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One of the main questions is "how can one determine the FULL proteome of an 

organism". The answer is simple, although shocking for the least aware: 

" you can NOT".  

- Lemos et al., 2010 - 

 
Les pappillons ne comptent pas les mois, mais les instants 

 

Een theorie is maar geldig tot het tegendeel bewezen is 

- Karl Popper - 
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Woord vooraf 

Een werk als dit is moeilijk alleen te voltooien. Tijdens mijn doctoraat heb ik vele mensen leren 

kennen die me hebben geholpen bij het volbrengen van deze taak. Graag begin ik met het 

bedanken van mijn promotoren: 

Jaco, aan het prille begin van mijn carrière als bioloog heb jij me, samen met je collega-

docenten, de basiskennis bijgebracht. Na mijn kandidaturen moest ik echter verhuizen naar een 

andere universiteit. Na heel wat wikken en wegen, werd het de Universiteit Antwerpen… maar 

mijn hart bleef verkocht aan het gezellige Diepenbeek. Hoewel er in Antwerpen een mogelijkheid 

was om te doctoreren, wou ik toch graag terugkeren naar mijn ‘thuisbasis’. Aldus besloot ik u 

te contacteren en er werd al snel een afspraak gemaakt om de mogelijkheden te bekijken. Vanaf 

toen ging alles is een razend tempo vooruit… Ik mocht op sollicitatiegesprek komen voor een 

BOF project dat zich richtte op onderzoek naar fytoremediatie met proteomics als aangewende 

techniek. Als pas afgestudeerde maakte ik me klaar voor het gesprek… niet volledig beseffende 

dat dit een “echt” sollicitatiegesprek ging zijn met een hele jury tegenover mij, begon ik mijn 

trip naar Diepenbeek. Die dag zal altijd in mijn geheugen gegrift blijven omdat ik 

waarschijnlijk nooit meer zal kunnen herhalen wat er toen gebeurd is: naar een sollicitatie 

gesprek gaan met een gescheurde jeans en enkele dagen laten te horen krijgen dat ik het team 

mocht komen versterken ! Bedankt voor het vertrouwen dat je in mij stelde, want op basis 

van de looks moest je die dag echt niet afgaan! Maar ook tijdens mijn doctoraat kon ik steeds 

bij je terecht en heb ik steeds alle kansen gekregen om me volledig te ontplooien als onderzoeker. 

Een oprechte dank je wel hiervoor! 

Ann, als ik aan jou terugdenk, moet ik altijd lachen… De manier waarop jij iemand gek kan 

maken voor je vak, je theorieën of ideeën zijn onwaarschijnlijk! Ik herinner me nog perfect hoe 

jij op het bord genetica oefeningen stond uit te leggen en ik dacht “nauw… dit is best nog 

leuk”! Enkele maanden geleden nog kwam ik bij jou op de bureau met enkele ideeën die ik had 



 

 

 

ontwikkeld tijdens het schrijven van mijn meta-analyse. Hoewel ik wel achter de ideeën stond, 

was ik toch een beetje onzeker over hoe ze onthaald zouden worden. Maar na ons gesprek was ik 

zo euforisch dat ik me dadelijk achter mijn computer heb gezet en de hele conclusie in één adem 

heb neergeschreven! Bedankt om mij te laten genieten van deze geweldige eigenschap die jij hebt 

en raak ze alsjeblieft nooit kwijt!  

Tijdens mijn doctoraat heb ik de kans gekregen met een hoop toffe mensen samen te werken.  

Nele, bedankt om mij de eerste dag op te vangen en met mij alle bureaus af te gaan om de 

mensen te leren kennen. Ook bedankt om me in te wijden in de wereld van de endofyten en me 

kennis te laten maken met de diverse protocols die hierbij kwamen kijken. Ook tijdens de 

periode dat de stekken moeilijk deden, heb je mee blijven zoeken naar een oplossing. Bedankt 

voor alle steun en uiteraard wens ik je veel succes in de toekomst! 

Karen V wil ik speciaal bedanken om me te introduceren in de proteomics wereld. Al snel stond 

ik met haar in het labo om voor de eerste keer de hele 2DE workflow te doorlopen. Het was een 

zeer leerrijke ervaring! Vanaf het begin heb je me gewaarschuwd voor de techniek met de 

woorden ‘bezint eer ge begint’. Met veel bewondering heb ik je super hard zien werken tijdens 

de laatste fase van je doctoraat, maar zelfs toen besefte ik nog niet volledig waar je het over 

had. Pas toen ik de literatuur begon te raadplegen om een antwoord te kunnen formuleren op de 

vaak gestelde vraag “wat verwacht je dat zal gebeuren”, kwam ik tot inzicht. Hoofdstuk 4.2 

is dan ook speciaal aan jou opgedragen! Want jij was, misschien zonder dat je het besefte, een 

enorme inspiratiebron voor dit schrijven! Bedankt voor alles en hopelijk komen we elkaar nog 

eens tegen! 

Sascha, jou wil ik bedanken voor het luisterend oor dat je bood. Onze bureau kwam vaak van 

pas om even alle frustratie van het labo achter ons te kunnen laten en om alles terug te kunnen 

relativeren! Gezien mijn perfectionisme en soms iets te gedreven aard, heb ik daar wel vaak 



    

 

 

nood aan gehad  Een oprechte dank je wel is dan ook niet misplaatst! Ik wens je nog heel 

veel succes met je doctoraat en met alles wat er je nog te wachten staat. 

Sacha, the first time we met wasn’t a big succes... At ProteomLux I presented my first 

poster revealing the results of my optimization protocol. What I didn’t know was that I 

included your extraction protocol in the optimization analysis. Since it didn’t rank the best, I 

soon had a lot of (negative?) attention of the organizing committee  On top, you all thought 

that that “Joke-guy” was a man... well, I suppose you were disappointed when meeting me! 

On the other hand... we managed to get along despite our differences and up to date, no harm 

was done. Serious now, I want to thank you for coming to the lovely Belgian country to teach 

me the critical points of working with CyDyes and analysing the results! But I think a sincere 

“thank you” from your side is not inappropriate as well... If you didn’t came to Belgium to 

teach me the art of CyDyes, you might not have met your wonderful wife!  Hope your 

Indian wedding will be beautiful and I wish you all the best in your further life! 

Jan W en Michiel wil ik graag bedanken voor wie ze zijn. Om altijd bij hun terecht te kunnen, 

om niet rond de pot te draaien, om te durven vragen of alles wel OK is met me en om te zien 

wie ik echt ben! Ik heb hele goede gesprekken met jullie gehad en dat heeft me door de zware 

periodes geholpen. Jan, ik wens je nog super veel succes met het schrijven en laat me weten 

wanneer je verdediging is, zodat ik kan komen supporteren! Doe Batu nog een dikke kus van 

me! Michiel, je had het bijna verknald toen je zei dat ik geen “meisje-meisje” was, maar zie 

hier… een speciale vermelding in mijn dankwoord!! 

Michelle, ooooh Michelle, er staat nog een SNOOPY-mok op jou te wachten  Meid, 

bedankt voor de vele babbels en voor je luisterend oor! Ik heb een super tijd met jou gehad en ik 

geloof in je! Ik hoop dat we elkaar nog vaak mogen zien! Veel succes met je doctoraat en weet 

dat je altijd bij mij terecht kan!! 



 

 

 

Natuurlijk wil ik alle leden van de bacteriëngroep speciaal bedanken voor alle medewerking, de 

vele vergaderingen waarin we ideeën konden uitwisselen en om een super leuk team te vormen 

waarin ik heb kunnen werken. 

Ann W en Carine… Goh, als ik begin op te noemen waarvoor ik jullie moet bedanken, denk ik 

dat ik nog wel een tijdje bezig kan zijn! Ik was altijd welkom bij jullie voor vragen, voor een 

babbel, voor een helpende hand bij de oogst,… Kortom, ik heb nooit een “nee” van jullie 

gehoord! Ook al is het misschien jullie job, naar mijn mening doen jullie meer dan dat! 

Vandaar ook de merci’tjes op tijd en stond  Bedankt, om er altijd te zijn! 

Jan D wil ik ook bedanken voor alle hulp in de serre en daarbuiten! En natuurlijk voor de 

paardenpraatjes en om mee te komen genieten van mijn jumpings  Paardenmensen weten 

elkaar toch altijd te vinden he! Jan, ik wens je heel goede gezondheid toe en hoop dat je snel 

terug met de paardjes bezig kan zijn! 

Robert, bedankt voor het coördineren van de vele metaalbepalingen tijdens mijn doctoraat. Tom 

en Frank, ik wil jullie allebei bedanken voor de steun en het vertrouwen dat ik in jullie heb 

mogen stellen! Dennis, bedankt voor de leerrijke voormiddag ;) Hopelijk ga ik er nog gebruik 

van kunnen maken!  

Verder wil ik ook Prof. Jean-Paul Noben bedanken voor het analyseren en valideren van de 

eiwit identificaties. Een speciale dank je wel ook aan Erik Royackers om mij de kneepjes van 

eiwit digestie te leren en zoveel tijd in de identificaties te steken! 

Toen ik in 2008 begon aan mijn doctoraat, waren we met een “kleine” groep. Tijdens de 5 

jaar dat ik in jullie team heb kunnen werken, zijn we in snel tempo gegroeid! Het is dus niet 

mogelijk om iedereen die ik tijdens mijn doctoraat ontmoet heb als collega te kunnen bedanken. 

Maar ik wil dat jullie allemaal weten dat jullie me allemaal geholpen hebben! Was het nu de 

lach in de gang, het openhouden van een deur, het helpen verslepen van zakken zand, … het 
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Summary 

Atmospheric deposits originating from zinc smelters resulted in large scale diffuse 

metal contamination in North Eastern Belgium. Since toxic metals, like cadmium 

(Cd), can pose severe risks to human health, threshold values have been defined for 

soils and crops. Exceeding these threshold values and consequently loosing these 

economic valuable soils, enhances the authorities’ interest in alternative remediation 

strategies. Classical remediation techniques (e.g. soil washing, excavation and 

dumping) are expensive, destructive for soil structure and microorganisms and not 

applicable for large scale and diffuse contaminations. Phytoextraction, the in situ use 

of plants to extract contaminants from contaminated soils, is believed to be a 

promising alternative for metal contaminated sites. However, to be economically 

attractive the phytoextraction process needs to be improved. In case of organic 

contaminants, equipping plant endophytes with appropriate degradation pathways, 

resulted in a decrease of phytotoxicity and evapotranspiration and, by consequence, 

an enhanced remediation efficiency. This raised the question if equipping plant 

endophytes with metal sequestration systems might improve efficiency of metal 

phytoextraction as well. 

In section 3, two plant growth-promoting bacteria were equipped with the CZR 

operon, which enables bacteria to bind Cd onto their cell wall. Based on phenotypical 

traits, transconjugant strain W1366-5 seemed most promising to enhance 

phytoextraction of Cd contaminated soils. However, the results from the greenhouse 

experiment suggested that transconjugant strain E1600-11 is more promising in 

planta under Cd-exposed conditions (chapter 3.1). 

Since obvious differences in plants’ toxicity responses to Cd were observed in 

hydroponical and soil cultivation systems, a more in depth examination of the 

underlying mechanisms of Cd toxicity was conducted using a proteomic approach. 

Therefore, first an optimization of the proteomics workflow was performed (chapter 

4.1). Subsequently, a literature study was conducted to get more insights into the 

already described effects of Cd on the plants’ proteome; from this study, it became 

obvious that a comparison between proteomics experiments is not that 

straightforward. Therefore, encountered obstacles were discussed in a meta-analysis 

(chapter 4.2). Further, a comparison was made between hydroponic and soil 

cultivation systems indicating that differences in Cd responses between both 

cultivation systems might exist. However, since a huge diversity in experimental set 
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ups and used materials was present, this hypothesis cannot be confirmed or rejected 

based on the meta-analysis data. 

In order to address the question whether an extrapolation from hydroponically 

obtained data towards soil grown plants is possible, an experiment was conducted in 

which poplar cuttings were grown on both, hydroponic (chapter 4.3) and soil (chapter 

4.4) cultivation systems. Except for the cultivation system, other parameters were 

kept identical in these experiments. Their response to Cd was examined by 

comparing control cuttings to Cd-exposed cuttings after 3 and 21 days of exposure.  

Comparing the proteomic data from our hydroponics experiment (chapter 4.3) to 

those extracted from hydroponic cultivation experiments in the meta-analysis, 

revealed a general down-regulation of CO2-fixation, chloroplast electron transport 

and ATP synthases in leaves. However, contrasting responses were present for the 

stress metabolism. In roots, the same metabolic pathways were affected in our 

experiment compared to those present in the meta-analysis, though a closer look 

revealed some differences.  

The general down-regulation of CO2-fixation, chloroplast electron transport and ATP 

synthases present in soil grown leaves when studying the meta-analysis data, was 

not confirmed in our soil grown experiment (chapter 4.4). As for the hydroponic 

cultivation experiment, the same metabolic pathways were addressed in soil grown 

roots of our experiment compared to those described in the meta-analysis. However, 

a closer look again revealed some dissimilarities. A comparison between both 

experiments (chapter 4.5) revealed dissimilarities in the plants’ response to Cd. 

Moreover, it was observed that an effect time was minor in hydroponically grown 

leaves compared to soil grown leaves. In conclusion, our results confirm that plant 

responses present in hydroponic cultivation systems cannot be extrapolated 

straightforward towards soil grown plants. Therefore it is recommendable to include 

soil cultivation systems in studies with prospects to future field application. 

Since – to our knowledge – until now no study has been conducted comparing the 

effects of hydroponic and soil cultivation system, this work offers novel insights in the 

effects of cultivation systems on plants proteomic response to metal stress.  



  

iii 

 

Samenvatting 

Atmosferische depositie afkomstig van zink fabrieken resulteerde in een 

grootschalige diffuse metaal vervuiling in NO België. Vermits toxische metalen zoals 

Cd, ernstige risico’s kunnen vormen voor de menselijke gezondheid, werden er 

drempelwaarden opgelegd voor landbouwgrond en gewassen. Deze drempelwaarden 

worden echter vaak overschreden waardoor economisch waardevolle gronden 

verloren gaan. Hierdoor is de interesse van de overheid voor alternatieve remediatie 

technieken gestegen. Klassieke remediatie technieken zijn duur, tasten de 

bodemstructuur en micro-organismen aan en zijn niet toepasbaar voor grootschalige 

diffuse verontreinigingen. Fytoextractie, het in situ gebruik van planten om 

contaminanten te extraheren uit de vervuilde bodems, wordt gezien als een 

veelbelovend alternatief voor de zuivering van metaal gecontamineerde bodems. Om 

economisch aantrekkenlijk te zijn, moet de efficiëntie van dit proces echter verhoogd 

worden. Het uitrusten van plant endofyten met geschikte afbraakroutes, resulteerde 

in een verlaagde toxiciteit en evapotranspiratie van organische contaminanten. Dit 

succes wierp de vraag op of het uitrusten van plant endofyten met metaal 

sequestratie mechanismen een soorgelijk resultaat zou opleveren in metaal 

verontreinigde bodems. 

In deel 3 werden 2 plantengroei bevorderende bacteriën uitgerust met het CZR 

operon, hetgeen ervoor zorgt dat bacteriën metalen kunnen binden op hun celwand. 

Gebaseerd op de onderzochte fenotypische eigenschappen leek de transconjugante 

stam W1366-5 het meest belovend. De resultaten van het serre experiment toonden 

echter aan dat transconjugante stam E1600-11 betere perspectieven biedt in planta 

wanneer deze blootgesteld zijn aan Cd (hoofdstuk 3.1). 

Waargenomen verschillen in de effecten van Cd op de plant tussen hydro- en 

grondculturen leidden ertoe een gedetailleerde studie te verrichten naar de 

onderliggende mechanismen van Cd toxiciteit, gebruik makend van een proteomics 

benadering. Hiervoor werd de proteomics workflow eerst geoptimaliseerd (hoofdstuk 

4.1). Vervolgens werd een literatuurstudie uitgevoerd om een beter overzicht te 

krijgen van de reeds gekende effecten van Cd op het proteoom van de plant; hierbij 

werd het duidelijk dat een vergelijking tussen proteoom studies niet zo eenvoudig is. 

De vastgestelde obstakels worden besproken in een meta-analyse (hoofdstuk 4.2). 

Hierin werd bovendien ook een vergelijking gemaakt tussen hydro- en grondcultuur 

experimenten wat duidelijk maakte dat planten verschillend lijken te reageren op Cd, 



Samenvatting   

iv 

afhankelijk van de gebruikte cultuurmethode. De grote diversiteit aan groeiprotocols 

laat echter niet toe om deze hypothese hard te maken. 

Om uit te maken of extrapolatie van hydrocultuur data naar grondcultuur 

experimenten mogelijk is, werd een experiment uitgevoerd waarin populier stekken 

gegroeid werden in hydrocultuur (hoofdstuk 4.3) en grondcultuur (hoofdstuk 4.4). 

Met uitzondering van het groeisysteem, werde andere parameters in beide 

experimenten gelijk gehouden. Het effect van Cd op populier werd onderzocht door 

de responsen van controle stekken te vergelijken met deze van Cd blootgestelde 

stekken na 3 en 21 dagen blootstelling.  

Het vergelijken van de proteoom data van het hydrocultuur experiment (hoofdstuk 

4.3) met deze verkregen uit de meta-analyse van in hydrocultuur gegroeide plant, 

brengt een algemene neerregulatie van CO2-fixatie, chloroplast elektronen transport 

en ATP synthasen aan het licht in bladeren. Op het niveau van responsen van het 

stress metabolisme werden echter verschillen vastgesteld. In wortels werden in ons 

experiment dezelfde metabole pathways beïnvloed als diegene die naar voor kwamen 

uit de studie van de hydrocultuur data in de meta-analyse. Meer diepgaand 

onderzoek van de voorhanden zijnde gegevens bracht echter ook enkele verschillen 

aan het licht.  

In de meta-analyse werd voor bladeren van planten gegroeid op bodems een 

algemene neerregulatie van CO2-fixatie, chloroplast elektronen transport en ATP 

synthasen vastgesteld. Deze responsen werden echter niet bevestigd in onze studie 

(hoofdstuk 4.4). Net zoals voor de hydrocultuur studie werden in ons experiment 

weliswaar dezelfde metabole pathways beïnvloed als in de meta-analyse, maar 

werden bij een meer diepgaande studie van de resultaten ook verschillen gevonden. 

