phosphatases aŶd otheƌ pƌoŵisiŶg phosphoƌus pƌeĐipitatioŶ 

ŵethods, suĐh as ultƌasoŶiĐ ĐaǀitatioŶ. 
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Introduction 

Cadmium toxicity 

Cadŵiuŵ ;CdͿ is oŶe of the ŵost toǆiĐ eleŵeŶts iŶ the eŶǀiƌoŶŵeŶt aŶd is Đapaďle of 

ĐausiŶg seǀeƌe gƌoǁth iŶhiďitioŶ aŶd aďŶoƌŵalities eǀeŶ at loǁ ĐoŶĐeŶtƌatioŶ. Soil Cd is 

aďsoƌďed ďǇ plaŶts aŶd the aŶiŵals that ĐoŶsuŵe theŵ, ǁheƌe it ďioaĐĐuŵulates aŶd 

eŶdaŶgeƌs the food supplǇ aŶd huŵaŶ health ;UeŶo et al., ϮϬϭϬͿ. IŶ huŵaŶs, Cd has ďeeŶ 

shoǁŶ to Đause kidŶeǇ aŶd ďoŶe daŵage, aŶd to ĐoŶtƌiďute to diaďetes, hǇpeƌteŶsioŶ, 

ĐaŶĐeƌ aŶd oǀeƌall ŵoƌtalitǇ ;Sataƌug et al., ϮϬϭϬͿ. IŶ plaŶts, loŶg-teƌŵ eǆposuƌe Đauses 

ƌoots to ďeĐoŵe ŵuĐilagiŶous, ďƌoǁŶ, aŶd eǀeŶtuallǇ to deĐoŵpose; shoot aŶd ƌoot 

eloŶgatioŶ is ƌeduĐed, ǁith shoƌteƌ ƌoots ďeiŶg oŶe of the eaƌliest aŶd ŵost distiŶĐtiǀe sigŶs 

of Cd toǆiĐitǇ; leaǀes ƌoll aŶd ďeĐoŵe ĐhloƌotiĐ aŶd stuŶted, haǀe deĐƌeased ĐhloƌophǇll 

ĐoŶteŶt aŶd alteƌed Đhloƌoplast stƌuĐtuƌe; eǀeŶtuallǇ theǇ desiĐĐate aŶd ŶeĐƌosis sets iŶ ;He 

et al., ϮϬϭϳ; TƌaŶ aŶd Popoǀa, ϮϬϭϮͿ. OŶe ǁaǇ iŶ ǁhiĐh Cd haƌŵs plaŶts is ďǇ ƌeduĐiŶg theiƌ 

uptake of polǇǀaleŶt ĐatioŶs ďǇ ĐoŵpetiŶg foƌ ďiŶdiŶg sites iŶ pƌoteiŶs aŶd tƌaŶspoƌteƌs, 

espeĐiallǇ iŶ ƌoots ;Rodƌiguez-SeƌƌaŶo et al., ϮϬϬϵͿ. AtaďaǇeǀa et al. ;ϮϬϭϲͿ fouŶd that soil Cd 

ƌeduĐed the ĐoŶteŶt of Mg, MŶ, Fe, ZŶ aŶd Cu iŶ ƌiĐe shoots; the ďeŶefit of ďeiŶg aďle to 

eǆĐlude Cd is ŵade Đleaƌ ďǇ the faĐt that the ƌiĐe Đultiǀaƌs ǁith the loǁest Cd ĐoŶteŶt ǁeƌe 

also the oŶes ǁith the highest ĐoŶĐeŶtƌatioŶs of the fiǀe ĐatioŶs ŵeŶtioŶed aďoǀe. 

AtaďaǇeǀa et al. ;ϮϬϭϳͿ also shoǁed that Cd ƌeduĐes Fe ĐoŶteŶt iŶ all oƌgaŶs of ƌiĐe plaŶts, 

aŶd ZoƌŶoza et al. ;ϮϬϬϮͿ fouŶd loǁeƌ ƌoot ĐoŶĐeŶtƌatioŶs of P, K, Fe, MŶ, aŶd ZŶ. The 

ƌeduĐed ĐatioŶ uptake Đould affeĐt the plaŶts aďilitǇ to ƌespoŶd to Cd stƌess, siŶĐe oŶe 

polǇǀaleŶt ĐatioŶ iŶ paƌtiĐulaƌ, CaϮ+, is iŵpoƌtaŶt iŶ stƌess sigŶalliŶg ;SaŶdalio et al., ϮϬϬϭͿ. 

Muƌadoglu et al. ;ϮϬϭϱͿ aŶalǇsed the effeĐts of soil Cd iŶ stƌaǁďeƌƌǇ plaŶts aŶd fouŶd that 

iŶĐƌeasiŶg the heaǀǇ ŵetal’s ĐoŶĐeŶtƌatioŶ deĐƌeases ĐhloƌophǇll ĐoŶteŶt, ƌoot aŶd steŵ 

gƌoǁth, aŶd Đauses Đhloƌosis. It also Đauses iŶĐƌeases iŶ plaŶt tissue Cd ĐoŶĐeŶtƌatioŶs, 

espeĐiallǇ iŶ the ƌoots. GoŶçalǀes et al. ;ϮϬϬϵͿ fouŶd that ŵediuŵ Cd Đauses loǁ ĐhloƌophǇll 

ĐoŶteŶt as ǁell as deĐƌeased ƌoot aŶd shoot eloŶgatioŶ iŶ ĐuĐuŵďeƌ seedliŶgs. Studies 

ĐoŶduĐted iŶ peas haǀe shoǁŶ that Cd Đauses the aĐĐuŵulatioŶ of ƌeaĐtiǀe oǆǇgeŶ speĐies 

;ROSsͿ suĐh as HϮOϮ aŶd OϮ
.– iŶ leaf tissue ;Roŵeƌo-Pueƌtas et al., ϮϬϬϰͿ; it also ƌeduĐes 

aĐtiǀitǇ of supeƌ-oǆide disŵutase ;aŶ aŶtioǆidaŶt eŶzǇŵeͿ aŶd ĐalĐiuŵ ĐoŶteŶt, aŶd 

depƌesses ŶitƌiĐ oǆide ;aŶ iŵpoƌtaŶt ŵesseŶgeƌ iŶ seǀeƌal ŵetaďoliĐ pathǁaǇsͿ ŵetaďolisŵ, 
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although ĐalĐiuŵ tƌeatŵeŶt alleǀiates the sǇŵptoŵs ;Rodƌiguez-SeƌƌaŶo et al., ϮϬϬϵͿ. Seth 

et al. ;ϮϬϬϴͿ deŵoŶstƌated that Cd affeĐts Đell diǀisioŶ iŶ Alliuŵ Đepa ƌoot ŵeƌisteŵ, ǁheƌe 

it iŶĐƌeases the Ŷuŵďeƌ of Đhƌoŵosoŵe aďeƌƌatioŶs ;suĐh as Đhƌoŵosoŵe ďƌeaksͿ aŶd 

ŵitotiĐ aďŶoƌŵalities ;like ŵultipolaƌ aŶaphaseͿ. The sigŶifiĐaŶtlǇ higheƌ pƌeǀaleŶĐe of 

ŵitotiĐ aďŶoƌŵalities suggests that Cd haƌŵs Đell diǀisioŶ ŵaiŶlǇ ďǇ aĐtiŶg oŶ the spiŶdle 

appaƌatus. 

 

Plant adaptation to cadmium toxicity 

PlaŶts haǀe deǀeloped stƌategies to deal ǁith ŵost ĐoŶtaŵiŶaŶts theǇ Đoŵe iŶ ĐoŶtaĐt ǁith, 

aŶd Đadŵiuŵ, as aŶ iŶĐƌeasiŶglǇ ĐoŵŵoŶ pollutaŶt of agƌiĐultuƌal soils aŶd ďiosolids, 

iŵpaĐts plaŶts ǁith diffeƌeŶt ĐapaĐities to toleƌate, aďsoƌď, aŶd tƌaŶsloĐate it fƌoŵ ƌoots to 

shoot. It has ďeeŶ shoǁŶ that Cd-toleƌaŶt plaŶts displaǇ soŵe of the saŵe sǇŵptoŵs as 

plaŶts adapted to P-defiĐieŶĐǇ, suĐh as ;ϭͿ shoƌteƌ ƌoots, ;ϮͿ shoƌteƌ shoots, ;ϯͿ gƌeateƌ ƌoot 

haiƌ deŶsitǇ, ;ϰͿ heaǀieƌ ƌoots, ;ϱͿ loǁeƌ ĐhloƌophǇll ĐoŶteŶt, aŶd ;ϳͿ higheƌ phosphatase 

aĐtiǀitǇ ;paƌtiĐulaƌlǇ ŵoŶoesteƌase, the ŵost ĐoŵŵoŶlǇ assaǇed suďgƌoup so faƌͿ. 

UŶdeƌstaŶdiŶg the effeĐt of Đadŵiuŵ oŶ a ǀaƌietǇ of plaŶt phosphatases is the fiƌst step iŶ 

deĐipheƌiŶg the ƌole these eŶzǇŵes ŵight plaǇ iŶ ĐeƌtaiŶ plaŶts’ iŶĐƌeased toleƌaŶĐe aŶd 

aĐĐuŵulatioŶ of soil toǆiŶs.  

Hoǁeǀeƌ, these aƌe Ŷot the oŶlǇ adaptatioŶs to Cd aŶd otheƌ heaǀǇ ŵetals iŶ soil: these 

ĐoŶtaŵiŶaŶts aƌe ofteŶ seƋuesteƌed iŶ ǀaĐuoles oƌ eǆĐluded fƌoŵ the ƌoots ďefoƌe theǇ ĐaŶ 

Đause haƌŵ to the Đellulaƌ ŵaĐhiŶeƌǇ oƌ ƌeaĐh the shoots. It is eǀeŶ possiďle that eleǀated 

;ďut Ŷot highlǇ toǆiĐͿ ĐoŶĐeŶtƌatioŶs of ROSs Đould fuŶĐtioŶ as a sigŶal foƌ the upƌegulatioŶ 

of Cd ƌesistaŶĐe geŶes, eǀeŶ ǁheŶ Ŷot Đaused ďǇ Cd ;Rodƌiguez-SeƌƌaŶo et al., ϮϬϬϵͿ; this 

eǀeŶ though Cd ƌeduĐes ĐalĐiuŵ ĐoŶteŶt iŶ leaǀes ;SaŶdalio et al., ϮϬϬϭͿ. Seth et al. ;ϮϬϬϴͿ 

Ŷote that ŵitosis-ƌelated daŵage afteƌ Đell eǆposuƌe to Cd is ƌeduĐed afteƌ Ϯϰ houƌs, aŶd 

suggest this Đould ďe due to the pƌeseŶĐe of soŵe oƌ all of seǀeƌal aŶtioǆidaŶt eŶzǇŵes, 

suĐh as glutathioŶe, glutathioŶe peƌoǆidase, aŶd Đatalase, aŶd/oƌ DNA ƌepaiƌ eŶzǇŵes, like 

DNA ligase, DNA polǇŵeƌase, aŶd eŶdoŶuĐlease. FagioŶi aŶd Zolla ;ϮϬϬϵͿ iŶǀestigated the 
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diffeƌeŶĐes iŶ the pƌoteoŵiĐ pƌofile of ďasal aŶd apiĐal spiŶaĐh leaǀes ;SpiŶaĐia oleƌaĐeaͿ 

uŶdeƌ Cd stƌess, aŶd fouŶd Đlues ƌegaƌdiŶg a possiďle stƌategǇ to iŶĐƌease suƌǀiǀal iŶ the 

pƌeseŶĐe of the toǆiŶ. IŶ ďasal leaǀes, theǇ oďseƌǀed a deĐƌease iŶ ĐhloƌophǇll a sǇŶthesis 

aŶd iŶ photosǇŶthesis ƌates, folloǁed ďǇ aŶ iŶĐƌease iŶ glutathioŶe aŶd phǇtoĐhelatiŶ 

sǇŶthesis, ďoth of ǁhiĐh Đhelate Đadŵiuŵ to pƌeǀeŶt it fƌoŵ daŵagiŶg otheƌ Đellulaƌ 

stƌuĐtuƌes. FiŶallǇ, ďasal leaǀes eǆpeƌieŶĐe aŶ iŶĐƌease iŶ ROS pƌoduĐtioŶ, ĐausiŶg 

seŶesĐeŶĐe aŶd death, ǁith the dead leaǀes falliŶg aŶd takiŶg ǁith theŵ a laƌge pƌopoƌtioŶ 

of the aďsoƌďed aŶd Đhelated Cd stoƌed iŶ theiƌ Đell’s ǀaĐuoles. OŶ the uppeƌ eŶd of the 

plaŶt, apiĐal leaǀes haǀe iŶĐƌeased ĐhloƌophǇll ĐoŶteŶt, photosǇŶthetiĐ Đoŵpleǆes, aŶd 

eŶzǇŵes iŶǀolǀed iŶ COϮ fiǆatioŶ aŶd ĐaƌďohǇdƌate ŵetaďolisŵ. These diffeƌeŶĐes Đould 

ƌefleĐt aŶ aĐtiǀe stƌategǇ ďǇ the plaŶt to ĐoŶĐeŶtƌate eŶeƌgǇ ŵetaďolisŵ iŶ aƌeas fuƌtheƌ 

fƌoŵ the Cd souƌĐe ǁhile foĐusiŶg the eŶeƌgǇ of the loǁeƌ paƌt of the steŵ oŶ gettiŶg ƌid of 

the ĐoŶtaŵiŶaŶt. ZoƌŶoza et al. ;ϮϬϬϮͿ aŶalǇsed the effeĐt of ŵediuŵ Cd oŶ ǁhite lupiŶ 

;LupiŶus alďusͿ aŶd fouŶd ĐhaƌaĐteƌistiĐs iŶ that plaŶt that had a pƌoteĐtiǀe effeĐt agaiŶst Cd 

toǆiĐitǇ: speĐifiĐallǇ, fƌee ŵoǀeŵeŶt of Cd ǁas diŵiŶished ďǇ iŵŵoďilizatioŶ iŶ Đell ǁalls aŶd 

ĐoŵpleǆatioŶ ǁith thiols, ǁhose ĐoŶĐeŶtƌatioŶ iŶĐƌeased iŶ the pƌeseŶĐe of Cd. Raŵos et al. 

;ϮϬϬϮͿ, usiŶg lettuĐe as theiƌ ŵodel, also ƌeĐoƌded that a high peƌĐeŶtage ;ϲϰ%Ϳ of aďsoƌďed 

Cd is loĐated iŶ the Đell ǁall. 

UeŶo et al. ;ϮϬϭϬͿ haǀe fouŶd that a siŶgle aŵiŶo aĐid ŵutatioŶ iŶ a tƌaŶspoƌteƌ eǆpƌessed 

ŵaiŶlǇ iŶ the toŶoplast of ƌoot Đells Đauses loǁeƌ Cd aĐĐuŵulatioŶ iŶ ƌiĐe plaŶts. The 

tƌaŶspoƌteƌ is fuŶĐtioŶal iŶ the ŵutated, loǁ-Cd ǀaƌietǇ, ďut Ŷot iŶ the high-Cd ǀaƌietǇ; it is 

ƌespoŶsiďle foƌ seƋuesteƌiŶg Cd iŶ ƌoot Đell ǀaĐuoles aŶd pƌeǀeŶtiŶg its tƌaŶsloĐatioŶ to the 

aďoǀe-gƌouŶd tissues. OǀeƌeǆpƌessioŶ of this tƌaŶspoƌteƌ uŶdeƌ ĐoŶtƌol of the ŵaize 

uďiƋuitiŶ pƌoŵoteƌ iŶ a loǁ-Cd aĐĐuŵulatiŶg ƌiĐe Đultiǀaƌ Đaused eǀeŶ gƌeateƌ ƌeduĐtioŶ iŶ 

gƌaiŶ Cd ĐoŶteŶt. Hoǁeǀeƌ, it should ďe Ŷoted that eǀeŶ iŶ the saŵe speĐies, Cd 

tƌaŶsloĐatioŶ fƌoŵ ƌoot to shoot ĐaŶ ǀaƌǇ gƌeatlǇ ďetǁeeŶ Đultiǀaƌs. Foƌ eǆaŵple, shoot Cd 

ĐaŶ ǀaƌǇ ďetǁeeŶ ϭϯ% aŶd ϯϳ% of ǁhole-plaŶt Cd ;Haƌƌis aŶd TaǇloƌ, ϮϬϭϯͿ. UeŶo et al. 

;ϮϬϬϵͿ fouŶd that shoot Cd ĐoŶĐeŶtƌatioŶ iŶ ƌiĐe ĐaŶ ǀaƌǇ ďetǁeeŶ ϲ aŶd ϭϱ µg of Cd/g of 

dƌǇ ǁeight afteƌ gƌoǁiŶg foƌ ϯϳ daǇs iŶ Cd-ĐoŶtaŵiŶated soil, depeŶdiŶg oŶ Đultiǀaƌ. 
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Cadmium contamination in soil 

Cd is pƌeseŶt iŶ Ŷatuƌe at ǀaƌǇiŶg ĐoŶĐeŶtƌatioŶs, depeŶdiŶg ŵostlǇ oŶ the tǇpe of soil. 

EasteƌŶ aŶd SoutheƌŶ FƌeŶĐh, SoutheƌŶ ChiŶese aŶd Sǁiss liŵestoŶe ;as ǁell as ChiŶese 

saŶdshaleͿ teŶd to haǀe high ĐoŶĐeŶtƌatioŶs of the ŵetal, ǁhile gƌaŶitiĐ soils haǀe ŵuĐh less 

Cd ;Raŵďeau et al., ϮϬϭϬ; ZhaŶg et al., ϮϬϭϭͿ. IŶ ŵost Đases, ďaĐkgƌouŶd Cd ĐoŶĐeŶtƌatioŶs 

aƌe too loǁ to Đause ĐoŶĐeƌŶs ƌegaƌdiŶg huŵaŶ oƌ eŶǀiƌoŶŵeŶtal health, ďut aŶthƌopogeŶiĐ 

aĐtiǀitǇ has iŶĐƌeased ĐoŶĐeŶtƌatioŶs ǁell aďoǀe Ŷatuƌal leǀels aŶd is Ŷoǁ the ŵost 

iŵpoƌtaŶt souƌĐe of eŶǀiƌoŶŵeŶtal Cd. IŶ soŵe paƌts of the ǁoƌld, soil Cd ĐoŶĐeŶtƌatioŶs 

haǀe ďeĐoŵe ǁoƌƌǇiŶg eŶough that eŶtiƌe ƌegioŶs haǀe ďeeŶ deĐlaƌed as haǀiŶg a high 

ĐapaĐitǇ to ĐoŶtaŵiŶate Đƌop pƌoduĐtioŶ foƌ huŵaŶ aŶd aŶiŵal ĐoŶsuŵptioŶ ;Retaŵal-

Salgado et al., ϮϬϭϳ: tǁo ChileaŶ ƌegioŶsͿ, aŶd ƌeĐalls haǀe ďeeŶ issued foƌ food due to high 

Cd leǀels ;Staffoƌd et al., ϮϬϭϴ: the ƌeĐall ǁas foƌ spiŶaĐh iŶ CalifoƌŶiaͿ. This situatioŶ, 

ĐoŵďiŶed ǁith the faĐt that it is ĐoŵŵoŶ foƌ leǀels toǆiĐ to huŵaŶs to ďe pƌeseŶt iŶ plaŶts 

that shoǁ Ŷo sigŶs of Cd toǆiĐitǇ disease ;UeŶo et al., ϮϬϭϬͿ highlights the Ŷeed foƌ Đlose 

ŵoŶitoƌiŶg of Cd ĐoŶteŶt iŶ the food supplǇ. IŶ ŵost of the ǁoƌld, Cd ĐoŶtaŵiŶatioŶ Đoŵes 

ŵostlǇ fƌoŵ iŶdustƌǇ ;ŵiŶiŶg aĐtiǀitǇ, ďatteƌǇ ŵaŶufaĐtuƌe, ŶoŶ-feƌƌous ŵetals iŶdustƌǇͿ aŶd 

agƌiĐultuƌe ;pestiĐides aŶd phosphate feƌtilizeƌsͿ ;ZoƌŶoza et al., ϮϬϬϮͿ. A ŶatioŶǁide suƌǀeǇ 

of aƌaďle laŶd iŶ ChiŶa fouŶd that ŵost hotspots foƌ high Cd ĐoŶĐeŶtƌatioŶ ǁeƌe loĐated 

Ŷeaƌ ŵiŶiŶg opeƌatioŶs aŶd sŵeltiŶg faĐilities, poiŶtiŶg to those iŶdustƌies as the ŵajoƌ 

souƌĐe of ĐoŶtaŵiŶatioŶ ;ZhaŶg et al., ϮϬϭϰͿ. AŶ iŶǀestigatioŶ of soil aƌouŶd a highǁaǇ 

sǇsteŵ iŶ the Agƌa distƌiĐt of IŶdia ƌeǀealed that aeƌial depositioŶ fƌoŵ tƌaŶspoƌtatioŶ 

eŵissioŶs is also a ƌeleǀaŶt souƌĐe of heaǀǇ ŵetal ĐoŶtaŵiŶatioŶ ;paƌtiĐulaƌlǇ Pď aŶd CdͿ; 

soŵe ƌadish aŶd spiŶaĐh saŵples gƌoǁŶ Đlose to the ƌoad had Cd ĐoŶĐeŶtƌatioŶs aďoǀe 

ǁhat IŶdiaŶ authoƌities ĐoŶsideƌ safe foƌ huŵaŶ ĐoŶsuŵptioŶ ;Shaƌŵa aŶd Pƌasad, ϮϬϭϬͿ. 

