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A	brief	note	on	the	history	of	aluminium	

	

Metals	 like	 iron	 (Fe),	 copper	 (Cu),	 tin	 (Sn),	 and	 zinc	 (Zn),	which	 nowadays	 represent	

time	 periods,	 were	 already	 known	 and	 utilised	 since	 the	 earliest	 times	 of	 mankind,	

dating	back	at	least	5,000	BC	in	the	case	of	Cu	(Enghag	2004;	Riedel	and	Janiak	2011).	

Ancient	Greeks	 and	Romans	 already	 knew	aluminium	 (Al)	 containing	minerals,	which	

they	 called	 “alum”	 and	 were	 used	 as	 mordant	 in	 the	 dyeing	 process	 (Weeks	 and	

Leicester	 1956).	 At	 that	 time	 nobody	 had	 any	 knowledge	 about	 the	 chemical	

constituents	 of	 the	minerals,	 but	 according	 to	 German	 chemist	 Caspar	 Neumann	 they	

were	 “used	 in	 large	 quantity	 in	 some	mechanic	 businesses,	 particularly	 by	 the	 dyers,	

paper	makers,	goldsmiths,	bookbinders,	for	preserving	watery	liquors	from	corruption,	

for	preserving	anatomical	preparations,	and	in	the	embalming	of	animal	bodies”	(Weeks	

and	Leicester	1956).	Solid	Al,	however,	was	not	known	before	the	19
th

	century	when	the	

British	 chemist	 Sir	 Humphry	 Davy	 (1778-1829)	 and	 Swedish	 chemist	 Jöns	 Jakob	

Berzelius	 (1779-1848)	 failed	 to	 isolate	 the	 metal	 using	 electric	 current,	 which	 was	 a	

novel	 method	 at	 that	 time	 (Weeks	 and	 Leicester	 1956).	 In	 1825,	 the	 Danish	 chemist	

Christian	Oersted	(1777-1851)	was	the	first	person	who	successfully	separated	Al	from	

its	chloride	(Holmes	1930).	But	it	took	two	more	years	before	German	chemist	Friedrich	

Wöhler	 (1800-1882)	 in	 1827	was	 able	 to	 isolate	 a	 purer	 yet	 still	 contaminated	 Al	 by	

reduction	 of	 anhydrous	 AlCl3	 with	 elemental	 potassium	 (K),	 which	 was	 not	 only	 an	

improvement	 of	Oersted´s	method,	 but	 also	made	 it	 possible	 to	describe	 the	 chemical	

and	physical	properties	of	the	element	for	the	first	time	(Holmes	1930).	At	that	time	it	

was	heavily	debated	whether	Oersted	or	Wöhler	should	be	credited	for	their	discovery	

(Holmes	1930;	Weeks	and	Leicester	1956).	Later,	the	French	Henri	Saint-Claire	Deville	

(1818-1881),	 lifelong	 friend	of	Wöhler,	was	 the	 first	who	attempted	 to	produce	 larger	

amounts	of	Al	using	electrolysis	of	liquefied	Al	salts.	Based	on	his	research	the	process	

was	independently	perfected	by	the	two	chemists	Charles	M.	Hall	(1863-1914)	and	Paul-

Louis-Toussaint	 Héroult	 (1863-1914),	 nowadays	 known	 as	 the	 Hall-Héroult-Process,	

which	 is	 still	 the	 standard	method	 applied	 to	 produce	 pure	 Al	 (Weeks	 and	 Leicester	

1956)	 from	 its	 salts	 despite	 some	 technical	 improvements.	 Before	 this	 method	 was	

applied	 to	 produce	 generous	 amounts	 of	 Al,	 the	 metal	 was	 both	 scarce	 and	 very	

expensive,	which	is	why	the	Aluminum	Company	of	America	still	carefully	preserves	the	

Aluminium	“Crown	Jewels”,	original	buttons	made	by	Charles	Hall	(Weeks	and	Leicester	
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1956).	Furthermore,	 it	 is	said	that	emperor	Napoleon	III	served	his	eminent	guests	on	

aluminium	plates,	while	others	with	lower	ranks	were	served	on	golden	plates	(Enghag	

2004).	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	



5	
__________________________________________________________________________________	

	

Aluminium	–	a	versatile	element	

	

Abundance	

	

Ranking	 behind	 oxygen	 (O2)	 and	 silicon	 (Si),	 aluminium	 is	 the	 third	 most	 abundant	

element	 in	the	earth´s	crust,	being	the	most	abundant	metal	at	 the	same	time	(Enghag	

2004).	 Despite	 the	 fact	 that	 Al	 is	 basically	 omnipresent,	 it	 is	 and	 has	 never	 been	 an	

essential	element	for	the	living	biosphere.	It	is	mainly	found	in	the	soil	(i.e.,	lithosphere:	

estimated	 82.3	 mg·kg
-1

),	 but	 can	 also	 be	 solubilized	 in	 water	 (i.e.,	 hydrosphere:	

estimated	2·10
−3

	mg·l
-1

)	(Pogue	and	Lukiw	2014).	

	

Chemistry	

	

Al	 is	 mostly	 found	 in	 various	 forms	 of	 aluminosilicate	 or	 as	 oxide	 and	 thus	 is	 a	

fundamental	element	in	clay	minerals	and	soils	(Strähle	and	Schweda	2006).	If	pure	Al	

gets	 into	 contact	with	 air,	 it	 immediately	 creates	 a	 thin	 aluminium	 oxide	 layer	which	

prevents	 further	 corrosion	 of	 the	metal,	 a	 reaction	 that	 is	 known	 as	 passivation.	 This	

reaction	 is	 one	 of	 the	 reasons	why	Al	 is	mostly	 found	 as	 salt,	 bound	 to	 various	 other	

elements	 as	 in	 cryolith	 (Na3AlF6),	 gibbsite	 (γ-Al(OH)3),	 or	 as	 corund	 (Al2O3)	 (Enghag	

2004;	 Strähle	 and	 Schweda	 2006;	 Riedel	 and	 Janiak	 2011).	 Furthermore,	 alums	 are	

formed,	which	 are	made	 up	 from	 sulfate	 (SO4
2-

)	 and	 two	 different	metal	 cations	with	

different	 oxidation	 states,	 +1	 and	 +3,	 the	 latter	 of	 which	 is	 the	 Al	 (Riedel	 and	 Janiak	