Een vergelijking tussen beide experimenten (hoofdstuk 4.5) bevestigde de 

vermoedens dat planten gegroeid op hydrocultuur en op grond  verschillend lijken te 

reageren op Cd. Het tijdseffect was duidelijk lager in hydrocultuur gegroeide bladeren 

vergeleken met bladeren gegroeid in grond. Deze data bevestigen dan ook dat 

responsen vastgesteld bij in hydrocultuur gegroeide planten niet zomaar 

geëxtrapoleerd mogen worden als representatief voor planten gegroeid op bodems.  

Omdat er – voor zover wij weten – nog geen studies voorhanden zijn die de 

responsen van planten gegroeid in hydrocultuur en grond op Cd blootstelling 

vergelijken, levert dit werk nieuwe inzichten in de effecten van groeisystemen op de 

responsen van planten onder metaal stress. 
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Chapter 1.1 

 

Cadmium, a non-essential toxic metal 

 
 

1.1.1 General information 

In the 19th century, cadmium (Cd) was discovered as an impurity of zinc-

carbonate (calamine). Cd is a soft, bluish-white transition metal with an atomic 

mass of 112.411 Da and the atomic number 48. Characterized by a 4d105S2 

electron configuration, its most common oxidation state is Cd(II), however it 

also occurs as Cd(I). Cd is known as a toxic trace element with a density of 8.65 

g cm-3 (Table 1.1.1). As a bulk metal, Cd is insoluble in water, resistant to 

corrosion and is not flammable. However, in powdered form, it may burn and 

release toxic fumes.  

Cd is a natural occurring element, released naturally by among others, volcano 

eruptions, forest fires and erosion, with an abundance estimated at 0.1 – 0.5 µg 

g-1 in the earth’s crust (Table 1.1.1). However, Cd levels in the environment 

vary widely, often depending on historical activities or natural occurring ores like 

zinc ores, which are mainly sulphides and oxides and typically contain the 

highest Cd levels (200 – 14,000 mg kg-1). 

Cd ranks 7th (out of 275) in a priority list of hazardous substances established by 

the US Comprehensive Environmental Response, Compensation and Liability Act 

(CERCA; ATSDR, 2007) and is classified as a human carcinogen by the 

International Agency for Research on Cancer (Waalkes, 2000). Unexpected, 

considering its toxic effects, a biological role for Cd has been discovered. In 

2000, Lane and Morel proposed a functional role for Cd in the marine diatom 

Thalassiosira weissflogii under low zinc conditions. Under these conditions, T. 

weissflogii expressed a Cd-specific carbonic anhydrase. Since diatoms live in 

environments with very low zinc concentrations, their metabolism uses Cd rather 

than zinc. On top, according to Anke et al. (1987) Cd is an essential element in 

goat nutrition and goats require at minimum 50 µg Cd per kg DW a day. Cd and 

As deficit in goat’s nutrition can have negative effects on growth and might 

cause health problems (Memisi et al., 2008). 
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Table 1.1.1: Properties and natural occurrence of cadmium. 

 

  
 

Properties Natural occurence 

Symbol Cd Atmosphere 0.1  -5.0 ng m-³ 

Atomic number 48     

Atomic weight 112.411 Earth's crust 0.1 - 0.5 µg g-1 

Group, period, block 12, 5, d     

Electron configuration {Kr} 5s2 4d10 Marine sediment 1 µg g-1 

Density 8.65 g cm-3     

Boiling point 767 °C Sea water 0.1 µg l-1 

Melting point 321.07 °C     

Oxidative states 2, 1     

 

1.1.2 Historical pollution 

From the late 19th century till the 70s of the 20th century, high amounts of Cd 

have been released into the environment due to the activity of zinc and nickel 

smelters. Due to this mobilization in the biosphere, the circulation of Cd through 

water, soil and atmosphere has increased tremendously (Nriagu and Pacyna, 

1988). From 1970, electrolytic processes were used to extract zinc, resulting in 

a drop of annual Cd emissions from 125 000 kg in 1950 to 130 kg in 1980. 

However, since Cd is not degradable, this historical pollution is still present. In 

Belgium, more than 300 km² are classified as contaminated by heavy metals 

(MIRA 2007). Hot spots are located in the North-Eastern part of Belgium 

(Campine area), near old zinc smelters, resulting in loss of agricultural land and 

contaminated ground water. Next to industrial deposition, Cd is released in the 

environment by other anthropogenic activities such as application of pesticides, 

chemical fertilizers, waste water irrigation, sewage sludge, phosphate fertilisers, 

fossil fuel combustion, precipitation from heavy coal combustion and smelter 

wastes (di Toppi and Gabbrielli, 1999; DalCorso et al., 2008; Gill and Tuteja, 

2011; Matovic et al., 2011). Industrial applications (batteries, pigments, 

corrosion protection, etc) were developed in the late 19th century. Cd emission 
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increased dramatically since Cd-containing products are rarely recycled (Jarup et 

al., 2003). 

As mentioned above, Cd is not very abundant in the earth’s crust. In rock 

formations, Cd is mostly associated with a vast excess of zinc. Of the total Cd 

content in the soil, only a small fraction is available for plant uptake. The ‘plant-

available’ Cd content is only in nanomolar range in most soils (Wagner, 1993). 

However, many factors such as soil pH and organic matter content strongly 

influence the size of the ‘plant-available’ fraction (Sauve et al., 2000). The 

Campine area is characterized by sandy soils with a relative low pH, leading to a 

relatively high fraction of ‘plant-available’ Cd. As a consequence, Cd is easily 

taken up by plants, rendering this polluted area one of the main remediation 

sites in Belgium. Toxic metals that enter the plant roots pose a potential threat 

to human health. Accumulating in consumable parts of crop plants, toxic metals 

enter the human food chain. Since Cd belongs to the metals whose ions are 

most readily taken up by plant roots and can on top be translocated to 

aboveground plant parts, threshold values have been defined for agricultural 

soils and crops. Exceeding these threshold values and consequently loosing 

these economic valuable soils enhanced the authorities’ interest in efficient 

remediation strategies. Classical remediation techniques (e.g. soil washing, 

excavation and dumping) are expensive, destructive for soil structure and 

microorganisms and not applicable for large scale contaminations. At present, in 

attendance of appropriate remediation strategies, cultivation strategies have 

been listed for several crops to maintain the Cd uptake under threshold values. 

Interest in using phytoextraction to clean up the widespread Cd contamination in 

the Campine area is growing since it seems a more and more promising strategy 

for the remediation of widespread metal contamination (see chapter 1.3). 

 

1.1.3 Toxicological effects of Cd on humans  

With a current European Cd intake close to the tolerable weekly intake, 

epidemiological studies on Cd toxicity concerning medical and public health 

implications are extremely important (Nawrot et al., 2010). 
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1.1.3.1 Exposure and localisation 

Exposure to Cd can be classified into two groups. The first group comprises 

daily environmental exposure arising from a variety of natural sources like 

polluted air (e.g. industrial polluted air, house dust and cigarette smoke) or 

consuming water and food (Luparello et al., 2011). Cd is present in almost all 

kinds of food, with concentrations depending on the type of food and the level of 

soil contamination on which crops were cultivated (Matovic et al., 2011). For the 

non-smoking population, food is the main source of Cd uptake (Cuypers et al., 

2010; Johri et al., 2010). Worldwide estimates of dietary Cd intake range from 

10-40 µg day-1 in non-polluted areas up to several hundred micrograms in Cd-

polluted areas (Cuypers et al., 2010). Adults across Europe are exposed to Cd 

levels nearing or slightly exceeding the tolerable weekly intake of 2.5 µg kg-1 

body weight (Nawrot et al., 2010; Matovic et al., 2011). For some subgroups of 

the population, the data is even more dramatic: vegetarians, women in the 

reproductive phase of life, people living in highly contaminated areas and 

smokers may exceed the tolerable weekly intake by about 2-fold (Nawrot et al., 

2010). Next to food, cigarette smoke is the main source of non-occupational 

exposure. Heavy smokers (smoking more than one cigarette pack a day) have a 

Cd body content twice as high as non-smoking persons (Matovic et al., 2011). 

The second group comprises occupational exposures found in industries such 

as electroplating, smelting and refining, welding, battery manufacturing and 

pigment production (Nawrot et al., 2010).  

The routes of Cd intake involve lungs, intestines and in low amounts the skin. In 

the body, Cd is predominantly bound to metallothioneins (Hamer, 1986). The 

Cd-metallothionein complex is distributed to various tissues and organs, but is 

ultimately reabsorbed in kidney tubuli (Ohta and Cherian, 1991). According to 

the study of Horky et al. (2002), Cd is rapidly absorbed by the small intestine 

mucosa and subsequently transported to liver and kidneys, where it is 

deposited. Reduced silver granules, representing heavy metals, were present in 

nearly all of the distal and proximal tubules of the nephron. Having a half-life of 

20-35 years, Cd accumulates in human tissues, with the highest concentrations 

measured in the kidneys, liver, pancreas, lungs and testes (Nawrot et al., 2010; 

Jomova and Valko, 2011). In order to cause toxic cellular responses, Cd must 

first enter the cells. Reviews on Cd transport in mammalian cells have recently 
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been published (Thévenod, 2010; Van Kerkhove et al., 2010; Vesey, 2010). The 

localisation of Cd in the cell is highly tissue-dependent. Moreover, the subcellular 

localisation depends on the presence of other elements like Zn and Se (Horky et 

al., 2002). To our knowledge, there is no paper published concerning the 

subcellular Cd localisation in humans.  

 

1.1.3.2 Cellular responses of Cd 

Although substantial efforts have been made to clarify the mechanisms of 

cellular Cd toxicity in human cells, the precise mechanisms remain unclear 

(Matovic et al., 2011).  

As a redox inactive metal, Cd itself is unable to directly generate oxidative 

stress through the production of free radicals. However, Cd can generate 

reactive oxygen/nitrogen species (ROS/RNS) indirectly (Waisberg et al., 2003) 

by (1) impairing enzyme activity of antioxidative defence system (superoxide 

dismutase; SOD, catalase; CAT, glutathione peroxidase; GSH-Px, glutathione-S-

transferase; GST, glutathione reductase; GR), by (2) disturbing the generation 

of the non-enzymatic component glutathione; GSSG and GSH and by (3) 

elevating the levels of Fenton active metals (Fe3+ and Cu2+) (Figure 1.1.1) 

(Ahsan et al., 2009; Matovic et al., 2011). Cd toxicity caused by interference 

with the homeostasis of essential metal cations in animal cells is reviewed by 

Moulis (2010). Therein the interaction between Cd and zinc, iron, manganese 

and copper is discussed. Upon long term exposure to environmental Cd, 

oxidative stress can be the result of dysfunction of mitochondria (Gobe and 

Crane, 2010).  

Cd toxicity generates genetic instability by inducing different types of DNA 

damage. The number of cells with DNA single strand breaks and the levels of 

cellular DNA damage were significantly higher in Cd-exposed groups than in 

controls (Yang et al., 2003). DNA can be damaged through Cd-induced ROS. 

Nevertheless, oxidative DNA damage does not appear to be sufficient to explain 

the toxic effects of Cd (Hartwig, 2010). A more important cause of Cd-induced 

DNA damage is the impairment of almost all major DNA repair pathways. 

Multiple evidence is present indicating Cd interference with nucleotide excision 

repair, base excision repair and mismatch repair (for an in-detail review, we 

refer to Hartwig, 2010). 



Section I: Introduction   

 

32 

 

 

Figure 1.1.1: Indirect Cd-induced generation of ROS. Source: Matovic et al., 

2011. 

 

In addition to its interference with DNA repair systems, Cd also interferes with 

DNA damage report systems. By disturbing the function of the tumor suppressor 

protein p53, Cd interferes with the cell cycle control in response to DNA 

damage (Meplan et al., 1999). Furthermore, human prostate epithelial cells 

acquired resistance to apoptosis upon Cd exposure. Consequently, by escaping 

the elimination procedure through apoptosis, damaged cells could enter the cell 

cycle, allowing them to replicate damaged DNA with high frequency of 

mutations, which may play an important role in Cd-induced carcinogenicity 

(Hartwig, 2010). Moreover, gene expression is altered for numerous genes 

upon Cd exposure. The mainly affected genes can be classified into four groups: 

(1) major stress response genes, (2) immediately early response genes, (3) 

transcription factors and (4) translation factors (Hartwig, 2010). 

Many of the biological effects may be due to the interaction, often antagonistic, 

between Cd and essential elements (Lazarus, 2010; Hartwig, 2010). As stated 

above, Cd can replace iron and copper in various cytoplasmic and membrane 

proteins, thereby increasing the amount of unbound free or poorly chelated 

copper and iron ions that can participate in oxidative stress via the Fenton 

reactions (Price and Joshi, 1983). At the same time, conformational changes 
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occur upon replacement of the coordinated metal, resulting in damage and loss 

of function of different biomolecules (Jomova and Valko, 2011). Although it is 

known for a while that Cd interferes with the biokinetics and biological roles of 

many essential metals and metalloids and it reduces the levels of essential 

elements, the exact underpinning mechanisms are not yet entirely identified. 

Competing for the same binding site with Zn, Cd-induced disturbances in Zn 

homeostasis may have severe consequences on cell growth, development and 

function (Matovic et al., 2011). Finally it should be mentioned that Cd may 

cause numerous cytotoxic and metabolic effects that have not been sufficiently 

recognised (Matovic et al., 2011). 

 

1.1.3.3 Diseases 

Although Cd is now known as a hazardous element, it was applied in medicine 

science in the early 20th century. Even in the past decade, Cd-containing nano-

particles had numerous biomedical applications, especially in the diagnosis of 

cancer. Not surprising, Cd-containing quantum dots are potentially toxic and 

their use involves substantial risks (Matovic et al., 2011).  

Since its use, diverse symptoms have been described related to Cd, affecting 

numerous organs including kidneys, liver, lungs, pancreas, testes and bones. 

Forty years after its discovery, acute gastrointestinal and respiratory symptoms 

were reported. Later on, due to increased occupational exposure, toxic effects of 

Cd on the lungs, kidneys and bones were confirmed. Most public attention arose 

when the itai-itai disease, a bone disease characterised by fractures and severe 

pain, was linked to Cd (Matovic et al., 2011). On top, Cd is a potent human 

carcinogen (classified as a human carcinogen category I by the International 

Agency for Research on Cancer (IARC) and the US National Toxicology Program) 

causing preferentially lung and gastro-intestinal (kidney and pancreas) cancers 

(Jomova and Valko, 2011). Reviewing the health risks due to Cd exposure, 

Nawrot et al. (2010) grouped the effects on humans into: osteoporosis, kidney-

related damage, diabetes, cancer, effects on blood pressure and arteries and 

finally effects on reproduction and mortality. We refer to their review for more in 

depth information on this topic. 

Many of the DNA base modifications caused by free radicals are pro-mutagenic, 

pointing to a strong link between oxidative damage and the carcinogenesis of 
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metals (Jomova and Valko, 2011). However, current research suggests that no 

direct genotoxicity but rather multiple indirect mechanisms are operative for 

tumor induction. The underlying mechanisms comprise (1) increased oxidative 

stress, (2) interactions with the cellular DNA damage response systems, 

including DNA repair processes, cell cycle control and apoptosis as well as (3) 

epigenetic changes in DNA methylation patterns, leading to a high degree of 

genomic instability (reviewed by Hartwig, 2010). 

 

1.1.3.4 Remedies for and prevention of Cd accumulation 

Prevention of Cd accumulation in the body can be performed at multiple levels. 

One way is to control the ‘bio-availability’ of Cd in the soil and its transfer 

to plants, especially consumable plants. The capacity to absorb and accumulate 

Cd varies extensively between plant species and varieties. Generally, ‘leaf 

vegetables’ tend to accumulate relatively high concentrations of Cd, whereas 

‘fruit vegetables’ accumulate only low concentrations of Cd (Nawrot et al., 

2010). Therefore, guidelines have been developed, describing how to cultivate 

vegetables on Cd contaminated agricultural soils. Unlike agriculturally grown 

vegetables, home grown vegetables are not subjected to quality control. In the 

cadmium contaminated part of the Campine area, the Cd content in several 

home grown vegetables exceeds the European limit (Nawrot et al., 2010). 

Therefore ‘home farmers’ are advised to take a representative soil sample to 

determine the soil Cd concentrations. On top, soil pH should also be controlled 

(maintained close to neutral: pH-H20 of 7.5; pH-KCl of 6.5) since it has a great 

influence on the ‘plant availability’ of Cd. To lower the amount of Cd-polluted 

dust particles in the atmosphere, generally generated by wind taking up 

polluted soil particles, a well-closed cover of plants could be installed on the 

contaminated soils. In-house prevention can be achieved by replacing carpets by 

floor coverings and by using a vacuum cleaner with a HEPA-filter, combined with 

cyclone technology to remove particles as small as 0.3 µm. Another way to 

prevent Cd accumulation in the body is to decrease its intestinal absorption. 

When dietary essential metals are in short supply and deficiencies develop, Cd 

absorption and toxicity are enhanced (Nawrot et al., 2010; Vesey, 2010). Under 

iron deficiency, the duodenal iron transporter is up-regulated, leading to an 

increased intestinal absorption of dietary Cd (Nawrot et al., 2010). Since iron 
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deficiency is considered to be one of the main nutritional deficiency disorders 

affecting large parts of the European population, this should be addressed as a 

main issue of concern for human health. In this prospect, exposed persons are 

suggested to include essential nutrient supplementation in everyday diet 

(Lazarus, 2010; Matovic et al., 2011). Dietary zinc supplementation may 

prevent Cd-induced disorders in bone turnover and could have a beneficial effect 

on Cd-induced carcinogenesis. Magnesium has the ability to protect the kidney 

from Cd accumulation and has beneficial effects against Cd-altered renal copper 

and zinc levels (Matovic et al., 2011). Although zinc reduced Cd tissue levels 

more efficiently, magnesium is proposed as the dietary supplement of choice for 

the reduction of Cd body burden, since addition of magnesium did not alter zinc 

or copper levels. As a constituent of selenoproteins, proteins with anti-oxidant 

properties that bind Cd, selenium seems interesting as well (Lazarus, 2010). On 

top, vitamin E and/or vitamin C seem to display a protective role against the 

toxic effects of Cd (Jomova and Valko, 2011). 
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Chapter 1.2 

 

Cadmium responses in plants 

 
 

Being sessile organisms, plants need to cope with the ever changing 

environment surrounding them. In vivo plant responses to Cd depend on (1) the 

plant species/subspecies/variety/ecotype (e.g. hyperaccumulators or genetically 

resistant/tolerant plants will respond differently), (2) duration of Cd exposure 

and (3) external environmental conditions which can alter the plants’ sensitivity 

to Cd. This subsection will focus on the responses to Cd in planta, however it 

must be mentioned that part of this response belongs to a common plant 

response under conditions of an excess of toxic non-essential metal ions. 