Outside of Neǁ ZealaŶd, seǁage sludge, due to its ƌelatiǀelǇ high Cd ĐoŶteŶt, is also 

ďeĐoŵiŶg a ŵajoƌ souƌĐe of eŶǀiƌoŶŵeŶtal Cd ĐoŶtaŵiŶatioŶ ;Ghosh aŶd SiŶgh, ϮϬϬϱͿ. Due 

to the pƌediĐted iŶĐƌease iŶ seǁage sludge ǁoƌldǁide oǀeƌ the Ŷeǆt feǁ deĐades ;ŵaiŶlǇ 

due to populatioŶ gƌoǁthͿ, the pƌopoƌtioŶ of soil Cd oƌigiŶatiŶg fƌoŵ sludge is likelǇ to 

iŶĐƌease. 
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Cadmium contamination in New Zealand soil 

McDowell et al. (2013) have shown that in New Zealand, soil Cd correlates with soil P more 

strongly than with any other parameter. That is probably due to the high anthropogenic 

contribution to soil Cd, most of which (in New Zealand) comes from the application of 

phosphate fertilizers to the agricultural land; the phosphorus in these products comes from 

mines with high levels of Cd (Lugon-Moulin et al., 2006). Phosphatic shale, one of the 

sources of phosphate for fertilizers, can have Cd concentrations as high as 200 mg/kg, more 

than 70 times more Cd than the most contaminated New Zealand soil (McDowell et al., 

2013). Stafford et al. (2018) compared a Waikato farm and a Canterbury farm with different 

phosphate fertilizer application histories, and concluded that the difference in soil Cd 

concentration, which was three times higher in the Waikato farm, was explained by its 

historically higher fertilizer use. Regarding land use, dairy farms, pastures, and horticultural 

land had the highest amounts of Cd (up to 2.7 mg/kg); in most sampled sites, the 

anthropogenic contribution to Cd concentrations was estimated to be just over 50% 

(McDowell et al., 2013). High Cd concentrations in these three types of soil is due to their 

being the ones most often treated with phosphate fertilizers. These chemicals may be a 

greater threat to the food supply chain than other Cd-containing contaminants, since there 

is evidence in the literature that plants may accumulate more Cd when its source are P 

fertilizers than from other sources (Azzi et al., 2017). 

Wastewater 

Wasteǁateƌ is the Ŷaŵe giǀeŶ to the liƋuid- oƌ ǁateƌ-Đaƌƌied ǁaste fƌoŵ a ǀaƌietǇ of 

souƌĐes, iŶĐludiŶg iŶdustƌial aŶd ƌesideŶtial sites, as ǁell as gƌouŶd aŶd stoƌŵ ǁateƌ that 

ŵight ďe pƌeseŶt. Wasteǁateƌ ĐoŶtaiŶs sigŶifiĐaŶt ƋuaŶtities of uŶdesiƌaďle ĐoŵpoŶeŶts, 

suĐh as toǆiŶs aŶd pathogeŶiĐ ŵiĐƌo-oƌgaŶisŵs, aŶd its tƌeatŵeŶt ĐaŶ pƌoduĐe a Ŷuŵďeƌ of 

suďstaŶĐes, iŶĐludiŶg seǁage sludge aŶd ďiosolids ;Weƌtheƌ aŶd Ogada, ϭϵϵϵͿ. Seǁage 

sludge is Đƌeated ďǇ deǁateƌiŶg ǁasteǁateƌ, ƌesultiŶg iŶ a seŵi-solid ŵateƌial ǁith high 

ƋuaŶtities of oƌgaŶiĐ ŵatteƌ, pathogeŶs, heaǀǇ ŵetals, aŶd oƌgaŶiĐ ŵiĐƌo-pollutaŶts ;CheŶ et 

al., ϮϬϭϮͿ. Afteƌ ĐeƌtaiŶ tƌeatŵeŶts to ƌeŵoǀe ǁateƌ aŶd seǀeƌal toǆiŶs aŶd pollutaŶts, 

seǁage sludge ĐaŶ ďe tuƌŶed iŶto ďiosolids, a suďstaŶĐe ŵaiŶlǇ used as a soil additiǀe, fƌoŵ 
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ǁhiĐh ŶutƌieŶts ĐaŶ also ďe ƌeŵoǀed foƌ the ŵaŶufaĐtuƌe of feƌtilizeƌs ;EgaŶ, ϮϭϬϯͿ. The 

aŵouŶt of seǁage sludge iŶ the ǁoƌld has ďeeŶ ƌapidlǇ iŶĐƌeasiŶg siŶĐe the ŵiddle of the 

ϮϬth ĐeŶtuƌǇ, espeĐiallǇ iŶ aŶd aƌouŶd uƌďaŶ ĐeŶtƌes. MostlǇ due to the gƌoǁiŶg populatioŶs 

aŶd the iŶĐƌease iŶ the pƌopoƌtioŶ of houses ĐoŶŶeĐted to tƌeatŵeŶt plaŶts ;RosoleŶ et al., 

ϮϬϬϱ; Weƌtheƌ aŶd Ogada, ϭϵϵϵͿ, aŶd it is pƌojeĐted to gƌoǁ suďstaŶtiallǇ oǀeƌ the Ŷeǆt ϯϬ 

Ǉeaƌs ;VaŶ DƌeĐht et al., ϮϬϬϵͿ. 

 

Wastewater in the environment 

The release of untreated wastewater into the environment poses several ecological and 

public health threats. First, the organic matter present in the water is decomposed in a 

process that consumes oxygen, which reduces the availability of this element for aquatic 

animals in the receiving waters (Anza et al., 2014; Singh et al., 2017). Second, the same 

decomposition process produces foul-smelling gases. Thirdly, the presence of heavy metals 

and other toxic compounds makes the wastewater dangerous to plants and animals 

(Liphadzi et al., 2003). Among those toxic compounds are pharmaceuticals like 

antidepressants and oestrogens (Metcalfe et al., 2010; Ting and Praveena, 2017), many of 

which can be readily absorbed by humans, while retaining full biological activity (Hiemke 

and Härtter, 2000). Fourth, the large amounts of nitrogen and phosphorus increase the 

chances of eutrophication (Johansson et al., 2008); 0.02 mg/L of P in water can be enough 

to trigger the process, which generates toxins and reduces oxygen content, causing 

significant damage to wildlife (Huang et al., 2016). Finally, the presence of pathogens is a 

health hazard to human populations (Krzyzanowski et al., 2014; Werther and Ogada, 1999), 

with even extensively treated wastewater containing high concentrations of helminth eggs, 

E. coli, and C. perfringens (Ajonina et al., 2015). Due to the above, wWastewater must go 

through a treatment process for several crucial reasons.It is for those reasons thatand 

industrialized countries have set limits to the amount of dangerous substances that can be 

present in processed wastewater or treated effluent. Treatment plants typically employ 

three stages: mechanical, biological and a third one for the removal of nitrogen and 

phosphorus. 
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Wastewater treatment: first stage 

The ŵeĐhaŶiĐal stage ĐoŶsists of the passage of ǁasteǁateƌ thƌough a seƌies of sĐƌeeŶs that 

filteƌ out laƌge solids, folloǁed ďǇ the ƌeŵoǀal of settleaďle aŶd floatiŶg solids iŶ 

sediŵeŶtatioŶ taŶks. BetǁeeŶ these tǁo steps theƌe is ofteŶ a ĐheŵiĐal step ǁheƌe 

suďstaŶĐes aƌe added to the ǁasteǁateƌ to Đoagulate ǀeƌǇ fiŶe suspeŶded ŵatteƌ aŶd a feǁ 

dissolǀed suďstaŶĐes, to faĐilitate sediŵeŶtatioŶ ;Zaďaǀa et al., ϮϬϭϲͿ. This fiƌst stage ĐaŶ 

ƌeŵoǀe ďetǁeeŶ ϱϬ% aŶd ϳϬ% of suspeŶded solids aŶd ďetǁeeŶ Ϯϱ% aŶd ϰϬ% of the 

ďiologiĐal oǆǇgeŶ deŵaŶd ;Weƌtheƌ aŶd Ogada, ϭϵϵϵ; Zaďaǀa et al., ϮϬϭϲͿ. 

Wastewater treatment: second stage and third stages 

In the biological stage, also called activated sludge (Chong et al., 2012; Mailler et al., 2014), 

micro-organisms (mostly bacteria) coagulate much of the remaining non-settleable solids 

and organic matter, incorporating them into their cell tissue. This new abundance of micro-

organisms, in the form of flocs, can then be removed by sedimentation. Some of the organic 

matter is also turned into gas (Werther and Ogada, 1999). One type of activated sludge 

(aerobic granular sludge) has been shown to contain about 67% inorganic P and 33% organic 

P (Huang et al., 2015), and the analysis of other samples shows there is wide variation in 

that proportion, with organic phosphorus representing between 3% and 52% of total 

phosphorus in sludge (O'Connor et al., 2004). Before the final stage, partial recovery of 

phosphate can take place in the anaerobic supernatant of the activated sludge by methods 

like precipitation with salts (such as iron and alum salts), biosorption by red algae (Rathod et 

al., 2014), or electrocoagulation (Huang et al., 2017). Precipitation with salts is a simple 

process, but relatively expensive (Machnicka et al., 2008). Another option is the use of 

certain filamentous bacteria which accumulate more P than needed for growth, such as 

Acinetobacter, Pseudomonas, E. coli and Mycobacterium. These can then be disintegrated 

by a process called hydrodynamic cavitation, which involves centrifugation and application 

of high pressure to the foam that contains the bacteria (Machnicka et al., 2008). In the final 

stage, nitrogen is removed by a two-step process of nitrification and denitrification, in which 

ammonia is converted into nitrate, and nitrate is converted into free nitrogen. Phosphorus is 
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removed by chemical precipitation or by incorporation into cell tissue, either of which is 

followed by sedimentation (Werther and Ogada, 1999; Zabava et al., 2016). 

Sludge treatment 

Afteƌ ǁasteǁateƌ tƌeatŵeŶt is fiŶished, ǁhat ƌeŵaiŶs is the sludge, ǁheƌe ŵost of the 

eleŵeŶts that ŵake ǁasteǁateƌ daŶgeƌous aƌe ĐoŶĐeŶtƌated. This ŵakes the pƌoĐessiŶg of 

sludge a ĐƌuĐial uŶdeƌtakiŶg foƌ eŶǀiƌoŶŵeŶtal aŶd huŵaŶ health, as it aiŵs to ƌeŵoǀe 

pathogeŶiĐ ďaĐteƌia, ƌeduĐe the ĐoŶteŶt of oƌgaŶiĐ ŵatteƌ, aŶd ƌeduĐe ǁateƌ ĐoŶteŶt foƌ 

gƌeateƌ ease of haŶdliŶg aŶd disposal ;Weƌtheƌ aŶd Ogada, ϭϵϵϵͿ. This ĐaŶ ďe aĐhieǀed ďǇ 

digestioŶ ǁith ŵiĐƌo-oƌgaŶisŵs, thƌough the additioŶ of liŵe to iŶĐƌease pH, ǀiďƌatioŶ-

assisted filteƌiŶg, oƌ ďǇ a tǁo-step heatiŶg pƌoĐess, ǁhiĐh steƌilizes the sludge, Đoagulates 

the solids, aŶd dƌastiĐallǇ ƌeduĐes ǁateƌ ĐoŶteŶt ;DeŶisoǀ et al., ϮϬϭϲͿ. 

Sludge in agriculture 

The use of sludge as agƌiĐultuƌal feƌtilizeƌ has the adǀaŶtage of ƌetuƌŶiŶg ŶutƌieŶts like 

ŶitƌogeŶ aŶd phosphoƌus to theiƌ ďiologiĐal ĐǇĐle. Due to theiƌ higheƌ oƌgaŶiĐ ŵatteƌ aŶd 

loǁeƌ heaǀǇ ŵetal ĐoŶteŶt, sludge fƌoŵ ƌesideŶtial ǁasteǁateƌ is ŵoƌe appƌopƌiate foƌ this 

use thaŶ iŶdustƌial ǁasteǁateƌ ;Weƌtheƌ aŶd Ogada, ϭϵϵϵͿ. BǇ ϭϵϵϵ, aďout a Ƌuaƌteƌ of all 

the sludge iŶ the UŶited States, aŶd oǀeƌ half of it iŶ soŵe EuƌopeaŶ UŶioŶ ĐouŶtƌies ;SpaiŶ, 

DeŶŵaƌk aŶd FƌaŶĐeͿ ǁas used as feƌtilizeƌ ;Weƌtheƌ aŶd Ogada, ϭϵϵϵͿ. BǇ ϮϬϭϮ, the 

ĐouŶtƌies ǁheƌe this ŵethod ǁas ŵost ĐoŵŵoŶ ǁeƌe Poƌtugal ;ϴϳ%Ϳ, UK, IƌelaŶd ;ďoth 

ϳϬ%Ϳ aŶd SpaiŶ ;ϲϰ%Ϳ ;Kelessidis aŶd StasiŶakis, ϮϬϭϮͿ, ǁhile iŶ the UŶited States the 

pƌopoƌtioŶ douďled ;VeƌliĐĐhi aŶd Zaŵďello, ϮϬϭϱͿ. Hoǁeǀeƌ, eǀeŶ ƌesideŶtial ;oƌ 

ĐoŵŵuŶalͿ ǁasteǁateƌ has higheƌ heaǀǇ ŵetal ĐoŶteŶt thaŶ tǇpiĐal faƌŵiŶg soil, ŵeaŶiŶg 

uŶĐoŶtƌolled additioŶ of sludge to agƌiĐultuƌal soils Đould Đause heaǀǇ ŵetals to 

ďioaĐĐuŵulate aloŶg the food ĐhaiŶ, adǀeƌselǇ affeĐtiŶg Đƌop ƋualitǇ aŶd huŵaŶ health. Foƌ 

eǆaŵple, ǁhile aŶ appliĐatioŶ of ϭϮ kg ŵ-Ϯ of seǁage sludge to a ƌiĐe field iŶĐƌeases Ǉield ďǇ 

ϭϯϳ%, it also ƌaises the Cd ĐoŶĐeŶtƌatioŶ iŶ ƌiĐe gƌaiŶs to oǀeƌ ϰ tiŵes the safe liŵit foƌ 

huŵaŶ ĐoŶsuŵptioŶ ;SiŶgh aŶd Agƌaǁal, ϮϬϭϬͿ. IŶ aŶotheƌ studǇ, FƌeŶĐh ďeaŶ had 

iŵpƌoǀed gƌoǁth paƌaŵeteƌs ǁheŶ gƌoǁŶ iŶ soil Đoŵposed of up to ϰϬ% seǁage sludge 

;Đoŵpaƌed to Ϭ% sludgeͿ ;Kuŵas aŶd Chopƌa, ϮϬϭϰͿ. This poteŶtial foƌ gƌeateƌ gƌoǁth is the 
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ƌeasoŶ seǁage sludge is ofteŶ used as aŶ alteƌŶatiǀe to iŶoƌgaŶiĐ feƌtilizeƌs ;Fƌost aŶd 

KetĐhuŵ, ϮϬϬϬ; Kuŵas aŶd Chopƌa, ϮϬϭϰͿ. EǀeŶ so, the ĐoŶĐeŶtƌatioŶ of heaǀǇ ŵetals 

;speĐifiĐallǇ ZŶ, Cd, Cƌ aŶd PďͿ iŶĐƌeases eǀeŶ as gƌoǁth is pƌoŵoted ;Kuŵas aŶd Chopƌa, 

ϮϬϭϰͿ. 

Landfilling 

LaŶdfilliŶg is the ŵost ĐoŵŵoŶ ŵethod of sludge disposal iŶ a Ŷuŵďeƌ of ĐouŶtƌies, suĐh as 

ItalǇ ;ϰϬ%Ϳ, RoŵaŶia ;ϳϱ%Ϳ aŶd Malta ;ϭϬϬ%Ϳ ;Kelessidis aŶd StasiŶakis, ϮϬϭϮͿ. Hoǁeǀeƌ, this 

is ĐoŶsideƌed the ŵost pƌoďleŵatiĐ ŵethod of disposal, espeĐiallǇ due to the high poteŶtial 

foƌ gƌouŶdǁateƌ pollutioŶ. Foƌ that ƌeasoŶ, laŶdfilliŶg is ďeiŶg phased out as a disposal 

ŵethod foƌ seǁage sludge iŶ ŵaŶǇ ĐouŶtƌies, suĐh as iŶ ItalǇ, ǁheƌe iŶ the ϭϵϵϬs it 

aĐĐouŶted foƌ ϴϱ% of sludge disposal ;Weƌtheƌ aŶd Ogada, ϭϵϵϵͿ. IŶ Neǁ ZealaŶd, ďiosolids 

aƌe usuallǇ disposed of ďǇ laŶdfilliŶg, ďut soŵe of it is also used as feƌtilizeƌ ;Opus 

IŶteƌŶatioŶal CoŶsultaŶts Liŵited, ϮϬϬϱͿ. All of the sludge fƌoŵ the ChƌistĐhuƌĐh Wasteǁateƌ 

TƌeatŵeŶt PlaŶt ;ǁhiĐh pƌoĐesses ǁasteǁateƌ fƌoŵ ChƌistĐhuƌĐh CitǇ aŶd fouƌ otheƌ sŵall 

ĐeŶtƌesͿ is used as feƌtilizeƌ iŶ the ƌehaďilitatioŶ pƌojeĐt of the StoĐktoŶ ŵiŶe site, ǁheƌe it 

helps pƌeǀeŶt eƌosioŶ ;AŶoŶ, ϮϬϭϳͿ. 

Incineration 

IŶĐiŶeƌatioŶ is Ŷoǁ the ŵost ĐoŵŵoŶ ŵethod of sludge disposal iŶ seǀeƌal ĐouŶtƌies, suĐh 

as the NetheƌlaŶds ;ϳϬ%Ϳ, SloǀeŶia ;ϲϮ%Ϳ, Belgiuŵ ;ϱϱ%Ϳ aŶd GeƌŵaŶǇ ;ϱϬ%Ϳ ;Kelessidis aŶd 

StasiŶakis, ϮϬϭϮͿ. It has seǀeƌal adǀaŶtages ǁheŶ Đoŵpaƌed to otheƌ ŵethods, espeĐiallǇ iŶ 

uƌďaŶ aƌeas, ǁheƌe the aŵouŶt of seǁage geŶeƌated is ŵuĐh gƌeateƌ. IŶĐiŶeƌatioŶ ƌeduĐes 

ďǇ up to ϵϬ% the ǀoluŵe of sludge, ǁhiĐh faĐilitates haŶdliŶg aŶd disposal iŶ deŶselǇ 

populated aƌeas. This pƌoĐess also iŶaĐtiǀates seǀeƌal toǆiĐ ĐoŵpouŶds, steƌilizes the 

ďiosolid, aŶd ƌeduĐes its odoƌ ;Weƌtheƌ aŶd Ogada, ϭϵϵϵͿ. Phosphate iŶ sludge ash is 

pƌeseŶt iŶ foƌŵs that aƌe spaƌiŶglǇ soluďle ;WhitloĐkite, HilgeŶstoĐkite, EŶstatite, BƌushiteͿ, 

aŶd is thus ŵostlǇ uŶaǀailaďle to plaŶts ;Stuƌŵ et al., ϮϬϭϬͿ. A Ŷuŵďeƌ of teĐhŶiƋues haǀe 

ďeeŶ deǀeloped to ƌeŵoǀe P fƌoŵ sludge ash, suĐh as seƋueŶtial leaĐhiŶgs ǁith aĐid ;LeǀliŶ 

et al., ϮϬϬϮͿ, ǁhiĐh is Ŷot ŵatuƌe eŶough to ďe ŵaƌketaďle, aŶd aŶ adaptatioŶ of the Tƌiple 

Supeƌphosphate pƌoduĐtioŶ pƌoĐess, ǁhiĐh is alƌeadǇ ďeiŶg ĐoŵŵeƌĐialized ;WeigaŶd et al., 
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ϮϬϭϯͿ. Sludge has also ďeeŶ pƌoposed as a ƌeŶeǁaďle souƌĐe of eŶeƌgǇ, thƌough a pƌoĐess 

that ǁould ĐoŶǀeƌt it iŶto gas ;Matǀeeǀ et al., ϮϬϭϰͿ. Coŵpaƌed to Đoal, sludge has high 

leǀels of ŵoistuƌe, ǀolatile ŵatteƌ aŶd ŶitƌogeŶ ;Weƌtheƌ aŶd Ogada, ϭϵϵϵͿ. 

Heavy metals in sewage sludge 

HeaǀǇ ŵetals iŶ seǁage sludge aƌe geŶeƌallǇ ďouŶd to oƌgaŶiĐ ĐoŵpouŶds aŶd aƌe thus less 

aǀailaďle to plaŶts gƌoǁŶ iŶ sludge oƌ sludge-aŵeŶded soil ;Fƌost aŶd KetĐhuŵ, ϮϬϬϬͿ. The 

ĐoƌƌelatioŶ ďetǁeeŶ uptake of heaǀǇ ŵetals ďǇ plaŶts thƌough the ƌoots aŶd heaǀǇ ŵetal 

ĐoŶĐeŶtƌatioŶ iŶ the soil is ǁeak, eǆĐept foƌ ZŶ. Uptake is ŵuĐh ŵoƌe stƌoŶglǇ Đoƌƌelated to 

soluďilitǇ of the ŵetals, ǁhiĐh iŶĐƌeases ǁith loǁeƌ pH ;to ǁhiĐh the heaǀǇ ŵetals 

theŵselǀes ĐoŶtƌiďuteͿ ;Speiƌ et al., ϮϬϬϯͿ. This ŵakes soŵe ŵetals, like Cd, ŵoƌe 

ďioaǀailaďle ;Rieuǁeƌts et al., ϭϵϵϴͿ. Phosphate is also ŵoƌe ďioaǀailaďle uŶdeƌ loǁ pH 

;HiŶsiŶgeƌ, ϮϬϬϭͿ. EDTA, a ĐhelatiŶg ageŶt, has ďeeŶ fouŶd to iŶĐƌease heaǀǇ ŵetal soil 

soluďilitǇ aŶd ďioaǀailaďilitǇ ;iŶĐludiŶg CdͿ foƌ ƌeŵoǀal ďǇ suŶfloǁeƌ ;Liphadzi et al., ϮϬϬϯͿ. A 

seĐoŶd studǇ fouŶd that soil EDTA did Ŷot affeĐt ŶoŶ-esseŶtial heaǀǇ ŵetal uptake ďǇ plaŶt 

oƌgaŶs, ǁhile esseŶtial heaǀǇ ŵetal uptake ǁas gƌeateƌ ǁith EDTA iŶ the soil ;Liphadzi aŶd 

Kiƌkhaŵ, ϮϬϬϲͿ. EDTA has also ďeeŶ shoǁŶ to iŵpƌoǀe phǇtoeǆtƌaĐtioŶ of Cd ďǇ euĐalǇptus 

;Luo et al., ϮϬϭϱͿ. PlaŶts ǁith the ĐoŶĐeŶtƌated ŵetals ĐaŶ ďe ashed aŶd the ash plaĐed iŶ a 

ĐoŶfiŶed disposal aƌea. If the ŵetals aƌe ǀaluaďle, theǇ ĐaŶ ďe ƌeŵoǀed fƌoŵ the ash 

;Liphadzi et al., ϮϬϬϯͿ. 