2011).	In	aqueous	solution,	soluble	forms	of	Al	can	react	amphoterically,	both	as	an	acid	

or	a	base,	which	on	the	one	hand	helps	for	the	production	and	purifaction	of	hydroxide	

forms	 of	 Al	 in	 the	 Bayer	 process,	 but	 on	 the	 other	 hand	 complicates	 the	 aqueous	

chemistry,	 especially	 with	 regards	 to	 the	 biochemistry	 of	 living	 organisms	

(Poschenrieder	et	al.	2008;	Riedel	and	Janiak	2011).	Depending	on	the	predominant	pH	

of	the	solution,	the	forms	of	Al	can	shift	from	the	trivalent	hexaquaaluminium	Al(H2O)6
3+

	

(for	simplicity	reasons	most	commonly	referred	to	as	Al
3+

)	in	a	very	acidic	environment	

(i.e.	pH	<	5.5)	 to	 the	hydroxide	 forms	Al(OH)
2+

,	Al(OH)2
+

,	Al(OH)3	and	Al(OH)4
-

,	which	

are	 present	 in	 neutral	 or	 slightly	 alkaline	 solutions	 or	 can	 even	 occur	 in	 condensed	
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forms	like	triskaidekaaluminium	(AIO4Al12(OH)24(H2O)12
7+

	or	Al13	),	which	can	aggregate	

at	both	extremes	of	the	pH	scale	(Kinraide	1991).	

	

Production	

	

The	 raw	 material	 for	 Al	 production	 is	 bauxite,	 an	 Al	 containing	 ore	 which	 mainly	

consists	of	AlO(OH),	and	had	a	worldwide	extraction	of	209·10
6

	tons	in	2008	(Riedel	and	

Janiak	 2011).	 In	 the	 Bayer	 process	 the	 different	 components	 are	 separated	 and	 the	

contamination	 with	 other	 metals	 is	 reduced,	 resulting	 in	 pure	 Al2O3.	 The	 oxide	 is	

combined	with	cryolith	to	reduce	the	melting	point	of	the	oxide	to	about	50%	(960°C)	of	

the	 initial	 value	 (2050°C)	 and	 eventually	 separated	 via	 fused-salt	 electrolysis	 (Riedel	

and	 Janiak	2011).	This	process	 is	 very	energy	demanding	 (5	V	but	30,000-300,000	A)	

and	yields	in	so-called	primary	aluminium,	which	can	be	casted	or	used	in	its	pure	form.	

In	 2015,	 the	 annual	 production	 of	 primary	 aluminium	 was	 57·10
6

	 tons	 worldwide
1

.	

However,	the	harvest	of	bauxite	and	the	Bayer	process	are	harmful	for	the	environment.	

Recently,	for	instance,	there	was	worldwide	media	attention	to	the	red	mud	disaster	in	

Hungary,	where	a	broken	dam	of	a	bauxite	facility	contaminated	ca.	40	km
2

	of	land	with	

toxic	red	sludge	residues,	a	highly	alkaline	solution	containing	many	heavy	metals	and	

even	radioactive	elements	(Kovács	et	al.	2013).		

This	is	why	the	recycling	of	primary	Al,	which	is	then	called	secondary	Al,	becomes	more	

and	more	important.	The	production	needs	less	energy,	emits	less	greenhouse	gases	and	

is	cheaper	because	transportation	costs	are	reduced.	In	North	America	ca.	40%	of	the	Al	

supply	are	already	made	from	secondary	Al
2

,	and	this	number	will	definitely	increase	in	

the	future.		

	

	

	

	

	

																																																													
1
http://www.world-aluminium.org/statistics/#data	(access	date:	1.10.2016)	

2	http://www.aluminum.org/industries/production/secondary-production	(access	date:	1.10.2016)	



7	
__________________________________________________________________________________	

	

Utilization	

	

Aluminium	 is	 a	 very	 versatile	 metal.	 Because	 of	 its	 low	 density,	 good	 corrosion	 and	

mechanical	 properties	 it	 is	 the	 metal	 of	 choice	 for	 engineers,	 when	 lightweight	

structures	are	needed.	Thus,	Al	is	mainly	used	in	the	aerospace	and	automotive	industry,	

but	is	also	commonly	found	in	the	food	industry	in	form	of	cans	or	pressed	to	a	thin	foil	

for	 packaging.	 Al	 containing	 chemicals	 are	 used	 as	 adjuvants	 for	 vaccinations	 in	

medicine,	can	be	used	as	 floating	agent	 in	water	 treatment,	have	antiseptic,	deodorant	

and	 abrasive	 properties	 and	 are	 structural	 components	 for	 catalysers	 (Enghag	 2004;	

Riedel	and	Janiak	2011;	Exley	2013).	
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Global	soil	acidity	and	Al	availability	

	

On	a	global	scale,	approximately	30%	of	the	ice-free	land	mass	is	occupied	by	acidic	(i.e.,	

pH	<	5.5)	soils,	which	mostly	occur	in	humid,	tropical	regions	and	boreal	forests	in	the	

northern	hemisphere	(von	Uexküll	and	Mutert	1995).	The	acidification	of	soil	can	have	

numerous	 reasons,	 it	 can	 be	 man	 made	 through	 the	 use	 of	 acidic	 fertilizers	 or	 the	

atmospheric	deposition	of	acids	like	sulphuric	acid	(H2SO4)	or	nitric	acid	(HNO3),	due	to	

high	 amounts	 of	 soil	 organic	 matter	 in	 the	 top-layer	 of	 the	 soil	 or	 because	 of	 highly	

weathered	soils	(von	Uexküll	and	Mutert	1995;	Sparks	2003;	Rengel	2004;	Brunner	and	

Sperisen	2013).	As	mentioned	earlier,	Al	species	are	highly	pH	dependent	and	if	the	soil	

pH	drops	below	certain	 levels,	 the	crystalline	bound	Al	can	be	solubilized	and	become	

available	to	the	aqueous	solution	in	the	rhizosphere	(Kinraide	1991).	
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The	history	of	aluminium	in	plants	

	

For	 ages,	 people	 were	 aware	 of	 the	 plethora	 of	 properties	 plants	 can	 have	 without	

understanding	 their	 ingredients	 or	 chemistry.	 Besides	 the	 use	 of	 plants	 for	medicinal,	

pharmaceutical	and	cosmetic	purposes,	plants	were	also	used	as	a	mordant	or	dye	 for	

staining	textile.	However,	it	was	not	before	1743,	when	one	of	the	first	records	of	an	Al	

containing	plant	was	found	in	the	posthumously	published	Herbarium	Amboiense,	which	

was	 created	 by	 the	 German	 botanist	 Georg	 Eberhard	 Rumpf	 (1627-1702)	who	 spend	

many	years	working	on	 the	 flora	of	 Indonesia	 (Jansen	et	al.	2002).	Rumpf	described	a	

particular	 plant	 species	 as	 “Arbor	 aluminosa”,	 or	 aluminium	 tree,	 which	 was	 later	

identified	as	a	species	of	Symplocos	(Jansen	et	al.	2002).	