 

1.2.1 Uptake, transport and localization 

The rate at which higher plants take up Cd depends on its concentration in the 

soil and its ‘availability’ to plants. The plant ‘availability’, defined as ‘the part of 

the total concentration of a chemical that is available to plants’ is mainly 

influenced by the soil pH. Other factors such as the presence of organic matter, 

the redox potential, the temperature, the rhizosphere (root exudates and the 

presence of mycorrhiza, rhizospheric bacteria), cultivar, age of the plant and the 

concentrations of other elements might have significant effects as well (di Toppi 

and Gabbrielli, 1999; DalCorso et al., 2008; Sarwar et al., 2010). To enhance 

soluble metals in the soil, plants might excrete ligands such as organic acids, 

histidine, phytosiderophores and nicotianamine (Callahan et al., 2006). 

Exudation of carboxylase into the rhizosphere is also considered to be able to 

enhance metal accumulation in plants (Clemens et al., 2002). Most Cd present 

in the plant is taken up through the roots, only a small part is taken up from the 

atmosphere (Clemens, 2006b). 

Mechanisms that control the uptake of Cd by plant roots and those regulating 

the accumulation in the edible parts of the plant are not well understood yet 

(Hasan et al., 2009) and vary considerably between plant species. Cd can be 

absorbed as inorganic complexes (e.g. CdCl+, CdCl2, CdSO4) or organic 

complexes (e.g. PC-complexes, MT-complexes) (McLaughlin et al., 1996). Due 
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to their negative charge, cell walls have a significant capacity for binding metals, 

resulting in an increased metal concentration compared to that of the cytoplasm 

(DalCorso et al., 2010). A driving force for the uptake of cations is provided by 

membrane potential and intracellular metal binding or sequestration sites 

(Benavides et al., 2005; Clemens, 2006b). The large negative membrane 

potential alone provides more than enough energy to drive Cd2+ uptake even at 

low concentrations (Hasan et al., 2009). At the root surface, Cd competes with 

other cations to gain access into the plant cell via transport mechanisms for 

micronutrient uptake. There is clear, although mostly indirect, evidence that Cd 

can enter the plant roots via Ca2+, Fe2+ and Zn2+ transporters/channels 

(Clemens, 2006b; Van Belleghem et al., 2007). Further, there is an indication of 

the existence of a Cd2+-specific uptake system in T. caerulescens (Clemens et 

al., 2006b) and an energy dependent transmembrane transport of CdCl2 has 

been reported as well (Heber et al., 2002). Most Cd ions remain at the root 

level, however after reaching the xylem and/or phloem, they can be transported 

to the aboveground tissues following the water stream (di Toppi and Gabbrielli, 

1999, DalCorso et al., 2008). Efficient translocation of metal ions to the shoot 

requires radial symplastic passage, an active loading into the xylem and the 

availability of suitable ligands in the xylem (Clemens et al., 2002). Characterized 

by high mobility and high water solubility, Cd can easily enter the roots cortical 

tissues by passive diffusion (Van Belleghem et al., 2007). Subsequently, 

complexed by several ligands, Cd can reach the xylem through apoplastic and/or 

symplastic transport. Studying X-ray absorption data revealed that Cd is 

chelated by thiolates in root cells but by nitrogen and oxygen ligands in the 

xylem (Salt et al., 1995). Cataldo et al. (1983) stated that Cd is primarily 

associated with components of the amino acid/peptide fraction of soybean xylem 

sap. Although there is no direct evidence for Cd complexes in the phloem sap, 

they are believed to bind to ligands like nicotianamine, metallothioneins and 

phytochelatins. Additionally, indirect evidence for a participation of 

phytochelatins in translocation of Cd has been reported by Gong et al. (2003). 

The lack of energy for Cd sequestration and the Cd-induced cellular damage in 

roots may be driving factors for its translocation from roots to aerial plant parts 

(Sarwar et al., 2010). The P1B-type ATPase AtHMA4 is the first identified 

transporter involved in Cd translocation from root to shoot (Verret et al., 2004; 
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Mills et al., 2005). HMAs (heavy metal transporting P-type ATPases) are pointed 

out as good candidates to transport metal ions and/or metal ion complexes 

across the cell membrane (Axelsen and Palmgren, 2001). Unfortunately, based 

on the scarcity of available data, no mechanisms can yet be proposed for Cd 

translocation. Although less reported, the same pathways for sequestration and 

metal uptake are believed to be addressed in leaf cells (Clemens, 2006b). 

Considering the partitioning of Cd between tissues, well-documented differences 

among species are reported (Wagner et al., 1993). Accumulation, as well as 

distribution of Cd throughout the plant differs depending on the species, ecotype 

and growing conditions. On top, both are influenced by the presence of other 

elements (Grant et al., 2008). Distribution of Cd within the plant is influenced by 

transport from roots to the shoots via the xylem, transfer from the xylem to the 

phloem and transport through the phloem from sources to sinks (Riesen and 

Feller, 2005). Cd has a higher propensity to accumulate in tissues other than the 

roots, compared to other toxic metals or metalloids (Clemens, 2006b). Four 

factors are proposed to determine Cd partitioning in plants: (1) the activity of 

metal-sequestering pathways in root cells, which is likely to play a key role in 

determining the rate of translocation to the aerial parts, (2) the degree of 

accessibility and mobilization of sequestered metal ions, (3) the efficiency of 

radial symplastic passage through the root and across the endodermis and (4) 

the xylem loading activity. In general, the concentration of Cd in plants 

decreases in the order: root > leaves > fruits > seeds (Sharma et al., 2006). 

Depending on the species, Cd was localized in the leaf vacuoles, cell wall, 

epidermis and/or mesophyll (Cosio et al., 2005) and in the tracheids (Van 

Belleghem et al., 2007). A study on leaves of T. caerulescens indicated that 

tissues could be ranked with respect to the Cd concentration as follows: 

apoplasm/cell walls > lower epidermis > mesophyll protoplast (Cosio et al., 

2005). Interestingly, the same study indicated that Cd distribution patterns can 

change with increasing Cd concentration applied, since they observed a Cd shift 

from young to old leaves when the concentration increased. The same is 

described in Arabidopsis thaliana plants exposed to Cd (Van Belleghem et al., 

2006). Precise subcellular localisation of Cd at high concentrations is however 

hindered due to plasmolytic shrinkage (Van Belleghem et al., 2007). Therefore it 

is suggested that subcellular localisation of Cd should be done on lower Cd 
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concentrations that do not induce detrimental plasmolytic shrinkage. The 

duration of the Cd exposure does not appear to influence the Cd distribution 

pattern (Cosio et al., 2005). Taken together, these statements illustrate the 

difficulty of interpreting Cd subcellular localization data. 

 

1.2.2 Morphological and physiological effects 

Once taken up by the plant, Cd induces different toxic effects. At morphological 

level stunted shoot growth, chlorosis, leaf epinasty and root reduction are 

present. At high exposure, anthocyanin-coloring in Arabidopsis leaves was 

described (Van Belleghem et al., 2007). On top, a recent study indicated 

changed root architecture upon Cd exposure (Remans et al., 2012). The 

alterations in normal plant growth are mainly due to interference with 

photosynthesis, respiration, water relations and with the uptake and 

translocation process of minerals (DalCorso et al., 2008; Gill and Tuteja, 2011). 

It is however clear that Cd toxicity depends on the exposure time, the 

concentration to which plants are exposed and the studied plant species 

(Smeets et al., 2005). 

A variety of physiological/biochemical/molecular effects lay at the base of the 

above described morphological effects. At first, several effects caused by Cd 

exposure are linked to an (directly or indirectly) altered uptake of water. 

Nutrient metabolism (uptake, transport and use) is affected as well: by (1) 

interfering with the uptake of Ca, Mg, K and P (Benavides et al., 2005 in 

DalCorso 2008), by (2) inhibiting the nitrate reductase activity in the shoots, Cd 

reduces the absorption of nitrate and its transport to the shoots (Hernandez et 

al., 1996; Gill and Tuteja, 2011), and by (3) the inhibition of root Fe(III) 

reductase which leads to Fe(II) deficiency and consequently affects 

photosynthesis (Alcántara et al., 1994). On top, the presence of Cd in the soil 

leads to uptake competition with other elements which can result in deficiencies 

of trace elements (Benavides et al., 2005). Secondly, Cd interacts with several 

cellular activities like water balance (Clemens, 2006a), photosynthetic activity 

(pigment content, non-photochemical quenching, disruption of the 

photosynthetic apparatus; Sanità di Toppi and Gabbrielli, 1999), protein 

synthesis (Dalcorso et al., 2008) and oxidative mitochondrial phosphorylation 

(Keunen et al., 2011). On top, Cd greatly impedes ion homeostasis, resulting in 
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stomatal closure, chlorosis and increased ethylene levels (Sanità di Toppi and 

Gabbrielli, 1999; Clemens, 2006a). Stomatal closure during Cd exposure is 

independent of the water status; it is caused by interference of Cd with 

movements of K+, Ca2+ and abscisic acid in the guard cells (MacRobiie and 

Kurup, 2007; Perfus-Barbeoch et al., 2002). Similarly, chlorosis is considered to 

be a result of Cd-induced changes in Fe : Zn ratios (Root et al., 1975). Finally, 

Cd generated perturbations in Ca levels could interact with and stimulate 

ethylene production (Rodríguez-Serrano et al., 2006, 2009; Arteca and Arteca, 

2007). Thirdly, many cellular pathways are altered or disrupted upon Cd 

exposure. The presence of Cd has an effect on expression of several genes and 

strongly affects the activity of several enzymes (CO2-fixation, Calvin cycle, 

carbohydrate metabolism, phosphorus metabolism, nitrogen and sulphur 

metabolism and the primary ammonia assimilation) (di Toppi and Gabrielli, 

1999; Gill and Tuteja, 2011). Since Cd is a non redox-active metal, it is not 

taking part in the Haber-Weiss and Fenton reactions. The symptoms of oxidative 

stress are a consequence of the GSH depletion due to binding of Cd to GSH and 

to formation of GSH-derived phytochelatins (Clemens, 2006; Cuypers et al. 

2011). The presence of Cd induces a general redox homeostasis impairment 

(reviewed by Cuypers et al., 2011), triggering H2O2 and O2
- over-accumulation 

(DalCorso et al., 2008). Subsequently, enzymes linked to oxidative stress and 

the anti-oxidative defence mechanisms are well known enzymes which activity is 

altered due to Cd toxicity (Smeets et al., 2005; Smeets et al., 2009; Cuypers et 

al., 2011). Next to enzymatic responses, Cd is known to enhance ROS 

production in subcellular organelles as a result of their highly oxidizing metabolic 

nature and the presence of electron transport chains (Halliwell, 2006). For a 

review on metal induced ROS production in mitochondria, we refer to Keunen et 

al. (2011). However, at present it is not yet clear if overproduction of ROS is the 

cause of redox cellular imbalance or if this imbalance is a specific plant cell 

strategy to cope with metal stress (Schützendübel et al., 2002a; DalCorso et al., 

2008). On top, a secondary effect caused by the Cd-induced ROS accumulation 

is the alteration of signalling mediated by H2O2 and other oxygen species 

(DalCorso et al., 2008). The above described effects on genes and proteins are 

generally due to (1) the high affinity of Cd for sulphydryl groups of structural 

proteins and enzymes which leads to protein misfolding, inhibition of activity 
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and/or interference with redox enzymatic regulation, (2) Cd-induced post-

translational changes (carboxylation and oxidation of sulphur-containing amino 

acids) and (3) the chemical similarity between Cd2+ and functionally active ions 

situated in active sites of enzymes and signalling molecules (Hall, 2002; Villiers 

et al., 2011). Finally, Cd can have an effect on host – pathogen interactions 

(Aloui et al., 2009; Farinati et al., 2009; Ghoshroy et al., 1998; Repetto et al., 

2003; Stroinski, 1997) and lately it was shown that the presence of Cd alters 

the endophytic bacterial community (phenotypically) in Brassica napus L. (Croes 

S, personal communication, unpublished data) and in seeds of Arabidopsis 

thaliana (Truyens et al., 2012).  

 

1.2.3 What happens within the cell upon Cd toxicity  

Before any morphological effects appear, toxic internal Cd concentrations are 

interfering at molecular and biochemical levels (Lagriffoul et al., 1998, Smeets 

et al., 2005; Cuypers et al., 2011). Mitochondria as well as plasma membranes 

are considered as primary cellular targets of Cd (Vangronsveld and Clijsters, 

1994; Cuypers et al., 2009; Cuypers et al., 2010). Once in the cell, Cd disrupts 

the overall metabolism in numerous ways and on several levels, making the 

response to Cd in higher plants a complex phenomenon (Figure 1.1.2). The 

complexity is believed to be dependent on the intensity of the stressor (Cuypers 

et al., 2011). In plants, the presence of Cd leads to altered signalling within the 

cell. This is caused by (1) a perturbation of intracellular calcium level and 

interference with the calcium signalling, through substituting Ca2+ in calmodulin 

regulation, (2) an up-regulation of Mitogen-Activated Protein Kinases (MAPKs), 

(3) the regulation of plant hormone synthesis and (4) via H2O2 production 

(reviewed by DalCorso et al., 2010). MAPKs make up evolutionary conserved 

signal transduction cascades that convert extracellular signals to appropriate 

cellular responses (Opdenakker et al., 2012). Moreover, it is suggested that LOX 

genes, up-regulated upon cadmium exposure might have a role in root-to-shoot 

signalling via the production of oxylipines and jasmonates (Smeets et al., 2009). 

Up to date it is not clear whether the first two signalling pathways are a direct 

result of Cd or an indirect result due to Cd-induced ROS (Deckert, 2005). Signal 

sensing and cellular redox imbalance are strongly dependent on the studied 

plant organ and the chemical properties of the metal (Cuypers et al., 2011). 
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Intracellular signalling targets numerous transcription factors (TrF), resulting in 

an altered gene regulation. By replacing cations in a variety of catalytic sites and 

due to its high affinity for cysteine, glutamate, aspartate and histidine, Cd 

induces an altered gene regulation and altered enzyme activities (Vangronsveld 

and Clijsters, 1994; Waalkes, 2000). ROS induce the formation of disulphide 

bridges, protein – protein crosslinks and are responsible for the oxidation of 

amino acid side chains and protein backbones. As a result, Cd indirectly induces 

protein fragmentation and subsequently proteolytic activity (Berlett and 

stadtman, 1997). Not only proteins are targets of Cd-induced damage; the 

presence of Cd induces DNA damage as well. Different ways (direct or indirect) 

are addressed: (1) inducing changes in DNA-synthesizing enzymes, (2) 

influencing DNA repair processes, (3) binding of Cd2+ to DNA, (4) targeting DNA-

binding proteins, (5) cation substitution in a variety of catalytic sites, (6) 

inhibition of mismatch repair and (7) ROS production (Deckert, 2005). Due to 

DNA damage, Cd alters the cell cycle at the G1/S checkpoint. On top, it can alter 

the cell cycle at the G2/M checkpoint as well, due to a Cd-induced decrease of 

cyclin B1 mRNA (Sobkowiak and Deckert, 2003; 2004). These events ultimately 

lead to an altered cell division. So far, telomerase is the only enzyme described 

to be involved in repair of Cd-induced DNA damage in plants (Fojtova et al., 

2002). Additionally, an increased RNA content is present, mediated indirectly by 

a Cd-induced decrease in RNAse activity (Hirt et al., 1989; Shah and Dubey, 

1995). 
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1.2.4 Tolerance to Cd exposure 

By changing gene expression, altering cell cycle and division, disrupting proteins 

and nucleic acids, affecting cellular signalling and altering enzyme activities, Cd 

rapidly brings the cell in a state of toxicity. A decreased effect of Cd over time 

was described in a poplar study (Kieffer et al., 2009a), suggesting a general 

protective response of plants in order to lower the effects of Cd and survive 

metal exposure (Villiers et al., 2011). Apparently all plants possess some basic 

tolerance to toxic non-essential metals. As a response to Cd toxicity, the plant 

cell is equipped with a number of defence mechanisms. Although exact 

borderlines are hard to premise, the defence mechanisms can be divided into 

‘first line’ and ‘second line’ defence mechanisms; it is note-worthy to mention 

that a ‘fan-shaped model’ is proposed as an alternative (di Toppi and Gabrielli, 

1999). The first line defence mechanisms include (1) exclusion, (2) 

immobilisation, (3) compartmentalisation, (4) synthesis of phytochelatins and 

(5) synthesis of metallothioneins. These mechanisms could be considered as 

mechanisms to prevent Cd of inducing cell stress. However, when the first line 

defence mechanisms are insufficient to cope with the excess of metals and 

damage is occurring, second line defence mechanisms are addressed, 

including (6) synthesis of stress-related proteins, (7) synthesis of proteins 

involved in the anti-oxidative stress response and (8) synthesis of the stress 

hormone ethylene. Since these defence mechanisms are already reviewed (di 

Toppi and Gabbrielli, 1999; DalCorso et al., 2008; Seth et al., 2012), only the 

most essential steps will be discussed in the next paragraph. 

In general, the plants’ mechanisms for detoxification of heavy metals appear 

primarily to be involved in avoiding the build up of toxic concentrations at 

sensitive sites rather than developing proteins that resist the heavy metal 

effects. At root level, Cd molecules can be prevented from entering the cell 

simply by immobilisation on the cell wall (on pectic sites and histidyl groups) 

and extracellular carbohydrates (Verkleij and Schat, 1990; Wagner, 1993). 