Phytoremediation and phytoextraction 

PhǇtoeǆtƌaĐtioŶ of heaǀǇ ŵetals is a teĐhŶiƋue that uses plaŶt gƌoǁth to aĐĐuŵulate heaǀǇ 

ŵetals iŶ the plaŶt’s aďoǀe-gƌouŶd tissues, ǁhiĐh ĐaŶ theŶ ďe haƌǀested aŶd pƌoĐessed foƌ 

the ƌeĐoǀeƌǇ of the ŵetals. It ĐaŶ ďe applied to diffeƌeŶt tǇpes of suďstƌate, iŶĐludiŶg 

agƌiĐultuƌal soil aŶd seǁage sludge, aŶd it is aŶ eŶǀiƌoŶŵeŶtallǇ fƌieŶdlǇ aŶd ƌelatiǀelǇ Đheap 

ǁaǇ of ƌeŵoǀiŶg these pollutaŶts fƌoŵ eǆĐelleŶt ŶutƌieŶt souƌĐes foƌ Đƌop plaŶts ;MaƌǇaŵ et 

al., ϮϬϭϱͿ. Ghosh aŶd SiŶgh ;ϮϬϬϱͿ ŵeasuƌed the Cd aďsoƌptioŶ ĐapaĐitǇ of fiǀe high-

ďioŵass ǁeeds ĐoŵŵoŶ iŶ IŶdia ;Ipoŵoea ĐaƌŶea, Dhatuƌa iŶŶoǆia, PhƌagŵǇtes kaƌka, 

BƌassiĐa juŶĐea, aŶd B. ĐaŵpestƌisͿ. All fiǀe deŵoŶstƌated sigŶifiĐaŶt phǇtoeǆtƌaĐtioŶ 

poteŶtial, ǁith I. ĐaƌŶea ;piŶk ŵoƌŶiŶg gloƌǇͿ peƌfoƌŵiŶg the ďest aŵoŶg theŵ, ǁith aŶ 
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aǀeƌage Cd ĐoŶĐeŶtƌatioŶ iŶ the aďoǀe-gƌouŶd oƌgaŶs of ϯϭϬ µg/plaŶt. Tǁo tƌopiĐal plaŶts, 

AĐaĐia ŵaŶgiuŵ aŶd Jatƌopha ĐuƌĐas, aƌe Đapaďle of ƌeŵoǀiŶg Cu fƌoŵ seǁage sludge, 

suggestiŶg gƌoǁiŶg heaǀǇ ŵetal aĐĐuŵulatoƌs diƌeĐtlǇ oŶto seǁage sludge Đould ďe a Ŷeǁ 

ŵethod foƌ tƌeatiŶg the ďiosolid ;MaƌǇaŵ et al., ϮϬϭϱͿ. HeaǀǇ ŵetal hǇpeƌaĐĐuŵulatoƌs like 

toďaĐĐo oƌ suŶfloǁeƌ Đould ďe paƌtiĐulaƌlǇ appƌopƌiate foƌ this pƌoĐess. ToďaĐĐo has a 

ŶatuƌallǇ higheƌ Cd leǀel iŶ its leaǀes, Đoŵpaƌed to otheƌ plaŶts ;EǀaŶgelou et al., ϮϬϬϳͿ. 

Aǀeƌage Cd leǀels oŶ toďaĐĐo leaǀes go fƌoŵ ϯ.ϱ to ϭϲϰ.ϱ ŵg kg-ϭ, Đoŵpaƌed to Ϭ.ϲ to ϭ.ϱ iŶ 

suŶfloǁeƌ ;ǁhole plaŶtͿ ;EǀaŶgelou et al., ϮϬϬϳͿ. CoƌŶ ;Zea ŵaǇsͿ has higheƌ aďsolute Cd 

output thaŶ toďaĐĐo, ďut siŶĐe it also has gƌeateƌ ďioŵass thaŶ toďaĐĐo, it pƌoďaďlǇ leaǀes 

less ŶutƌieŶts oŶ the soil. A tƌaŶsgeŶiĐ ǀaƌietǇ of toďaĐĐo ǁas Đƌeated that had ϵϬ% higheƌ 

aĐĐuŵulatioŶ of Cd oŶ leaǀes aŶd ϱϬ% loǁeƌ aĐĐuŵulatioŶ oŶ ƌoots ;MaĐek et al., ϮϬϬϮͿ, 

ǁhiĐh is iŵpoƌtaŶt ďeĐause leaǀes aƌe the haƌǀestaďle paƌt of the plaŶt. 

Phytoextraction in New Zealand 

IŶ Neǁ ZealaŶd, phǇtoeǆtƌaĐtioŶ ǁith BƌassiĐa juŶĐea ;IŶdiaŶ ŵustaƌdͿ has ďeeŶ suĐĐessfullǇ 

applied at the aďaŶdoŶed Tui ŵiŶe iŶ Waikato, ǁhiĐh ǁas ĐoŶtaŵiŶated ǁith high leǀels of 

ŵeƌĐuƌǇ ;HgͿ, ƌaŶgiŶg fƌoŵ ϭ.ϯ to ϰ.ϱ ŵg/kg ;MoƌeŶo et al., ϮϬϬϱͿ, as ǁell as lead ;PďͿ aŶd 

Cd; Hg ǁas ƌeŵoǀed ŵaiŶlǇ ďǇ ǀolatilisatioŶ, aŶd a ƌisk assessŵeŶt studǇ fouŶd that this did 

Ŷot ƌepƌeseŶt a sigŶifiĐaŶt health ƌisk foƌ the loĐal populatioŶ; hoǁeǀeƌ, theƌe ǁas a sŵall 

ĐhaŶĐe that soŵe of the ǀolatilised Hg Đould ďe deposited iŶ ŶeaƌďǇ ǁateƌ stƌeaŵs aŶd 

ďioŵagŶified. IŶ additioŶ, Ŷatiǀe plaŶts suĐh as Heďe stƌiĐta, Leptospeƌŵuŵ sĐopaƌiuŵ aŶd 

Phoƌŵiuŵ teŶaǆ ǁeƌe plaŶted at the site to pƌeǀeŶt leaĐhiŶg of heaǀǇ ŵetals iŶto ŶeaƌďǇ 

ďodies of ǁateƌ ǁithout aĐĐuŵulatiŶg theŵ at sigŶifiĐaŶt leǀels theŵselǀes ;West, ϮϬϭϱͿ. 

Waikato had ďeeŶ the site of aŶotheƌ suĐĐessful phǇtoeǆtƌaĐtioŶ pƌojeĐt at the Kopu ǁaste 

ǁood disposal site ;West, ϮϬϭϱͿ. The loĐatioŶ had high leǀels heaǀǇ ŵetals used iŶ tiŵďeƌ 

tƌeatŵeŶt, suĐh as Đoppeƌ, Đhƌoŵiuŵ, aŶd espeĐiallǇ ďoƌoŶ. These ĐoŶtaŵiŶaŶts ƌeaĐhed 

ǁateƌ stƌeaŵs duƌiŶg ƌaiŶs, ǁheŶ the leaĐhate poŶd oǀeƌfloǁed. IŶ ϮϬϬϬ, poplaƌ, ǁilloǁ aŶd 

EuĐalǇptus ǁeƌe plaŶted at the site, aŶd siŶĐe theŶ leaĐhate has diŵiŶished aŶd poplaƌ 

leaǀes shoǁ high ĐoŶĐeŶtƌatioŶs of Đoppeƌ aŶd Đhƌoŵiuŵ, as ǁell as eǆtƌeŵelǇ high 
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ĐoŶĐeŶtƌatioŶs of ďoƌoŶ ;West, ϮϬϭϱͿ. At soŵe poiŶt, these tƌees Đould ďe haƌǀested, aŶd 

the ďoƌoŶ ƌetƌieǀed fƌoŵ theŵ Đould ďe iŶ feƌtilizeƌs. 

Neǁ ZealaŶd has ďeeŶ gaiŶiŶg aŶ iŶteƌŶatioŶal ƌeputatioŶ as a phǇtoƌeŵediatioŶ ƌeseaƌĐh 

poǁeƌ, ǁith ƌeseaƌĐheƌs fƌoŵ MasseǇ UŶiǀeƌsitǇ ĐoŶduĐtiŶg phǇtoƌeŵediatioŶ pƌojeĐts iŶ 

Austƌalia, USA, ChiŶa, MeǆiĐo, Bƌazil, Fiji, aŶd South AfƌiĐa, as ǁell as Neǁ ZealaŶd itself 

;AŶdeƌsoŶ, ϮϬϭϯͿ. A Neǁ ZealaŶd ĐoŵpaŶǇ has deǀeloped a ŵethod to ƌeŵoǀe ŵetals, 

paƌtiĐulaƌlǇ gold aŶd ŵeƌĐuƌǇ, fƌoŵ aƌtisaŶal gold ŵiŶiŶg sites. This ŵethod iŶǀolǀes ;ϭͿ 

plaŶtiŶg fast-gƌoǁiŶg aŶd high-ďioŵass speĐies iŶ ĐoŶtaŵiŶated sites, ;ϮͿ aŵeŶd the soil to 

iŶĐƌease soluďilitǇ of gold aŶd ŵeƌĐuƌǇ oŶlǇ oŶĐe the plaŶts ƌeaĐh ŵatuƌitǇ, aŶd, afteƌ plaŶts 

aĐĐuŵulate the ŵetals foƌ oŶe oƌ tǁo ǁeeks, ;ϯͿ haƌǀest theŵ aŶd pƌoĐess to ƌeĐoǀeƌ the 

ŵetals ;AŶdeƌsoŶ, ϮϬϭϯͿ. ReĐoǀeƌǇ of gold is aŶ iŵpoƌtaŶt paƌt of the ŵethod, siŶĐe 

aƌtisaŶal gold ŵiŶiŶg is ĐoŵŵoŶ iŶ ƌelatiǀelǇ pooƌ ƌegioŶs of the ǁoƌld, aŶd the possiďilitǇ of 

gettiŶg aŶ iŵpoƌtaŶt ŵateƌial ďaĐk is likelǇ to iŶĐƌease loĐal paƌtiĐipatioŶ iŶ a pƌoĐess that 

ǁould otheƌǁise haǀe ŵuĐh less iŵŵediatelǇ taŶgiďle ďeŶefits ;AŶdeƌsoŶ, ϮϬϭϯͿ. 

Phosphorus absorption in the soil 

Phosphorus is an essential and limiting element for life, especially for the growth of plants; 

it is particularly important in legumes, as it is necessary for the conversion of N2 into NH4 in 

rhizobia (Lazali et al., 2013). However, the application of P fertilizers on crop land is 

necessary because soluble Pi (inorganic phosphate) is present at much lower concentrations 

in soil than inside plant cells (1-10 µM versus 5-20 mM) (Tran et al., 2010). In addition to 

being present at low concentration in that medium, soil Pi is also the least bioavailable of all 

macronutrients, and that is because it readily reacts with calcium salts (in alkaline soils) or 

with iron and aluminium oxides (in acidic salts) (Richardson, 2009; Richardson et al., 2009; 

Tran et al., 2010). The chemical form of phosphate in soil depends greatly on pH: in alkaline 

and neutral soils, inorganic P is mostly present in the form of calcium phosphate, while in 

acidic soils, it is predominantly bound to or occluded by iron or aluminium oxides (Spohn 

and Kuzyakov, 2013). 
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In addition to morphological adaptations to increase total root area and direct resources to 

root growth (as opposed to shoot growth), plants have evolved a number of physiological 

adaptations to deal with low P levels in soil, both to solubilize inorganic P and to mineralize 

organic P. To mineralize organic P, plants release acid phosphatases, and to solubilize 

inorganic P, they release protons and organic ligands (Spohn and Kuzyakov, 2013). P 

deprivation also causes de novo synthesis of purple acid phosphatases, responsible for 

scavenging extracellular phosphorus to be used inside cells (Tran et al., 2010). P deficiency 

leads to reduced yields in crops, a situation that causes concern, given that mineral P 

reserves (the main source of P for fertilizers) are predicted to last only another 50 to 100 

years (Huang et al., 2015). It is for that reason that it is so important to find ways to recover 

P from sources other than mines, such as sewage. When turned into ash, the P content of 

sewage sludge can be as high as 11%, which is comparable to medium- to high-grade ore 

(Donatello et al., 2010).  

Microarray data suggests that in spite of P starvation being responsible for the induction of 

600-1,800 genes, there is only a 25% overlap in induced genes between roots and shoots, 

suggesting adaptations to P scarcity are strongly tissue-specific. The same holds true for 

repressed genes. Wu et al. (2003) found that of all genes repressed by P deprivation in 

Arabidopsis thaliana, only 10% were the same between leaves and roots, while Mission et 

al. (2005), also analysing Arabidopsis, found that number to be 4.8% (Tran et al., 2010). 

To create efficient strategies for biotechnological enhancement of Pi acquisition by crops, it 

is necessary to understand Pi-inducible gene expression and the resulting biochemical 

effects on plants. Manipulating the expression of genes involved in the P starvation 

response can lead to the creation of cultivars that require less fertilizer due to increased 

capacity to absorb soil Pi and research suggests there is much room for improvement in 

crop plants. Leelapon et al. (2004) have shown that a single point mutation (serine to 

aspartic acid) in a storage protein that makes up 40% of total soluble protein in soybean 

leaves increases its phosphatase activity 20-fold (Tran et al., 2010). 
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Phosphatases 

Phosphatases catalyze the hydrolysis of esters and anhydrides of phosphoric acids, which 

releases inorganic P (also known as orthophosphate) (Khade et al., 2010; Png et al., 2017). 

These enzymes are classified into five groups: alkaline, low-molecular mass acid, high-

molecular mass acid, purple acid and protein phosphatases (Guimarães et al., 2006). When 

growing in soil with low availability of P, plants release carboxylates and phosphatases in 

their root exudates to solubilize the nutrient present in soil and absorb it (Gusewell, 2016). 

In acidic and P-deficient soils, acid root phosphatase action is greater than alkaline root 

phosphatase action (Khade et al., 2010). Under these conditions, acid root phosphatase 

activity is also greatly increased by the presence of arbuscular mycorrhizae in the roots. 

Both secreted and intracellular phosphatases are upregulated under P deprivation (Duff et 

al., 1994; Tran et al., 2010), and they can be numerous in type: for example, the Arabidopsis 

genome codes for 50 putative phosphatases (Li et al., 2002). These responses are part of the 

P starvation syndrome, which, in addition to the effects on root phosphatase activity, also 

causes changes in root architecture, specifically shorter primary roots, greater secondary 

root growth and greater root branching (Gaume et al., 2001). Root traits that promote P 

acquisition are up-regulated under P deficiency, and are either reduced or completely 

suppressed under sufficient P. It is important that these traits be plastic, because the 

production of root structures entails a substantial energetic cost (Gusewell, 2016). Biological 

fixation of nitrogen entails a high P cost (Png et al., 2017). Ethylene also appears to be 

related to the P starvation syndrome, as plants in P-deficient soil that are exposed to it have 

their acid root phosphatase activity and high-affinity phosphate transporters up-regulated 

(Li et al., 2011). Despite their impact, plant root phosphatases are only responsible for a 

minority of phosphatase activity in the soil: microbial phosphatases play a greater role in 

that environment than the plant variety (Papatheodorou et al., 2014). Plant roots produce 

mainly acid phosphatases, so the action of these enzymes is concentrated in the rhizosphere 

instead of in the soil as a whole (one important class of alkaline phosphatases, the alkaline 

monoesterases, is produced only by bacteria (Nakas et al., 1987)); microbes, on the other 

hand, produce both acid and alkaline phosphatase at similar proportions, so action of 

alkaline phosphatases is spread out throughout the soil (Spohn and Kuzyakov, 2013). Even 

though plant roots do not produce much alkaline phosphatases, they still benefit from their 
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activity, since the phosphorus they mineralize is also available to them. The prevalence of 

microbial phosphatase in the soil may have caused plants to rely more heavily on those 

enzymes when soil P is at sufficient concentrations. 

EǀeŶ ǁheŶ phosphoƌus is pƌeseŶt iŶ the soil at high ĐoŶĐeŶtƌatioŶs, its ďioaǀailaďilitǇ ŵaǇ ďe 

affeĐted ďǇ otheƌ faĐtoƌs. MiĐƌoďial phosphatases ;aĐid aŶd alkaliŶeͿ also haǀe the poǁeƌ to 

iŶĐƌease phosphate aǀailaďilitǇ to plaŶts ǁheŶ applied to agƌiĐultuƌal soils ;NaliŶi et al., 

ϮϬϭϱͿ. This leads to the possiďilitǇ of phosphatase-pƌoduĐiŶg ŵiĐƌoďes ďeiŶg used as 

ďiofeƌtilizeƌs iŶ soil, to faĐilitate P uptake ďǇ plaŶts ;MahasŶeh aŶd Tiǁaƌi, ϭϵϵϲ; MaƌƋues et 

al., ϮϬϭϯͿ. OŶ the otheƌ haŶd, it has also ďeeŶ shoǁŶ that alkaliŶe phosphatase aĐtiǀitǇ iŶ 

the soil deĐƌeases ǁith iŶĐƌeases iŶ Cd ĐoŶĐeŶtƌatioŶ ;KhaŶ-Mohaŵŵadi aŶd Nouƌďakhsh, 

ϮϬϭϭͿ, although ǀeƌǇ sŵall ĐoŶĐeŶtƌatioŶs of ďoth Pď aŶd Cd ĐaŶ stiŵulate ďoth aĐid aŶd 

alkaliŶe phosphatase aĐtiǀitǇ ;StuĐzǇŶski et al., ϮϬϬϯͿ. MiĐƌoďial aĐid phosphatases also haǀe 

soŵe iŶdustƌial appliĐaďilitǇ, ǁith phǇtase, a ŵeŵďeƌ of that gƌoup, ďeiŶg pƌoduĐed ďǇ 

feƌŵeŶtatioŶ aŶd theŶ used iŶ aŶiŵal feed to ĐoŶǀeƌt oƌgaŶiĐ P iŶto iŶoƌgaŶiĐ P, deĐƌeasiŶg 

the aŵouŶt of phosphate iŶ aŶiŵal ŵaŶuƌe ďǇ up to ϯϬ% aŶd aidiŶg iŶ pƌeǀeŶtiŶg 

eutƌophiĐatioŶ ;Guiŵaƌães et al., ϮϬϬϲ; PaŶdeǇ et al., ϮϬϬϭͿ. 

The presence of heavy metals in soil, like P starvation, generally leads to the increase of root 

phosphatase activity. Gubrelay et al. (2014) found that both acid and alkaline phosphatase 

activity increased in barley plants treated with a Cd solution twice-weekly; increases were 

greater in roots than in shoots. Yang et al. (2014) analysed acid phosphatase activity in the 

Cd hyperaccumulator Sedum alfredii, and also found an increase with the addition of Cd to 

the soil. Gonçalves et al. (2009) recorded opposing effects of medium Cd on acid 

phosphatase activity in roots and shoots of cucumber seed: activity was inhibited in the 

latter and promoted in the former. All the above studies explored the effects of only one 

class of plant phosphatases, namely monoesterases. In these and other cases there were 

also significant increases in heavy metal concentrations in plant tissues (Eid and Shaltout, 

2016; Gubrelay et al., 2014; Kumar et al., 2016; Yang et al., 2014). 
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Phytases 

Phytases are enzymes that catalyse the sequential hydrolysis of phytic acid and release less 

phosphorylated myo-inositol derivatives and inorganic phosphate (Pi) (Oh et al., 2014; Tran 

et al., 2010). These enzymes fall in two groups, depending on their optimum pH: acid 

phytases have an optimum around 5.5 and alkaline phytases have an optimum around 7.5. 

However, histidine acid phytases can have optima as low as 2.5. (Zhang et al., 2011). In 

Phaseolus vulgaris (common bean), phytases are particularly active in rhizobia, and activity 

increases under P-deprivation (Lazali et al., 2013). In plants, phytases are most critically 

important in early development, where between 60% and 70% of seed phosphorus is in the 

form of phytic acid, their main substrate (Bhavsar and Khire, 2014). 

Phytases have been approved for use in animal feed by the United States’ Food and Drug 

Administration (FDA) since 1996, and in 2014, they had become the third most commonly 

used feed enzyme (Bhavsar and Khire, 2014). Phytases are used in this context as a way of 

making the undigestible phosphorus in phytic acid (and the essential minerals that bind to 

it) digestible (Persson et al., 1998), which also has the benefit of reducing the amount of 

undigested phosphate in animal manure that would otherwise contribute to eutrophication 

and algal blooms (Chen et al., 2007). Another promising strategy is to engineer plant lines to 

be used as feed that have high phytase activity in the seeds themselves: this has been 

accomplished with canola (Peng et al., 2005), maize (Chen et al., 2007) and soybean (Bilyeu 

et al., 2007), for example, all expressing a bacterial or fungal phytase in their seeds. 

Animal phytases tend to have high substrate specificity, while phytases produced by plants 

and by many bacteria show great variation in specificity (Oh et al., 2006). More specifically, 

while plant acid phytases exhibit low substrate specificity, plant alkaline phytases exhibit 

high specificity (Belho et al., 2015; Johnson et al., 2010). Animal phytases are also less 

common and less essential to the organism that produces it than plant phytases, while 

microbial phytases are significantly more active and efficient than both (Bhavsar and Khire, 

2014); fungal strains, even those with some industrial application like some Aspergillus 

strains, produce mostly low-activity phytase (Suleimenova et al., 2016). However, there are 

exceptions: Grenier et al. (1993) reported two E. coli phytases that are closer in structure to 
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plant phytases than to other microbial phytases, with narrower substrate specificity than 

other members of their own group; Belho et al. (2015) reported a rice bean phytase with 

high activity and such broad substrate specificity that it is even able to act as an acid 

monoesterase (Tran et al., 2010). Shah et al. (2017) reported that an Aspergillus niger 

phytase with broad substrate specificity was capable of degrading extremely toxic 

organophosphate pesticides like chlorpyrifos, methyl parathion and monocrotophos (all 

phosphotriesters). That phytase was even able to degrade chlorpyrifos in commercially 

available green chilli by 90%, suggesting a new way to degrade organophosphates before 

they enter the food chain (Shah et al., 2017). 

Advanced wastewater treatment 

IŶ additioŶ to the usual stages of ǁasteǁateƌ tƌeatŵeŶt, Ŷeǁ teĐhŶiƋues aƌe ďeiŶg 

deǀeloped to ƌeduĐe the daŶgeƌs posed ďǇ the pƌoĐessed liƋuid aŶd to ƌeĐoǀeƌ suďstaŶĐes 

that ŵaǇ still ďe pƌeseŶt iŶ it; ŵaŶǇ of these Ŷeǁ teĐhŶiƋues ƌelǇ at least paƌtlǇ oŶ eŶzǇŵes. 