It	 took	another	150	years	until	Radlkofer	 (1904)	 further	 investigated	 some	Symplocos	

species	 and	 found	 clay	 mineral	 bodies	 in	 the	 palisade	 parenchyma	 of	 Symplocos	

lanceolata,	which	accounted	 for	a	high	aluminium	concentration	 in	 the	plant	 tissue.	 In	

1925	 von	 Faber	 investigated	 Indonesian	 plants	 from	 the	 island	 of	 Java	 growing	 on	

volcanic	soils,	 this	 time	with	a	 focus	on	 the	plant	physiological	parameters	(von	Faber	

1925).	 He	 also	 confirmed	 the	 previously	 postulated	 high	 Al	 concentrations	 in	 the	

investigated	 plant	 species	 (e.g.	 Symplocos	 spicata),	 which	 he	 defined	 as	

“Aluminiumpflanzen”,	 aluminium	plants	 (von	Faber	1925).	 Considerable	 contributions	

to	 the	understanding	of	how	Al	containing	plants	are	distributed	 throughout	 the	plant	

kingdom	 were	 made	 by	 Hutchinson,	 Chenery,	 Webb	 and	 Moomaw,	 who	 compiled	

important	 datasets	 based	 on	 herbarium	 specimens	 which	 were	 either	 (semi-)	

quantitatively	analysed	using	simple	photometric	methods	or	qualitatively	 tested	with	

simple	colour	reactions.	These	researchers	also	investigated	the	occurrence	of	Al	outside	

the	plant	world	(Hutchinson	1943,	1945;	Hutchinson	and	Wollack	1943;	Chenery	1948,	

1949a;	b,	Webb	1953,	1954;	Moomaw	et	al.	1959).	Chenery	initially	became	interested	

in	Al	accumulation	in	plants	because	of	the	cultivation	of	the	tea	bush	(Camellia	sinensis),	

which	 is	a	well-known	Al	accumulating	plant	(Jansen	et	al.	2002).	He	also	 investigated	

the	 colour	 patterns	 of	 the	 famous	 ornamental	 plant	Hydrangea	 and	 linked	 it	 with	 Al	

accumulation,	 a	 trait	which	 in	 the	 same	plant	was	 further	 investigated	 centuries	 later	

(Chenery	1946;	Ma	et	al.	1997).	In	his	broad	investigation	of	Al	accumulation	within	the	

plant	 kingdom,	 Chenery	 (1948)	 drew	 a	 line	 to	 divide	 species	 he	 defined	 as	 Al	

accumulators	 from	the	non-accumulating	excluder	species.	 If	 the	Al	concentration	was	
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far	below	1,000	mg·kg
-1

	drymass	(i.e.	less	than	300	mg·kg
-1

),	the	plant	was	defined	as	Al	

excluder,	 whereas	 concentrations	 exceeding	 1,000	 mg·kg
-1

	 defined	 Al	 accumulation	

(Chenery	 1948).	 He	 also	 found	 that	 the	 leaf	 colour	 of	 Al	 accumulating	 species	 turned	

yellowish-green	 when	 dried,	 which	 he	 eventually	 used	 as	 a	 very	 basic	 criterion	 to	

distinguish	potential	accumulators	from	excluders	(Chenery	1948).		

While	 the	 initial	 focus	 of	 scientists	was	 on	 accumulation	 of	Al	 in	 plants,	 there	was	 an	

important	 shift	 towards	 economic	 crops	 that	 are	 sensitive	 to	 Al.	 This	 is	 especially	

important	 for	 tropical	 regions,	where	Al	can	be	a	major	 limiting	 factor	 for	 the	yield	of	

crops,	which	will	be	discussed	in	the	following	chapter	(von	Uexküll	and	Mutert	1995;	

Delhaize	and	Ryan	1995;	Ma	et	al.	2001;	Kochian	et	al.	2002).		
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Physiological	and	ecological	implications	of	Al	on	plants	

	

Al	 has	 always	 been	 a	 major	 element	 in	 the	 earth’s	 crust.	 Thus,	 it	 is	 obvious	 that	

throughout	 evolution	 plants	 had	 to	 come	 up	with	 different	 strategies	 to	 deal	with	 Al.	

These	 strategies	 can	 easily	 be	 misinterpreted,	 because	 the	 terminology	 often	 uses	

ambiguous	 expressions	 (this	 problem	was	 also	 addressed	 in	 Grevenstuk	 and	Romano	

2013).	In	a	simplistic	and	general	approach,	plants	can	be	divided	into	two	groups:	those	

that	take	up	Al	and	those	that	exclude	it,	which	are	often	referred	to	as	accumulators	and	

excluders,	 respectively	 (Chenery	 1948;	 Moomaw	 et	 al.	 1959;	 Baker	 1981;	 Haridasan	

1987;	Brunner	and	Sperisen	2013).	However,	 this	does	not	 indicate	whether	 the	plant	

can	 deal	 with	 the	 metal	 or	 not,	 because	 Al	 is	 generally	 considered	 to	 be	 phytotoxic	

(Delhaize	and	Ryan	1995;	Ma	2007;	Poschenrieder	et	al.	2008).	Therefore,	further	terms	

had	to	be	found	to	address	the	physiological	behaviour	to	Al,	namely	Al	tolerance	and	Al	

sensivity	(Kochian	et	al.	2004;	Martins	et	al.	2012;	Wang	et	al.	2015).	Furthermore,	the	

term	Al	resistance	is	sometimes	used	instead	of	tolerance,	although	both	terms	are	used	

to	 describe	 similar	 processes.	 But	 even	 though	 there	 are	 many	 different	 terms	

explaining	 the	behaviour	of	 the	plants,	 the	 story	 is	 still	not	black	and	white	as	will	be	

pointed	out	later.	