However, since the adsorption capacity of the cell wall is limited and since 

metal-specific tolerance is hard to explain by this mechanism, its role in metal 

tolerance is controversial (Hall, 2002). Next, root exudates such as malate and 

citrate can complex Cd to the soil matrix and thereby prevent its uptake by the 

plant (Delhaize and Ryan, 1995). Exclusion of Cd molecules at the level of the 
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cell membrane, could be effective, but is however not yet understood in plants. 

Cd is known to influence the lipid composition of membranes which may have a 

direct effect on the membrane permeability (Hall, 2002). Upon high toxicity, 

disruption of the plasma membrane can occur (Vangronsveld and Clijsters, 

1994; Smeets et al., 2005; Cuypers et al., 2009; Cuypers et al. 2011), resulting 

in cellular leakage. When the concentration of the toxic element rises above the 

capacities of these barriers, active defence mechanisms are addressed to 

produce chelating compounds (glutathione, phytochelatins, metallothioneins, 

organic acids, …) that are involved in the detoxification and 

compartmentalization of Cd into specific cellular components. Besides the limited 

capacity of exclusion mechanisms, the presence of metal ion transporters make 

Cd entrance into the cell possible. Several metal ion transporters (i.e. ZIP, 

NRAMP, HMA, CAX, CDF and ABC transporters) are believed to be involved in the 

response to Cd, although hard evidence is often still missing (DalCorso et al., 

2008; Villiers et al., 2011). Influx transporters are generally considered to show 

low selectivity, while intracellular transporters are highly selective in exporting 

metal ions from the cytosol to the vacuoles or outside the cell. The above 

mentioned transporters are involved in Cd uptake by the roots, Cd transport 

within the plant, xylem unloading processes or in exporting Cd out of the cytosol 

into the vacuole or the apoplast (DalCorso et al., 2008; 2010). In contrast to the 

extensively studied vacuolar transporters, the soluble proteins in this organelle 

have drawn less attention. Considering that mechanisms following ion uptake in 

the vacuole and leading to its stabilization could be crucial for long-term storage 

and sequestration (Villiers et al., 2011), this is an interesting field yet to be 

explored. Upon Cd entry in the cytosol, the production of phytochelatins is 

promptly activated (di Toppi and Gabbrielli, 1999; Horemans et al., 2007; 

Semane et al., 2007; DalCorso et al., 2008). For long time, activation of 

phytochelatin synthesis has been considered as a result of direct interaction of 

the metal with the enzyme system. However, an alternative model is postulated, 

presuming an indirect activation by metal binding on the enzyme’s substrate 

(Vatamaniuk et al., 2000). Since there are observations conflicting with this 

second model (Cobbett and Goldsbrough, 2002), more research needs to be 

conducted to elucidate the activation mechanism. Although misleading by their 

name, phytochelatins are found in plants as well as in animals. They are 1.5 – 4 
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kDa complexes with a general structure of (ϒ-Glu-Cys)n-X with n being a 

variable number from 2 till 11 and X generally being Gly, but variants containing 

β-Ala, Ser, Glu or Gln have been reported (Cobbett and Goldsbrough, 2002; 

Dalcorso, 2008, Seth et al., 2012). In vitro studies with crude extracts and 

partially purified protein preparations showed that phytochelatin synthases are 

strictly dependent on the presence of metal or metalloid ions in the assay buffer, 

with Cd ions as the most potent activators. Phytochelatins chelate the free Cd 

molecules, preventing them from circulating in the cytosol (Grill et al., 1985). 

Binding to these phytochelatins will finally lead to Cd compartmentalisation in 

the vacuole, generally accepted as the main site of metal sequestration in roots 

(Clemens, 2006b). To enter the vacuole, Cd-phytochelatin complexes will bind 

acid-labile sulphide (S2-), probably at the tonoplast level. By the incorporation of 

sulphide into the Cd-phytochelatin complex, a HMW (high molecular weight) 

complex is formed. The incorporation of the sulphide increases the complex 

stability, the affinity to Cd and the amount of Cd per molecule (Cobbett and 

Goldsbrough, 2002). In yeast, it has been demonstrated that the transport of 

HMW complexes across the tonoplast is mediated by ATP-binding cassette (ABC) 

transporters (Cobbett and Goldsbrough, 2002). However, up to date no plant 

vacuolar ABC transporter has been identified transporting Cd-glutathione or Cd-

phytochelatin complexes (Martinoia et al., 2007). In the vacuole, due to the acid 

pH, the HMW complex will dissociate and Cd will be complexed by organic acids 

or amino acids present in the vacuole. The apo-phytochelatins will either be 

degraded inside the vacuole or return to the cytosol to fulfil their shuttle role. 

Phytochelatins play a decisive role in Cd detoxification at any concentration and 

exposure time, however an excessive amount of phytochelatins does not confer, 

per se, any hyper-tolerance (DalCorso et al., 2008). A positive correlation 

between (1) the level of Cd exposure and exposure time and (2) the number of 

ϒ-Glu–Cys repeat units in phytochelatins was reported (Grill et al., 1987; Vögeli-

Lange and Wagner, 1996). Nevertheless, other factors might play a more 

important role than the phytochelatin level: (1) the efficiency of Cd 

detoxification seems to depend on the capacity of phytochelatins to link S2- 

groups rapidly (di Toppi and Gabbrielli, 1999), (2) a FAD/NAD-linked disulphide 

reductase (perhaps a phytochelatin reductase) seems to be essential to 

guarantee sufficient reducing power to prevent Cd-induced phytochelatins to 
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become oxidized and to become inefficient to bind Cd (di Toppi and Gabrielli, 

1999) and (3) the HMT2 protein is required to accumulate phytochelatins in the 

vacuole (Vande Weghe and Ow, 1997). Studies on the quantitative contribution 

of the phytochelatin pathway to Cd accumulation strongly argue for binding of a 

large portion of Cd by phytochelatin complexes. However, the binding capacity 

seems to be dose-related; at environmentally realistic Cd exposure (0.1 µM), 

only 50% of the total Cd in roots was bound, while at higher Cd exposure, the 

fraction on total Cd bound rose close to 90%. In leaves, only 27% of the total 

Cd was complexed by phytochelatins, indicating a slighter contribution of the 

phytochelatin pathway (Rauser, 2003). On the other hand, phytochelatins may 

play other important roles in the cell, including essential heavy metal 

homeostasis, sulphur and iron metabolism or anti-oxidant activity (Rauser, 

1995; Dietz et al., 1999; Cobbett, 2000). As mentioned above, another function 

reported for phytochelatins, is their role in Cd transport from root to shoot 

(Gong et al., 2003). To keep Cd accumulation low in the root, a phytochelatin 

dependent ‘overflow protection mechanism’ acts to transport extra Cd to the 

shoot (Gong et al., 2003). Although the phytochelatin pathway seems to be a 

promising response to Cd toxicity, the metabolic fate of phytochelatin-Cd 

complexes is poorly understood. On top, there are indications that these 

complexes are only transiently formed (Clemens, 2006b). Subsequently, the 

binding partners for long-term Cd accumulation are yet to be determined. Next 

to the phytochelatin-dependent sequestration into the vacuole, the Cd2+/H+ 

antiport system across the tonoplast is also involved in Cd compartmentalisation 

(Clemens, 2006b). In mammalian cells, metallothioneins, low molecular weight 

cysteine-rich peptides, are known to bind Cd efficiently on cysteine residues via 

mercaptide bounds. In contrast to phytochelatins, metallothioneins (8 – 14 kDa 

complexes similar to those of meta 40-thioneine) are mRNA translation 

products. Although there is some evidence that supports their participation in Cu 

homeostasis (Cobbett and Goldsbourgh, 2002) and in metal ion transport 

(Garcia-Hernandez et al., 1998; DalCorso et al., 2010), there is no direct 

molecular evidence indicating a binding in planta of other metals than possibly 

Cu (Clemens, 2006b). Therefore, their role in Cd detoxification seems to be of 

minor importance. However, since a function as anti-oxidants and a role in 

plasma membrane repair is postulated, they could be indirectly involved in metal 
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tolerance (Salt et al., 1998; Dietz et al., 1999). As a secondary response 

strategy to Cd stress, transcriptional regulation of metal-responsive genes is 

described. Transcription factors putatively responsive to heavy metal stress have 

been identified (Fusco et al., 2005). The generally accepted hypothesis of a 

highly complex plant response to Cd could be confirmed by the observation that 

the Cd-responsive transcription factors belong to different groups (DalCorso et 

al., 2008). DNA of Cd stressed cells produce specific mRNA transcripts which 

regulate the synthesis of stress proteins. Stressed by Cd, plant cells start the 

synthesis of heat shock proteins (HSPs), more generally referred to as stress 

proteins since they are known to be induced by a variety of stresses (Villiers et 

al., 2011). HSPs are involved in protein (re)folding, proteins stabilization under 

stress conditions and/or denaturation of misfolded proteins (di Toppi and 

Gabbrielli, 1999; Hall, 2002; Villiers et al., 2011). Being a non redox-active 

metal, Cd can only evoke oxidative stress via indirect mechanisms; e.g. through 

disruption of the electron transport chains, the induction of lipid peroxidation 

and the induced changes in the anti-oxidant defence mechanism (Cuypers et al., 

2011). Hydrogen peroxide (H2O2) is believed to be a key molecule able to trigger 

signal transduction events after plant metal exposure (Smeets et al., 2008a, 

2009; Cuypers et al., 2011). As a response, the anti-oxidative defence 

machinery needs to be enhanced in order to prevent cell death due to lipid 

peroxidation, protein oxidation, enzyme inhibition and damage to nucleic acid 

generated by oxidative stress. This defence machinery comprises non-enzymatic 

(glutathione, GSH; ascorbic acid, AsA; α-tocopherol and carotenoids) and 

enzymatic (superoxide dismutase, SOD; catalase, CAT; ascorbate peroxidase, 

APX; glutathione reductase, GR; monodehydroascorbate reductase, MDHAR; 

dehydroascorbate reductase, DHAR; peroxidases and glutathione-S-transferase, 

GST) anti-oxidants (Mittler et al., 2004; Gill and Tuteja, 2011, Seth et al., 

2012). Finally, it is described that Cd stimulates ethylene production by 

enhancing the in vivo activity of ACC synthase (di Toppi and Gabrielli, 1999). 

Together with cysteine peptidases, serine peptidases, calcium and oxidative 

stress, ethylene is a main player in the Cd-induced cell death signalling 

(Iakimova et al., 2008).  Recently it was suggested that ethylene plays an 

important role in S-induced alleviation of Cd stress on photosynthesis (Masood 

et al., 2012). However, due to the scarcity of data available, it is impossible to 
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understand the relationship between Cd stress and ethylene biosynthesis. To 

conclude, it should be mentioned that although Cd2+-specific response genes are 

identified, most of the other responses identified to date have been classified as 

‘general stress responses’. These are known to be induced by various biotic and 

abiotic stresses in a large number of independent studies (Clemens, 2006b). 

Revealing the signalling events that lead to the activation or down-regulation of 

genes is crucial, since this is generally characterized as a ‘black box’ at this 

stage.  
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Chapter 1.3   

 

Approaches to cope with cadmium contaminated sites 

 

 

1.3.1 Which approach to choose? 

Due to its relatively high mobility in soils, Cd accumulates significantly in plants 

grown on Cd contaminated soils, posing a serious threat to human and animal 

health. As mentioned above, it’s easy entrance into the food chain leads to 

drafting threshold values for agricultural soils and crops. Due to the toxic effects 

of Cd, care must be taken into account when growing crops on Cd contaminated 

land. Moreover, highly contaminated land needs to be remediated before 

agricultural activities can be resumed. The different approaches that can be used 

on Cd contaminated soils can be categorized into two main groups: those 

limiting the uptake of Cd into the plants and those cleaning up the contaminated 

soil.  

Appropriate management practices for metal contaminated sites, must aim at 

minimizing the risk of contaminant dispersal into the environment. Additives 

(e.g. lime, zeolite, phosphates, apatites, red mud, chemical chelators, ...) can be 

applied to avoid contaminant uptake by plants (Mench et al., 1994; Ruttens et 

al., 2006; Ruttens et al., 2010). They are able to reduce the metal availability to 

the plant and subsequently reduce their toxic effects, resulting in a revegetation 

of contaminated land. By establishing a vegetation cover, further horizontal and 

vertical spreading of the contaminant is strongly reduced (Vangronsveld et al., 

1995, 1996, 2009). Moreover, in terms of phytoextraction, additives can be 

used to make soil metals more available for plant uptake (Meers et al., 2008). 

Since chemical additives are very expensive, a recent shift occurred towards 

biofertilizers. Additionally, biodegradable amendments receive greater attention 

since some amendments typically show long term persistence. Although the use 

of additives can be beneficial, there is a risk of (1) uncontrolled dissolution and 

leaching, which can cause ground water pollution, (2) evoking toxic effects on 

microorganisms, (3) affecting soil solution pH and microstructure and of (4) 

enhancing mobilization and ‘plant availability’ of the contaminants (Nachtegaal 

et al., 2005; Meers et al., 2008; Vangronsveld et al., 2009; Meers et al., 2010). 
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Controlled Deficit Irrigation (CDI), is proposed as a technique to avoid pollutant 

leaching (Fine et al., 2012). Besides the risks, the application of chelating agents 

is often promising on a small laboratory scale, but is much less efficient in the 

field (Glick, 2010). In their review on chelant-assisted phytoextraction, 

Evangelou et al. (2007) stated that possibly a turning point is reached in which 

chelant-assisted phytoextraction should be abandoned in favour of alternative 

options. Nonetheless, scientists propose this technique as a temporary measure 

while attending a more definitive remediation (Vangronsveld et al., 2009; 

Simmler et al., 2012). Lessons from the past should be considered using 

amendments. New Zealand, for example, copes with increasing Cd pollution 

caused by applying super phosphate fertilizers on the land (in past and present). 

To avoid introducing new potential risks, high care should be taken when using 

new amendments since their potential risks or negative characteristics often 

remain unexplored and underestimated. On top, these risks often only appear 

after several years of application. 

As a more moderate strategy to limit Cd uptake and/or translocation in plants, 

plant breeding programs have utilized natural genetic variation within crop 

species to select and breed crop plants which accumulate low Cd in the grain or 

other edible plant parts. Although promising results have been obtained, there 

are constraints to its use since it is very time-consuming to develop suitable 

cultivars (5-10 years on average) (Grant et al., 2008). Another strategy to avoid 

Cd contamination in food is the use of plant nutrients to alleviate Cd toxicity. 

Several plant nutrients have many (in)direct effects on Cd availability and 

toxicity (Sarwar et al., 2010). It has long been known that an excess of essential 

cations such as Zn2+ and Ca2+ has a protective effect against Cd2+ toxicity 

(Antonovics et al., 1971). Management of plant nutrients can be useful in (1) 

reducing Cd availability in soil, limiting root absorption, decreasing root-to-shoot 

translocation and (2) the development of tolerance against Cd toxicity and the 

reduction of Cd accumulation in edible plant parts. For a review on the 

relationships between plant nutrients and Cd, we refer to Sarwar et al. (2010). 

Focussing on sulphur nutrition, a review discussing the regulatory mechanism of 

S uptake and assimilation, GSH and PC synthesis in order to tolerate Cd stress, 

is provided by Gill and Tuteja (2011).  
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Clean up strategies are often chosen on Cd contaminated soils. Among them, a 

distinction can be made between “classical” and “new age” remediation 

techniques. The classical techniques (e.g. soil washing, excavation and dumping, 

the use of organic or inorganic amendments) are generally more invasive; they 

are more harmful for the environment, expensive, time consuming (Glick, 2010) 

and on top, they are - from an economic point of view - not applicable on large 

scale, diffuse contaminations (Meers et al., 2008; Weyens et al., 2009d). On the 

contrary, the “new age” techniques (e.g. phytoremediation, bacteria based 

remediation and a combination of the former) try to avoid negative effects on 

the total environment. These recent techniques have come a long way in a short 

time (Glick, 2010) and will be the focus of the next paragraph.  

 

1.3.2 Phytoremediation 

1.3.2.1 General information 

Phytoremediation s.l. comprises the use of plants that exclude metals from 

edible plant parts (phytoexclusion) or to remove (phytoextraction), convert 

and/or degrade (phytotransformation) or stabilize (phytostabilization) 

contaminants in water or soils. During the last decade, these techniques gained 

increasing attention since they are considered to be cost-effective, 

environmentally friendly alternatives to the classical remediation techniques 

(Vangronsveld and Cunningham, 1998; Lasat, 2002, Vassilev et al., 2004; Glick, 

2010).  

In contrast to organic contaminants, toxic metals can’t be degraded to non-

hazardous compounds. Therefore, focussing on toxic metal contamination sites 

in the Northeastern part of Belgium, phytoextraction is considered to be a 

promising green remediation technique (Chaney, 1983). Using phytoextraction, 

pollutants are removed from contaminated soils by absorption into the plant and 

translocation to harvestable plant parts. The preconceived goal is to reduce the 

metal concentration to an acceptable value within a reasonable timeframe (do 

Nascimento et al., 2006). Despite the growing interest in this technique, some 

limitations need to be considered: (1) the ‘plant available’ fraction of the metal 

in the soil, (2) the physical availability of the metal to the plant roots, (3) the 

translocation to the above ground plant parts and (4) the tolerable metal 

concentration within the plant. On top, although extensive efforts have been 
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made to use phytoextraction for removal of toxic metals from the soil, no 

convincing field data have been produced to allow its broad practical application 

as a short-term alternative for classical remediation techniques (Meers et al., 

2010).  