SaŶgaǀe aŶd PaŶdit ;ϮϬϬϲͿ applied ultƌasouŶd aŶd Đellulase tƌeatŵeŶt to distilleƌǇ 

ǁasteǁateƌ at ǀaƌious ĐoŵďiŶatioŶs ;eaĐh aloŶe, siŵultaŶeouslǇ, aŶd oŶe folloǁed ďǇ the 

otheƌͿ. TheǇ fouŶd that applǇiŶg ultƌasouŶd aŶd theŶ Đellulase to ǁasteǁateƌ aĐhieǀed the 

highest ƌeduĐtioŶ iŶ ĐheŵiĐal oǆǇgeŶ deŵaŶd ;CODͿ iŶ the efflueŶt. The effeĐt of ultƌasouŶd 

is due to ĐaǀitatioŶ, ǁhiĐh is the foƌŵatioŶ, gƌoǁth, aŶd Đollapse of Đaǀities ;ŵiĐƌoďuďďles iŶ 

a liƋuidͿ ǁithiŶ ŵeƌe ŵiĐƌoseĐoŶds ;SaŶgaǀe aŶd PaŶdit, ϮϬϬϲͿ. This pheŶoŵeŶoŶ iŶĐƌeases 

teŵpeƌatuƌe aŶd pƌessuƌe at ŵillioŶs of loĐatioŶs siŵultaŶeouslǇ, ƌesultiŶg iŶ paƌtial oƌ 

Đoŵplete oǆidatioŶ of ŵaŶǇ pollutaŶts. Foƌ that ƌeasoŶ, ultƌasouŶd has ďeeŶ used siŶĐe the 

ϭϵϳϬs iŶ the tƌeatŵeŶt of ǁasteǁateƌ. 

LoĐaƌ et al. ;ϮϬϭϯͿ sĐƌeeŶed BaĐillus sp. fƌoŵ seǀeƌal loĐatioŶs iŶ Seƌďia aŶd fouŶd that ϯ 

stƌaiŶs eǆhiďited high laĐĐase aĐtiǀitǇ, ǁith optiŵa at high teŵpeƌatuƌes ;ďetǁeeŶ ϲϱoC aŶd 

ϴϬoCͿ, ǁhile pƌeseƌǀiŶg staďilitǇ. LaĐĐase is a ďioteĐhŶologiĐallǇ sigŶifiĐaŶt eŶzǇŵe, due to its 

aďoǀe-aǀeƌage teŵpeƌatuƌe optiŵa aŶd ďƌoad suďstƌate speĐifiĐitǇ. The geŶes ĐodiŶg foƌ the 

eŶzǇŵes ǁeƌe ĐloŶes aŶd eǆpƌessed iŶ E. Đoli. LaĐĐase ǁas eǆtƌaĐted, aŶd its aĐtiǀitǇ ǁas 

assaǇed agaiŶst ďlue, gƌeeŶ, aŶd ďlaĐk dǇes ĐoŵŵoŶ iŶ ĐheŵiĐal iŶdustƌǇ ǁasteǁateƌ, ǁheƌe 

its degƌadiŶg poǁeƌ ǁas fouŶd to ďe high. 
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ChioŶg et al. ;ϮϬϭϲͿ eǆtƌaĐted peƌoǆidases fƌoŵ soǇďeaŶ hulls aŶd Luffa aĐutaŶgula skiŶ 

peels aŶd used it to tƌeat sǇŶthetiĐ ǁasteǁateƌ ĐoŶtaiŶiŶg the laƌgelǇ ŶoŶ-ďiodegƌadaďle 

ŵethǇl oƌaŶge dǇe, ŵade to siŵulate efflueŶts fƌoŵ the teǆtile iŶdustƌǇ. These efflueŶts aƌe 

a huŵaŶ aŶd eŶǀiƌoŶŵeŶtal health ĐoŶĐeƌŶ, siŶĐe uŶlike Ŷatuƌal dǇes, the sǇŶthetiĐ dǇes 

used ďǇ the iŶdustƌǇ aƌe staďle aŶd ĐaŶ ďe degƌaded iŶto ŵutageŶiĐ aŶd ĐaƌĐiŶogeŶiĐ 

ĐoŵpouŶds. Foƌ eǆaŵple, aŶ azo dǇe ;the saŵe Đlass as ŵethǇl oƌaŶgeͿ oƌigiŶatiŶg fƌoŵ a 

dǇe pƌoĐessiŶg plaŶt ǁas ideŶtified as the ŵutageŶiĐ ageŶt pollutiŶg a ƌiǀeƌ iŶ São Paulo, 

Bƌazil ;Alǀes de Liŵa et al., ϮϬϬϳͿ. IŶ additioŶ to that, the Đolouƌ theǇ giǀe to ǁateƌ is ŵoƌe 

thaŶ aŶ aesthetiĐ pƌoďleŵ, siŶĐe it deĐƌeases light peŶetƌatioŶ, ǁhiĐh ƌeduĐes 

photosǇŶthetiĐ aĐtiǀitǇ aŶd ƌeduĐes aǀailaďle oǆǇgeŶ foƌ aƋuatiĐ ǁildlife. TheǇ fouŶd that 

ŵaǆiŵuŵ deĐolouƌisatioŶ effiĐieŶĐǇ ǁas ϳϱ.ϯ% foƌ L. aĐutaŶgula peƌoǆidase aŶd ϴϭ.ϰ% foƌ 

soǇďeaŶ peƌoǆidase uŶdeƌ theiƌ ƌespeĐtiǀe optiŵuŵ ĐoŶditioŶs of pH, teŵpeƌatuƌe, eŶzǇŵe 

dosage aŶd otheƌs. 

Electrocoagulation 

The need for alternative sources of phosphorus is increasing worldwide, due to the 

element’s relative scarcity in most environments and the consequent need to use fertilizers 

and food additives to increase plant and animal food production (Bhavsar and Khire, 2014). 

Phosphorus fertilizers are becoming a less viable option (Bhavsar and Khire, 2014; Carpenter 

and Bennett, 2011), since depletion of phosphate mines worldwide is making their 

application too costly, and their continued use is likely to increase environmental levels of 

contaminants like cadmium (Mission et al., 2005) (Tran et al., 2010), uranium and thorium, 

and phosphate rock processing produces toxins like phosphogypsum (Bhavsar and Khire, 

2014). Geopolitics is also a contributing factor to the need for new phosphorus sources, 

since only five countries (Morocco, China, South Africa, Jordan, and the United States) are 

home to about 90% of the world’s phosphate rock mines (Bhavsar and Khire, 2014). 

As previously mentioned, wastewater and the sludge it forms after treatment have high 

concentrations of phosphorus, and new techniques are being developed that compare 

favourably with, for example, chemical precipitation, which is still commonly used. Chemical 
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precipitation is the addition of salts like iron sulphate, iron chloride, and calcium hydroxide; 

the cations bind to phosphate ions and precipitate, removing P from solution. 

Electrocoagulation is an electrolysis-based technique that has been in use in parts of the 

USA since 1911, but is only gaining popularity over the last decade, due to the development 

of new electrode materials and more compact reactors (Farhadi et al., 2012; Huang et al., 

2015); this revival is also being driven partly by its flexibility, as it seems to be suited not 

only for large- but also for small-scale plants and decentralized treatment systems (Farhadi 

et al., 2012). Electrocoagulation differs from chemical precipitation mainly in the way metal 

ions are introduced into the liquid. It consists of placing two electrodes made of iron or 

aluminium in a solution and letting a current pass between them and through the solution. 

Under the action of the current, the electrode serving as the anode releases metal ions that 

serve as active coagulant precursors, binding to the phosphate ions (and other dissolved 

pollutants) and precipitating them (Huang et al., 2015). At the anode, hydrogen gas (H2) is 

formed (Holt et al., 2005), and depending on the reactor operating conditions, the it may 

form bubbles that will float some of the coagulated pollutants to the surface. (Farhadi et al., 

2012). Most studies have found the optimum initial pH for electrocoagulation to be 

between 3 and 6 (Irdemez et al., 2006; Li et al., 2013), with iron electrodes having more 

efficient precipitation rates at lower initial pH values (Irdemez et al., 2006); however, it 

should be noted that as electrocoagulation progresses, pH rises due to the generation of 

hydroxyl ions on the cathode surface (Mollah et al., 2004; Verma et al., 2013). (The anode is 

also called ͞sacrificial anode͟ due to the degradation caused by metal ion loss.) Despite the 

variety of techniques available for P removal (such as struvite precipitation, and marine 

macro algae adsorption), electrocoagulation has received increased attention due to its high 

efficiency and simple operation, and it has significant advantages over chemical 

precipitation. The latter requires constant monitoring of pH, and it also demands that large 

quantities of stock solutions be prepared, transported and stored, making it harder to 

comply with clean production standards (Huang et al., 2015). 

The reactions happening in each electrode during electrocoagulation can be represented in 

the following way (͞M͟ standing for ͞metal͟) (Mollah et al., 2004): 
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• At the anode: 

M;sͿ → M;aƋͿn+ + Ŷe− 

2H2O;lͿ → ϰH+ ;aƋͿ + O2;gͿ + ϰe− 

• At the cathode: 

M(aq)n+ + Ŷe− → M;sͿ 

2H2O;lͿ + Ϯe− → H2(g) + 2OH− 

 

Electrocoagulation has been employed successfully to treat different types of wastewater, 

including from unusual sources like landscaping projects and liquid organic fertilizer 

factories (Huang et al., 2015), and it has been used to remove substances like oil, chromium, 

arsenic, phosphate, dyes, and surfactants. Akyol et al. (2013) have used it for the treatment 

of liquid organic fertilizer manufacturing wastewater, which contains high concentrations of 

phosphorus. They employed electrocoagulation and electro-Fenton, a process in which H2O2 

is added to the solution undergoing electrocoagulation to degrade organic phosphorus 

compounds, achieving complete P removal with electro-Fenton at 20 minutes of operation 

with a current density of 10 mA/cm2. Drouiche et al. (2009) used electrocoagulation with 

aluminium electrodes successfully to remove fluoride from wastewater. NaCl was used as a 

supporting electrolyte, and it was verified that precipitation of the contaminant was 

dependent on electrolyte concentration. 

Electrocoagulation was combined with ultrasound to remove dyes from water (Vianney and 

Muthukumar, 2015). It was theorized that the combination of ultrasound technology and 

electrocoagulation could improve P recovery rates. Ultrasound would create cavitation 

effects that would send small shock waves through the wastewater, which would be able to 
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remove compact layers of aluminium oxide and other products that accumulate in the 

electrode surface as electrocoagulation progresses, possibly solving the problem of 

electrode passivation (Vianney and Muthukumar, 2015). The application of ultrasound, with 

the ultrasonic probe placed on the water surface between the electrodes, was found to 

have a synergistic effect with electrocoagulation when applied to wastewater. While 

electrocoagulation alone achieved near complete P removal after 20 minutes, the use of 

ultrasound achieved complete removal in just 5 minutes. However, current densities above 

40 mA/cm2 were found to increase flocculation of wastewater particles, reducing P removal 

efficiency (Vianney and Muthukumar, 2015). 

Verma et al. (2013) were able to precipitate 100% of chromium (Cr) in both synthetic and 

real effluent solutions using electrocoagulation with iron electrodes and electric current at 

50 mA/cm2. An initial pH of 4 led to 80% precipitation of Cr as chromium hydroxide 

(Cr(OH)3) at 15 minutes of electrocoagulation, with higher initial pH reducing the rate of 

precipitation (at the same point, initial pH 8 led to only 18% precipitation). However, all 

initial pH values led to 100% recovery at around 60 minutes, except for pH 4, which reached 

completion at 45 minutes. Electrocoagulation was found to be much more efficient than 

chemical precipitation using ferric chloride, which removed less than half of dissolved Cr 

(Verma et al., 2013). 

Although we found no studies on the effect of electrocoagulation on enzyme activity, there 

is evidence that electric currents affect the activity of several enzymes in soil. Cang et al. 

(2009) have demonstrated that the application of electric currents to soil for the removal of 

heavy metals affects the activity of soil enzymes. Using electrokinetic remediation, which 

consists of applying a low-voltage current to soil for long periods of time to make heavy 

metals and some organic chemicals migrate to electrode chambers for removal, they 

achieved over 90% Cd removal. However, the current also increased the activities of 

invertase and catalase, while decreasing the activity of urease and acid phosphatase. By 

measuring the effect of the current on soil parameters, the authors concluded that 

variations in enzyme activity could be explained by changes caused by electricity, such as 

pH, electrical conductivity, and dissolved organic carbon. For acid phosphatase, most of the 

variation in its activity (72%) was explained by the increase in electrical conductivity. 
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Objectives and hypotheses 

So far, there are few studies in the literature looking at the effect of soil parameters on 

phosphatases other than monoesterases; Güsewell (2017) produces a thorough analysis of 

two sedges, Carex flava and Carex muricate, finding that both species have decreased root 

exudate activity of monoesterases, diesterases and phytase under low soil P. This is the first 

project aiming at a more comprehensive understanding of the effect of the P-deprivation 

and Cd toxicity syndrome in the roots of major crop plants, which will be achieved by 

looking at the monoesterase, diesterase and phytase groups. Respectively, these groups of 

enzymes catalyse the release of phosphate from monoesters, diesters, and phytic acid (or 

phytate). We will determine how P deprivation affects the activity of these subclasses of 

enzymes in root exudates, root tissue, and shoots. We will also determine how Cd toxicity 

affects enzymes in those same places. 

We ǁill suďŵit ŵaize ;Zea ŵaǇsͿ aŶd suŶfloǁeƌ ;HeliaŶthus aŶŶuusͿ plaŶts to gƌoǁth iŶ 

ŵedia ǁith diffeƌeŶt ĐoŶĐeŶtƌatioŶs of Cd aŶd ŵeasuƌe ŵoƌphologiĐal aŶd phǇsiologiĐal 

paƌaŵeteƌs iŵpaĐted ďǇ the tƌeatŵeŶts, ĐoŵpaƌiŶg the ƌesults to the phosphate defiĐieŶĐǇ 

sǇŶdƌoŵe. Both Z. ŵaǇs aŶd H. aŶŶuus haǀe ďeeŶ ideŶtified as ŶoŶ-hǇpeƌaĐĐuŵulatoƌs ǁith 

phǇtoƌeŵediatioŶ poteŶtial ;He et al., ϮϬϭϳͿ. AdditioŶallǇ, ǁe ǁill deteƌŵiŶe the leǀels at 

ǁhiĐh Cd aĐĐuŵulates iŶ plaŶt tissue duƌiŶg eaƌlǇ gƌoǁth of the tǁo speĐies, ǁith the goal of 

deteƌŵiŶiŶg ǁhetheƌ theǇ aƌe good ĐaŶdidates foƌ phǇtoeǆtƌaĐtioŶ of Cd. As paƌt of that 

aŶalǇsis, ǁe ǁill also ŵeasuƌe suƌǀiǀal ƌates foƌ seedliŶgs tƌaŶsplaŶted at diffeƌeŶt stages 

afteƌ geƌŵiŶatioŶ iŶ ϭϬ% MS ŵediuŵ to ŵedia ĐoŶtaiŶiŶg diffeƌeŶt ĐoŶĐeŶtƌatioŶs of Cd. 

OŶe faĐtoƌ that ƌeduĐes the ƌate of pƌeĐipitatioŶ duƌiŶg eleĐtƌoĐoagulatioŶ ;aŶd otheƌ P 

ƌeĐoǀeƌǇ ŵethodsͿ is the pƌeseŶĐe of oƌgaŶiĐ foƌŵs of phosphoƌus. While iŶoƌgaŶiĐ 

phosphoƌus is ƌeadilǇ oǆidized at the aŶode, diƌeĐt oǆidatioŶ of oƌgaŶiĐ foƌŵs is oŶlǇ possiďle 

at high eleĐtƌiĐ poteŶtials. Methods suĐh as eleĐtƌo-FeŶtoŶ aŶd ultƌasouŶd aƌe Đapaďle of 

oǆidiziŶg oƌgaŶiĐ P aŶd iŶĐƌease eleĐtƌoĐoagulatioŶ ƌate, ďut it is possiďle that phosphatases 

ĐaŶ also aĐhieǀe that ƌesult. We ǁill deteƌŵiŶe the effeĐt that phosphatases haǀe oŶ 

phosphoƌus ƌeĐoǀeƌǇ ďǇ eleĐtƌoĐoagulatioŶ aŶd ĐheŵiĐal pƌeĐipitatioŶ ǁith iƌoŶ eleĐtƌodes 

aŶd iƌoŶ salts, ƌespeĐtiǀelǇ. IŶ ďoth Đases, sludge ǁill ďe tƌeated ǁith phosphatase eitheƌ at 
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the ďegiŶŶiŶg of the pƌoĐess oƌ oŶe houƌ ďefoƌe it staƌts. This ǁill ďe aĐĐoŵplished ďǇ 

addiŶg phǇtase fƌoŵ ǁheat aŶd ŵoŶoesteƌase fƌoŵ ƌaďďit iŶtestiŶe ;sepaƌatelǇͿ to sludge 

saŵples fƌoŵ a ChƌistĐhuƌĐh seǁage tƌeatŵeŶt plaŶt. 

Based oŶ ouƌ oďjeĐtiǀes aŶd oŶ ĐuƌƌeŶt liteƌatuƌe, ǁe haǀe foƌŵulated the folloǁiŶg hǇpotheses: 

1. LoŶgeƌ ǁaitiŶg peƌiods ďetǁeeŶ geƌŵiŶatioŶ aŶd tƌaŶsfeƌ to a Cd-ĐoŶtaŵiŶated ŵediuŵ ǁill 

iŶĐƌease suƌǀiǀal ƌates foƌ ŵaize aŶd suŶfloǁeƌ. 

2. AďseŶĐe of ŵediuŵ P ǁill Đause ŵaize aŶd suŶfloǁeƌ to haǀe loǁeƌ geƌŵiŶatioŶ ƌates, 

shoƌteƌ ƌoots aŶd shoots, gƌeateƌ ƌoot haiƌ aƌea, aŶd loǁeƌ ĐhloƌophǇll ĐoŶteŶt. 

3. AďseŶĐe of ŵediuŵ P ǁill Đause higheƌ ƌoot eǆudate aŶd total ƌoot aĐtiǀitǇ of phosphatases 

to iŶĐƌease. 

4. The pƌeseŶĐe of Cd iŶ the ŵediuŵ ǁill Đause siŵilaƌ sǇŵptoŵs to P defiĐieŶĐǇ, iŶĐludiŶg the 

loǁeƌ geƌŵiŶatioŶ ƌates, shoƌteƌ ƌoots aŶd shoots, iŶĐƌeased ƌoot haiƌ aƌea, aŶd loǁ 

ĐhloƌophǇll. The highest Cd ĐoŶĐeŶtƌatioŶ, ǁhiĐh is tǁiĐe the ŵaǆiŵuŵ ĐoŶĐeŶtƌatioŶ of 

ďioaǀailaďle Cd alloǁed ďǇ the EuƌopeaŶ UŶioŶ foƌ Đƌop plaŶt gƌoǁth, is likelǇ to Đause 

seǀeƌe ƌeduĐtioŶs iŶ all paƌaŵeteƌs. 

5. Mediuŵ Cd is also likelǇ to Đause higheƌ phosphatase aĐtiǀitǇ. 

6. IŶ ďoth P-defiĐieŶt aŶd Cd-tƌeated plaŶts, iŶĐƌeases iŶ phosphatase aĐtiǀitǇ aƌe likelǇ to ďe 

gƌeateƌ iŶ ƌoot eǆudates thaŶ iŶ shoots oƌ iŶ ƌoot tissue. 

7. EleĐtƌoĐoagulatioŶ ǁill Đause a higheƌ peƌĐeŶtage of phosphoƌus ƌeŵoǀal thaŶ ĐheŵiĐal 

pƌeĐipitatioŶ. 

8. The pƌeseŶĐe of phosphatases ǁill aĐĐeleƌate the ƌate of pƌeĐipitatioŶ of phosphate 

ĐoŵpouŶds iŶ ďoth ĐheŵiĐal pƌeĐipitatioŶ aŶd eleĐtƌoĐoagulatioŶ; ǁheat phǇtase ǁill ďe 

ŵoƌe effiĐieŶt thaŶ ƌaďďit iŶtestiŶe ŵoŶophosphatase at iŶĐƌeasiŶg phosphoƌus 

pƌeĐipitatioŶ ƌates iŶ ďoth ĐheŵiĐal pƌeĐipitatioŶ aŶd eleĐtƌoĐoagulatioŶ. 
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9. AŶalǇsis of pƌeĐipitated ĐƌǇstals foƌŵed duƌiŶg eleĐtƌoĐoagulatioŶ ǁill ƌeǀeal high aŵouŶts of 

phosphoƌus aŶd aluŵiŶiuŵ.  
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Materials and methods 

10-day transfer survival rate 

Seeds of corn (Zea mays, Golden Sweet variety) and sunflower (Helianthus annuus, Russian 

Giant variety) were gently shaken for 15 minutes in 5% sodium hypochlorite (NClO) for 

sterilization, and then washed in de-ionized water three times, each time for 3 minutes. 

Seeds were then transferred in an aseptic environment to 10 cm-tall containers with 

Murashige-Skoog (MS) medium diluted to 10%, so as not to inhibit germination. 

Z. mays seeds germinated 3-4 days after being placed in the containers, while H. annuus 

took 6-7 days. Seeds were transferred to one of five media three, six, or nine days after 

germination. The media were: 

1. 10% MS 

2. 10% MS without phosphorus 

3. 10% MS with 0.1 mM cadmium (Cd) 

4. 10% MS with 0.5 mM cadmium (Cd) 

5. 10% MS with 1.0 mM cadmium (Cd) 

A new set of Z. mays and H. annuus seeds was planted directly into each of the five media. 

In the no-phosphorus media, potassium dihydrogen phosphate (KH2PO4) was replaced with 

potassium chloride (KCl). In the cadmium-containing media, Cd was provided in the form of 

cadmium chloride (CdCl2). 

Survival was defined as the absence of necrosis on at least one leaf, and survival rates were 

measured ten days after transfer for the first set of seeds and ten days after germination for 

the second set. 
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Morphological response to medium Cd 

As in the transfer survival rate experiment, Z. mays and H. annuus seeds were planted in 

10% MS medium. That experiment showed that a three-day waiting period between 

germination and transfer was enough to ensure a high survival rate up to 0.5 mM of Cd, and 

at that stage the roots are short enough to be easy to handle without damage during the 

transfer. We used those results to determine the shortest waiting period that would for high 

survival rates in subsequent experiments. 