When	an	Al	sensitive	plant	 is	exposed	to	Al,	an	 immediate	response	is	the	stop	of	root	

elongation,	which	can	occur	after	only	5	min	of	Al	exposure	(Yang	et	al.	2013;	Kopittke	et	

al.	2015).	In	fact,	the	root	apex	is	the	first	region	that	is	affected	by	soluble	Al	(Barceló	

and	 Poschenrieder	 2002;	 Kochian	 et	 al.	 2005;	 Klug	 et	 al.	 2011).	 There,	 it	 is	 bound	 to	

apoplastic	 regions	 in	 the	 root	 tissue	 and	 alters	 the	 mechanical	 properties	 of	 the	 cell	

walls,	 leading	 to	 lesions	 of	 the	 outermost	 parts	 of	 the	 root	 tissue,	which	was	 recently	

observed	 in	 seedlings	 of	 soybean	 (Glycine	 max)	 (Kopittke	 et	 al.	 2015).	 The	 most	

prominent	 Al	 species	 that	 is	 regarded	 as	 the	main	 driving	 force	 in	 Al	 toxicity	 is	 Al
3+

,	

which	 is	 suggested	 to	 alter	 various	 biochemical	 pathways	 such	 as	 membrane	

transporters,	 vesicle	 transport,	 ion	 channels	 or	membrane	 potentials	 (Kinraide	 1991;	

Poschenrieder	et	al.	2008).	At	the	whole	plant	level,	all	of	these	factors	eventually	affect	

the	 plants	 nutrient	 uptake,	 which	 leads	 to	 reduced	 photosynthetic	 activity,	 stomatal	

conductance,	growth	and	yield,	and	can	eventually	lead	to	death	(Yang	et	al.	2013;	Júnior	

et	al.	2013).	However,	there	is	no	consensus	regarding	the	actual	toxic	forms	of	Al.	There	

is	general	agreement	in	defining	Al
3+

	as	one	of	the	definitely	toxic	species,	as	well	as	the	
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condensed	form	Al13.	There	is	experimental	evidence,	however,	that	aluminium	sulphate	

complexes	(Al(SO4)2
-

	or	AlSO4
+

)	are	not	toxic	to	plants	(Kinraide	1991).	The	hydroxide	

species	 Al(OH)3,	 Al(OH)2
+

	 and	 Al(OH)
2+

	 are	 supposed	 to	 be	 non-phytotoxic,	 whereas	

aluminate	Al(OH)4
-

	can	be	toxic	if	the	pH	rises	above	9.0	(Rengel	2004).		

In	order	 to	 reduce	 the	Al	 induced	stress,	 sensitive	plants	have	developed	mechanisms	

that	help	to	prevent	the	uptake	of	Al	or	reduce	the	reactivity	through	alteration	of	 the	

chemical	form	of	Al.	A	well-studied	mechanism	is	the	sequestration	of	organic	acids	(OA)	

into	the	rhizosphere	(Ma	2000;	Ma	et	al.	2001;	Watanabe	and	Osaki	2002;	Nguyen	et	al.	

2003;	 Brunner	 and	 Sperisen	 2013;	 Leitenmaier	 and	 Küpper	 2013).	 Therefore,	 easily	

available	 intermediates	 of	 the	 biochemical	 cycles	 like	 malate,	 citrate	 and	 oxalate	 are	

produced	and	sequestrated	into	the	rhizosphere	where	they	chelate	the	Al	ions,	making	

them	unavailable	for	further	reactions	(Watanabe	and	Osaki	2002;	Klug	and	Horst	2010;	

Klug	et	al.	2015).	Besides	OA,	 it	was	also	proposed	 that	other	substances,	 for	example	

catechins	 or	 flavonoids,	 could	 bind	 to	 Al	 ions	 (Barceló	 and	 Poschenrieder	 2002).	 In	

recent	 years,	 the	 molecular	 mechanisms	 underlying	 this	 kind	 of	 Al	 tolerance	 were	

elucidated	in	some	plant	species	(e.g.	wheat,	Arabidopsis,	maize	and	soybean),	showing	

that	specific	genes	coding	for	the	expression	of	OA	are	overexpressed	in	the	presence	of	

Al	ions	and	promote	an	efflux	of	malate	from	the	symplast	into	apoplastic	regions	of	the	

root	tissue	(Delhaize	and	Ryan	1995;	Kochian	et	al.	2015;	Rao	et	al.	2016).		

Another	strategy	to	reduce	the	Al	load	on	the	root	system	is	the	local	increase	of	soil	pH	

in	 the	 rhizosphere,	 which	 changes	 the	 toxic	 Al
3+

	 species	 into	 the	 suggested	 non-toxic	

hydroxide	species	of	Al	(Taylor	and	Foy	1985;	Taylor	1991).		

The	pH	dependent	shift	in	Al	species	is	often	used	in	horticulture	or	agriculture,	where	

the	alteration	of	soil	pH	is	accomplished	through	addition	of	lime	to	the	soil,	which	is	a	

low	cost	and	easily	applicable	method	(Sverdrup	et	al.	1992).	It	has	also	been	reported,	

that	the	addition	of	nitrogen	containing	fertilizers	reduces	the	uptake	of	Al	by	the	plants	

(Kotze	et	al.	1977).		

Even	 though	 the	 vast	 majority	 of	 plants	 in	 the	 plant	 kingdom	 show	 stress	 reactions	

when	Al	is	present,	there	are	also	plants	that	can	deal	with	Al	toxicity.	These	plants	show	

not	only	no	indication	for	stress,	but	are	also	able	to	take	up	Al	 into	the	above	ground	

plant	 organs	 (Ma	 et	 al.	 1997,	 1998;	 Watanabe	 et	 al.	 2006;	 Grevenstuk	 and	 Romano	

2013).	Thus,	 these	plants	possess	 internal	detoxification	mechanisms	 in	order	 to	bind	
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the	 Al	 and	 transport	 it	 to	 regions,	 where	 the	 metal	 can	 be	 stored	 without	 harming	

biochemical	pathways	(Shen	et	al.	2002;	Yang	et	al.	2011;	Leitenmaier	and	Küpper	2013;	