 

1.3.2.2 Phytoextraction of toxic metals 

1.3.2.2.1 Hyperaccumulators versus high biomass producing plants 

In general, two approaches are applied in phytoextraction experiments: (1) the 

use of hyperaccumulators; focussing on Cd, this is defined as plants that are 

able to accumulate at least 100 mg kg-1 Cd in natural environments (Brown et 

al., 1994; Reeves and Baker, 1999) or (2) the use of high biomass producing 

plants with a rather low metal accumulation capacity and low translocation 

efficiency. Although hyperaccumulators are able to accumulate high 

concentrations of toxic metals and are characterised by a high translocation 

efficiency, their absolute produced biomass is rather low and their remediation is 

only effective in the top soil layer. Using fast growing, high biomass producing 

plants like poplar and willow, provides some additional advantages: (1) being 

phreatophytes their roots follow the soil water table, and by consequence deeper 

soil layers can be reached for remediation, (2) the produced biomass can be 

used as a bio-energy source, making the long-term remediation process 

economically more attractive, (3) despite the generally low translocation rate of 

non-hyperaccumulators (DalCorso et al., 2008), the high transpiration rate, 

typical for poplars and willows, generates a high water ‘flow through’ resulting in 

a higher water (and toxic metal) uptake capacity and one can speculate on a 

higher translocation efficiency. Finding the right balance between high levels of 

metal uptake and high productivity remains a major challenge. On top, finding 

the appropriate remediation plant depends strongly on the characteristics of the 

contaminated soil (Evangelou et al., 2012). In order to make remediation of 

metal-polluted soils effective, plants must be tolerant to one or more metals, 

highly competitive, fast growing and able to produce high aboveground biomass 

(Glick, 2010). Moreover, the opinion exists that metal phytoextraction will be 

more economically interesting if plants produce biomass with an economical 

value (Vangronsveld et al., 2009). Nonetheless, hyperaccumulators posses 

sources of genes for the improvement of non-hyperaccumulator plants 
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(DalCorso et al., 2008). By transferring the genetic potential responsible for 

hyperaccumulation from hyperaccumulator species to plants with appropriate  

traits for phytoremediation (e.g. poplar, willow and Indian mustard), the 

capacity for pollutant accumulation and tolerance could be enhanced in the latter 

(DalCorso et al., 2008; Liang et al., 2009). Although positive results in this topic 

have been reported (e.g. Zhu et al., 1999; Bennet et al., 2003; Eapen and 

D’Souza, 2005; Krämer et al., 2007; Hanikenne et al., 2008), more information 

is needed on the mechanism responsible for hyperaccumulation/-translocation. 

Up to date, the molecular genetic basis of Cd tolerance and hyperaccumulation 

has not yet been incontrovertibly identified. Further efforts need to be 

undertaken to unravel whether the genetic control of Cd 

tolerance/hyperaccumulation is polygenic or oligogenic/monogenic (di Toppi and 

Gabrielli, 1999). Since there is no evidence of the occurrence of one single 

mechanism that can account for tolerance/hyperaccumulation to a wide range of 

metals (Hall, 2002), breeding plants for broad phytoremediation purposes will 

involve a large number of genetic changes (Macnair et al., 2000). On top, it is 

not to be forgotten that the control can be both genetic as well as environmental 

(Baker et al. 1990). 

The debate whether hyperaccumulators or high biomass producing plants should 

be used for phytoextraction, is still ongoing. Vangronsveld et al. (2009) pointed 

out that the choice of the phytoextractor depends on the site characteristics, and 

reviewed the advantages and disadvantages of both options. 

 

1.3.2.2.2 Phytoextraction efficiency determinants 

In order to determine the efficiency of the phytoextraction process several 

parameters should be considered (Lebeau et al., 2008): (1) plant biomass, (2) 

metal concentration in the plants, (3) plant available metals in the soil, (4) 

translocation factor (TF; defined as the ratio of metal concentration in the shoot 

(Cs) to that in the root (Cr): TF = Cs / Cr) and (5) bio-accumulation factor. All 

these parameters will result in a certain phytoextraction rate (PhR; defined as 

PhR = (Cp x Mp / Cso x Mrz) x 100% where Cp is the metal concentration in the 

aboveground plant parts, Mp is the mass of the aboveground plant parts, Cso is 

the metal concentration in the soil and Mrz is the mass of the soil volume rooted 

by the species under study). Concerning the plant biomass and the metal 
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concentration within the plant, a trade off should be made between 

hyperaccumulators and high biomass producing plants (see section 1.3.2.2.1). 

As stated above, the amount of metals extracted by the plant, the translocation 

factor, the bio-accumulation factor (BF) and the phytoextraction rate are 

limitations that need to be overcome in order to render phytoextraction the 

efficiency it needs to become a widely applied remediation technique in metal 

contaminated sites. The definition of the bio-accumulation factor is not that 

straightforward. It is generally defined as:  BF = Cp / Cso where Cso is the metal 

concentration in the soil. However, depending on the author’s interpretation, Cp 

can be defined as metal concentration in all aboveground plant parts or be 

divided into metal concentration in different plant parts i.e. root, stem and 

leaves. Liang et al. (2009) stated that the BF is species dependent and might 

change with soil composition and contaminant concentrations; the BF values for 

the hyperaccumulators T. caerulescens and A. halleri decreased with increasing 

soil metal concentration. This further raises the question whether 

hyperaccumulators are suitable for phytoextraction purposes. To screen poplar 

and willow plants for phytoremediation capacities, Zacchini et al. (2009) 

calculated the tolerance index as well (TI; TI = (DWCd / DWcon) x 100 where 

DWCd and DWcon represent the dry weight of plants grown on Cd and control 

conditions respectively) and found poplars to be moderately tolerant to Cd, 

compared to willows which were highly tolerant. 

In order to boost these limiting parameters, the exploitation of the interaction 

between plants and their associated microorganisms received increasing 

attention in the last decade and is termed ‘bacterial enhanced phytoextraction’. 

 

1.3.3 Bacterial enhanced phytoextraction 

1.3.3.1 Plant-associated bacteria 

Up to date, all investigated plants have shown to live in close relationship with 

microorganisms (e.g. bacteria and fungi). These microorganisms can support 

nutrient uptake, increase resistance against pathogens and enhance plant 

growth (Mathesius, 2009). Focussing on plant-associated bacteria, two classes 

can be distinguished: rhizosphere bacteria and endophytic bacteria. Rhizosphere 

bacteria live in close relationship with the plant at the rhizosphere level. They 

thrive on root exudates and in return help their host plant to cope with various 
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stresses, including metal contamination. Here, it should be mentioned that at 

rhizosphere level, mycorrhiza and more precisely ectomycorrhiza, can also 

contribute to ameliorating the effects of metal toxicity in host plants (Hall, 2002; 

Krznaric et al., 2009; Krznaric et al., 2010; reviewed by Miransari, 2010). 

Endophytic bacteria colonize the internal tissues of their host plant and can form 

a range of different relationship states including symbiotic, mutualistic, 

commensalistic and trophobiotic (Ryan et al., 2008). Bacteria can switch 

between different relationship states and it has been postulated that many 

symbiotic or pathogenic bacterial taxa live as commensals on the plant before 

they undergo a closer association (Knief et al., 2011). The switch seems to be 

based on mechanisms that coordinate the expression of genes whose products 

ultimately determine the nature of the association (Knief et al., 2011). On top, it 

should be mentioned that this distinction (rhizosphere vs endophytic bacteria) is 

not always as straightforward since a significant part of endophytic bacteria 

originate from the rhizosphere (Ryan et al., 2008). Endophytes are considered 

to enter the roots through cracks at the point of lateral root formation and to 

subsequently colonize the root intercellular space, aerenchym and cortical 

tissues. Only few bacteria enter the stele to colonize other plant parts. As a 

result, the endophytic concentration is highest in the roots, followed by the stem 

and the leaves (Compant et al., 2010; Weyens et al., 2011a). In addition, plant 

endophytic bacteria can be transferred to subsequent generations via seeds 

(Mastretta et al., 2009; Remans et al., 2012), by colonization of meristems 

(Pirttilä et al., 2000), by transfer through gametes (Madmony et al., 2005) or 

through direct vascular connections from the maternal plant (Block et al., 1998). 

Using plant-associated bacteria, investigators hope to circumvent the limitations 

specific to phytoextraction that are listed above. The use of soil bacteria to 

facilitate phytoremediation is reviewed by Glick (2010). By producing organic 

acids or siderophores, plant-associated bacteria (rhizosphere or endophytic) can 

influence the availability of the metal(s) in the soil in response to the plant’s 

need (Shenker et al., 2001). Furthermore, it is described that endophytic 

bacteria are able to play a role in the translocation of metals to the aboveground 

plant parts (Lodewyckx et al., 2002a,b; Mastretta et al., 2006). On top, many 

plant-associated bacteria have been reported to promote plant growth directly or 

indirectly (Lodewyckx et al., 2002a; Lucy et al., 2004; Lebeau et al., 2008; 
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Weyens et al., 2009a, Remans et al., 2012). Direct stimulation of plant growth 

occurs by the production of phytohormones (e.g. cytokinines, auxines), by the 

fixation of nitrogen from the atmosphere, by the production of siderophores 

which make essential nutrients available to plants, by producing enzymes that 

influence plant growth and development (Glick, 2003) or by inducing ACC 

deaminase activity leading to a decreased ethylene production (Glick, 2005; 

Arshad et al., 2007). Indirect stimulation is accomplished by competition with 

pathogens for nutrients and space (Glick, 2003; Selosse et al., 2004), by 

producing antibiotics (Rosenbleuth and Martinez-Romero, 2006), by producing 

hydrolytic enzymes that attack pathogen cell walls, by deactivating toxic 

compound produced by pathogens or by inducing the plant’s defence 

mechanisms (Selosse et al., 2004; Weyens et al., 2009a). By enhancing plant 

growth, a larger root system is established and subsequently the volume of soil 

that can be reached is enhanced. In this context, Arshad et al. (2007) stated 

that ‘extensive root growth is a prerequisite to maximizing the effectiveness of 

phytoremediation processes’. On top, generating more biomass results in a 

higher absolute amount of metals that can be stored before phytotoxic effects 

occur, referred to as the ‘dilution effect’ and in a higher production of potential 

bio-energy. 

 

1.3.3.2 Engineered plant-associated bacteria 

Another approach, next to exploiting the characteristics inherent to a specific 

plant-associated bacterium, is to equip bacteria with extra traits in order to 

enhance the clean-up of a specific contaminant (Barac et al., 2004; Taghavi et 

al., 2005; Andria et al., 2009; Weyens et al., 2009b; 2010a; 2010b; 2011b). 

Moreover, by combining specific ‘contamination traits’ with growth-promoting 

traits, remediation efficiency might be enhanced even more.  

To cope with an excess of toxic metals, different mechanisms have been 

reported in bacteria: (1) enzymatic detoxification, (2) intracellular sequestration, 

(3) active efflux transport, (4) extracellular sequestration, (5) reduction in metal 

sensitivity of cellular targets and (6) metal exclusion (Bruins, 2000). By binding 

(precipitating) metal ions onto their cell wall or by intra- and extracellular 

sequestration, the ‘plant availability’ of the toxic metal decreases in the bacterial 

environment. This indicates that the bacterial mechanisms to cope with metal 
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stress could have a beneficial effect on phytoextraction efficiency. That is, if 

endophytic bacteria possess mechanisms to lower the ‘plant availability’ of Cd in 

the plant, the plant is able to take up more Cd from the contaminated soils 

before toxic effects will appear. Focussing on remediation of Cd contaminated 

soils, the CZC / CZR efflux mechanism is of special interest since it allows Cd 

ions to be precipitated onto the bacterial cell wall (Figure 1.3.1). The czc operon 

comprises 8 genes; 3 genes coding for structural proteins and 5 genes involved 

in regulation. The structural genes czcC, czcB and czcA code for proteins that 

together form a three component export pathway (Nies et al., 1989). CzcC is 

required to complete the efflux of ions into the extracellular medium. CzcB is a 

transmembrane protein connecting the inner and outer membrane and thereby 

preventing leakage of ions into the intermembrane space. On top, it might also 

provide specificity for heavy metals (Nies et al., 1989). CzcA, the centre part of 

the heavy metal efflux pump, is known as a chemiosmotic cation/H+ antiporter 

(Taghavi et al., 1997). Since the czc operon is inducible by zinc, cobalt and Cd, 

loci that regulate the transcription of the czc structural genes and that respond 

to these metals, must be present (Taghavi et al., 1997). Usually control of 

heavy metal resistance determinants by their substrates is a simple process. 

However, compared to other metal resistance determinants, regulation of the 

cobalt/zinc/cadmium resistance in Ralstonia metallidurans is a complex process 

(Groβe et al., 2004). For one, the regulation of the czc operon is influenced by 

cytoplasmic as well as periplasmic metal cation concentrations. Two regions 

have been identified that might be involved in the heavy metal-dependent 

regulation of the czc operon. The upstream region comprises 2 regulatory genes, 

i.e. czcN and czcI. Transcription of both genes is induced by 300 µM zinc and by 

300 µM cobalt. In contrast, transcription was not elevated in the presence of 300 

µM Cd (Groβe et al., 1999). It is known that CzcN contains a CzcR binding site 

(Groβe et al., 2004), but as for czcI, its precise function is not yet understood 

(Groβe et al., 1999; von Royzycki and Nies, 2009). Downstream of the 

structural genes czcCBA, a second regulatory locus i.e. czcDRSE, is found (Nies, 

1992, Nies et al., 1989, van der Lelie et al., 1997). The precise function of CzcD 

is not yet known, but it is believed to be a transmembrane spanning protein, 

more specific a cation diffusion facilitator (CDF). Functioning as a metal sensor, 

CzcD may play a role in expression of the CzcCBA pump (Legatzki et al., 2003; 
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Groβe et al., 2004). The CzcRS is considered to act as a two component 

regulatory system in which CzcS acts as the sensor histidine kinase and CzcR as 

the response activator (van der Lelie et al., 1997). CzcR is known to bind to the 

czcNp promoter region, but not to any other czc promoter (Groβe et al., 1999). 

CzcE is a periplasmic, metal-binding protein, which is believed to function as an 

indirect repressor of the czcNp promoter. It is recently speculated that CzcE may 

inhibit phosphorylation of CzcS at low periplasmic metal-ion concentrations, 

resulting in a CzcE -> CzcS -> CzcR -> czcNp transduction chain (Groβe et al., 

2004). As a consequence of the cation/H+ antiporter, high metal concentrations 

are present at the cell membrane and pH increases in this area. In this pH 

gradient, carbon dioxide, produced by the cellular carbon metabolism, is 

transformed into carbonates and bicarbonates. These (bi)carbonates precipitate 

with the metal cations onto the bacterial cell wall, preventing metal ions to re-

enter the bacterial cell (Diels et al., 1993). This bioprecipitation process can be 

of great interest for phytoextraction purposes: endophytic bacteria equipped 

with the czc operon might be able to lower the amount of ‘plant available’ Cd 

within the plant by binding it onto their cell wall.  

In Pseudomonas aeruginosa CMG103 a metal resistant mechanism, showing 

great similarity with the metal resistance mechanism encoded by the czc 

operon, was identified. This czr operon, involved in zinc and Cd resistance, 

comprises 5 genes: czrSRCBA. The gene products of czrCBA resemble the 

chemiosmotic cation-proton antiport efflux system of the czcCBA gene cluster. 

On top, the predicted CzrS and CzrR proteins show a significant similarity to the 

sensor and regulatory proteins of the two component regulatory systems 

CzcS/CzcR respectively. A major difference between the czr system and its czc 

counterpart is the location of the regulatory genes and their direction of 

transcription (Hassan et al., 1999). Aiming to introduce the above described 

three component metal resistance mechanism in plant growth-promoting 

bacteria, the czr system has an advantage over the czc system since it is easier 

expressible outside its host (van der Lelie D, personal comment). 
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Figure 1.3.1: czc metal resistance mechanism. A three component metal 

export mechanism, consisting of CzcC, CzcB and CzcA proteins, is responsible 

for metal (M2+) export. Due to the metal/proton antiport system, pH decreases, 

resulting in a metal precipitation on the bacterial cell wall. Two zones of 

regulatory genes, one upstream and one downstream, are involved in this 

bacterial defence system. 

 

Although engineered plant-associated bacteria gain increasing attention in the 

field of phytoremediation, scientists remain sceptic about their application in the 

field: Singer et al. (2005) stated ‘notwithstanding the phenomenally large and 

ever increasing resource of pollutant-degrading microbial isolates in laboratories 

around the globe, inoculum survival remains the Achilles’ heel for bio-

augmentation of contaminated land’. It is irrefutable that inoculated strains need 

to compete with the natural bacterial population. In the field of bio-

augmentation, priming i.e. predisposing an isolate or population of 

microorganisms to future conditions in which they are designed to perform a 

role, is however believed to be a promising technique to give the inoculum a 

higher survival chance (Weyens et al., 2009b). However, it is noteworthy to 

mention that it might even not be necessary for the inoculated strain to survive 

in order to obtain satisfactory remediation results. Due to horizontal gene 

transfer the natural endophyte population could be equipped with the capacity to 
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degrade or stabilize a pollutant without requiring long-term establishment of the 

inoculated strain (Ryan et al., 2008). On top, the endophytic niche is considered 

a hot spot for horizontal gene transfer (Taghavi et al., 2005; Weyens et al., 

2009b; Weyens et al., 2009d). 
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2.1 Objectives 

 

The work presented in this thesis is devided into two parts: 

 

The first part focuses on engineering Cd-resistant plant growth-promoting 

endophytes to enhance phytoextraction 

Comparing proteomes of non-inoculated poplar plants to those of poplar plants 

inoculated with engineered Cd-resistant endophytes, in control and Cd-exposed 

conditions, will contribute to unravel the molecular mechanisms underlying bio-

augmented assisted phytoextraction. Aiming to conduct this research in the 

future, plant growth-promoting bacteria (PGPB) P. putida W619 and 

Enterobacter sp. 638 were equipped with the czr metal resistance mechanism 

via horizontal gene transfer (chapter 3.1). Subsequently, engineered stains were 

investigated for their (1) phenotypical characteristics, (2) capacity to extract Cd 

from liquid medium and (3) capacity to extract Cd from contaminated soil. In a 

final experiment, their effects on poplar cuttings exposed to Cd was examined in 

a greenhouse experiment. 

 

The second part focuses on proteomic research to reveal a basic understanding 

of the differences induced by plant cultivation systems. 