After three days, seeds were transferred to the same five media as in the previous 

experiment: 

1. 10% MS 

2. 10% MS without phosphorus 

3. 10% MS with 0.1 mM cadmium (Cd) 

4. 10% MS with 0.5 mM cadmium (Cd) 

5. 10% MS with 1.0 mM cadmium (Cd) 

After ten days, plants were removed from the containers to measure the effect of the 

treatments on the following morphological parameters: root length, root fresh weight, 

lateral root area, shoot height, shoot weight and chlorophyll content. Roots were gently 

dried before weighting, and lateral root area was measured by pixels on Photoshop. 

 

Root hair area 

The parameter referred to as ͞root hair area͟ was determined by selecting root segments of 

the same length and from the same root part of plants under different treatments, 

photographing them and measuring the area occupied by non-black pixels on Photoshop. 

This parameter also takes root area into account because some root segments had no root 

hairs, making a percentage comparison impossible. 
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Chlorophyll content analysis 

Leaf tissue was ground with an 80% acetone solution in a mortar, and then centrifuged at 

2655g and 4oC. The supernatant was diluted in acetone, and absorbance was measured in a 

spectrophotometer at 645 nm and 663 nm. Chlorophyll content was determined by the 

following equation (West, 2015): 

[Chl a + b] = 17.76 E645 + 7.34 E663 (µg g-1) 

 

Root and shoot phosphatase activity 

After removal from the containers and morphological measurements, roots were cut into 

subsections of about 100 mg each and transferred to test tubes. Into each test tube were 

placed 4 mL of one of three enzyme substrates: 

1. 5 mM p-nitrophenylphosphate (for monoesterase activity) 

2. 5 mM bis(p-nitrophenyl)phosphate (for diesterase activity) 

3. 5 mM phytic acid (for phytase activity) 

P-nitrophenylphosphate and phytic acid were buffered to pH 5.5 with acetate buffer 50 

mM, and bis(p-nitrophenyl)phosphate was buffered to pH 8.0 with TRIS buffer 50 mM. 

Test tubes were placed at room temperature (about 25oC) and shaken gently every five 

minutes for one hour. The monoesterase and diesterase reactions were terminated by 

tƌaŶsfeƌƌiŶg ϭϬϬ μL of the assaǇs to Ŷeǁ test tuďes ĐoŶtaiŶiŶg Ϯ ŵL of NaOH ;Ϭ.ϱ M foƌ 

monoesterase and 0.1 M for diesterase). Absorbance was measured at 410 nm on a 

spectrophotometer and calibrated with p-nitrophenol standards. Activity for both 

ŵoŶoesteƌase aŶd diesteƌase ǁas eǆpƌessed iŶ μŵol of p-nitrophenol released per g of 

fresh root weight peƌ houƌ ;μŵol.g-1.h-1). 



35 
 

Phytase activity was measured through the coloured product of the reaction between 

phosphate and the ammonium molybdate-ascorbic acid reagent, which yields a blue colour. 

ϮϬϬ μL of the ϱ ŵM phǇtiĐ aĐid solutioŶs ǁeƌe tƌaŶsfeƌƌed to a test tube with 2 mL of the 

reagent, and were gently shaken every five minutes for a half-hour. Absorbance was 

measured at 880 nm and calibrated with KH2PO4 standards. The process was repeated with 

controls, or root solutions incubated in pH 5.5 acetate buffer instead of phytic acid, and the 

ƌesult ǁas eǆpƌessed as the diffeƌeŶĐe ďetǁeeŶ the phǇtate aŶd ĐoŶtƌol solutioŶs, iŶ μŵol 

of phosphoƌus ƌeleased peƌ g of fƌesh ƌoot ǁeight peƌ houƌ ;μŵol g-1 h-1). 

Shoots were sampled from the top for sections of about 100 mg, placed in a mortar with 4 

mL of acetate buffer at pH 5.5, and then crushed with a pestle. The liquid fractions of the 

resulting mixtures were transferred to test tubes and processed in the same way as the 100 

ŵg ƌoot saŵples, ǁith ϱϬϬ μL of liquid fraction instead of 100 mg of root tissue. 

 

Cadmium content in root and shoot tissue 

Root and shoot samples were dried in an oven at 60oC for two days and were then ground 

with mortar and pestle. For each sample, 100 mg were placed in a beaker, to which 5 mL of 

nitric acid (HNO3) were added to start the digestion. The beaker was then heated to 120-

130oC for 14 hours, after which 2 mL of hydrogen peroxide (H2O2) were added. After the end 

of digestion, the sample was diluted to 50 mL, labelled, and sent to the Department Of 

Chemistry at the University Of Canterbury for analysis of heavy metal content by inductively 

coupled plasma mass spectrometry (ICP-MS). 

Beakers used in this experiment were soaked overnight in a 10% nitric acid bath and rinsed 

several times with de-ionized water before use. 
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Phosphorus recovery through precipitation with metal salts 

A sample of sewage sludge was obtained from the Christchurch City Council Bromley 

Wastewater Treatment Facility. The sludge was suspended in Milli-Q water and filtered 

through filter paper to prevent suspended solids from affecting the experiment. 

Compared to other commonly used metal ions, Al3+ is the one that presents the highest 

phosphorus recovery rate at the optimum pH for phytase (5.5), at around 85% (Huang et al., 

2016). Fe2+ has the lowest recovery rate at that pH, at just 50% (it reaches 75% at pH 6.5). 

However, phosphate recovery through precipitation with Fe2+ salts is much cheaper than 

with Al3+ salts, at just 54% of the price. Given the financial advantage and the much greater 

room for optimization, Fe2+ salts were used in this experiment, provided as FeSO4.H2O. Fe3+ 

was also used, provided as FeCl3. Optimum pH for Fe3+ is 4.5, at which P recovery reaches 

83%, compared to 80% at pH 5.5 (Huang et al., 2016). 

100 mL of filtered sludge were transferred to 250 mL beakers, and a magnetic stirrer was 

placed at the bottom and set to stir at 150 rpm. In the iron(II) sulphate treatment, each 

beaker also received 0.1 g of sodium thiosulfate (Na2S203), to eliminate the oxygen in the 

wastewater and prevent the conversion of Fe2+ into Fe3+. Iron salts were added at a molar 

ratio of Fe2+:P equal to 1.25:1. Solution pH was adjusted to 4 (for phytase) or 10 (for alkaline 

monoesterase) with 0.1 M NaOH and/or HCl, and wheat phytase (Sigma Life Science; 1 

unit/100 mL) or alkaline monoesterase (from rabbit intestine; Sigma Chemical Co.; 1 

unit/100 mL) was added to the solution, either one hour before the start of 

electrocoagulation (pre-treatment) or at the same time. 

The reaction was carried out for 60 minutes, with aliquots being taken at 5, 20, 35, 50 and 

60 minutes of reaction to sample for total P content; 2 mL of NaOH were added to each 

sample to stop phytase action and the mixtures were allowed to settle for another 30 

minutes. After that, the 5 mL samples were filtered through a 0.45 µm membrane for 

phosphorus content analysis. 

This process was repeated with suspended sludge that had been left to react with phytase 

for one hour before the addition of the iron salts. 
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In the alkaline phosphatase experiments, pH was set to 8, which is close to the optimum PH 

of the enzyme, but not so high that the efficiency of P removal by Fe2+ is too low. 

 

Electrocoagulation 

The setup for the electrocoagulation experiments is shown in figure 1, while figure 2 gives a 

clearer schematic presentation; aluminium electrodes of dimensions 120mm X 10mm X 

0.8mm were used, and a pH meter was added to the beaker as required. They were 

connected to a benchtop power source with capacity of 3 A of current through alligator clips 

and hung from a ring stand; they were placed inside a 1,000 mL beaker at a height of 10mm 

above the bottom. As in the chemical precipitation experiments, the beaker was placed atop 

a magnetic stirrer; as in Zhang et al. (2013), the gap between electrodes was set at 25 mm. 

Solution pH was adjusted to 4 (for phytase) or 10 (for alkaline monoesterase) with 0.1 M 

NaOH and/or HCl, and wheat phytase (Sigma Life Science; 1 unit/100 mL) or alkaline 

monoesterase (from rabbit intestine; Sigma Chemical Co.; 1 unit/100 mL) was added to the 

solution, either one hour before the start of electrocoagulation (pre-treatment) or at the 

same time. In some cases, after at least 30 minutes of treatment, conductivity in the 

solution became too low to create a strong enough current for our purposes. In these cases, 

NaCl was added to increase conductivity for the remainder of the experiment. 

 

Optimum phytase and alkaline monoesterase pH 

The optimum pH for phytase and alkaline monoesterase was determined by adding each 

enzyme to filtered suspended sludge at different pH values, allowing the reaction to occur 

for 30 minutes, and measuring the decrease in organic phosphorus concentration. The 

optimum pH was the one with the greatest decrease in organic phosphorus. 
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Figure 2: the setup for the electrocoagulation experiment. Image 

from Verma et al. (2013). 

Figure 1: the setup for the electrocoagulation experiments. 
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Total phosphorus analysis 

Liquid samples were diluted to 50 mL and transferred to an Erlenmeyer flask, to which 1 mL 

of 11 N sulphuric acid (H2SO4) and 0.4 g of ammonium persulfate were added. This mixture 

was boiled for about 30 minutes or until about 10 mL were left, while being intermittently 

shaken gently. The resulting liquid was left to cool and diluted to 40 mL, then filtered. To 

remove excess iron, 5 mL of sodium bisulfite solution was added to the samples, which were 

then placed in a 95% water bath for 30 minutes. After cooling, they were diluted to 50 mL. 

 

Hydrolizable phosphorus analysis 

Liquid samples were diluted to 50 mL and transferred to an Erlenmeyer flask, to which 1 mL 

of 11 N sulphuric acid (H2SO4) were added. Samples were gently boiled for about 30 

minutes, then left to cooled, diluted to 40 mL and filtered. To remove excess iron, 5 mL of 

sodium bisulfite solution was added to the samples, which were then placed in a 95% water 

bath for 30 minutes. After cooling, they were diluted to 50 mL. 

 

Orthophosphate analysis 

Liquid samples were diluted to 50 mL and transferred to an Erlenmeyer flask, to which 1 mL 

of 11 N sulphuric acid (H2SO4) and 4 mL of ammonium molybdate-antimony potassium 

tartrate were added. The mixture was mixed, then 2 mL of ascorbic acid solution was added, 

and it was mixed again. 

All samples (orthophosphate (O), total (T) and hydrolizable (H) phosphorus) had phosphorus 

concentration determined by spectrophotometry at 650 nm after the reaction between 

sample P and the ammonium molybdate-ascorbic acid reagent (also containing potassium 

antimony tartrate), calibrated with KH2PO4 standards. Organic phosphorus was determined 

as T – (O + H). 
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Energy dispersive X-ray spectroscopy 

After electrocoagulation was finished, samples from the foam that formed above the liquid 

were gathered. After the liquid was filtered, samples from the precipitate that remained in 

the filter membrane were also taken and were dried for 24 hours at 60oC along with the 

foam samples. These samples were taken to the Mechanical Engineering Department at the 

College of Engineering, where they were carbon-coated and placed in a scanning electron 

microscope for chemical characterization through energy dispersive X-ray spectroscopy. 

 

Statistical analysis 

Basic statistical analysis (such as means and standard deviation) and graphics were 

performed using Microsoft Excel, while Student’s t-test for comparison of means was 

carried out with R version 3.4.4. 
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Results 

Note: Unless specified otherwise, the threshold for statistical significance was set at 95%. 

Germination 

Maize 

 

 

Maize seedlings germinating in 10% MS medium or in [Cd]=0.1 mM showed no statistical difference 

in survival, both around 90% (figure 3). However, only 68% of seeds germinating in [Cd]=0.5 mM and 

21% of those in [Cd]=1.0 mM survived for 10 days after germination. Seeds transplanted 3 days after 

germination had slightly higher averages of survival for control and [Cd]=0.1 mM, but without 

statistical difference from the germination treatments. [Cd]=0.5 mM and [Cd]=1.0 mM seedlings 

improved survival rates to 88% and 40%, respectively. 6-day and 9-day transplants showed no 

difference from 3-day transplant seedlings, although one group in the 9-day [Cd]=1.0 mM treatment 

reached 60% survival; in the 9-day transplants, only the [Cd]=1.0 mM treatment was below 10% MS 

controls, with just under half its average (49% versus 94%). 
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Figure 3: 10-day survival rate of maize seedlings transplanted into Cd-containing medium 3, 6, or 9 days after 
germination in 10% MS medium. Error bars indicate standard deviation. Statistical significance was calculated only 
between treatments that shared a Cd concentration or a transplant day. 
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Sunflower 

 

 

Sunflower seedlings in the control treatments had survival rates around 90%, regardless of the 

transplant day (figure 4). Germination in a Cd-containing medium reduced average 10-day survival to 

60% at [Cd]=0.1 mM, and to statistically indistinguishable 16% and 10% averages at [Cd]=0.5 mM 

and [Cd]=1.0 mM, respectively. Increasing time in 10% MS medium before transplant improved 

survival for the [Cd]=0.1 mM treatment to 76%, 84%, and 94%, all with statistical significance. In the 

[Cd]=0.5 mM treatment, transplant after germination greatly improved survival rates, with averages 

between 67% and 78%, but without statistically significant difference between transplant days. 

Transplant also improved survival rates for the highest Cd concentration, although, just as for maize, 

no statistical improvement was registered with increases in time before transplant, although the 

average increased from 27% to 33%; 9-day [Cd]=1.0 mM seedlings also presented much lower 

survival rates than all other treatments in the same day group (33% versus 95% for [Cd]=0.5 mM, the 

highest). 
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Figure 4: 10-day survival rate of sunflower seedlings transplanted into Cd-containing medium 3, 6, or 9 days after 
germination in 10% MS medium. Error bars indicate standard deviation. Statistical significance was calculated only 
between treatments that shared a Cd concentration or a transplant day. 
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Root morphology 

Length 

 

 

 

Absence of P in the medium caused an increase in root lengths of both maize and sunflower 

(figure 5). Maize roots were longer than sunflower roots under both P deprivation and 
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Figure 5: the effect of phosphorus deprivation on the 
root length of maize and sunflower plants. Error bars 
show standard deviation. 

Figure 6: the effect of medium cadmium on the root 
length of maize and sunflower plants. Error bars show 
standard deviation. 
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control conditions, and the treatment caused a greater proportional increase in length of 

34%, compared to only 12% elongation for sunflower. 

Increasing Cd concentrations caused a sharp and steady decline in maize root length (figure 

6). At [Cd]=1.0 mM, root length was only 11% of the control length. For sunflower, there 

was no statistical difference in root length between the [Cd]=0.1 mM and the [Cd]=0.5 mM 

treatments, where the decrease was to 74% of control. At [Cd]=1.0 mM, root length was 

statistically indistinguishable between the two species. 

 

 

Weight 

  

 

Maize roots were significantly heavier in the absence of phosphorus in the medium, 

showing a 68% increase (figure 7). Sunflower presented greater variance at both treatment 

and control, but no change in length was observed. 
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Figure 8: the effect of medium cadmium on the root weight of 
maize and sunflower plants. Error bars show standard deviation. 

Figure 7: the effect of phosphorus deprivation 
on the root weight of maize and sunflower 
plants. Error bars show standard deviation. 
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Cadmium stress had a very negative effect on shoot weight for both species (figure 8). At 

[Cd]=1.0 mM, both sunflower and maize roots were reduced to only 12% of the control 

weight. At the lower concentrations, sunflower suffered less significant decreases, with no 

statistical difference between [Cd]=0.1 mM and [Cd]=0.5 mM. 

 

 

 

 



46 
 

Root hair 

      

 

 

Absence of phosphorus in the medium caused great increases in root hair area in both 

maize and sunflower seedlings (figure 9). The former’s surface grew by 55% on average, 

while the latter grew by 85%. 
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Figure 9: the percentage change in root hair 
area of plants grown in the absence of 
medium phosphorus compared to plants 
grown in 10% MS medium. Error bars show 
standard deviation. 

Figure 10: the percentage change in root hair area of plants grown in 
media containing different concentrations of cadmium compared to 
plants grown in 10% MS medium. Error bars show standard deviation. 
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Low and medium concentrations of Cd in the medium also caused root hair area to increase 

in both species (with one exception) (figure 10). However, while maize had more root hairs at 

[Cd]=0.5 mM than at [Cd]=0.1 mM (78% more surface area versus 59%), sunflower roots 

followed the opposite pattern (79% versus 33%), culminating in roots with less root hair 

area at [Cd]=1.0 mM than control plant roots. Maize roots at [Cd]=1.0 mM had only 5% 

greater root hair area than control plants. It should be noted that, as figure 11A shows, 

maize roots could not be removed from the medium together with the stems, as they easily 

detached from them when that was attempted. 
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Figure 11: (A) Maize plants grown in the 
presence or absence of phosphorus; (B) 
Maize plants grown in presence of 
different concentrations of cadmium; (C) 
Closeup of maize root segments from 
plants grown in no-Cd medium or 
[Cd]=0.1 mM; (D) Maize roots grown at 
[Cd]=0.5 mM and [Cd]=1.0 mM. 

11A 11B 

11C 

10% MS 

No P 

10% MS 

(no added 

Cd) 

[Cd] = 0.1 mM 

[Cd] = 0.5 mM [Cd] = 1.0 mM 

[Cd] = 0.1 mM 

10% MS (no added Cd) 

11D 

1 cm 

[Cd] = 0.5 mM 

[Cd] = 1.0 mM 



49 
 

    

 

  

12A 12B 

12C 

10% MS (no added Cd) 

[Cd] = 0.1 mM 

10% MS 
No P 

10% MS 

(no added 

Cd) 

[Cd] = 0.1 mM 

[Cd] = 1.0 mM 

[Cd] = 0.5 mM 

Figure 12: (A) Sunflower plants 
grown in the presence or absence 
of phosphorus; (B) Sunflower 
plants grown in presence of 
different concentrations of 
cadmium; (C) Closeup of 
sunflower root segments from 
plants grown in no-Cd medium or 
[Cd]=0.1 mM. 
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Root exudate phosphatase activity 

Monoesterase activity 

  

 

 

Sunflower root exudate monoesterase activity more than doubled in the absence of 

medium P (Fig. 13). Maize root exudates also showed increased activity of the enzyme, but 

that increase was almost six times smaller than that of sunflower roots. 

A similar pattern was present under low medium Cd. [Cd]=0.1 mM caused a 20% increase in 

monoesterase activity in maize exudates, and an increase of 56% in sunflower (Fig. 14). 

Under [Cd]=0.5 mM, when maize plants were starting to show clear signs of Cd toxicity (Fig. 

11A), monoesterase activity was statistically indistinguishable from control; sunflower 

exudates had a 72% increase, but like in the lower Cd concentration, variance was so high 

between samples that [Cd]=0.1 mM and [Cd]=0.5 mM were not statistically different. Under 

[Cd]=1.0 mM, both species showed lower exudate activity compared to control, with 28% 

and 48% decreases in sunflower and maize, respectively. 
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Figure 13: the percentage change in root exudate 
monoesterase activity of plants grown in the 
absence of medium phosphorus compared to 
plants grown in 10% MS medium. Error bars 
show standard deviation. 

Figure 14: the percentage change in root exudate monoesterase 
activity of plants grown under different concentrations of Cd in 
the medium compared to plants grown in 10% MS medium. 
Error bars show standard deviation. X represents no statistically 
significant change. There is no statistically significant difference 
between bars that share a letter. 
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Diesterase activity 

     

 

 

 

 

 

 

 

The absence of phosphorus in the growth medium caused the same pattern of root exudate 

diesterase activity as it did for monoesterase activity: the enzyme more than doubled in 

activity in sunflower roots, and it had a significant but smaller increase in maize roots (Fig. 

15). 

Medium cadmium caused progressive increases in activity in sunflower, with diesterase 

activity almost doubling at [Cd]=0.1 mM, increasing by about 250% at [Cd]=0.5 mM, and 

finally more than tripling at [Cd]=1.0 mM (figure 16). The lowest Cd concentration had no 

statically significant effect on exudate diesterase activity in maize, but [Cd]=0.5 mM and 

[Cd]=1.0 mM increased by around 30%, with no statistical difference between the 

concentrations. 

 

  

Figure 16: the percentage change in root exudate diesterase activity 
of plants grown under different concentrations of Cd in the medium 
compared to plants grown in 10% MS medium. Error bars show 
standard deviation. X represents no statistically significant change. 
There is no statistically significant difference between bars that share 
a letter. 

Figure 15: the percentage change in root 
exudate diesterase activity of plants 
grown in the absence of medium 
phosphorus compared to plants grown in 
10% MS medium. Error bars show 
standard deviation. 
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Phytase activity 

 

 

 

Lack of medium phosphorus decreased phytase activity by statistically identical amounts in 

both maize and sunflower plantlets; maize root exudates showed great variance, with 

decreases between 0.10 and 0.55 in phosphate released per gram of fresh per hour (figure 

17). Sunflower exudates had much smaller variance, and had a smaller average decrease 

than maize exudates, despite the lack of significance. 

Unlike absence of medium P, Cd caused increases in phytase activity in all treatments for 

both species (figure 18). Maize exudates had statistically indistinguishable averages of about 

0.17 an 0.15 at [Cd]=0.1 mM and [Cd]=0.5 mM, respectively, but the increase compared to 

control was only a third of that value, with greater variance. Activities in sunflower exudates 

increased from 0.1 at [Cd]=0.1 mM to twice that amount at [Cd]=0.5 mM and [Cd]=1.0 mM. 
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Figure 17: the change in root exudate 
phytase activity of plants grown in the 
absence of medium phosphorus compared 
to plants grown in 10% MS medium. Error 
bars show standard deviation. There is no 
statistically significant difference between 
bars that share a letter. 

Figure 18: the change in root exudate phytase activity of plants 
grown under different concentrations of Cd in the medium 
compared to plants grown in 10% MS medium. Error bars show 
standard deviation. There is no statistically significant difference 
between bars that share a letter. 
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Shoot parameters 

Shoot height 

  

 

 

The absence of phosphorus in the medium had a negative effect on shoot height in both 

maize and sunflower (figure 19). The decline was greater in sunflower, where P-deprived 

shoots 35% shorter, against 17% in maize. 