Grevenstuk	and	Romano	2013).	As	 the	casparian	strip	blocks	 the	apoplastic	pathways	

that	 lead	 to	 the	 above	 ground	 organs	 of	 a	 plant,	 the	 uptake	 of	 Al	 species	 can	 be	

hypothesised	 to	 occur	 symplastically.	 Unfortunately,	 this	 is	 one	 of	 the	 unresolved	

questions	 concerning	 Al	 accumulation,	 because	 precise	 chemical	 analysis	 that	

specifically	measure	the	 form	of	Al	and	 its	 transition	through	the	cell	wall	are	still	not	

possible	 (Rengel	 2004;	 Grevenstuk	 and	 Romano	 2013).	 Through	
27

Al-NMR	 analysis,	

different	 species	 of	 Al	 oxalate	 were	 found	 in	 the	 roots	 and	 leaves	 of	 Melastoma	

malabathricum,	an	Al	accumulating	plant,	which	suggests	a	potential	 transport	 form	of	

Al	at	 least	 in	these	tissues	(Watanabe	et	al.	1998).	For	the	translocation	of	Al	between	

roots	and	leaves,	Al	citrate	is	supposed	to	be	the	active	form,	which	was	indicated	by	an	

enhanced	 activity	 of	 citrate	 synthase	 and	
27

Al-NMR	 analysis	 of	 xylem	 sap	 in	 M.	

malabathricum	(Watanabe	and	Osaki	2001;	Grevenstuk	and	Romano	2013).	However,	it	

is	still	unknown	where	 the	 ligand	exchange	 from	oxalate	 to	citrate	and	 from	citrate	 to	

oxalate	 occurs	 (Grevenstuk	 and	 Romano	 2013).	 Once	 Al	 has	 entered	 the	 plant,	 it	 is	

supposed	to	be	transported	mainly	in	the	xylem	and	eventually	stored	in	the	leaf	tissue,	

either	bound	to	the	pectic	matrix	in	the	cell	walls	or	in	the	vacuoles	of	cells	(Matsumoto	

et	al.	1976;	Haridasan	et	al.	1986;	Nagata	et	al.	1992;	Tolrà	et	al.	2011;	Grevenstuk	and	

Romano	2013).	The	vacuole	seems	to	be	the	most	reasonable	organelle	for	storage	of	Al,	

because	 the	 vacuole	 is	 known	 to	 be	 the	 storage	 organelle	 for	 various	 other	 (toxic)	

components,	which	otherwise	would	be	either	toxic	or	osmotically	active	(Wink	1993).	

Unfortunately,	 it	 is	 difficult	 to	 visualize	 Al	 in	 living	 plant	 cells	with	 standard	 staining	

techniques	 because	 the	 cutting	 of	 the	 sample	 may	 affect	 the	 integrity	 of	 the	 cell	 or	

staining	solutions	could	change	the	overall	chemistry	of	the	cells,	so	that	a	visualisation	

becomes	 unclear	 or	 might	 be	 prone	 to	 artifacts.	 Vitorello	 and	 Haug	 (1997)	 were	

successful	 in	 applying	 a	 fluorescence	 staining	 protocol	 using	morin	 to	 visualize	 Al	 in	

protoplasts	of	Nicotiana	tabacum.	Besides	the	vacuole	as	storage	organelle	the	attraction	

of	 Al	 by	 ingredients	 of	 the	 phloem	 sap	 is	 suggested	 to	 be	 another	 potential	 pathway	

within	 the	plant	once	 it	 entered	 the	 leaf	 tissue	and	would	 therefore	make	a	 transport	

into	the	bark	tissue	possible,	a	place	where	it	might	be	stored	as	well	(Zeng	et	al.	2013).	

Within	 the	 accumulating	 species	 it	 has	 also	 been	 found	 that	 some	 plants	 show	 a	

beneficial	 effect	 when	 Al	 was	 present.	 This	 was	 reported	 by	 various	 research	 groups	

working	with	 Camellia	 sinensis,	Miconia	 albicans	 or	Melastoma	malabathricum,	 where	
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root	 growth	 increased	 the	 overall	 biomass	 and	 vitality	 when	 compared	 to	 plants	

growing	under	conditions	lacking	Al	(Konishi	et	al.	1985;	Haridasan	1988;	Watanabe	et	

al.	1997,	2005;	Hajiboland	et	al.	2013).		

If	a	particular	plant	has	a	specific	habitat	that	we	assume	contains	plant	available	Al,	this	

specimen	could	be	sampled	and	the	Al	concentration	quantified.	It	can	be	assumed	that	

accumulators	 generally	 include	 Al	 tolerant	 plant	 species	 with	 internal	 detoxification	

mechanisms,	 which	 could	 also	 be	 defined	 as	 resistant	 while	 Al	 excluding	 species	 are	

sensitive	to	Al	and	use	external	mechanisms	to	prevent	the	uptake	of	Al	 into	the	plant	

body.	 But	 even	 though	 the	 previously	 mentioned	 OA’s	 are	 an	 indicator	 for	 the	 most	

common	strategy	to	exclude	the	metal,	this	does	not	necessarily	mean	that	accumulating	

species	do	not	use	similar	or	related	pathways	for	the	uptake	of	Al	into	the	plant	body.	

The	definitions	of	tolerance	and	sensivity	therefore	become	vague,	because	both	internal	

Al	 detoxification	 and	 external	 exclusion	 mechanisms	 can	 define	 a	 plant	 as	 tolerant	

(resistant)	to	Al,	regardless	of	whether	or	not	the	plant	is	sensitive	to	Al.	It	is	therefore	

important	 to	 force	 the	 investigation	 of	 the	 link	 between	 plant	 tissue	 elemental	

concentrations	and	physiological	strategies	to	reduce	the	Al	stress.	

From	an	ecological	perspective,	Al	is	one	of	the	major	factors	limiting	the	yield	of	many	

tropical	 crops,	which	mostly	 resemble	species	 sensitive	 to	Al	 (von	Uexküll	and	Mutert	

1995;	Yang	et	al.	2013;	Schroeder	et	al.	2013).	Even	 in	 temperate	biomes	(e.g.	Central	

Europe)	Al	is	considered	to	be	an	important	factor	affecting	tree	mortality,	because	acid	

deposition	 further	 acidifies	 the	 soil	 and	 increases	 the	 stress	 on	 the	 plants,	which	was	

especially	problematic	 in	Europe	during	 the	1980s	 (Šrámek	et	 al.	 2014).	At	 that	 time,	

researchers	 started	 to	 use	 Ca:Al	 ratios	 as	 an	 indicator	 for	 stress	 levels	 in	 forest	

ecosystems,	 a	 factor	which	 is	 still	heavily	debated	as	discussed	 in	a	 review	by	Cronan	

and	Grigal	(1995).	However,	only	few	studies	critically	analysed	Al	accumulation	at	the	

whole	forest	community	level.	These	studies	showed	that	Al	accumulators	play	a	crucial	

role	 for	 the	 total	 importance	 value	 in	 ecosystems	 on	 metalliferous	 soils,	 whereas	

sensitive	montane	 rainforest	 species	 show	 a	 reduced	 growth	 in	 Al	 rich	 environments	

(Haridasan	and	Monteiro	de	Araújo	1988;	Masunaga	et	al.	1998a;	b;	Rehmus	et	al.	2014).	