Prior to the proteomic analysis, an optimization of the proteomics workflow was 

conducted for P. deltoides x (trichocarpa x deltoides) (chapter 4.1). Next, 

literature was studied to get more information concerning the effects of Cd on 

the plants’ proteome. From this search, it became obvious that a comparison 

between experiments focussing on Cd-induced changes in plant proteomes is not 

that straightforward. Therefore a meta-analysis focussing on plants’ response to 

Cd in different cultivation conditions was conducted (chapter 4.2). Herein the 

encountered obstacles were discussed and a comparison between hydroponic 

and soil cultivation systems was made. However, since a large diversity among 

experimental conditions was present, the observed differences could not solely 

be attributed to the cultivation systems. Data obtained from the meta-analysis, 

together with the suggestions about differences caused by cultivation systems 

(Durand et al., 2010) and the fact that, to our knowledge, no study has yet been 

conducted comparing the effects of hydroponic and soil cultivation systems, led 
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us to perform a profound study to address the question whether or not 

hydroponically obtained data can be used to make hypotheses for responses of 

field grown plants. It indeed is very important to have a basic understanding of 

the differences induced by growing plants in hydroponic cultivation systems 

compared to those grown in soils. To gain more insights in this matter, a study 

was conducted to map the effect of Cd on the proteome of poplar cuttings grown 

on hydroponic (chapter 4.3) and soil cultivation systems (Chapter 4.4) after 

short and long term exposure. Finally, these results were compared to reveal the 

effects of cultivation systems and to verify if results obtained on hydroponic 

cultivation systems can be used to postulate hypotheses for field studies 

(chapter 4.5).
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Chapter 3.1 

 

Equipping plant growth-promoting bacteria (PGPBs) with a metal 

resistance system: effects on metal uptake and translocation in poplar 

 

 

3.1.1. Introduction 

Different plant species (i.e. tobacco, rapeseed, maize, sunflower, willow and 

poplar) have been tested on the metal contaminated soils in the Campine region 

in the NE of Belgium to monitor their metal phytoextraction capacities. Mostly, 

high biomass producing and metal accumulating plants were proposed to serve 

as phytoextraction crops (Di Baccio et al., 2003; Klang-Westin and Erikson, 

2003; Laureysens et al., 2004; 2005; Giachetti and Sebastiani, 2006; Pulford 

and Dickinson, 2006). Unfortunately, up to date no real “species of choice” could 

be pointed out and the idea of using different species complementary gains 

interest. Focussing on the contaminated soils in the Campine region, Populus 

deltoides x (trichocarpa x deltoides) cv. Grimminge was chosen for its rust-

resistance and its growth capacities on acid, poor sandy soils, which are 

characteristic for this area. Moreover, poplar trees are generally known as high 

biomass producing plants with a high transpiration rate and a deep rooting 

system. In a recent study on a former maize field in Lommel (Belgium), it was 

indicated that ‘in order to make phytoextraction, based on short rotation coppice 

plantations, realistic for application it would be necessary to obtain higher 

biomass production and/or higher plant metal concentrations’ (Witters et al., 

2009). 

To enhance the plant biomass production, plant growth-promoting bacteria 

(PGPB) can be considered. By stimulating plant growth, a more branched and 

extended rooting system is formed which (1) enhances the physical availability 

of the metal and (2) allows cleanup of a larger soil surface area and deeper soil 

layers. Moreover, a higher total biomass production (3) leads to a higher metal 

removal in absolute terms and (4) makes the economic aspects of 

phytoextraction more attractive. From a bacterial isolation study, Pseudomonas 

putida W619 became known as poplar-PGPB (derived from Populus trichocarpa x 
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deltoides cv. Hoogvorst; Taghavi et al., 2005). Another well known poplar PGPB 

is the Enterobacter sp. 368, derived from Populus trichocarpa x deltoides cv. 

H11-11 (Taghavi et al., 2010). They both posses several genetic traits indicating 

growth-promoting capacities (Table 3.1.1) and on top, they have been reported 

to be growth-promoting in greenhouse studies (Taghavi et al., 2009; Weyens et 

al., 2011a). Aiming to enhance phytoextraction of Populus deltoides x 

(trichocarpa x deltoides) cv. Grimminge in the Campine region, Pseudomonas 

putida W619 and Enterobacter sp. 368 were chosen as PGPB since they were 

extracted from poplar trees highly related to Populus deltoides x (trichocarpa x 

deltoides) cv. Grimminge. 

Table 3.1.1: Genotypical traits of Enterobacter sp. 638 and Pseudomonas putida W619. 
Genotypical traits derived from Taghavi et al., 2009. 

  Enterobacter sp.638 P. putida W619 

Autotrophy - - 

Nitrogen fixation - - 

D-mannitol + + 

Lactose + - 

Sucrose + + 

Arbutin - + 

Salicin + + 

Pectin - - 

Trehalose + + 

D-Mannose + + 

L-Arabinose + + 

Xylose + + 

Maltose + + 

Cellobiose + + 

Chitin +/- + 

4-aminobutyrate - + 

Phosphonoacetic acid - + 

1-aminocyclopropane-1-
carboxylic acid 

- - 

Glucose + + 

Gluconate + + 
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In order to increase the metal concentration within the plant, plant endophytes 

can be equipped with metal resistance mechanisms, as described in the 

introduction (see chapter 1.3, pp. 58 - 62). The CZR operon, found in 

Pseudomonas aeruginosa, is able to confer Cd resistance to bacteria. Moreover, 

due to the Cd/proton antiport, Cd is considered to be precipitated onto the 

bacterial cell wall (Diels et al., 1993). The CZR operon highly resembles the CZC 

operon found in Cupriavidus metallidurans CH34 (Hassan et al., 1999), but is 

less studied. As discussed in the introduction, PGPBs will be equipped with the 

CZR operon since it is easier expressible outside its host strain compared to the 

CZC operon. 

As phytoextraction remains a long term strategy, the main objective is to 

maximally boost phytoextraction efficiency. This can be achieved on 3 levels: (1) 

cultivar / clone selection, (2) use of PGPB and (3) equipping the PGPBs with a 

metal resistance and moreover metal precipitating system. In this research, an 

attempt to improve phytoextraction will be done by inoculating Populus deltoides 

x (trichocarpa x deltoides) cv. Grimminge with Pseudomonas putida W619 or 

Enterobacter sp. 368; both equipped with the CZR operon. Therefore, prior to 

future inoculation experiments, Pseudomonas putida W619 and Enterobacter sp. 

368 need to be equipped with the CZR operon and verified by characteristic 

tests and a greenhouse experiment in order to confirm if they maintained their 

growth-promoting capacities.  

 

3.1.2. Materials and methods 

3.1.2.1. Conjugation 

To transfer the CZR operon to PGPBs, a triparental conjugation was conducted 

using ‘H12’ as a conjugative helper strain. Both Pseudomonas putida W619 and 

Enterobacter sp. 638 were conjugated with all donor strains (CM1600, CM1601, 

CM1602, CM1603 and CM1366) (Table 3.1.2). Acceptor and helper strains were 

cultivated in liquid rich medium (10 g l-1 peptone, 5 g l-1 yeast extract, 5 g l-1 

NaCl, 1 g l-1 glucose D+ and 0.345 g l-1 CaCl2*2H2O in destilled water, final pH 

7.0) overnight (30°C, 120 rpm). Donor strains were cultivated overnight in 

liquid rich medium with 0.4 mM Cd to select for Cd resistance. After 

centrifugation (30 min, 4000 rpm, RT), bacterial pellets were washed twice with 

10 mM MgSO4. Subsequently pellets were resuspended in 10 mM MgSO4 till an 
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optical density of 0.5 was reached (A660). Triparental conjugation was 

performed on solid rich medium (1,5% agar) by mixing 80 µl donor, acceptor 

and helper strains. After overnight incubation at 30°C, bacteria were harvested 

in 1 ml 10 mM MgSO4 from which a dilution series was made up till 10-4. To 

select for transconjugant strains 100 µl of each dilution was spread onto solid 

(2% agar) 284 medium (6.06 g l-1 TRIS-HCl, 4.68 g l-1 NaCl, 1.49 g l-1 KCl, 1.07 

g l-1 NH4Cl, 0.43 g l-1 NaSO4, 0.2 g l-1 MgCl2*6H2O, 0.03 g l-1 CaCl2*2H2O, 0.04 g 

l-1 Na2HPO4*2H2O, 4.8 mg l-1 Fe(III)NH4 citrate, 1 ml microelement solution and 

carbon mix in distilled water, final pH 7.0; microelement solution: 1.3 ml l-1 25% 

HCl, 144 mg l-1 ZnSO4*7H2O, 100 mg l-1 MnCl*4H2O, 62 mg l-1 H3BO3, 190 mg l-

1 CoCl2*6H2O, 17 mg l-1 CuCl2*2H2O, 24 mg l-1 NiCl2*6H2O and 36 mg l-1 

NaMoO4*2H2O in distilled water; carbon mix: 0.52 g l-1 glucose, 0.35 g l-1 

lactate, 0.66 g l-1 gluconate, 0.54 g l-1 fructose and 0.81 g l-1 succinate) with 0.8 

mM CdSO4 and incubated for several days at 30°C till bacterial colonies were 

formed. For each conjugation, 10 colonies were selected, grown in liquid rich 

medium overnight (120 rpm, 30°C), centrifuged (6000 rpm, 10 min, RT), 

washed twice in 10 mM MgSO4 and resuspended in a glycerol solution for 

storage at -80°C. 

 

3.1.2.2. Phenotypical characteristics 

3.1.2.2.1. Growth capacity on different media 

Donor, helper and acceptor strains were tested for growth capacities on rich and 

284 media with or without 0.4 or 0.8 mM CdSO4, in order to determine the 

selective medium for transconjugant strains. 

3.1.2.2.2. Cd resistance 

After conjugation, transconjugant strains were tested for their Cd resistance. 

Each selected transconjugant strain (10 per conjugation) was spread onto solid 

284 medium supplemented with 0.2, 0.4, 0.8, 1.2, 1.6, 2 and 4 mM CdSO4 and 

incubated at 30°C for maximum 7 days. 

3.1.2.2.3. Plasmid stability 

Plasmid stability (pMOL888 or pMOL864) was checked in all transconjugant 

strains by growing the strains for 100 generations on non-selective liquid rich 

medium. The 100th bacterial generation was spread onto solid 284 medium 
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supplemented with CdSO4 in a concentration to which the parental strain was 

resistant. 

3.1.2.2.4. IAA production 

Bacterial strains were grown in 5 ml liquid rich medium supplemented with L-

tryptophan (0.5 g per liter) for 4 days in the dark (150 rpm, 30°C). After 

centrifugation (4000 g, 10 min, RT), 1 ml Salkowski reagent (49 ml 35% HClO4 

and 1 ml 0.5 M FeCl3) was added to 0.5 ml supernatant and vortexed. After 20 

minutes, strains producing IAA stained pink. 

3.1.2.2.5. Organic acid production 

Bacterial strains were tested for organic acid production according to the method 

of Cunningham and Kuiack (1992). In brief, after cultivation of bacterial strains 

in liquid rich medium, 20 µl of the bacterial suspension was added to 800 µl ST 

medium (20 g sucrose, 5 g tryptone and 10 ml trace element solution per liter 

distilled water; trace element solution: 20 mg l-1 NaMoO4*2H2O, 200 mg l-1 

H3BO3, 20 mg l-1 CuSO4*5H2O, 100 mg l-1 FeCl3, 20 mg l-1 MnCl2*4H2O and 280 

mg l-1 ZnCl2 in distilled water). Subsequent to an incubation of 5 days (200 rpm, 

30°C), 100 µl alizarine red (0.1% w/w) was added. After 15 minutes, strains 

producing organic acids stained yellow. 

3.1.2.2.6. Siderophore production 

To test bacterial strains for siderophore production, the method of Schwyn and 

Nielands (1987) was used. Bacterial strains were cultivated in liquid rich 

medium. Twenty microliter of the bacterial suspension was added to 800 µl 

liquid 284 medium supplemented with 0, 0.25 or 3 µM Fe(III) citrate and 

incubated for 5 days (200 rpm, 30°C). Four hours after the addition of 100 µl 

CAS reagent, strains producing siderophores stained orange.  
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3.1.2.2.7. ACC deaminase production 

Bacterial strains were tested for ACC deaminase production according to the 

method of Belimov et al. (2005). In brief, bacterial strains were cultivated in 

liquid BPF medium (10 g l-1 tryptone, 10 g l-1 casein hydrolysate, 12.5 g l-1 

glycerol, 1.5 g l-1 KH2PO4, 1.5 g l-1 MgSO4 in distilled water) for 48 h at 30°C. 

Bacterial suspensions were centrifuged (4000 rpm, 15 min, RT), washed twice in 

0.1 M TRIS-HCl buffer (pH7.5) and resuspended in SM medium supplemented 

with 5 mM ACC and carbon mix (0.4 g l-1 KH2PO4, 2 g l-1 K2HPO4, 0.2 g l-1 

MgSO4*7H2O, 0.1 g l-1 CaCl2, 5 mg l-1 FeSO4*7H2O, 2 mg l-1 H3BO3, 5 mg l-1 

ZnSO4, 1 mg l-1 Na2MoO4, 3 mg l-1 MnSO4, 1 mg l-1 CoSO4, 1 mg l-1 CuSO4, 1 mg 

l-1 NiSO4 in distilled water, pH 6.6; carbon mix: 1 g l-1 glucose, 1 g l-1 sucrose, 1 

g l-1 Na-acetate, 1 g l-1 Na-citrate, 1 g l-1 malic acid, 1 g l-1 mannitol). Following 

a second centrifugation (4000 rpm, 15 min, RT), bacterial pellets were 

resuspended in 0.1 M TRIS-HCl buffer (pH8.5) and cells were lysed with toluene. 

Cell suspensions were vortexed and 100 µl was added to 10 µl 0.5 M ACC and 

100 µl 0.1 M TRIS-HCl (pH8.5). Mixtures without bacterial suspension or ACC 

served as negative controls. After an incubation period of 30 min (30°C), 1 ml 

0.56 N HCl was added and samples were centrifuged (13500 rcf, 5 min, RT). 

Thereafter, 400 µl 0.56 N HCl and 150 µl 0.2% 2,4-dinitrophenylhydrazine (in 2 

N HCl) was added to 500 µl supernatants. After a final incubation of 30 minutes 

(30°C), 1 ml 2 N NaOH was added and strains producing ACC deaminase stained 

brown. 

 

3.1.2.3. Genetic characterisation 

3.1.2.3.1. BOX PCR 

After bacterial purification, total genomic DNA was extracted of each 

transconjugant strain using a DNeasy blood and tissue kit (Qiagen). Of the 

extracted DNA, 1 µl was used for BOX-PCR DNA fingerprinting (BOX1 primer: 5’-

CTACGGCAAGGCGACGCTGACG-3’) which was carried out as described in Barac 

et al. (2004) and Weyens et al. (2009c). PCR products were analysed by 1D gel 

electrophoresis (1.5% agarose) and visualized by Gel Red nucleic acid gel 

staining and UV illumination. 
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3.1.2.4. Cd extraction from liquid medium (Figure 3.1.1) 

To test Cd extraction/precipitation abilities, bacterial strains were cultivated in 

liquid rich medium supplemented with 40 µM CdSO4 for 3 days. Meanwhile, an 

aliquot of 250 ml liquid rich medium (control group; ‘AQ1’) and an aliquot of 250 

ml liquid rich medium supplemented with 40 µM CdSO4 (cadmium group; ‘AQ2’), 

were prepared per strain and stored at 30°C to check for contamination. For 

both groups, reference samples were included. Reference samples consisted of 

the same medium as used in the group but no bacteria were added. After 

centrifugation of bacterial suspensions (4000 rpm, 20 min, RT), pellets were 

washed twice in 10 mM MgSO4 and finally resuspended in 10 mM MgSO4 (OD = 

0.5; λ = 660). Subsequently, for each strain, reference and control samples the 

following handlings were performed on AQ1 and AQ2: 50 ml was taken to define 

pH and Cd concentration at time point zero. Cd concentration was measured by 

ICP-OES (Inductively Coupled Plasma – Optical Emission Spectrometry). Three 

aliquots of 50 ml (3 replicates) were taken from the remaining 200 ml and to 

these, 100 µl bacterial suspension (OD = 0.5; λ = 660) was added. To control 

and reference samples, 100 µl 10 mM MgSO4 was added. After an incubation 

period of 2 days (120 rpm, 30°C), optical density was determined (λ = 660) of 

each replicate and replicates were subsequently centrifuged (4000 rpm, 30 min, 

RT). For each replicate, pH and Cd concentration at time point ‘4 days’ were 

determined. 

To compare differences in Cd removal between bacterial strains, the amount of 

Cd removed from the medium (µg) was expressed relative to the amount 

present on time point zero: 

             

      
 

[Cd]T0 = concentration Cd on time point zero 

[Cd]Tx = concentration Cd after 4 days of bacterial growth 

Here of, reference values were subtracted to take into account possible Cd 

precipitation during the 4 days incubation. Further, the value was expressed 

relative to the bacterial unit present at harvest time. One bacterial unit 

corresponds to 1*10-8 bacteria. Control samples were not included since no Cd 

was detected after ICP-OES analysis. 
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Similar calculations were used to determine the differences in pH per bacterial 

unit. Reference value was subtracted to take the pH difference inherent to the 

medium into account. As for Cd concentration, the bacterial unit corresponds to 

1*10-8 bacteria. 

 

Figure 3.1.1: Cd extraction from liquid medium: schematic overview. 
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3.1.2.5. Cd extraction from contaminated soil 

The protocol as described by Kuffner et al., (2010) was used. In brief, bacterial 

strains were grown in liquid rich medium for 2 days. After centrifugation (4000 

rpm, 20 min, RT), pellets were washed twice with 10 mM MgSO4 and finally 

resuspended in 10 mM MgSO4 (OD = 0.5; λ = 660). From this suspension, 100 

µl was added to 10 ml 10% TSB (pH 7.2). Triplicates were made for each strain. 

Three replicates of 10 ml 10% TSB (pH 7.2) with 100 µl 10 mM MgSO4 served as 

controls. Strains were cultivated till stationary growth phase was reached. Final 

optical density (λ = 660) was measured and samples were centrifuged (8000 g, 

15 min, RT). Subsequently supernatants were filtered (0.2 µM), pH was 

measured and exactly 5 ml was transferred to 1 g sieved soil. Soil was obtained 

from a test field in Lommel, known to be contaminated with multiple metals, 

including Cd at a concentration of 5 mg kg-1 DW soil. Samples swirled for 2 h at 

20 rpm and were then centrifuged (7000 rpm, 5 min, RT), filtered (0.5 µM) and 

analysed by ICP-OES. 

In order to compare the results, Cd removal and pH difference were calculated 

as described in section 3.1.2.4. 