Medium cadmium also caused a significant decrease in shoot height (figure 20), but the 

decline was greater for maize than for sunflower. At [Cd]=0.1 mM, maize shoots were only 

90% as tall as control, and at the highest Cd concentration, they were only 13% of that 

height. The decline for sunflower shoots was also sharp, but less so than maize: at [Cd]=0.1 

mM they were 81% the height of control (with shoots taller than the tallest maize shoots at 

the same concentration), but had declined to just 31% of control at [Cd]=1.0 mM. As figure 

11A shows, maize shoots had clear signs of necrosis at [Cd]=0.5 mM and [Cd]=1.0 mM. 
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Figure 19: the effect of phosphorus 
deprivation on the shoot height of maize 
and sunflower plants. Error bars show 
standard deviation. Bars that share a letter 
are not statistically significantly different. 

Figure 20: the effect of medium cadmium on the root weight of 
maize and sunflower plants. Error bars show standard deviation. 
Bars that share a letter are not statistically significantly different. 
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Shoot phosphatase activity 

Shoot monoesterase activity 

 

 

 

 

 

 

 

 

 

Absence of medium phosphorus had different effects on maize and sunflower shoot 

monoesterase activity (figure 21). Activity in maize shoots was cut in half. Some sunflower 

samples showed a decrease of up to 15% in activity, but some showed an increase, and 

there was no statistically significant change. 

In maize shoots, the lowest concentrations of Cd also caused a decrease in enzyme activity, 

but not as pronounced as under P deprivation (figure 22). At [Cd]=1.0 mM, the decline was 

greater, of just under 60%. The lowest concentrations also did not affect sunflower shoot 

enzyme monoesterase activity to a significant level (although, like in the absence of medium 

P, there was an average decrease in activity), but at [Cd]=1.0 mM the enzyme lost 80% of its 

activity. 
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Figure 21: the percentage change in shoot 
exudate monoesterase activity of plants grown in 
the absence of medium phosphorus compared to 
plants grown in 10% MS medium. Error bars 
show standard deviation. X represents no 
statistically significant change. 

Figure 22: the percentage change in root exudate monoesterase 
activity of plants grown under different concentrations of Cd in the 
medium compared to plants grown in 10% MS medium. Error bars 
show standard deviation. X represents no statistically significant 
change. There is no statistically significant difference between bars 
that share a letter. 
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Shoot Diesterase activity 

  

 

 

Both maize and sunflower shoots had diesterase activities increased by the absence of 

medium P (figure 23). However, while the increase was of only 10% in maize shoots, activity 

in sunflower shoots more than doubled, reaching an average increase of more than 150%. 

Medium cadmium caused no statistically significant changes in maize shoot diesterase 

activity. Individual sample values varied widely, with some samples at [Cd]=0.5 mM more 

than doubling activity and some showing a 90% decrease (figure 24). However, the average 

change was towards an increase under each cadmium concentration. The only treatment to 

produce a decrease in shoot diesterase activity was sunflower at [Cd]=1.0 mM, but at lower 

concentrations sunflower shoots showed nearly three ([Cd]=0.1 mM) and nearly four 

([Cd]=1.0 mM) times the activity they showed under the control treatment.  
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Figure 23: the percentage change in shoot 
exudate diesterase activity of plants grown in the 
absence of medium phosphorus compared to 
plants grown in 10% MS medium. Error bars 
show standard deviation. 

Figure 24: the percentage change in root exudate diesterase activity of 
plants grown under different concentrations of Cd in the medium 
compared to plants grown in 10% MS medium. Error bars show 
standard deviation. X represents no statistically significant change. 
There is no statistically significant difference between bars that share a 
letter. 
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Shoot phytase activity 

 

 

 

Shoot phytase activity increased without phosphorus in the medium in both species (figure 

25), but the increase was over nine times greater for maize than for sunflower shoots (just 

over 1.5 versus just over 0.15 µmol of P released per gram of fresh root per hour). 

High cadmium caused significant decrease in maize shoot phytase activity (figure 26). While 

[Cd]=0.1 mM shoot showed no statistical change, all samples had lower activity than 

control, if only slightly so. [Cd]=1.0 mM caused a decrease of 0.3 µmol of P released per 

gram of fresh root per hour, while halving medium Cd concentration also halved the phytase 

activity decrease. Activity in sunflower shoots increased by the same amount at [Cd]=0.1 

mM and [Cd]=0.5 mM, and decreased slightly at the highest Cd concentration. 
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Figure 25: the change in shoot phytase 
activity of plants grown in the absence of 
medium phosphorus compared to plants 
grown in 10% MS medium. Error bars show 
standard deviation. 

Figure 26: the percentage change in shoot phytase activity of plants 
grown under different concentrations of Cd in the medium compared 
to plants grown in 10% MS medium. Error bars show standard 
deviation. X represents no statistically significant change. There is no 
statistically significant difference between bars that share a letter. 
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Root/shoot activity ratios 

Root/shoot ratio of changes in monoesterase activity 

 

 

 

In maize plantlets, monoesterase activity in the roots increased 2.5 times more than in 

shoots when there was no P in the medium (figure 27). The increase was much greater in 

sunflower plantlets, where root exudate monoesterase activity increased more than 45 

times compared to shoots. 

In the presence of Cd, maize shoots had a greater increase in monoesterase activity than 

maize roots: levels rose 22% more at [Cd]=0.1 mM and [Cd]=1.0 mM, but they increased by 

a factor of almost 27 at [Cd]=0.5 mM (figure 28). In sunflower, root exudate activity of 

monoesterase increased by 7 and 13 times more than in shoots at the lowest 
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Figure 27: the relative difference in the 
change of monoesterase activity 
between roots and shoots in the 
absence of medium phosphorus 
compared to plants grown in 10% MS 
medium. Decrease in activity was 
considered as a fractional increase. 

Figure 28: the relative difference in the change of monoesterase 
activity between roots and shoots in the presence of different 

concentrations of cadmium compared to plants grown in 10% MS 
medium. Decrease in activity was considered as a fractional increase. 
Negative values indicate a shoot/root ratio. 
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concentrations, but at [Cd]=1.0 mM shoots showed 2.5 times greater increased activity than 

roots.  
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Root/shoot ratio of changes in diesterase activity 

 

 

 

In the absence of phosphorus, maize root exudates increased their diesterase activity over 

14 times more than maize shoots, while sunflower root exudates increased it twice more 

than the plant’s shoot (figure 29). 

Cadmium led to greater increases in root exudate than in shoot monoesterase activity under 

all concentration for maize (figure 30). At [Cd] = 0.1 mM, exudates increased 2.5 times more 

than shoots in activity, and by 18% and 2% at [Cd] = 0.1 mM and [Cd] = 1.0 mM, 

respectively. There was no clear trend in the case of sunflower. At [Cd] = 0.1 mM, activity 

was almost identical in the two types of samples; at [Cd] = 0.5 mM, it increased 7% more in 

shoots than in roots; and at [Cd] = 1.0 mM, enzyme activity in exudates increased almost 9 

times more than in shoots. 
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Figure 29: the relative difference in the 
change of diesterase activity between 
roots and shoots in the absence of 

medium phosphorus compared to 
plants grown in 10% MS medium. 
Decrease in activity was considered as a 
fractional increase. 

Figure 30: the relative difference in the change of diesterase activity 
between roots and shoots in the presence of different concentrations 

of cadmium compared to plants grown in 10% MS medium. Decrease 
in activity was considered as a fractional increase. Negative values 
indicate a shoot/root ratio. 
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Root/shoot ratio of changes in phytase activity 

  

 

 

Under control conditions, root exudates from both species had only between 14% and 21% 

greater activity than shoots (figure 31). However, the absence of phosphorus caused maize 

exudates to decrease phytase activity over five times more than it increased in shoots, and 

in sunflower, almost three times more. 

With cadmium in the nutrient medium, relative phytase activity was different between the 

species (figure 32). At [Cd] = 0.1 mM and [Cd] = 0.5 mM, maize root exudates had almost 

three and more than six times more phytase activity in the roots than in the shoots, 

respectively, while sunflower shoots had 67% and 15% higher increases in the shoots than in 

the roots. At the highest Cd concentration, maize continued to have greater increases in 

root exudates, this time over five times greater than in shoots; sunflower also continued in 

the same pattern, but this time shoot phytase activity increased six times more than in root 

exudates. 
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Figure 31: the relative difference in the 
change of phytase activity between 
roots and shoots in the absence of 

medium phosphorus compared to 
plants grown in 10% MS medium. 
Decrease in activity was considered as a 
fractional increase. 

Figure 32: the relative difference in the change of phytase activity 
between roots and shoots in the presence of different concentrations of 

cadmium compared to plants grown in 10% MS medium. Decrease in 
activity was considered as a fractional increase. Negative values indicate a 
shoot/root ratio. 
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Total root phosphatase activity 

Total root monoesterase activity 

 

 

 

In the absence of phosphorus, total root monoesterase activity increased in both species, by 

about 12% in maize and almost twice that amount in sunflower (22%) (Figure 33). 

The lowest cadmium concentration had a similar but slightly stronger effect on the enzyme 

for both species, with increases of 16% for maize and 25% for sunflower (figure 34). In 

maize, enzyme activity at [Cd] = 0.5 mM was no different from control, but at [Cd] = 1.0 mM 

it increased to almost 50%, although individual samples were between 15% and 80% more 

active than control. In sunflower, monoesterase activity decreased by 30% with [Cd] = 0.5 

mM and then by 68% at the highest concentration. 
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Figure 33: the percentage change in root 
exudate monoesterase activity of plants 
grown in the absence of medium 
phosphorus compared to plants grown in 
10% MS medium. Error bars show standard 
deviation. 

Figure 34: the percentage change in total root monoesterase activity 
of plants grown under different concentrations of Cd in the medium 
compared to plants grown in 10% MS medium. Error bars show 
standard deviation. X represents no statistically significant change. 
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Total root diesterase activity 

 

 

 

Phosphorus deprivation causes an increase of only 2% in total root diesterase activity (figure 

35). Despite the small difference, the increase was consistent across samples. The increase 

is much larger in sunflower roots, at an average of 140% higher enzyme activity, with some 

samples having almost three times the average activity of control. 

Much like in the case of monoesterase, both species had similar enzyme activities at [Cd] = 

0.1 mM and in the absence of medium phosphorus: maize increased activity by 5% and 

sunflower by 180% (figure 36). At [Cd] = 0.5 mM and [Cd] = 1.0 mM total root diesterase 

activity for maize was between 25% and 30% more active than in the control treatment, 

while sunflower diesterase was 3.5 and 4 times more active, respectively. 
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Figure 35: the percentage change in root exudate 
diesterase activity of plants grown in the absence 
of medium phosphorus compared to plants grown 
in 10% MS medium. Error bars show standard 
deviation. 

Figure 36: the percentage change in total root diesterase 
activity of plants grown under different concentrations of Cd 
in the medium compared to plants grown in 10% MS 
medium. Error bars show standard deviation. Difference 
between bars that share a letter is not statistically 
significant. 
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Total root phytase activity 

 

 

 

Maize roots grown in the absence of medium phosphorus had total phytase activity higher 

than control roots by 1.2 µmol of phosphate released per gram of root per hour; the 

increase for sunflower roots was almost ten times smaller (figure 37). 

Cadmium had a different effect on root phytase activity: apart from the highest 

concentration, there was no change in activity for corn roots compared to control, but there 

was a small decrease at [Cd] = 1.0 mM (figure 38). Enzyme activity in sunflower roots was 

increased at [Cd] = 0.1 mM and [Cd] = 0.5 mM by about 0.4 µmol, but it was decreased at 

[Cd] = 1.0 mM by 0.25 µmol, with great variance. 
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Figure 37: the percentage change in root 
exudate phytase activity of plants grown in 
the absence of medium phosphorus 
compared to plants grown in 10% MS 
medium. Error bars show standard 
deviation. 

Figure 38: the percentage change in total root phytase activity 
of plants grown under different concentrations of Cd in the 
medium compared to plants grown in 10% MS medium. Error 
bars show standard deviation. X represents no statistically 
significant change. 
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Chlorophyll content 

   

 

 

Chlorophyll content is slightly reduced in maize and sunflower plants in the absence of P, by 

9% in the latter and 12% in the former (figure 39). It is also reduced in the presence of 

medium Cd, more so in maize than in sunflower: while control and [Cd] = 0.1 mM sunflower 

plants have comparable levels of chlorophyll, maize plants suffer a decrease of 11% at the 

same concentration, reaching 72% less chlorophyll at [Cd] = 1.0 mM (figure 40). By 

comparison, at [Cd] = 1.0 Mm, sunflower chlorophyll content declined only 27%. 
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Figure 39: chlorophyll content in maize 
and sunflower in the presence and 
absence of medium phosphorus. Error 
bars show standard deviation. 

Figure 40: chlorophyll content in maize and sunflower in the 
presence of different concentrations of cadmium. Error bars show 
standard deviation. The difference between bars that share a letter 
is not statistically significant. 
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Plant tissue Cd content 

 

 

In the absence of medium cadmium, only trace amounts were found in stems and roots of 

both maize and sunflower (figure 41). In maize roots, cadmium accumulated in high 

amounts as its concentration in the medium increased, rising to 250 µg per g of dry weight 

at [Cd] = 0.1 mM, and to 4 times that amount at [Cd] = 1.0 mM, although there was no 

statistical difference to tissue Cd at [Cd] = 0.5 mM. Stem Cd concentration was invariably 

lower than root Cd at the same concentration, but it was also greatly increased by medium 

Cd, reaching a maximum of 550 mg/g at [Cd] = 0.5 mM. It should be noted that in both 

organs, tissue Cd increased by 3 to 4.5 times from [Cd] = 0.1 mM to [Cd] = 0.5 mM, but there 

was no difference between [Cd] = 0.5 mM and [Cd] = 1.0 mM. 
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Figure 41: cadmium content in plant tissue after growth under different concentrations of cadmium. Error bars show 
standard deviation. Difference between bars that share a letter is not statistically significant. 
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Sunflower reflects the same pattern seen in maize (figure 41). Root Cd reached 1 mg/g of 

fresh root weight at [Cd] = 0.5 mM, which was more than double the concentration it 

reached at [Cd] = 0.5 mM, but was not statistically different from the highest Cd 

concentration. In stems, the highest Cd concentration was also reached at [Cd] = 0.5 mM, 

but it was also statistically indistinguishable from [Cd] = 1.0 mM, and more than 3 times the 

amount at [Cd] = 0.1 mM. 

 

 

Of all 8 treatments, only sunflower control plants had a higher concentration of Cd in shoots 

than in roots, indicated by the shoot/ratio above 1 (figure 42). In the presence of medium 

Cd, maize stems concentrated between 55% ([Cd] = 1.0 mM) and 37% ([Cd] = 0.5 mM) less 

Cd than roots (no statistical difference between three Cd treatments). For sunflower, the 

highest proportion of Cd accumulated in stems was at [Cd] = 1.0 mM, which was 56% less 

than roots; however, that was indistinguishable from [Cd] = 0.5 mM, which accumulated 

58% less Cd.  
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Figure 42: shoot/root ratio of plant tissue cadmium content after growth under different concentrations of cadmium. 
Error bars show standard deviation. Difference between bars that share a letter is not statistically significant. 
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Phosphorus recovery from sewage sludge 

Optimum phytase and alkaline monoesterase pH 

 

 

 

The optimum pH for phytase was found to be 4, while alkaline monoesterase performed 

best at pH 10 (figure 43). Phytase was able to mineralize three times more organic 

phosphorus from the liquefied sludge at its optimum pH than alkaline monoesterase at its 

own optimum (60% versus 20%).  
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Figure 43: Optimum pH for wheat phytase and alkaline monoesterase, measured as organic phosphorus removed from 
suspended and filtered sludge. Error bars show standard deviation. 
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Electrocoagulation 

Phytase 

 

 

The addition of wheat phytase was responsible for a significant improvement in phosphorus 

recovery from liquefied sludge. 5 minutes after the power supply was turned on, both 

phytase treatments had reached a recovery efficiency of more than 80%, while in the 

absence of the enzyme that efficiency was only reached after 50 minutes of 

electrocoagulation (figure 44). Additionally, the pre-treated sludge had all phosphorus 

removed from it after only 20 minutes, with the added-phytase treatment reaching over 

95% recovery at the same point. After 35 minutes, no changes were recorded in the phytase 

treatments. In the no-phytase treatment only 90% recovery had been reached by the end of 

the process, but there were no signs of a plateau being reached.  

60

65

70

75

80

85

90

95

100

5 20 35 50 65

P
h

o
sp

h
o

ru
s 

re
co

ve
ry

 (
%

) 

Time (minutes) 

No phytase Phytase 1h phytase

Figure 44: phosphorus recovery from liquefied sludge through electrocoagulation with aluminium electrodes in the 
absence or presence of phytase (pre-treated for one hour or not). 
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Alkaline monoesterase 

 

 

Pre-treatment with alkaline monoesterase had a significant impact on phosphorus recovery, 

but only for the first 50 minutes of electrocoagulation. After 5 minutes, the pre-treated 

sludge had 10% less dissolved phosphorus than the added-monoesterase and control 

sludge, which were not statistically different (figure 45). The percentage of phosphorus 

recovered after 50 minutes and at the end of the process was also not statistically different 

between any of the three treatments, reaching between 75% and 77%. 
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Figure 45: phosphorus recovery from liquefied sludge through electrocoagulation with aluminium electrodes in the 
absence or presence of alkaline monoesterase (pre-treated for one hour or not). 
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Figure 46: a sample of suspended 
and filtered sludge. 

Figure 47: a pair of aluminium electrodes used in an 
electrocoagulation experiment with suspended and 
filtered sludge pre-treated for one hour with wheat 
phytase. Note the degradation of the sacrificial 
anode. 
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Chemical precipitation 

Phytase 

Iron(III) chloride 

48A 48B 

Figure 48: small-scale electrocoagulation experiment: (A) suspended and filtered sludge without phytase; (B) 
suspended and filtered sludge pre-treated for one hour with wheat phytase. Pictures taken 20 minutes after the start 
of electrocoagulation. 
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The addition of phytase to filtered sludge improved phosphorus recovery by 8-9% compared 

to unaided chemical precipitation with FeCl3: efficiency went from 67% to 75-76% (figure 

49). Pre-treated sludge performed slightly better than sludge with phytase added at the 

same time as FeCl3 for the first 20 minutes of the process, but there was no difference in 

outcome at the end of the hour. 
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Figure 49: phosphorus recovery from liquefied sludge through chemical precipitation with Fe
3+

 ions (from FeCl3) in 
the absence or presence of phytase (pre-treated for one hour or not). 
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Iron(II) sulphate 

 

 

As with iron(III) chloride, phytase enhanced phosphate recovery compared to control from 

54% to about 70% (figure 50). There was no statistical difference between the pre-treated 

and jointly-added experiments at the beginning and end points of the treatment, but pre-

treatment seems to have accelerated recovery slightly between 20 and 50 minutes after the 

process began. 
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Figure 50: phosphorus recovery from liquefied sludge through chemical precipitation with Fe
2+

 ions (from FeSO4) in 
the absence or presence of phytase (pre-treated for one hour or not). 
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Turbidity 

 

 

Electrocoagulation and chemical precipitation with both iron salts decreased turbidity in 

filtered sludge, but they were not equally successful (figure 51). While precipitation with 

FeSO4 reduced turbidity by 56%, FeCl3 reduced it by 87%, and electrocoagulation by 96%. 

The addition of phytase decreased turbidity in all treatments even further, especially when 

the enzyme was used as pre-treatment. In those cases, turbidity decreased by 94% with 

FeCl3, 98% with FeSO4, and 100% with electrocoagulation. 
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Figure 51: phosphorus recovery from liquefied sludge through chemical precipitation with Fe
2+

 ions (from FeSO4) in 
the absence or presence of phytase (pre-treated for one hour or not). 



75 
 

        

 

 

 

           

  

Figure 52: suspended and filtered sludge (A) after chemical precipitation with FeSO4 and (B) after pre-treatment with 
phytase for one hour followed by chemical precipitation with FeSO4. Both solutions were decanted for one hour after 
the end of chemical precipitation. 

Figure 53: suspended and filtered sludge (A) after chemical precipitation with FeCl3 and (B) after pre-treatment with 
phytase for one hour followed by chemical precipitation with FeCl3. Both solutions were decanted for one hour after 
the end of chemical precipitation. 

52A 52B 

53A 53B 



76 
 

Alkaline monoesterase 

Iron(III) chloride 

 

 

5 minutes after the start of iron(III) chloride precipitation, control sludge had just over 20% 

less dissolved phosphorus; sludge containing alkaline monoesterase had between 45% and 

51% less P (figure 54). 15 minutes later, all three treatments had removed around 60% of 

dissolved phosphorus, with no statistically significant difference between them. Average 

dissolved phosphorus declined slightly between 20 and 65 minutes in the presence of the 

enzyme, but again there was no statistical difference between time points or between 

enzyme and control treatments. 
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Figure 54: phosphorus recovery from liquefied sludge through chemical precipitation with Fe
3+

 ions (from FeCl3) in 
the absence or presence of alkaline monoesterase (pre-treated for one hour or not). 
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Iron(II) sulphate 

 

 

5 minutes after the beginning of precipitation with FeSO4, alkaline monoesterase-treated 

sludge had 22% less dissolved phosphorus, compared to 15% less in control and 28% less in 

pre-treated sludge (figure 55). That relative difference remains for another 45 minutes, at 

which point treated and pre-treated sludge have precipitated around 60% of solution P, 

compared to 52% for control. At the end of the hour, treated sludge had less dissolved 

phosphorus than pre-treated sludge, but without statistical difference.  
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Figure 55: phosphorus recovery from liquefied sludge through chemical precipitation with Fe
2+

 ions (from FeSO4) in the 
absence or presence of alkaline monoesterase (pre-treated for one hour or not). 
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Turbidity 

 

 

As in the case of phytase, turbidity declined significantly in filtered sludge with each of the 

treatments (figure 56). Chemical precipitation with the Fe2+ ion was the least efficient in this 

regard, having had a 47% decrease; Fe3+ precipitation decreased turbidity by 87%, and 

electrocoagulation, by 97%. Pre-treatment with alkaline monoesterase caused an 87% 

decline in conjunction with Fe2+, slightly more than when alkaline monoesterase was added 

with sulphate; for Fe3+ precipitation and electrocoagulation, the enzyme improved turbidity 

compared to untreated sludge by 95% and 98%, respectively, but the improvement was the 

same with or without pre-treatmement.  
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Figure 56: phosphorus recovery from liquefied sludge through chemical precipitation with Fe
2+

 ions (from FeSO4) in 
the absence or presence of alkaline monoesterase (pre-treated for one hour or not). 