The	fact	that	metal	accumulating	plants	are	mostly	found	on	metalliferous	soils	suggests	

an	 ecological	 advantage	 to	 accumulators,	 which	 otherwise	 might	 be	 outcompeted	 by	

non-accumulating	 plants	 which	 has	 been	 suggested	 for	 Plantago	 almogravensis	 on	 Al	

poor	soils	(Serrano	et	al.	2014).	This	is	one	example,	suggesting	an	ecological	advantage	
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related	 to	 Al	 accumulation.	 However,	 the	 ecological	 significance	 of	 Al	 accumulation	 is	

poorly	 understood.	 The	 accumulation	 of	 metals	 like	 zinc,	 copper,	 chrome	 or	 lead	 is	

known	 to	deter	 animals,	 acting	 as	 a	 protection	 against	 herbivores	 (Boyd	 and	Martens	

1998;	Boyd	2007).	However,	no	clear	evidence	for	preventing	herbivory	has	been	found	

for	 the	 Al	 accumulating	 Qualea	 parviflora	 (Vochysiaceae),	 in	 the	 cerrado	 (Gonçalves-

Alvim	et	al.	2011).			
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Distribution	of	Al	accumulators	in	the	plant	kingdom	

	

Al	accumulation	and	Al	resistance	are	suggested	to	have	evolved	independently	several	

times	 throughout	 the	 evolution	 of	 plants,	 which	 in	 the	 case	 of	 Al	 accumulation	

represents	 a	 primitive	 feature	mostly	 found	 in	 woody	 plants	 rather	 than	 herbaceous	

species	 (Chenery	1948,	 1949a;	 b;	 Chenery	 and	 Sporne	1976;	 Jansen	 et	 al.	 2002;	Ryan	

and	Delhaize	2010).	It	is	commonly	found	in	ferns	and	lycophytes,	rare	in	monocots	and	

almost	absent	within	the	gymnosperms	(Chenery	1948,	1949a;	b).	Within	the	eudicots,	

the	 families	 that	 contain	 many	 Al	 accumulators	 are	 Melastomataceae,	 Rubiaceae,	

Vochysiaceae	and	Symplocaceae	(Hutchinson	and	Wollack	1943;	Chenery	1948,	1949a;	

b;	 Jansen	 et	 al.	 2002).	 Species	 in	 which	 the	 physiology	 and	 biochemistry	 of	 Al	

accumulation	 were	 investigated	 include	 Camellia	 sinensis	 L.	 (Theaceae),	 Fagopyrum	

esculentum	 Moench.	 (Polygonaceae)	 and	 Melastoma	 malabathricum	 L.	

(Melastomataceae)	 (Watanabe	 et	 al.	 1998;	 Ma,	 Jian	 Feng	 2001;	 Shen	 et	 al.	 2002;	

Watanabe	and	Osaki	2002;	Morita	et	al.	2004;	Klug	and	Horst	2010;	Tolrà	et	al.	2011;	

Hajiboland	et	al.	2013).	These	three	species	are	easy	and	fast	to	grow	and	are	therefore	

suitable	for	hydroponic	systems,	which	use	a	nutrient	solution	instead	of	soil	substrate	

to	conduct	experiments	(Shen	et	al.	2002;	Watanabe	and	Osaki	2002;	Tolrà	et	al.	2011).		
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Symplocos,	Al	accumulation	and	the	Indonesian	weavers	
	

Among	the	strong	Al	accumulators,	the	family	Symplocaceae	represents	one	of	the	rare	

cases,	 where	 almost	 all	 up	 to	 now	 tested	 species	 have	 a	 high	 foliar	 Al	 concentration	

(Jansen	 et	 al.	 2002).	 Symplocaceae	 are	 a	 pantropical	 family	 with	 ca.	 320	 species	 and	

according	 to	 recent	 phylogenetic	 analyses	 includes	 two	 genera,	 Symplocos	 and	

Cordyloblaste	(Fritsch	et	al.	2015).	Whether	the	origin	of	the	species	is	found	to	be	in	the	

paleotropics	or	in	the	neotropics	is	unclear	(Fritsch	et	al.	2015).	There	is	evidence	that	

the	species	in	the	neotropics	spread	from	the	northern	hemisphere	into	South	America	

(Fritsch	et	al.	2015).	Furthermore,	fossils	found	in	temperate	Europe	suggest	an	origin	

on	 this	 continent,	 because	 no	 fossils	 have	 been	 found	 in	 Asia	 (Fritsch	 et	 al.	 2015).	

Symplocaceae	are	mostly	evergreen	shrubs	or	trees	found	in	humid	montane	rainforests	

(Nooteboom	 1977;	 Wang	 et	 al.	 2004;	 Fritsch	 et	 al.	 2008,	 2015).	 Depending	 on	 the	

literature	 source,	 there	 is	 a	 temperate	 semi-deciduous	 (S.	 tinctoria)	 and	deciduous	 (S.	

paniculata)	species	(Wu	and	Nooteboom	1996;	Fritsch	et	al.	2008).		