 

3.1.2.6. Plant cultivation 

To maximize the number of cuttings per experimental group, hydroponic 

solutions were chosen. Poplar cuttings (Populus deltoides x (trichocarpa x 

deltoides)) of 30 cm were grown in aerated tap water till sufficient roots were 

formed. Thereafter, cuttings were transferred to a  hydroponic system (2 liter, 

aerated solution) with or without inoculums (see section 3.1.2.7). Control 

cuttings were growing in ½ Hoagland’s solution (Hoagland and Arnon, 1938), 

Cd-exposed cuttings grew in ½ Hoagland’s solution supplemented with 50 µM 

CdSO4. For the next 10 weeks, cuttings were watered three times a week with 

destilled water and once per week cultures were refreshed with ½ strength 

Hoagland’s solution with or without Cd.  

 

3.1.2.7. Inoculation of engineered PGPB 

Transconjugant strains were cultivated in liquid rich medium at 30°C. Bacterial 

cells were collected by centrifugation (4000 rpm, 15 min, RT), washed twice in 

10 mM MgSO4 and subsequently resuspended in 10 mM MgSO4 (OD = 1, λ = 
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660). Inocula were added to ½ Hoagland’s solution to a final concentration of 

108 CFU ml-1. Non-inoculated cuttings received an equal amount of 10 mM 

MgSO4 without bacteria. After 10 weeks of hydroponic growth, poplar plants 

were harvested. To estimate the effects on growth, leaves, roots, shoots and 

cuttings were weighted and in addition, numbers of leaves were counted and 

shoot and root length were measured. Leaf, shoot and root samples were taken 

to determine Cd concentration by ICP-OES. 

 

3.1.2.8. Statistical analysis 

Datasets were analyzed using a one way or two way ANOVA (α = 0.05) and post 

hoc multiple comparison testing (Tukey Kramer) to determine statistically 

significant differences between groups. To approximate normality and/or 

homoscedasticity, transformations were applied when necessary. All statistical 

analysis were performed using SAS 9.2 software. 

 

3.1.3. Results 

3.1.3.1. Conjugation 

Prior to conjugation, all parental strains were tested on solid rich and 284 

medium, supplemented with 0, 0.4 or 0.8 mM CdSO4. Since helper strain and 

donor strains are unable to grow on 284 medium and acceptor strains are 

unable to grow at a Cd concentration of 0.8 mM in 284 medium, 284 medium 

supplemented with 0.8 mM CdSO4 was chosen to select transconjugant strains 

after conjugation (Table 3.1.3). Conjugation of P. putida W619 was more 

straightforward than conjugation of Enterobacter sp. 638, resulting in a much 

higher amount of P. putida W619-transconjugant strains compared to those of 

Enterobacter sp. 638. 
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Table 3.1.3: Growth capacity on different media. + indicated good bacterial growth, +/- 

indicates minor bacterial growth and – indicates no bacterial growth. 

                  
Growth medium Acceptors Helper Donors 

Enterobacter 
sp. 638 

P. putida 
W619 

H12 
CM 

1600 
CM 

1601 
CM 

1602 
CM 

1603 
CM 

1633 

284 + + - - - - - - 

284*0.4 mM Cd +/- - - - - - - - 

284*0.8 mM Cd - - - - - - - - 

869 + + + + + + + + 

869*0.4 mM Cd + - + + + + + + 

869*0.8 mM Cd +/- - + + + + + + 

 

 

3.1.3.2. Phenotypical and genotypical characterization 

Next, all transconjugant strains (Table 3.1.4) and parental strains (Table 3.1.5) 

were tested for Cd resistance on solid 284 medium supplemented with CdSO4 

ranging from 0.4 up to 4.0 mM and subsequently for their IAA, organic acid and 

siderophore production capacity. In general, conjugation succeeded better using 

P. putida W619 as acceptor strain. Transconjugant strains of Enterobacter sp. 

638 only showed Cd resistance up to 0.4 mM CdSO4, whereas transconjugant 

strains of P. putida W619 exhibited resistance up to 4.0 mM CdSO4. A minor 

group of transconjugant strains of P. putida W619 were able to produce IAA and 

organic acid, whereas all transconjugant strains of P. putida W619 produced 

siderophores. Transconjugant strains of Enterobacter sp. 638 could produce 

siderophores and organic acid, however they were not able to produce IAA. 

Subsequently, transconjugant strains were tested for plasmid stability and 

appeared to show the same level of resistance after 100 generations (data not 

shown). 
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Using BOX – PCR DNA fingerprinting analysis, bacterial colonies, picked from 

selective 284 medium supplemented with 0.8 mM CdSO4, appeared identical to 

their complementary acceptor strain (Figure 3.1.2; data only shown for 

transconjugant strains used in greenhouse experiment). Together with the Cd 

resistance, this data clearly indicate the transfer of the CZR operon into the 

plant growth-promoting bacteria P. putida W619 and Enterobacter sp. 638.  

Due to space limitations, only 3 transconjugant strains could be selected for a 

greenhouse experiment. This selection was based on phenotypical characteristics 

of the transconjugant strains. Two P. putida W619 transconjugant strains 

(W1603-6 and W1366-5) and one Enterobacter sp. 638 transconjugant strain 

(E1600-11) were chosen for the in planta experiment. Transconjugant strain 

E1600-11 was chosen since it was the only transconjugant strain of Enterobacter 

sp. 638 with a moderate Cd resistance. Transconjugant strains W1603-6 and 

W1366-5 were selected based on their high Cd resistance and their potential 

growth-promoting characteristics. The phenotypical characteristics of these 

stains are listed in Table 3.1.5. Since production of ACC deaminase might 

provide beneficial effects on plant growth, these transconjugant strains and 

parental strains were additionally tested for their ability to produce ACC 

deaminase. All strains tested positive for the production of ACC deaminase. 

 

 

 

 

 

 

 

 

 

Figure 3.1.2: 1D gel-ectrophoresis 

analysis of BOX – PCR DNA 

fingerprinting. Loading scheme: 1 kb 

DNA ladder (GeneRulerTM) – 

Enterobacter sp. 638 – E1600-11 – P. 

putida W619 – W1603-6 – W1366-5 – 

CM1600 – CM1601 – CM1602 – 

CM1603 – CM1366 - 1 kb DNA ladder 

(GeneRulerTM). 
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3.1.3.3. Cd extraction from liquid medium 

Since bacteria, possessing the CZR operon, are believed to precipitate Cd on 

their cell wall, the selected transconjugant strains were tested for their ability to 

extract Cd from liquid 284 medium (Figure 3.1.3). Significant differences in Cd 

removal were found between P. putida W619 and transconjugant strain W1366-

5, indicating that equipping P. putida W619 with the CZR operon enables the 

bacteria to extract more Cd from the medium. Transconjugant strain W1603-6 

showed an increasing trend in Cd removal, however no significant difference 

present compared to the parental strain P. putida W619. The same pattern was 

observed for transconjugant strain E1600-11, however the increase was not 

significantly different from the parental strain Enterobacter sp. 638.  

 
Figure 3.1.3: Cadmium (µg) extracted from the medium after 2 days of 

bacterial growth.  indicates significant differences (two way ANOVA, 

p<0.05). No Cd was measured in Cd free media, independent of the bacterial 

strains and were therefore excluded from the graph. 

 

Since the CZR operon works as an antiport mechanism where 2 protons are 

imported for each exported Cd molecule (Nies et al., 1989), pH in the medium is 

expected to increase when the CZR mechanism is active. Since the difference in 

pH is calculated as 
         

    
, with pHT0 the pH measured on time point zero and 

pHTx the pH measured after 4 days of growth, an increase in pH is indicated as 
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a negative value (Figure 3.1.4). Since bacteria are able to produce other 

components that can have an influence on the pH, the effect on pH induced in 

control medium was verified for all bacterial strains.  

For all donor strains, a decreasing trend in pH was present when grown in Cd 

supplemented medium. Acceptor strain Enterobacter sp. 638 induces a 

significant increase in pH when grown in the presence of Cd. When equipped 

with the CZR operon (strain E1600-11), this increase in pH is lower in Cd 

medium compared to the parental strain, but still significantly higher compared 

to control medium. Parental strain P. putida W619 induces an increasing trend in 

pH in control medium but a decreasing trend in Cd supplemented medium. 

Equipped with the CZR operon, P. putida W619 transconjugant strains (W1603-6 

and W1366-5) behave differently. Although not significant compared to its 

parental strain, a pH decrease was present for strain W1603-6 in both control 

and Cd supplemented medium. For transconjugant strain W1366-5 a decreasing 

trend in pH was present in control medium while an increasing trend in pH was 

present in Cd supplemented medium, compared to the parental strain. However, 

the described differences between control and Cd supplemented medium are not 

significant. 

Compared to its donor, transconjugant strain W1603-6 induces a lower pH 

decrease which is significant in Cd supplemented medium. Transconjugant 

strains W1366-5 and E1600-11 significantly lower the pH decrease induced by 

their donors in control medium. In Cd supplemented media both transconjugant 

strains increase the pH after 4 days of growth. These increases are significantly 

different from the decreased pH induced by their donors in Cd supplemented 

media. These data suggest that the CZR operon is not active in the donor strains 

since the pH is slightly decreased when Cd is present.  

The significant difference induced by transconjugant strain E1600-11 however is 

probably not caused by the presence of the CZR operon since its parental strain 

Enterobacter sp.638 induces a similar pH increase upon Cd exposure. Although 

not significant, transconjugant strain W1366-5 increases the pH when grown in 

Cd supplemented medium while its parental strain lowers the pH, suggesting 

that equipping P. putida W619 with the CZR operon resulted in a transconjugant 

strain with an active CZR operon upon Cd exposure.  
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Figure 3.1.4: pH difference measured in the medium after 4 days of bacterial 

growth. indicates significant differences among the groups (two way ANOVA, 

p<0.05). 

 

3.1.3.4. Cd (im)mobilization from contaminated soil 

Based on their results, Kuffner et al. (2010) hypothesized that the ability of 

bacterial strains to mobilize or immobilize Cd from contaminated soil, might 

provide a straight indication for their behaviour in planta. Therefore, the 

selected transconjugant strains were tested for their ability to (im)mobilize Cd 

from contaminated soil. Soil was obtained from a test field in Lommel, known to 

be contaminated with 5 mg Cd kg-1 DW soil. Since bacteria were removed from 

the growth medium prior to soil addition, Cd could not precipitate on the 

bacterial cells. By consequence, only the effect of bacterial exudates on Cd 

(im)mobilization in the soil was measured. In control samples, here defined as 

samples in which no bacteria were grown prior to addition of contaminated soil, 

a higher Cd concentration was present compared to the exposed samples, here 

defined as samples in which bacterial cells were grown prior to addition of 

contaminated soil (Figure 3.1.5A), indicating that bacterial exudates immobilized 

Cd in the soil. To compare the influence of the bacterial strains, total Cd 
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concentration in the medium gives a dubious representation of the Cd 

(im)mobilization since it does not take the amount of bacteria into account. 

Based on the amount of Cd removed per bacterial unit, strain W1366-5 seemed 

to immobilize less than the other strains (Figure 3.1.5B). However, no significant 

differences were found between the bacterial strains (one way ANOVA, α<0.05). 

Based on the phenotypic traits of the transconjugant strains, these results are 

somewhat unexpected since all 3 strains showed siderophore production and 

strains E1600-11 and W1603-6 are also able to produce organic acids (Table 

3.1.5). However, it is not sure that the life time of siderophores and organic 

acids is sufficient long to perform an effect, since they might be degraded by 

bacteria present in the soil. 

To get an idea of the effect on the pH, the pH was measured on the medium 

solution prior to adding the contaminated soil (pHT0) and after 2 hours of 

contact with the contaminated soil (pHTx). Since the difference in pH is 

calculated as 
         

    
, a pH decrease is presented as a positive value (Figure 

3.1.5C). The pH differences between time zero and after 2 hours of contact with 

the soil, indicate that control media became more basic, while exposed media 

became more acidic (Figure 3.1.5C). This could be due to the production of 

organic acid, however the greatest difference was described for transconjugant 

strain W1366-5 which tested negative for organic acid production. Since the 

transconjugant strains were not in direct contact with the Cd contaminated soil, 

precipitation of Cd onto the bacterial cell wall by the action of the CZR operon 

was not possible. 

 

3.1.3.5. Effects on poplar plants: a greenhouse experiment 

Poplar cuttings were inoculated with the selected transconjugant strains and 

grown for 10 weeks in a greenhouse. Thereafter, cuttings were harvested and 

growth parameters were determined to assess the in vivo effects of the selected 

transconjugant strains on poplar growth (Figure 3.1.6). Although not significant, 

Cd exposure generally reduced growth of Populus deltoides x (trichocarpa x 

deltoides). Without Cd, growth of poplar cuttings shows an increasing trend 

when inoculated with transconjugant strains W1603-6 or W1366-5 compared to 

non inoculated cuttings.   
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Figure 3.1.5 Cd (im)mobilization from contaminated soil. (A) Measured Cd 

concentration in the medium by ICP, (B) amount of Cd removed per bacterial 

unit; one bacterial unit represents 1*10-8 bacterial cells, (C) measured pH 

difference between time point zero and after 2 hours of contact with 

contaminated soil. Significant differences are indicated by lowercase letters, 

groups with the same letter are not significantly different (one way ANOVA, 

α<0.05).  



 Chapter 3.1 

89 

 

When exposed to Cd, the same trend was observed. After inoculating cuttings 

with transconjugant strain E1600-11, a different effect was present; in absence 

of Cd the presence of transconjugant strain E1600-11 caused a decreasing trend 

in plant growth. Although no significant differences were present, the decreasing 

trend manifested on all growth parameters. Upon Cd exposure, transconjugant 

strain E1600-11 significantly increased shoot length and root mass compared to 

non inoculated cuttings. Further, significant differences were present between 

root mass in control and Cd exposure when cuttings were inoculated with 

transconjugant strain E1600-11. 

Cadmium concentration was determined in leaves, shoots and roots of 

inoculated and non inoculated cuttings under control and Cd-exposed conditions 

(Figure 3.1.7). Although no significant differences were observed compared to 

non inoculated cuttings, transconjugant strains W1603-6 and W1366-5 induced 

an increasing trend of Cd concentrations in leaves. On root level, inoculation 

with W1603-6 lead to a decreasing trend in Cd concentration which, together 

with the increasing trend in Cd concentration in leaves, suggests a more efficient 

translocation. Due to technical errors, data on transconjugant strain E1600-11 

were lost. 

To get a better idea of the amount of Cd removed after harvesting the 

aboveground biomass (Figure 3.1.8), this fraction is calculated as follows: 

                                                

The amount of Cd that is retained in the roots (Figure 3.1.8) is calculated 

similarly: 

                                              

Based on these amounts, a higher amount of Cd seems to be removed when 

cuttings are inoculated with transconjugant strain W1603-6 or W1366-5. 

However, the amount of Cd retained in the roots seems to increase as well after 

inoculation with transconjugant strain W1603-6 or W1366-5. This is due to the 

fact that a larger root biomass is established after inoculation with these 

transconjugant strains. Due to technical errors, the Cd concentration in leaves, 

shoots and roots could not be determined for transconjugant strain E1600-11 

and subsequently no data concerning Cd removal or Cd retention could be 

presented for this transconjugant strain. 
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Figure 3.1.6: Effect of transconjugant strains on (A) weight (g) of leaves, shoot 

and root and on (B) shoot length (cm), root length (cm) and number of leaves. 

Data are presented as average ± standard error. Asterisks indicate significant 

differences with the non inoculated cuttings of the same exposure condition. 
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Figure 3.1.7: Effect of transconjugant strains on Cd concentration (mg kg-1 

DW) in (A) leaves, (B) shoots and (C) roots. Data are presented as average ± 

standard error. Significant differences are present between control and Cd-

exposed cuttings for all experimental groups. N.I.: non-inoculated. 
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Figure 3.1.8: (A) Amount of Cd (mg) removed by harvesting aboveground 

biomass and (B) amount of Cd (mg) retained in roots.  
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3.1.4. Discussion 

Phytoextraction of metals is known to be a long term process and is questioned 

for its ability to remove 100% of the contamination (Weyens et al., 2009a; 

Vangronsveld et al., 2009). As stand-alone technique it is often difficult to make 

a strong case for phytoremediation (Dickinson et al., 2009). Therefore 

chemically assisted and bio-augmentation assisted phytoextraction gained more 

interest during the latest years. In case of chemically assisted phytoextraction, 

soil amendments are used for their ability to increase plant uptake of heavy 

metals, as reviewed by Meers et al. (2008). Bio-augmented assisted 

phytoextraction is defined as the use of bacteria and/or fungi to enhance metal 

uptake in plants and is reviewed by Lebeau et al. (2008). To enhance 

phytoremediation of organic polluted soils, engineered bacteria can be used. For 

instance, the inoculation of poplar trees planted on a TCE contaminated 

groundwater plume reduced TCE evapotranspiration by 90% (Weyens et al., 

2009b). Based on these and other similar findings we hypothesized that 

equipping plant growth-promoting bacteria (PGPBs) with the CZR operon might 

enhance growth and Cd uptake of poplar growing on Cd contaminated soils. 

Therefore two PGPBs isolated from poplar, P. putida W619 and Enterobacter sp. 

638 (Taghavi et al., 2005; 2009; 2010; Weyens et al., 2011a) were selected to 

be equipped with the CZR operon via triparental conjugation. Since horizontal 

gene transfer is a naturally occurring process, engineered PGPBs are not in 

conflict with the law on GMOs, which is very strict in Belgium. Conjugation of P. 

putida W619 was quite straightforward; more than 60% of the transconjugant 

strains showed resistance to 2.0 mM Cd (Table 3.1.4). Conjugation of 

Enterobacter sp. 638, however, turned out to be more difficult: transconjugant 

strains were only resistant to 0.4 mM Cd (Table 3.1.4). Moreover, phenotypical 

characteristics changed after conjugation. Compared to their wild type PGPB, 

transconjugant strain W1366-5 lost its ability to produce IAA and organic acids 

(Table 3.1.5), and transconjugant strain W1603-6 and E1600-11 could no longer 

produce IAA. A loss of trait is often observed for bacterial strains stored under 

laboratory conditions (data not shown), however the ability of transconjugant 

strain E1600-11 to produce siderophores after conjugation was rather 

unexpected. A closer look to the traits of the donor strains indicates that this 
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might be a result of gain of trait during the triparental conjugation since donor 

stains were all able to produce siderophores. 