79 
 

Energy Dispersive X-Ray Spectroscopy 

 

Samples from the precipitate and from the foamy supernatant formed by H2 gas were 

gathered from an electrocoagulation experiment with sludge pre-treated with phytase. 

These samples were dried at 60oC for 24 hours and analysed through energy dispersive X-

ray spectroscopy to determine their elemental composition. 
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Figure 57: elemental analysis of precipitate crystals from liquefied and filtered sewage sludge after one-hour pre-
treatment with wheat phytase and one-hour treatment with electrocoagulation. 
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Phosphorus was a major component of precipitate crystals, making up 21% of total mass, 

while making up less than 1% of foam crystals (figure 57 and figure 58). Oxygen made up 

46% of both crystal types, while potassium accounted for a quarter of precipitate weight; 

foam also contained high amounts of aluminium and chlorine, as well as some sodium and 

sulphur.  

  

004004

003003

0.2 mm0.2 mm0.2 mm0.2 mm0.2 mm

0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00

keV

003

0

15

30

45

60

75

90

105

120

135

C
P

S

O
K

a

N
a
K

a

A
lK

a

S
iK

a

P
K

a

S
K

a
S

K
b

C
lK

a
C

lK
b

ZAF Method Standardless Quantitative Analysis 

Fitting Coefficient: 0.2125 

Element      (keV)   mass%  Error%     At%  Compound   mass%  Cation         K 

 O K           0.525   46.08    0.26   60.66        
48.1719 

Na K           1.041    6.88    0.24    6.30          
6.1794 

Al K           1.486   23.77    0.22   18.56        
21.2348 

Si K*          1.739    0.65    0.28    0.49        
0.5450 

 P K           2.013    0.39    0.28    0.27          
0.3712 

 S K*          2.307    8.32    0.24    5.47        
8.8570 

Cl K           2.621   13.90    0.30    8.26        
Figure 58: elemental analysis of foam crystals from liquefied and filtered sewage sludge after one-hour pre-
treatment with wheat phytase and one-hour treatment with electrocoagulation. 
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Discussion 

Root morphology and chlorophyll content in the absence of P and in the 

presence of Cd 

Survival rates according to transplant period show that moving maize seedling from 10% MS 

medium to [Cd] = 0.1 mM only 3 days after germination is enough to raise 10-day survival to 

parity with plants that germinate in 10% MS medium; the same transfer period raises 

survival to nearly the control rate for plants transferred to [Cd] = 0.5 mM medium. For the 

6- and 9-day transfer periods, no statistical difference was found between control, [Cd] = 0.1 

Mm and [Cd] = 0.5 mM plants, while [Cd] = 1.0 mM has a negative effect on survival at all 

transfer periods. It should be noted that despite only about 50% of maize plants surviving 

for 10 days under [Cd] = 1.0 mM in the 9-day transfer treatment, this represents a 

significant improvement over direct germination in [Cd] = 1.0 mM medium, where only 20% 

of plants survived, and over the shorter transfer periods, where approximately 40% 

survived. Sunflower appears to be more susceptible to Cd toxicity than maize, with 

germination in the toxin’s presence reducing survival rates from almost 90% to 60% at [Cd] 

= 0.1 mM and 10% at [Cd] = 1.0 mM. A three-day waiting period increases survival at all 

concentrations, but without reaching parity with no-Cd seedlings; this happens after a six-

day waiting period at [Cd] = 0.1 mM and [Cd] = 0.5 mM. As in the case of maize, [Cd] = 1.0 

mM has a much more negative effect on survival than lower concentrations, but longer 

waiting periods also increases the rate significantly. These patterns suggest that days-old 

seedlings from both species could be used in phytoremediation projects; in addition, the 

fact that nine-day transfers at [Cd] = 1.0 mM presented an increase of 150% in survival for 

maize and 200% for sunflower suggests that waiting periods slightly longer than nine days 

could be enough to enable the use of both plants for phytoremediation even in heavily Cd-

contaminated sites. 

In the absence of medium P, the Golden Sweet maize cultivar used in this project showed a 

20% increase in root length and an 80% increase in weight, as well as a 15% decrease in 

shoot height. Previous research by Magalhães et al. (2011) analysed the impact of 

phosphorus deficiency on eight maize genotypes. Their report suggests that there is wide 

variation in responses to environmental cues within a species, since differences between 
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cultivars were seen in all parameters: for example, under low P, root length in one genotype 

decreased by 27%, while increasing by 60% in another and remaining unaltered in a third 

genotype; patterns were similar for shoot height, shoot weight, root weight, and root 

surface area. In addition to increased root length, Wen et al. (2017) found that low shoot P 

(caused by low soil P) also causes an increase in root hair density. It should be noted that 

this intra-specific variation may be particularly pronounced in cultivated species, which have 

been subject to artificial selection for thousands of years. Sunflower showed no variation in 

root length and weight, but it had an 84% increase in root hair area in the absence of P and 

a more pronounced shoot height decrease than maize (35%); previous research suggests 

that sunflower roots become shorter and heavier under low medium P (Fernandez and 

Rubio, 2015), which means the difference from our results could also be due to the effects 

of long-term artificial selection. 

The presence of Cd in the medium had the same effect on maize and sunflower root weight 

and length. Both parameters suffered reductions: for maize, the lowest concentration of Cd 

resulted in 70% less weight and 45% shorter length, and for sunflower, roots were lighter 

and shorter by about 50% compared to control; root hair area increased for both species at 

[Cd] = 0.1 mM and [Cd] = 0.5 mM by at least 30%. Shoot height at [Cd] = 0.1 mM was similar 

to shoot height in the absence of P, with slight decreases in both species. These results are 

in accord with established literature. Bahmani et al. (2016) found that medium Cd alters 

expression levels of several genes involved in root hair morphogenesis in Arabidopsis, 

causing increases in root hair length and density; Kucerova et al. (2014) state that the 

majority of reports on the phytotoxicity of Cd includes lower root lengths, while finding that 

the pattern is valid for Arabidopsis as well. Wang et al. (2017) report that wheat seedlings 

suffer significant reductions in shoot and root length as Cd concentrations are increased in 

the medium. Xue et al. (2013) found that soybean seedlings had lower root weight and 

length, and shorter shoots. As expected, [Cd] = 1.0 mM seems to be too high a 

concentration for early plant growth: declines in all the parameters above were of more 

than 80%, except for sunflower shoot height. Also, with the exception of root hair area, 

maize was more sensitive to Cd than sunflower, with greater relative declines in all other 

parameters. 



83 
 

Absence of P in the MS medium reduces chlorophyll content in maize and sunflower, as 

does the presence of Cd. Both species seem equally sensitive to the lack of phosphorus, 

having about 10% less chlorophyll under that treatment when compared to control. 

However, Cd has a more intense effect on maize than on sunflower: at the lowest Cd 

concentration, the decline in chlorophyll content is statistically insignificant for sunflower, 

and of only 13% for maize, but at [Cd] = 1.0 mM, sunflower loses 25% percent, compared to 

70% for maize. Lower chlorophyll is a common effect of heavy metal toxicity: Kucerova et al. 

(2014) observed it in Arabidopsis grown with Cd in the medium, while Arshad et al. (2016) 

and Wang et al. (2017) reported the same pattern in wheat. Xue et al. (2013) found that 

soybean seedling leaves had 40% less chlorophyll at medium concentrations of [Cd] = 0.1 

mM. Jiang et al. (2007) investigated the effect of Cd and Zn stress on the ultrastructure of 

maize chloroplasts through scanning and transmission electron microscopies. They found 

that both metals altered the shape of chloroplasts and reduced the number of thylakoid and 

grana inside them; Cd and Zn also reduced chlorophyll levels in maize leaves. Xue et al. 

(2013) also reported lower growth rates and decreased chlorophyll content in soybean 

seedlings grown in Cd-containing medium. 

As expected, we found that shoot P concentration was much lower in P-deprived plants, and 

previous research suggests that low shoot P is the direct trigger for increased expression of 

P-deprivation traits, as Shane et al. (2003) demonstrated on Lupinus albus experiments. 

However, medium P does have an effect on shoot P (Güsewell, 2017), so it is more accurate 

to say that shoot P serves as a mediator for the effect of medium P on P deprivation traits. 

On the other hand, there were no changes in shoot P concentration, meaning no association 

could be established between that parameter and enzyme activity. 

Paƌt of the ĐhaŶges iŶ ƌoot ŵoƌphologǇ ƌepoƌted heƌe ;deĐƌeasiŶg leŶgth aŶd iŶĐƌeasiŶg ƌoot 

ǁeight aŶd ƌoot haiƌ deŶsitǇ Đaused ďǇ the pƌeseŶĐe of Cd iŶ the ŵediuŵͿ aƌe iŶ shaƌp 

ĐoŶtƌast ǁith FloƌijŶ et al. ;ϭϵϵϯͿ, ǁho fouŶd that siǆ ŵaize liŶes gƌoǁŶ iŶ Cd-ĐoŶtaŵiŶated 

ŵediuŵ did Ŷot diffeƌ fƌoŵ ĐoŶtƌol iŶ ƌoot ŵoƌphologǇ, despite diffeƌeŶĐes iŶ tissue Cd 

distƌiďutioŶ. Root ŵoƌphologǇ seeŵs to ďe the ŵost ǀaƌiaďle of this toǆiŶ’s effeĐts, ǁith 

ǁide ǀaƌiatioŶ ďeiŶg oďseƌǀed ďetǁeeŶ aŶd ǁithiŶ speĐies ;He et al., ϮϬϭϳͿ. Wei et al. 

;ϮϬϭϮͿ fouŶd that sŵall ĐoŶĐeŶtƌatioŶs of Cd haǀe Ŷo effeĐt oŶ ƌoot leŶgth, suƌfaĐe aƌea, 
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diaŵeteƌ aŶd ǀoluŵe of Roƌippa gloďosa, ďut deĐƌease ƌoot leŶgth iŶ R. palustƌis. Li et al. 

;ϮϬϬϵͿ fouŶd that Cd Đaused iŶĐƌeases iŶ ƌoot leŶgth, ǀoluŵe, aŶd suƌfaĐe aƌea of oŶe 

ǀaƌietǇ of the hǇpeƌaĐĐuŵulatoƌ Seduŵ alfƌedii, ǁhile ĐausiŶg deĐƌeases iŶ all the saŵe 

paƌaŵeteƌs foƌ aŶotheƌ ŶoŶ-hǇpeƌaĐĐuŵulatoƌ ǀaƌietǇ of the saŵe speĐies. OŶe possiďle 

pathǁaǇ foƌ the iŶĐƌease iŶ ƌoot leŶgth aŶd suƌfaĐe aƌea iŶ soŵe plaŶts is the ĐoŶǀeƌsioŶ of 

gluĐoďƌassiĐiŶ iŶto auǆiŶ ;JakoǀljeǀiĐ et al., ϮϬϭϯͿ. The aďseŶĐe of a deĐƌease iŶ the 

afoƌeŵeŶtioŶed ƌoot paƌaŵeteƌs seeŵ to ďe Đoƌƌelated ǁith a speĐies’ oƌ Đultiǀaƌ’s aďilitǇ to 

aĐĐuŵulate Cd: R. gloďosa, foƌ eǆaŵple, is oŶe of the ŵost pƌoŵisiŶg ĐaŶdidates foƌ laƌge 

sĐale heaǀǇ ŵetal phǇtoeǆtƌaĐtioŶ pƌojeĐts ;Wei et al., ϮϬϬϵͿ. It has ďeeŶ Đlassified as a ƌaƌe 

Cd-hǇpeƌaĐĐuŵulatoƌ, ďeiŶg Đapaďle of ĐoŶĐeŶtƌatiŶg the ŵetal to oǀeƌ ϭϬϬ ŵg/kg iŶ the 

aďoǀe-gƌouŶd oƌgaŶs ;Wei et al., ϮϬϬϵͿ. This plaĐes suŶfloǁeƌ Đultiǀaƌ ͞RussiaŶ GiaŶt͟ aŶd 

ŵaize Đultiǀaƌ ͞GoldeŶ Sǁeet,͟  ǁhiĐh ǁeƌe used iŶ the pƌeseŶt pƌojeĐt, iŶ the ŶoŶ-

hǇpeƌaĐĐuŵulatoƌ gƌoup. 

 

Cadmium accumulation in maize and sunflower seedlings 

Due to all ouƌ ŵeasuƌeŵeŶts ďeiŶg ĐoŶduĐted iŶ ϭϬ-daǇ old ŵaize plaŶts, ǁe eǆpeĐted Cd 

ĐoŶĐeŶtƌatioŶs iŶ the stƌaǁ ;the aďoǀe-gƌouŶd tissuesͿ to ďe Ƌuite loǁ, as ŵost tƌaŶsloĐatioŶ 

fƌoŵ ƌoot to stƌaǁ ǁould Ŷot haǀe happeŶed Ǉet. Retaŵal-Salgado et al. ;ϮϬϭϳͿ fouŶd that 

iŶ ϲ-ŵoŶth old ŵaize, Cd teŶded to aĐĐuŵulate iŶ the stƌaǁ at ƌates ďetǁeeŶ ϳϯ% aŶd ϵϵ% 

of total plaŶt Cd. Ouƌ ƌesults shoǁ stƌaǁ Cd ŵakiŶg up ďetǁeeŶ Ϯϯ% ;[Cd] = ϭ.Ϭ ŵMͿ aŶd 

ϰϯ% ;[Cd] = Ϭ.ϱ ŵMͿ of total plaŶt Cd, suggestiŶg high ƌates of Cd tƌaŶsloĐatioŶ staƌt sooŶ 

afteƌ geƌŵiŶatioŶ. 

It also seems that translocation rates are significantly higher in maize and sunflower than in 

other crop plants. Xue et al. (2013) found that ten-day old soybean seedlings grown under 

[Cd] = 0.1 mM transport a maximum of 28% of the Cd they absorb from roots to above-

ground tissues; factoring in the weights of the different parts of the plant, that means roots 

had 50 times more Cd per gram than leaves and 20 times more than stems. This contrasts 
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with our results, where the highest root/shoot Cd ratio was slightly above 3 (sunflower at 

[Cd] = 0.1 mM) and supports sunflower’s and maize’s potential as efficient phytoextractors. 

 

Phosphatase activity in the absence of P and in the presence of Cd 

Both the absence of medium P and the presence of Cd at low and medium concentrations 

caused an increase in root exudate monoesterase activity. Increases were greater for 

sunflower than for maize, 5 times so in the no-P treatment and 3.5 times at [Cd] = 0.1 mM. 

Maize had no change at [Cd] = 0.5 mM, and both species had lower monoesterase activity at 

the highest concentration, once again pointing to a greater tolerance of sunflower and a 

toxicity threshold for medium Cd between [Cd] = 0.5 mM and [Cd] = 1.0 mM. The pattern 

for diesterase activity was similar, with greater increases for sunflower than for maize in 

most cases; the differences between the two enzymes were, for diesterase, the absence of a 

decline in activity for sunflower at [Cd] = 1.0 mM and a progressive increase for maize as Cd 

concentration increased. Phytase showed lower activity in the absence of P and higher 

activity in the presence of Cd: in maize exudates, activity decreased as Cd concentration 

increased, while the opposite happened for sunflower. 

Compared to the Carex (sedges) analysed by Güsewell (2017), sunflower and maize had 

significantly higher phosphatase activity increases in root exudates for monoesterases and 

diesterases, as well as decreased phytase activity (Carex had decreased activity of all 

enzymes). Both species utilized in the present study are known as potent accumulators of 

heavy metals and are able to tolerate high concentrations of these pollutants in the soil, 

neither of which is true for Carex. It is possible that this pattern of activity involving these 

three enzyme groups could be used as an indicator for phytoremediation potential during 

screening studies. More intense responses to P deprivation in maize and sunflower when 

compared to sedges (Güsewell, 2017) may be due to the fact that the former two are crop 

plants that have been subjected to artificial selection for centuries and have perhaps 

become capable of responding to different environments in a way that would maximize 

yield. 
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A comparison between phosphatase activity in root exudates and in total root tissue shows 

that phosphatases may have different roles in the management of P deficiency and in Cd 

resistance. For both species, monoesterase in most cases and diesterase in all cases had a 

greater relative increase in activity in root exudates than in total root tissue. This suggests 

that the most important function of the newly-synthesized enzymes was to mineralize 

organic phosphorus in the root zone. The same can be said for phytase under Cd stress. On 

the other hand, the absence of P caused a clear relative decrease in phytase activity in 

maize and sunflower, which could mean that under that particular stress, phytase is more 

important inside the root (possibly scavenging extra-cellular P) than mineralizing organic P. 

Shoot activity patterns also support the hypothesis that different phosphatases may have 

different roles: while monoesterase activity in sunflower shoots was not affected by either 

the absence of P or the presence of Cd (except at the highest concentration), it fell sharply 

in maize shoots under both treatments. Conversely, while all treatments more than doubled 

diesterase activity in sunflower shoots (except at the highest concentration), P deficiency 

affected maize only slightly and Cd had no effect on it. Phytase had increased activity in 

both species’ shoots in the no-P treatment, but Cd only increased its activity on sunflower. 

Due to its relative scarcity in many soils and the resulting importance of phosphorus 

acquisition for plants, it may be thought that changes in activity of P metabolism enzymes in 

the presence of highly toxic contaminants (like Cd) would be part of a mechanism to 

maximize the absorption of P to enhance the performance of energetically-demanding 

detoxification pathways. However, it is possible that P plays a more direct role in Cd 

resistance by chelating the metal and storing it in vacuoles. Jiang et al. (2007) analysed the 

effect of phosphorus on Cd- and Zn-stressed maize; they found that adding P to the medium 

repaired damage done to chloroplasts by the metals and increased chlorophyll content, 

supporting the indirect role of P in heavy metal stress resistance and the need to enhance 

its acquisition from the growth medium. However, they also found large amounts of 

phosphorus complexed with Cd and Zn in vacuoles and in root cell walls: in fact, increased 

medium P had the effect of increasing Zn uptake into the roots while lowering translocation 

to the stem. This suggests that some of the absorbed P is not used as part of metabolic 

pathways, but instead works as a chelator of heavy metals that prevents much of it from 



87 
 

reaching above-ground organs and diminish the impact of the smaller amounts that reach 

leaves and stems (Jiang et al., 2007). 

In experiments on the effects of Cd wheat (Triticum aestivum), Arshad et al. (2016) obtained 

similar results to ours: Cd caused lower plant biomass, higher chlorophyll content and 

increased tissue Cd. In addition, its presence caused disparate changes in enzyme activity, 

even between enzymes with similar physiological functions. Superoxide dismutases (SODs), 

peroxidases (PODs) and catalase (CAT) are all involved with protection against ROS, but 

while SODs and PODs were more active in the presence of Cd, CAT was less active (Arshad et 

al., 2016). As in Jiang et al. (2007), the addition of P to the soil improved biomass and 

chlorophyll content while decreasing tissue Cd. This has potential applications if the 

possibility arises to grow a crop in a region that would generally be considered suitable 

apart from heavy metal contamination, which is true for many soils with a history of 

phosphate fertilizer use: in situ heavy metal immobilization through the use of phosphate 

fertilizers from sources other than Cd-contaminated phosphorus mines could allow for 

healthy plant growth with minimal heavy metal content in the edible parts. 

Oďeƌleas ;ϭϵϴϯͿ states that phǇtate, the ŵaiŶ suďstƌate of phǇtase, is Ŷot pƌeseŶt iŶ steŵs 

aŶd leaǀes. Hoǁeǀeƌ, of all gƌoups of phosphatases, phǇtases seeŵ to ďe the oŶes ǁith the 

ďƌoadest suďstƌate speĐifiĐitǇ, so theǇ Đould still ďe ŶeĐessaƌǇ foƌ ƌeaĐtioŶs iŶǀolǀiŶg otheƌ 

oƌgaŶiĐ phosphate ŵoleĐules, like ŵoŶoesteƌases ;Belho et al., ϮϬϭϱͿ. Theiƌ iŶĐƌeased 

aĐtiǀitǇ uŶdeƌ P depƌiǀatioŶ ŵaǇ ďe liŶked to the Ŷeed to sĐaǀeŶge eǆtƌaĐellulaƌ phosphoƌus 

to peƌfoƌŵ esseŶtial tasks, ďut theiƌ ƌole uŶdeƌ Cd stƌess is likelǇ diffeƌeŶt. P has aŶ iŶdiƌeĐt 

ƌole iŶ heaǀǇ ŵetal stƌess ƌesistaŶĐe as aŶ esseŶtial eleŵeŶt iŶ eŶeƌgǇ aŶd DNA ŵetaďolisŵ, 

ďut it has ďeeŶ shoǁŶ that it ĐaŶ fuŶĐtioŶ iŶ a ŵoƌe diƌeĐt ƌole as a Đhelatoƌ of Cd aŶd ZŶ, 

tƌaŶspoƌtiŶg theŵ to ǀaĐuoles aŶd Đell ǁalls ;JiaŶg et al., ϮϬϬϳͿ. Shoot phǇtase deĐƌeased 

ǁith iŶĐƌeased Cd ĐoŶĐeŶtƌatioŶ iŶ ŵaize aŶd total ƌoot aĐtiǀitǇ deĐƌeased iŶ aĐtiǀitǇ, ǁhile 

ƌoot eǆudate phǇtase iŶĐƌeased aĐtiǀitǇ; this Đould ďe aŶ iŶdiĐatioŶ that this eŶzǇŵe is Ŷot 

Ŷeeded iŶ aŶǇ of phosphatases’ putatiǀe fuŶĐtioŶs as P sĐaǀeŶgeƌ oƌ paƌt of ŵetaďoliĐ stƌess 

pathǁaǇs uŶdeƌ Cd, ďut is still ƌeƋuiƌed to ŵiŶeƌalize soil P foƌ its ĐhelatiŶg pƌopeƌties. 

PhǇtase is also kŶoǁŶ to plaǇ a ƌole iŶ phosphoƌus stoƌage aŶd ƌetƌieǀal iŶ all plaŶt tissues 
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;Lazali et al., ϮϬϭϯͿ, ǁhiĐh ŵight help eǆplaiŶ ouƌ fiŶdiŶgs, espeĐiallǇ ǁith ƌelatioŶ to phǇtase 

aĐtiǀitǇ iŶ the steŵ. 