As	pointed	out	 in	 the	historical	 section	 above,	 plants	have	been	used	 for	dying	 textile	

throughout	 the	 history	 of	 mankind.	 An	 estimated	 13,000	 traditional	 weavers	 on	 the	

Indonesian	archipelago	in	SE-Asia	still	use	very	old	techniques	that	are	passed	on	from	

generation	to	generation	to	sustain	the	culture	of	natural	dying	methods	(Cunningham	

et	al.	2011).	Plant	material	of	Symplocos	species	are	given	local	names	such	as	“Emarik”,	

“Luba”	 or	 “Laulolo”,	 which	 are	 used	 as	 a	 mordant	 in	 the	 dying	 process	 to	 make	 the	

resulting	textile	colorfast	(Cunningham	et	al.	2011).	Unfortunately,	the	harvest	includes	

felling	of	 trees	and/or	 the	wrapping	of	 collected	 leaves	 into	 the	bark	of	 the	harvested	

plants,	 which	 not	 only	 kills	 the	 trees	 but	 also	 prevents	 sustainable	 use	 of	 the	 plant	

material	(Cunningham	et	al.	2011).		
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Aims	of	this	thesis	

	

The	 goal	 of	 the	 first	 chapter	 of	 this	 thesis	 was	 to	 quantitatively	 evaluate	 the	 Al	

concentration	 in	 various	 plant	 tissues	 of	 Symplocos	 species	 natively	 growing	 in	 their	

natural	habitats	in	Indonesian	montane	rainforests.	My	main	goal	was	to	investigate	the	

natural	 concentration	 of	 Al	 in	 different	 plant	 organs	 of	 Symplocos	 species	 in	 order	 to	

improve	sustainable	use	by	weaving	communities.	Furthermore,	this	study	contributes	

to	our	understanding	of	 the	 intraspecific	and	within-tree	variation	of	Al	accumulation,	

which	was	also	studied	with	respect	to	soil	characteristics.	

The	second	chapter	includes	a	hydroponic	setup	in	order	to	investigate	the	Al	behaviour	

of	 Symplocos	 paniculata.	 I	 tested	 the	 effect	 of	 Al	 on	 seedlings	 and	 saplings	 of	 S.	

paniculata.	The	goal	was	to	determine	whether	this	temperate	species	a)	would	be	able	

to	accumulate	Al	in	its	above	ground	plant	organs	similar	to	tropical	sister	species,	and	

b)	 would	 show	 a	 beneficial	 effect	 on	 its	 growth	 when	 Al	 was	 added	 to	 the	 nutrient	

solution.	

The	third	chapter,	unlike	chapters	one	and	two,	focuses	on	ferns	and	lycophytes	instead	

of	angiosperm	plant	species.	While	the	evolution	and	phylogeny	of	Al	accumulation	was	

studied	 in	 detail	 for	 angiosperms	 (Jansen	 et	 al.	 2000,	 2002,	 2004),	 this	 trait	 remains	

poorly	 explored	 in	 pteridophytes.	 By	 compiling	 a	 global	 dataset	 from	 literature	 and	

novel	data,	I	aimed	to	explore	the	phylogenetic	signals	associated	with	Al	accumulation	

in	fern	and	lycophyte	species.	
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Summary	Chapter	1	

	

Accumulation	 of	 Aluminium	 (Al)	 at	 concentrations	 far	 above	 1,000	 mg	 kg
-1

	 in	

aboveground	 plant	 tissues	 of	Arbor	 aluminosa	 (Symplocos)	 species	 is	 the	main	 reason	

why	 traditional	 Indonesian	 weavers	 rely	 on	 their	 leaves	 and	 bark	 as	 a	 mordant	 for	

dyeing	 textile.	 Recently,	 Symplocos	 species	 have	 become	 a	 flagship	 species	 for	 the	

conservation	efforts	of	weaving	communities	due	to	their	traditionally	non-sustainable	

sampling	 and	 increasing	 demand	 for	 Symplocos	 plant	 material.	 Here	 we	 investigated	

Symplocos	 odoratissima,	 S.	 ophirensis	 and	 S.	 ambangensis	 at	 three	montane	 rainforest	

sites	in	Central	Sulawesi	to	measure	Al	levels	in	different	tissues	and	organs.	The	highest	

Al	concentrations	were	found	in	old	leaves	(24,180	±	7,236	mg·kg
-1

	dry	weight,	mean	±	

SD),	while	 young	 leaves	 had	 significantly	 lower	Al	 levels	 (20,708	 ±	 7,025	mg·kg
-1

).	 Al	

accumulation	 was	 also	 lower	 in	 bark	 and	 wood	 tissue	 of	 the	 trunk	 (17,231	 ±	 8,356	

mg·kg
-1

	and	5,181	±	2,032	mg·kg
-1

,	respectively).	Two	Al	excluding	species	(Syzigium	sp.	

and	Lithocarpus	sp.)	contained	only	high	Al	levels	in	their	roots.	Moreover,	no	difference	

was	found	in	soil	pH	(4.7	±	0.61)	and	nutrient	(K,	Ca,	Fe,	Mg)	availability	at	different	soil	

levels	and	within	or	outside	the	crown	of	Symplocos	trees,	except	for	the	upper	soil	layer.	

Furthermore,	 a	 positive	 and	 significant	 correlation	 between	 Al	 and	 Ca	 concentrations	

was	 found	at	 the	whole	plant	 level	 for	Symplocos,	and	at	 the	 leaf	 level	 for	S.	ophirensis	

and	S.	ambangensis,	suggesting	a	potential	role	of	Ca	in	Al	uptake	and/or	detoxification	

within	the	plant.	Our	results	provide	evidence	for	strong	Al	accumulation	in	Symplocos	

species	 and	 illustrate	 that	 both	 Al	 accumulation	 and	 exclusion	 represent	 two	 co-

occurring	strategies	of	montane	rainforest	plants	for	dealing	with	Al	toxicity.	Indonesian	

weavers	 should	 be	 encouraged	 to	 harvest	 old	 leaves,	 which	 have	 the	 most	 efficient	

mordant	capacity	due	to	high	Al	concentrations.	
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Summary	Chapter	2	

	

Aluminium	 (Al)	 is	 a	 phytotoxic	 element	 affecting	 the	 growth	 and	 yield	 of	 many	 crop	

plants,	especially	in	the	tropics.	Yet,	some	plants	are	able	to	accumulate	high	levels	of	Al.	