Involvement of phytase in Cd resistance is not the first instance of that enzyme group’s 

participation in the response to stimuli other than shoot P. George et al. (2014), noting the 

better performance of traditional landraces of oats, barley and rye grown in the Western 

Isles of Scotland (a region with low availability of nutrients in the soil), hypothesized that 

their hardiness could be partly due to greater root exudation of phytases, which might be 

able to release Mn bound to their primary substrates, inositol phosphates. The three species 

were grown under Mn starvation and sufficiency, and their roots were assayed for phytase 

activity. The enzyme’s activity varied between plants grown under Mn-deprivation, but in all 

of them it was upregulated, suggesting root phytases may play a role in Mn acquisition in 

alkaline soils with low Mn availability. On the other hand, while exuded phytase was 

positively correlated with plant tissue Mn in the landraces, the correlation was negative in 

commercial varieties, suggesting increased phytase exudation through the roots might be 

secondary to another Mn acquisition trait that has been lost in other cultivars through 

breeding. 

RejŵaŶkoǀa et al. ;ϮϬϭϭͿ fouŶd that ǁild plaŶts fƌoŵ ǁetlaŶds ;aŶ eŶǀiƌoŶŵeŶt ǁith a high 

pƌopoƌtioŶ of P as phosphodiesteƌͿ haǀe ƌoot diesteƌase aĐtiǀitǇ usuallǇ higheƌ thaŶ ƌoot 

ŵoŶoesteƌase aĐtiǀitǇ ;up to tǁiĐe as highͿ, iŶ ĐoŶtƌast to plaŶts gƌoǁŶ iŶ ŵoŶoesteƌ-ƌiĐh 

soils, suĐh as ƌǇegƌass, ƌadiata piŶe ;CheŶ et al., ϮϬϬϮͿ oƌ ǁheat ;Geoƌge et al., ϮϬϬϴͿ. We 

fouŶd that diesteƌases had a gƌeateƌ iŶĐƌease iŶ aĐtiǀitǇ iŶ ƌoot eǆudates iŶ ďoth speĐies 

Đoŵpaƌed to ŵoŶoesteƌases, eǀeŶ though ŵost Đƌop soils haǀe a pƌedoŵiŶaŶĐe of 

ŵoŶoesteƌases as a souƌĐe of oƌgaŶiĐ phosphoƌus ;RejŵaŶkoǀa et al., ϮϬϭϭͿ. This suggests 

the assoĐiatioŶ ďetǁeeŶ phosphoƌus souƌĐe aŶd phosphatase aĐtiǀitǇ ŵaǇ Ŷot ďe as stƌoŶg 

as aŶ aŶalǇsis of oŶlǇ ǁild speĐies ǁould lead us to ďelieǀe; it Đould also ďe a ĐhaƌaĐteƌ that 

has Ŷot Ǉet ďeeŶ seleĐted foƌ siŶĐe the doŵestiĐatioŶ of ŵaize aŶd suŶfloǁeƌ, ǁhiĐh Đould 

Đoŵe fƌoŵ ƌegioŶs ǁheƌe diesteƌases pƌedoŵiŶate. Whateǀeƌ the ƌeasoŶ, it pƌoǀides aŶ 

oppoƌtuŶitǇ to seleĐt foƌ Đultiǀaƌs that aƌe ďetteƌ aďle to ŵiŶeƌalize the oƌgaŶiĐ phosphoƌus 

souƌĐes iŶ ŵost Đƌop soils. 
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Phosphorus recovery by chemical precipitation and electrocoagulation 

We found that both acid and alkaline phosphatases are capable of appreciably increasing 

the efficiency of phosphate recovery by and by chemical precipitation. However, alkaline 

monoesterase only increased efficiency with the use of Fe2+ as the cation, while wheat 

phytase increased efficiency with the use of Fe2+ and Fe3+. When iron(III) chloride was used 

as the metal salt, monoesterase did not improve final amount of precipitation, but it 

increased its rate in the first twenty minutes. Whether iron(III) chloride was used instead of 

iron(II) sulphate made no statistically significant difference to the final amount of 

phosphorus recovered when monoesterase was added to the solution (around 62% of the 

initial total), and it had only a small effect when phytase was added: with iron(II) sulphate, 

69% of phosphorus was recovered, and with iron(III) chloride, 72%. Pre-treatment with 

enzyme for one hour made no difference to recovery amounts, but it had a small positive 

impact on rates of recovery in the early stages of treatment. Analysis shows that all 

treatments were able to reduce turbidity more than control conditions, with phytase 

causing a greater reduction than monoesterase in both electrocoagulation and chemical 

precipitation. While phosphorus recovery was similar for both iron cations, turbidity 

suffered greater reductions when Fe3+ was used. This could be due to Fe3+ being part of 

more competing reactions than Fe2+. 

The most efficient treatment for the recovery of dissolved phosphorus was 

electrocoagulation with phytase (either pre-treating the sludge or being added at the start 

of the process). The addition of monoesterase at the beginning of electrocoagulation 

produced the same result as control at all points in the curve; however, while monoesterase 

pre-treatment had no effect on the end amount of precipitated phosphorus, it accelerated 

the rate substantially for the first 50 minutes of reaction. The addition of phytase effected 

the complete removal of P from water in 20 minutes, while in the absence of phytase it took 

2.5 times longer. Adding phytase at the beginning of the process leads to complete removal 

of phosphorus slightly later than adding it one hour before it begins. However, it should be 

noted that this does not necessarily make pre-treatment more economically viable than the 



90 
 

alternative: it is possible that in industrial applications waiting one hour before beginning 

electrocoagulation would result in high enough costs for the addition of phytase at t=0 to be 

more feasible. 

The best comparison that can be made based on our results is between unaided 

electrocoagulation and electrocoagulation with phytase pre-treatment, with the latter 

decreasing the time required for complete phosphorus recovery by 30 minutes, from 50 to 

20. With an average current of 0.09 A and average voltage of 7.7 V, our electrocoagulation 

experiments used energy at a rate of 0.69 W. Applied for 20 and 50 minutes, that is 

equivalent to 0.83 and 2.08 kWh, respectively. At a price of 26c/kWh, the total cost of each 

round of electrocoagulation comes to NZ$ 0.22 and NZ$ 0.54, or NZ$ 0.28/L and NZ$ 0.68/L 

(Energy Efficiency and Conservation Authority, 2018). In summary, the addition of phytase 

to phosphate recovery by electrocoagulation saves NZ$ 0.40/L. 

Savings on electricity may not be enough to make enzymatic electrocoagulation a viable 

alternative to regular electrocoagulation, considering the cost of phytase production. While 

it is possible that mass production of phosphatases in bioreactors, as happens with phytase 

to be used in animal feed, could increase economic viability for the use of these enzymes in 

small-scale electrocoagulation plants, it is also the case that, as with most commercial 

enzyme production, the large-scale production of phytase suffers from high production 

costs and low yields (Bhavsar and Khire, 2014). Up to 70% of the cost of phytase production 

comes from the recovery and purification stages, where the systems involved are complex 

and biological activity cannot be compromised. However, research to increase efficiency is 

moving at a fast pace. Shah et al. (2017) have reported greater production of phytase by 

Aspergillus niger through a switch in the inoculum method, from the common spore 

inoculum to a vegetative inoculum (in which a freeze-dried strain is regenerated and 

allowed to multiply in a medium prior to inoculation). 

Comparison of our results with similar experiments suggests potential for enzyme-aided 

electrocoagulation. Huang et al. (2015) applied chemical precipitation and 

electrocoagulation to filtered sludge: in the chemical precipitation experiment, molar ratios 

of metal:P varied between 1:1 and 1.6:1, while ours was 1.25. They also employed a 
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magnetic stirrer. As in this project, in the experiment using iron(II) sulphate (Fe2+), Na2S2O3 

(sodium thiosulphate) was applied at 1 g/L to consume the oxygen in the water and prevent 

Fe2+ from turning into Fe3+. The pH was kept at 7.5. In the sludge sample used in our study, 

the concentration of P was 216 mg/L (31% of total P), while in Huang et al. (2015) the 

concentration of P was 148 mg/L, and of K was 164 mg/L. Even though P concentrations in 

our filtered sludge were significantly higher, we achieved complete P recovery in 20 minutes 

at a constant current density of 9 mA/cm2, while in the absence of phytase removal of P was 

achieved at 70 minutes at a maximum current density of 6.25 mA/cm2. Huang et al. (2015) 

also note that higher initial pH increases the initial rate of P precipitation, but it is quickly 

surpassed by the rate at more acidic initial pH treatments. This is in accordance with our 

results for monoesterase, which, when added to electrocoagulation at pH close to its 

optimum, causes a rapid increase in precipitation, but eventually levels with control rates. In 

the case of phytase, complete recovery of phosphorus happens before parity is reached. An 

economic analysis by the authors revealed that electrocoagulation was a much cheaper 

process than chemical precipitation. In our case, we would need to factor in the addition of 

small quantities of a possibly mass-produced enzyme (phytase) and the reduced costs in 

energy use, due to complete recovery being achieved in a much shorter time. 

Akyol et al. (2013) employed electrocoagulation and electro-Fenton to treat wastewater 

from a fertilizer manufacturing plant, which had P concentrations more than twice as high 

as Christchurch sludge samples. Complete removal was achieved in the same period as our 

most successful treatment (20 minutes), using a current density only slightly higher than 

ours, at 10 mA/cm2 (Akyol et al., 2013), compared to 9 mA/cm2. The cost of hydrogen 

peroxide, the key reagent in electro-Fenton, is significantly lower than the cost of 

commercial enzymes, but our results suggest there is room for optimization of enzymatic 

electrocoagulation, especially regarding phosphatase production and screening and batch 

dynamics; for example, Huang et al. (2015) report that aeration can improve P recovery 

rates by up to 20% in 60 minutes. 

A common problem in some electrochemical reactions that can impact operational costs in 

industrial settings is electrode passivation or blocking. This occurs when the electrode 

surface is isolated from the reactions occurring in the fluid around it by the species being 
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produced, and it is more common in aluminium electrodes (Mechelhoff et al., 2013). The 

species produced, usually an oxide, prevents metal dissolution and electron transfer. Over 

time, the layer thickens and turns the electrode useless (Mechelhoff et al., 2013). Periodic 

polarity reversal of the electrodes has been suggested as a technique that can reduce losses 

to passivation (Mao et al., 2008), but, while promising, it has not been developed enough to 

have a significant impact; blocking is still problematic and seen as a potential limiting factor 

for the application of electrocoagulation in situations that require a low-cost and low-

maintenance method. However, it has the potential to be another way to reduce the cost of 

electrocoagulation and increase its commercial viability (Mao et al., 2008). 

In any phosphorus recovery technique, it is necessary to know where in the solution the 

phosphorus is located after the process is finalized, so it can be effectively removed. In the 

case of chemical precipitation, P is located at the bottom, as part of the precipitate. 

However, in electrocoagulation, there is a possibility that at least some of it is in the 

supernatant formed by the action of hydrogen gas (from the anode reaction). Energy 

dispersive X-ray spectroscopy showed that there was no P in crystals from the foam, but it 

was a major component of precipitate crystals. Apart from P, the precipitate had large 

amounts of oxygen (from the phosphate ion); only foam crystals had a high concentration of 

aluminium.   
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Conclusion 

This pƌojeĐt Ǉielded iŵpoƌtaŶt iŶfoƌŵatioŶ to aŶsǁeƌ all the hǇpotheses posed at the outset: 

1. WaitiŶg thƌee daǇs ďefoƌe tƌaŶsfeƌƌiŶg ŵaize aŶd suŶfloǁeƌ seedliŶgs fƌoŵ the ϭϬ% 

MS, Cd-fƌee ŵediuŵ ǁheƌe theǇ geƌŵiŶated to a Cd-ĐoŶtaiŶiŶg ŵediuŵ ǁas eŶough 

to eŶsuƌe theiƌ suƌǀiǀal foƌ the eaƌliest peƌiod of theiƌ liǀes ǁheŶ the Cd 

ĐoŶĐeŶtƌatioŶ ǁas ďeloǁ ϭ.Ϭ ŵM; that ǁas eŶough to ďƌiŶg suƌǀiǀal ƌates to paƌitǇ 

ǁith the ĐoŶtƌol gƌoup. WaitiŶg up to ŶiŶe daǇs iŶĐƌeased suƌǀiǀal ǁith a Cd 

ĐoŶĐeŶtƌatioŶ of ϭ.Ϭ ŵM, ďut loŶgeƌ peƌiods aƌe pƌoďaďlǇ ƌeƋuiƌed to aĐhieǀe paƌitǇ 

2. AďseŶĐe of phosphoƌus iŶ the ŵediuŵ Đaused iŶ ŵaize aŶd suŶfloǁeƌ the saŵe 

effeĐts that aƌe oďseƌǀed iŶ ŵost plaŶts, ǁhiĐh ĐoŶstitute the P defiĐieŶĐǇ sǇŶdƌoŵe, 

iŶĐludiŶg deĐƌeases iŶ shoot height aŶd ƌoot leŶgth, iŶĐƌeased ƌoot aƌea aŶd ƌoot 

haiƌ gƌoǁth, loǁeƌ ĐhloƌophǇll ĐoŶteŶt, aŶd loǁ geƌŵiŶatioŶ ƌates. 

3. AďseŶĐe of ŵediuŵ P Đaused aŶ oǀeƌall iŶĐƌease iŶ phosphatase aĐtiǀitǇ ďoth iŶ ƌoot 

eǆudates aŶd iŶ total ƌoot tissue, ďut theƌe ǁas aŶ eǆĐeptioŶ: phǇtase aĐtiǀitǇ 

deĐƌeased iŶ ƌoot eǆudates, eǀeŶ though it iŶĐƌeased iŶ total ƌoot tissue, suggestiŶg 

that iŶ ŵaize aŶd suŶfloǁeƌ this eŶzǇŵe is Ŷot as iŵpoƌtaŶt iŶ the ŵiŶeƌalizatioŶ of 

oƌgaŶiĐ phosphoƌus iŶ soil as it is iŶ oŶe oƌ ŵoƌe otheƌ fuŶĐtioŶs iŶside the ƌoot, 

possiďlǇ sĐaǀeŶgiŶg of eǆtƌa-Đellulaƌ phosphoƌus. 

4. MoƌphologiĐal sǇŵptoŵs of ŵediuŵ Cd ǁeƌe siŵilaƌ to the P defiĐieŶĐǇ sǇŶdƌoŵe, 

iŶĐludiŶg the shoƌteŶiŶg of ƌoots aŶd shoots, loǁeƌ geƌŵiŶatioŶ ƌates loǁeƌ 

ĐhloƌophǇll ĐoŶteŶt, aŶd iŶĐƌeased ƌoot haiƌ gƌoǁth. [Cd] = ϭ.Ϭ ŵM Đaused toǆiĐitǇ 

sǇŵptoŵs iŶ ďoth plaŶts, ďut theǇ ǁeƌe ŵoƌe eǆtƌeŵe iŶ ŵaize. 

5. The effeĐt of Cd oŶ phosphatase aĐtiǀitǇ ǀaƌied ǁidelǇ ďetǁeeŶ eŶzǇŵe suď-gƌoup, 

plaŶt oƌgaŶs, aŶd plaŶt speĐies. Foƌ eǆaŵple, diesteƌase aĐtiǀitǇ iŶĐƌeased iŶ ƌoot 

eǆudates aŶd total ƌoot tissue iŶ suŶfloǁeƌ aŶd ŵaize at all Cd ĐoŶĐeŶtƌatioŶs, ďut it 

did Ŷot ĐhaŶge iŶ ŵaize shoots; loǁ Cd iŶĐƌeased ŵoŶoesteƌase aĐtiǀitǇ iŶ ďoth 

speĐies’ ƌoot eǆudates, ďut it Đaused Ŷo aĐtiǀitǇ ĐhaŶges iŶ suŶfloǁeƌ shoots aŶd 
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deĐƌeased it iŶ ŵaize shoots; at loǁ aŶd ŵediuŵ Cd, phǇtase aĐtiǀitǇ iŶĐƌeased iŶ 

suŶfloǁeƌ ƌoot tissue, ďut did Ŷot ĐhaŶge iŶ ŵaize ƌoot tissue. TakeŶ togetheƌ, these 

ƌesults suggest that ǁhile ƌoot eǆudatioŶ od phosphatases is aŶ iŵpoƌtaŶt eleŵeŶt 

of Cd ƌesistaŶĐe, phosphatase suďgƌoups haǀe diffeƌeŶt ƌoles iŶ that pƌoĐess, soŵe of 

ǁhiĐh aƌe iŶside the plaŶt. 

6. IŶ ŵost Đases, phosphatase aĐtiǀities iŶĐƌeased ŵoƌe iŶ ƌoot eǆudates thaŶ iŶ total 

ƌoot tissue, eǆĐept foƌ phǇtase iŶ the aďseŶĐe of ŵediuŵ P, ǁhiĐh ǁas less aĐtiǀe iŶ 

eǆudates ďut ŵoƌe aĐtiǀe iŶ ƌoot tissue. This suggests that ŵiŶeƌalizatioŶ of oƌgaŶiĐ P 

iŶ soil is the ŵost ĐƌitiĐal fuŶĐtioŶ of ƌoot phosphatases iŶ the pƌeseŶĐe of ŵediuŵ 

Cd aŶd iŶ the aďseŶĐe of ŵediuŵ P, ďut it is likelǇ that phǇtase has a ŵoƌe iŵpoƌtaŶt 

ƌole iŶside ƌoot tissue iŶ the latteƌ Đase. 

7. Both eleĐtƌoĐoagulatioŶ aŶd ĐheŵiĐal pƌeĐipitatioŶ ƌeŵoǀed sigŶifiĐaŶt aŵouŶts of 

phosphoƌus fƌoŵ liƋuefied aŶd filteƌed seǁage sludge, ďut eleĐtƌoĐoagulatioŶ 

ƌeŵoǀed ŵoƌe of it. IŶ the aďseŶĐe of eŶzǇŵe tƌeatŵeŶts, phosphoƌus ƌeĐoǀeƌǇ 

fƌoŵ ĐheŵiĐal pƌeĐipitatioŶ ǁas ďetǁeeŶ ϱϬ% aŶd ϲϱ%, aŶd fƌoŵ eleĐtƌoĐoagulatioŶ 

it ǁas ďetǁeeŶ ϳϮ% aŶd ϵϬ%, depeŶdiŶg oŶ iŶitial ph. 

8. The additioŶ of phǇtase to ĐheŵiĐal pƌeĐipitatioŶ aŶd eleĐtƌoĐoagulatioŶ iŶĐƌeased 

phosphoƌus ƌeĐoǀeƌǇ Đoŵpaƌed to ĐoŶtƌol. WheŶ added to sludge ŵiǆed ǁith iƌoŶ 

salts, aŶ eǆtƌa ϱ%-ϮϬ% of the iŶitial phosphoƌus ĐoŶĐeŶtƌatioŶ ǁas ƌeŵoǀed, aŶd 

ǁheŶ added to aŶ eleĐtƌoĐoagulatioŶ solutioŶ, eǆtƌa P ƌeŵoǀed ǁas ϭϬ% of the 

iŶitial aŵouŶt; eleĐtƌoĐoagulatioŶ ǁith phǇtase ǁas the oŶlǇ tƌeatŵeŶt that 

ĐoŵpletelǇ ƌeŵoǀed solutioŶ P. AlkaliŶe ŵoŶoesteƌase iŵpƌoǀed the ƌate of 

ƌeĐoǀeƌǇ, ďut oŶlǇ iŶĐƌeased the fiŶal aŵouŶt of P ƌeĐoǀeƌed ǁheŶ added to sludge 

ǁith iƌoŶ;IIͿ sulphate, fƌoŵ ϱϬ% to ϲϬ%. IŶ eǀeƌǇ tƌeatŵeŶt, the aŵouŶt of P 

ƌeĐoǀeƌed ǁith eleĐtƌoĐoagulatioŶ ǁas higheƌ thaŶ ǁith ĐheŵiĐal pƌeĐipitatioŶ. 

9. PƌeĐipitated ĐƌǇstals ĐoŶtaiŶed high aŵouŶts of phosphoƌus, aluŵiŶiuŵ, aŶd oǆǇgeŶ; 

foaŵ ĐƌǇstals foƌŵed iŶ the supeƌŶataŶt ďǇ the aĐtioŶ of hǇdƌogeŶ gas pƌoduĐed 

duƌiŶg eleĐtƌoĐoagulatioŶ ĐoŶtaiŶed aluŵiŶiuŵ ďut ǀeƌǇ little P.  
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Future research 

Future projects should determine whether phosphatases in general and phytases in 

particular are compatible with other promising techniques for recovering phosphorus from 

sewage sludge. Adding EDTA to electrocoagulation has been found to increase P 

precipitation (In et al., 2004), and the same result was obtained with aeration (Huang et al., 

2015). 

Electro-Fenton was found to be more efficient at removing phosphorus from wastewater 

than electrocoagulation alone (Akyol et al., 2013), but it was also more expensive. It is 

possible that adding enzymes to perform the function of H2O2, while just as efficient at 

consuming P, would run into the same difficulty. If phytases are to be used in P removal 

from sewage by electrocoagulation, it will be necessary which commercial phytase is the 

most economically viable under the process’ conditions, as their performance can vary 

greatly. Menezes-Blackburn et al. (2015) demonstrated this variance in an analysis of seven 

commercially available phytases, which also found that optimum pH varied between 3 and 

5.5. 

We have found that phosphatases, as well as morphological traits, respond to Cd toxicity, 

but it is also important to know if other P-efficiency traits are impacted by Cd, such as P 

transporters (Sawers et al., 2017) and plant signals for the formation of mycorrhizae (such 

as flavonoids and strigolactones) (Akiyama et al., 2005; Requena et al., 2007). Screening 

processes could also benefit from the establishment of one or more indicators of 

phytoremediation potential, such as the pattern of enzyme activity reported in the present 

study. 

With the new understanding of phosphatase activity patterns in two efficient accumulators, 

it becomes possible to compare different lines of maize and sunflower and determine 

whether monoesterases, diesterases, or phytases could be used as an indicator of Cd 

tolerance, as well as whether increased activity of any of these is a trait worth manipulating 

in breeding programs to produce plant lines efficient at extracting large amounts of soil Cd, 

or capable of growing in contaminated soil while excluding it from their edible parts. 
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One significant limitation in this project is the difficulty in sampling, manipulating, and 

measuring the area of plant roots. Future projects could employ WinRhizo, a software 

deisgned specifically for root analysis. It is able to determine several aspects of root 

morphology, topology, architecture, and colour, and in recent years has been applied with 

positive results in several studies (Deguchi et al., 2017; Magalhães et al., 2011; Pang et al., 

2011).  
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