The	monogeneric	 family	Symplocaceae	represents	an	Al	accumulating	 family	 including	

many	 tropical	 and	 evergreen	 species	 with	 high	 Al	 levels	 in	 their	 above	 ground	 plant	

tissues.	 It	 is	 unclear,	 however,	 whether	 Al	 accumulation	 also	 characterises	 temperate	

species	of	Symplocos,	and	whether	or	not	the	uptake	has	a	beneficial	growth	effect.	Here,	

we	 investigate	 if	 the	 temperate,	 deciduous	 species	 Symplocos	 paniculata	 is	 able	 to	

accumulate	Al	by	growing	seedlings	and	saplings	in	a	hydroponic	setup	at	pH	4	with	and	

without	Al.	Pyrocatechol-violet	(PCV)	and	aluminon	staining	was	performed	to	visualize	

Al	accumulation	 in	various	plant	 tissues.	Both	seedlings	and	saplings	accumulate	Al	 in	

their	tissues	if	available.	Mean	Al	levels	in	leaves	were	4,107	(±1,474	mg·kg-1)	and	4,290	

(±4,025	 mg·kg-1)	 for	 the	 seedlings	 and	 saplings,	 respectively.	 The	 saplings	 treated	

without	Al	showed	a	high	mortality	rate	unlike	the	Al	accumulating	ones.	The	seedlings,	

however,	showed	no	difference	in	growth	and	vitality	between	the	two	treatments.	The	

saplings	 treated	 with	 Al	 showed	 new	 twig,	 leaf	 and	 root	 development,	 resulting	 in	 a	

considerable	biomass	increase.	PCV	and	aluminon	staining	indicated	the	presence	of	Al	

in	 leaf,	 wood	 and	 bark	 tissue	 of	 the	 plants.	 S.	 paniculata	 shares	 the	 capacity	 to	

accumulate	 Al	 with	 its	 tropical	 sister	 species	 and	 is	 suggested	 to	 be	 a	 facultative	

accumulator.	 Whether	 or	 not	 Al	 has	 a	 beneficial	 effect	 remains	 unclear,	 due	 to	

developmental	 differences	 between	 seedlings	 and	 saplings.	 Al	 is	 suggested	 to	 be	

transported	via	the	xylem	transport	system	into	the	 leaves,	which	show	the	highest	Al	

levels.	Radial	transport	via	ray	parenchyma	to	bark	tissue	is	also	likely	given	the	high	Al	

concentrations	in	the	bark	tissue.	
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Summary	Chapter	3	

	

PREMISE	 OF	 THE	 STUDY:	 This	 paper	 investigates	 the	 occurrence	 and	 evolution	 of	

aluminum	(Al)	accumulation	within	ferns	and	lycophytes,	which	is	charac-	terized	by	Al	

concentrations	above	1000	mg·kg−1	in	aboveground	plant	tissues.	We	hypothesize	that	

this	feature	is	more	common	in	ferns	than	in	angio-	sperms,	and	potentially	correlated	

with	growth	form	and	other	chemical	elements.		

METHODS:	Aluminum	concentrations	were	obtained	from	novel	analyses	and	literature	

for	a	total	of	354	specimens	and	307	species.	Moreover,	a	semi-	quantitative	aluminon	

test	 was	 applied	 for	 a	 subset	 of	 105	 species	 and	 validated	 against	 exact	 Al	

measurements.		

KEY	RESULTS:	Molecular	phylogenetic	analyses	showed	that	the	major	Al-accumulating	

groups	were	primarily	found	in	the	Gleicheniales	and	Cyatheales,	and	largely	absent	in	

the	Polypodiales.	At	the	species	and	generic	 level,	Al	accumulation	was	typically	either	

absent	or	present,	and	mixed	results	within	a	single	species	and	genus	were	limited	to	

less	than	30%	of	the	species	and	genera	tested.	Epiphytic	ferns	had	signi	cantly	lower	Al	

levels	 than	 terrestrial	 ferns,	 although	 this	 nding	was	 not	 signi	 cant	 after	 phylogenetic	

correction.	In	addition,	a	signi	cant,	positive	correlation	was	found	between	Al	and	iron,	

while	Al	was	negatively	correlated	with	phosphorus	and	potassium	concentrations.		

CONCLUSIONS:	Aluminum	 accumulation	 is	most	 common	 outside	 of	 the	 Polypodiales	

and	 occurs	 in	 38%	of	 the	 species	 studied,	 indicating	 that	 this	 trait	 is	 indeed	 common	

within	 subtropical	 and	 tropical	 ferns,	 a	 nding	 that	 could	 be	 in	 line	with	 their	 role	 as	

pioneer	species	on	landslides	and	soils	with	high	levels	of	soluble	Al.		
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Perspective	

	

This	thesis	provides	a	contribution	to	the	still	underexplored	field	of	Al	accumulation	in	

the	plant	kingdom.	In	the	first	chapter	we	gained	important	information	for	traditional	

Indonesian	 weaving	 communities,	 which	 will	 help	 with	 promoting	 and	 managing	

sustainable	use	of	Symplocos	leaves.	The	second	chapter	expanded	our	knowledge	of	Al	

accumulation	 in	 a	 temperate	 species	 of	 Symplocos	 species	 and	 showed	 that	 plant	

development	may	have	 an	 effect	 on	 its	Al	 accumulation	 behaviour.	 It	was	 also	 shown	

that	 this	 temperate	 species	 of	 Symplocos	 has	 the	 capacity	 of	 accumulating	 Al	 in	 its	

aboveground	 plant	 tissues.	 The	 third	 chapter	 contributed	 to	 our	 understanding	 of	 Al	

accumulation	 in	 ferns	 and	 lycophytes	 and	 shows	 that	 Al	 accumulation	 underwent	

convergent	 evolution	 within	 these	 plant	 groups.	 Furthermore,	 our	 findings	 suggest	 a	

shift	in	the	Al	accumulation	behaviour	throughout	evolution.		

	

Considering	 the	 growth	 of	 our	 world	 population,	 food	 security	 is	 one	 of	 the	 most	

important	challenges	in	our	21
st

	century	society.	Not	surprisingly,	most	research	on	Al	in	

plants	 is	 focused	 on	Al	 toxicity	 in	 sensitive	 crop	 species,	 aiming	 to	 better	 understand	

how	Al	sensitive	plants	respond	to	Al	toxicity	and	which	cultivars	are	more	tolerant	than	

other	ones.	Furthermore,	we	gain	more	and	more	insight	into	biochemical	pathways	and	

genetic	mechanisms	accounting	for	the	uptake,	translocation	and	regulation	of	Al	inside	

plants.	This	shows	that	research	on	Al	in	plants	is	crucial	for	tropical	biomes,	if	we	want	

to	increase	crop	production.	However,	given	recent	debates	on	Al	and	its	potential	link	

to	 neurodegenerative	 diseases	 like	 Alzheimer	 or	 breast	 cancer,	 we	 should	 also	 focus	

research	on	the	impact	of	Al	on	the	human	(or	animal)	body	as	exposure	to	Al	cannot	be	

neglected	(Rengel	2004;	Exley	2013).		
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