Before being inoculated on poplar cuttings, transconjugant strains were tested in 

vitro for their ability to extract Cd from liquid medium. An increasing trend in Cd 

removal from the medium was present for all transconjugant strains. Only 

transconjugant strain W1366-5 realized a significant increase of Cd removal 

from the medium (Figure 3.1.3). Parental strains P. putida W619 and 

Enterobacter sp. 638 were included in the test to estimate the amount of Cd that 

could be removed from the medium without the presence of the CZR operon. 

Therefore, these increases are believed to be due to the action of the CZR 

operon. During this experiment, the pH of the medium decreased for all donor 

strains, which might indicate that the CZR operon is not expressed in these 

strains (Figure 3.1.4). Transconjugant strains W1366-5 and E1600-11 increased 

the pH of the medium upon the presence of Cd, which is another indication for 

the activation of the CZR operon in these transconjugant strains under Cd-

exposed conditions. Transconjugant strain W1603-6 however did not induce pH 

increase in the medium when Cd was present. Furthermore, the significant 

difference induced by transconjugant strain E1600-11 is not exclusively induced 

by the presence of the CZR operon since its parental strain Enterobacter sp.638 

produces a similar pH increase upon Cd exposure. Therefore, the highest pH 

difference, as a result of the CZR operon, is realized by transconjugant strain 

W1366-5. These data correlate perfectly with the abovementioned observation 

that only transconjugant strain W1366-5 is able to induce a significant increase 

in Cd removal from liquid medium (Figure 3.1.3). 

To test bacteria for their ability to produce metal (im)mobilizing exudates, 

Kuffner et al. (2010) developed a protocol to extract metals from or inhibit them 

in contaminated soil with filtrates from liquid bacterial cultures. They reported 

that strain RX232 reduced the amount of Cd extracted from the medium and 

lowered the Cd uptake in S. caprea roots after inoculation. In contrast, strain 

EX72 enhanced Cd extraction from the medium and significantly increased Cd 

concentration in S. caprea leaves after inculation. Kuffner et al. (2010) 

concluded that these metal mobilization experiments allowed to predict effects 

on S. caprea more reliable than plant growth-promoting activity tests. 

Therefore, we tested transconjugant strains for their ability to remove Cd from 
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soils of a contaminated site in Lommel, characterized by a Cd concentration of 5 

mg Cd kg-1 DW. In contrast to the results of Kuffner et al. (2010), all strains 

decreased pH in the medium, while it was increased in control samples, which 

were defined as samples in which no bacteria were grown prior to addition of 

contaminated soil (Figure 3.1.5A). Kuffner et al. (2010) speculated that the 

increase of extractability of Cd and/or Zn was not an effect of acidification since 

the medium pH rose in metal-mobilizing and metal-immobilizing cultures at the 

same rate. Our results however clearly indicate acidification of the medium 

(Figure 3.1.5c). In spite of this acidification, no Cd mobilization from the 

medium was present. All transconjugant strains appeared to immobilize Cd in 

the soil since significantly less Cd is found after soil addition compared to control 

samples, (Figure 3.1.5A). To facilitate comparison between bacterial strains, Cd 

removal was expressed per bacterial unit. Although not significantly, 

transconjugant strain W1366-5 immobilized less Cd per bacterial unit than 

transconjugant strains W1603-6 and E1600-11 (Figure 3.1.5B). 

Transconjugant strains were also tested in a bio-augmentation experiment with 

Populus deltoides x (trichocarpa x deltoides) cv. Grimminge. Therefore, poplar 

cuttings were inoculated with transconjugant strains W1603-6, W1366-5 and 

E1600-11 and grown with or without the presence of Cd. After 10 weeks of 

growth, an increasing trend for growth was present for all Cd-exposed cuttings 

inoculated with transconjugant strains (Figure 3.1.6). Under control conditions, 

inoculation with W1603-6 and W1366-5 induced an increasing trend in growth 

while E1600-11 reduced growth of poplar cuttings (Figure 3.1.6). Significant 

growth stimulation was only present after inoculation with transconjugant strain 

E1600-11 (Figure 3.1.6). The Cd concentrations in leaves, shoots and roots only 

allowed some preliminary hypothesis. After inoculation with transconjugant 

strain W1366-5 and W1603-6, an increasing trend in Cd concentration in leaves 

was present (Figure 3.1.7). Moreover, transconjugant strain W1603-6 might be 

able to increase the translocation rate. 

Based on the results of laboratory and greenhouse experiments, we can 

conclude that all transconjugant strains showed interesting traits to enhance 

phytoextraction by bio-augmentation. The preliminary data described in this 

research indicate that equipping PGPBs with the CZR operon might enhance the 

plants’ ability to extract Cd from contaminated soils. Moreover, the 
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transconjugant strains were able to enhance plant growth which indirectly 

enhanced Cd uptake due to the ‘dilution effect’; since more biomass is produced, 

a higher amount of Cd can be taken up before toxic effects occur. 

Transconjugant strain W1366-5 seems the most promising since this strain 

significantly extracts Cd from the medium (Figure 3.1.3) and compared to 

W1603-6 and E1600-11, transconjugant strain W1366-5 immobilized less Cd 

from the soil per bacterial unit (Figure 3.1.5). However, the data from the 

greenhouse experiment suggested that transconjugant strain E1600-11 is more 

promising under Cd-exposed conditions (Figure 3.1.6). Based on the amount of 

Cd removed after harvesting the aboveground biomass, transconjugant strain 

W1603-6 and W1366-5 seemed to enhance the fytoextraction efficiency (Figure 

3.1.8). Since both transconjugant strains increase root biomass, the amount of 

Cd retained in the roots was increased as well (Figure 3.1.8). Subsequently, to 

additionally enhance the fytoextraction efficiency, it could be worthwhile to 

increase Cd translocation when applying transconjugant strain W1603-6 or 

W1366-5. 

Subsequently, correlation between the Cd (im)mobilization experiment and the 

effect on poplar cuttings seemed not that straightforward as described for S. 

caprea (Kuffner et al., 2010). With the objective of phytoextracting Cd 

contaminated soils in the North eastern part of Belgium, these transconjugant 

strains will be included in a future large scale and long term experiment with 

more replicates per experimental group to confirm these preliminary data. 
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A comparative study of soluble protein extractions of Populus deltoides 

x (trichocarpa x deltoides) for two - dimensional gel electrophoresis. 

 

Joke Dupae, Ann Cuypers, Jean-Paul Noben, Jana Boulet, Nele Weyens, 

Karen Verstraelen and Jaco Vangronsveld. A comparative study of soluble 

protein extractions of Populus deltoides x (trichocarpa x deltoides) for 2-DE. 

Published in Journal of Life Science, 2012, 6 (9) pp 970 – 979. 

 

4.1.1. Introduction 

Due to their low protein content and high protease activity, proteomic analysis 

of plant tissues appears to be particularly challenging. Moreover, other 

compounds such as phenols, terpenes, organic acids, pigments, oxidative 

enzymes, lipids, etc. can interfere with two dimensional gel electrophoresis (2-

DE) and can cause vertical or horizontal streaking, smearing or reduction in the 

number of distinctly resolved spots (Carpentier et al., 2005; Saravanan and 

Rose, 2004; Wang et al., 2003). Protein extraction is therefore a crucial step in 

two-dimensional gel electrophoresis.  

Populus is a well-established model organism to elucidate the biological function 

unique to trees (Plomion et al., 2006). The genome of Populus trichocarpa has 

been sequenced (Tuskan et al., 2006), paving the way for poplar proteomics. 

Proteome studies on poplar have been published (Bohler et al., 2007; Kieffer et 

al., 2008; Kieffer et al., 2009a), but up to date no comparative study on protein 

extraction of poplar has been released. As protein extraction is critical in 2-DE 

and since every extraction method has its limitations, advantages and 

disadvantages (Carpentier et al., 2005), it is essential to find an optimal 

extraction protocol before starting an experimental set-up. Therefore the aim of 

this study was to optimize an extraction method for soluble proteins of poplar 

leaves and roots.  

A literature review demonstrated that a TCA/acetone extraction, a phenol 

extraction or a combination of both, are often used for the extraction of soluble 

plant proteins. In this study, 3 protocols were selected for comparison: (1) a 
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combination of acetone and phenol; a slightly changed protocol based on 

Carpentier et al. (2005), (2) a combination of TCA/acetone and phenol; this 

protocol was proposed by Wang et al. (2006) to be universal, rapid and 

especially suited for recalcitrant plant tissues. And finally, (3) a 

TCA/DTT/acetone extraction; a protocol already applied on Populus tremula L. x 

P. alba L. (Populus x canescens (Aiton) Smith) - clone INRA 717-1-B4 and 

Populus tremula L. leaves (Bohler et al., 2007; Kieffer et al., 2008; Kieffer et al., 

2009a). By comparing these protocols and by further improving the spot 

pattern, an optimized extraction protocol for soluble leaf and root proteins of 

Populus deltoides x (trichocarpa x deltoides) was established, however no 

fundamentally novel insights were acquired. In prospect of future experiments, 

buffer compatibility was checked for DIGE analysis. 

 

4.1.2. Materials and methods 

4.1.2.1. Plant material 

Cuttings (30 cm, with an average shoot height of 10 cm) of Populus deltoides x 

(trichocarpa x deltoides) were grown on sand in 4 l pots during 10 weeks. They 

were watered three times a week with ½ strength Hoagland’s solution (Hoagland 

and Arnon, 1938), until they had sufficient expanded leaves. Of each plant 3 

fully expanded leaves, developed after transfer to the soil system, were 

harvested. To minimize biological variation, methods were evaluated ‘within 

leaf’, meaning that every possible combination of two out of three extraction 

methods was performed on separate leaf halves derived from a same leaf. This 

design allowed for comparing the three methods within one plant. For each 

combination three biological replicates were performed using three plants in 

total. In future experiments poplar cuttings will be exposed to different 

exposures and proteins obtained from roots and leaves will be compared. 

Therefore, highest reproducible protocol was also tested for its applicability on 

roots as well. 
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4.1.2.2. Extraction methods 

At first we compared the differences between extraction of soluble proteins 

within the same leaf during 1 h and overnight for each extraction method. 

Subsequently we compared the three methods to each other in a loop design 

and one phenol based method was included afterwards (Sarma et al., 2008). 

4.1.2.2.1. TCA/acetone – phenol extraction 

Prior to grinding in liquid nitrogen, the primary and secondary veins of the 

leaves were removed. The extraction was performed according to Wang et al. 

(2006) (tested on bamboo (Bambusa vulgaris), grape (Vitis vinifera), iris (Iris 

pseudacorus), olive (Olea europea), lemon (Citrus limonum), pine (Pinus nigra), 

redwood (Sequoia sempervirens), sugarcane (Saccharum officinarum), and 

tobacco (Nicotiana tabacum)) with some modifications. Because of the much 

higher amount of starting material, we used 10% TCA/acetone; 80% methanol-

0.1 M ammonium acetate and 80% acetone at 10 ml per gram grinded tissue, a 

phenol-TRIS buffer (pH 8.0, (Thiellement et al., 2006) was used instead of a 

phenol-SDS buffer and our samples were allowed to precipitate during 1 h or 

overnight at -20°C. The dry pellet was finally resuspended in resuspension 

buffer (7 M urea, 2 M thio-urea, 4% CHAPS and 30 mM TRIS) (incubation at 

18°C, 1200 rpm, 2 h (Eppendorf mixer)), centrifuged (70 000 g, 90 min, 18°C) 

and supernatant stored at -80°C. 

4.1.2.2.2. Acetone – phenol extraction 

This protocol is based on the work of Carpentier et al. (2005) (tested on banana 

(Musa spp.), apple (Malus domestica) and potato (Solanum tuberosum)) with 

some modifications. The same handlings prior to grinding were performed as 

described above. Plant tissue was ground in liquid nitrogen. Per gram fresh 

weight (FW) 10 volumes of ice cold acetone were added. After 1 h precipitation 

at -20°C, a centrifugation at 10 000 g during 10 minutes at 4°C was performed. 

Subsequently, the pellet was freeze-dried, and 10 volumes of extraction buffer 

(50 mM Tris pH 8.5, 25 mM Na2EDTA, 100 mM KCl, 30% w/v sucrose, 2% -

mercapto-ethanol and 0.4 mM PMSF) were added per gram FW. Ten minutes 

later, the same volume of phenol was added and the solution was mixed 

thoroughly. After centrifugation (8000 rpm, 5 min, 4°C) the phenolic phase was 

collected, 5 volumes of ammonium acetate in proportion to the volume of 

collected phenol, were added and the sample was allowed to precipitate at -20°C 
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for 1 h or overnight. After centrifugation (10 000 g, 10 min, 4°C) the pellet was 

washed three times with ammonium acetate and once with acetone/DTT (0.2% 

w/v). Finally, the pellets were resuspended in resuspension buffer as described 

in 4.1.2.2.1. 

4.1.2.2.3. TCA/DTT/acetone extraction 

This protocol is based on the work of Bohler et al. (2007) (tested on poplar 

([Populus tremula L. x P. alba L. (Populus x canescens (Aiton) Smith) - clone 

INRA 717-1-B4])) without modifications. As mentioned above, the same 

handlings prior to grinding were performed and the samples were allowed to 

precipitate for 1 h or overnight at -20°C. The final pellet was treated as 

described in 4.1.2.2.1. 

4.1.2.2.4. A phenol extraction protocol rendering high resolution and 

reproducibility of 2-DE 

The extraction was carried out as described by Sarma et al. (2008) (tested on 

soybean) with some modifications. This protocol is based on phenol extraction of 

soluble proteins, rendering a high resolution of 2-DE gels and a high 

reproducibility. Protease inhibitors were excluded from the extraction buffer 

since no problems with proteases were present in the previous extraction 

methods. The final pellet was treated as described in 4.1.2.2.1. 

 

4.1.2.3. RubisCO interference 

Addition of ampholine to the resuspension buffer caused a position shift of the 

RuBisCO Large Subunit (LS) in the first dimension, resulting in lower 

interference of RuBisCO LS in the second dimension gel (Espagne et al., 2007).  

Comparing the buffers used, adding 0.5% ampholine pH 4-7 resulted in a lower 

RuBisCO resolubilization. In order to control the RuBisCO in poplar leaf extracts, 

1.25% (v/v) IPG 4 – 7 NL buffer (GE Healthcare) was added to the resuspension 

buffer, samples were mixed (1200 rpm) for 2 h at 18°C and finally centrifuged 

(70.000 g, 90 min, 18°C) to remove the unsolubilized proteins. 

 

4.1.2.4. Protein quantification 

The protein concentration of each sample was determined using the RC DC 

protein assay kit II (BIORAD, California) using BSA (1.54 mg ml-1) as the 

standard. This protein assay is an improved version of the Lowry assay (Lowry 
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et al., 1951), modified to be reducing agent compatible (RC) and detergent 

compatible (DC). Color development is achieved by a two step reaction: (1) a 

reaction between proteins and copper in an alkaline medium followed by (2) a 

reduction of Folin reagent by copper-exposed proteins (Lowry et al., 1951). The 

‘Microfuge Tube Assay Protocol’, provided by BIORAD, was used with a repetition 

of step 4 and 5. Leaf samples and root samples were ½ diluted prior to 

quantification and all solutions were brought to 27°C prior to use. 

 

4.1.2.5. Two dimensional gel electrophoresis 

For the IEF (isoelectric focusing), 24 cm strips with a non-linear pH gradient 

ranging from 3 to 10 (GE Healthcare) were used in the IPGphor system 

(Amersham Biosciences, Uppsala, Sweden). The strips were rehydrated 

overnight in rehydration buffer (7 M urea, 2 M thiourea, 4% w/v CHAPS, 65 mM 

DTT, 0.8% v/v IPG buffers, 0.002% v/v bromophenol blue) containing proteins. 

The amount of proteins loaded onto the strip, depended on the used staining 

method (see section 2.6). IEF was carried out on an Ettan IPGphor Manifold (GE 

Healthcare) with the following settings: gradient step of 100 V for 3 h, constant 

step of 100 V for 3 h, gradient step of 500 V for 3h, constant step of 500 V for 3 

h, gradient step of 1000 V for 3 h, constant step of 1000 V for 3 h, gradient step 

of 8000 V for 3 h and finally a constant step of 8000 V for 7 h at 20°C with a 

maximum current setting of 50 µA/strip. On the paper wicks at the negative 

electrode, 150 µl DeStreak rehydration solution (GE Healthcare) was added to 

reduce streaking. After the IEF, the IPG strips were equilibrated at 18°C for 15 

min in equilibration buffer (75 mM Tris pH 8.8, 6 M urea, 30% v/v glycerol, 2% 

w/v SDS and a trace of bromophenol blue) supplemented with 1% w/v DTT. A 

second equilibration step of 15 min with the same equilibration buffer, now 

containing 2.5% w/v iodoacetamide, was carried out afterwards. The first 

equilibration step provides a completely reduced state of unalkylated, 

denaturated proteins. Whereas, in the second step, iodoacetamide alkylates thiol 

groups in order to prevent reoxidation during electrophoresis. On top, the 

Immobiline DryStrips are saturated with the SDS buffer system, required for the 

second dimension separation. The IPG strips were then sealed on top of 200mm 

x 260mm x 1mm, 12.5% polyacrylamide gels with 0.5% agarose in SDS running 
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buffer. The SDS-PAGE step was performed at 15°C in Ettan Dalt II tanks (GE 

Healthcare) at 0.5 W per gel for 20 h. 

 

4.1.2.6. Staining 

To visualize the protein spots, silver staining (Shevchenko et al., 1996) or Gel 

Code Blue staining (according to the manufacturer guidelines; Thermo Scientific) 

were performed. After staining, the gels were scanned using a flatbed scanner 

(CanoScan 4400F, Canon) at highest resolution. Comparing the extraction 

methods and testing the highest reproducible protocol on root samples, 100 µg 

soluble protein was loaded onto silver stained gels. For the comparison of 

RuBisCO focusing and the reproducibility test, Gel Code Blue staining was used 

(50 or 300 µg proteins, see results). Staining the gels with Gel Code Blue gives 

an idea about reproducibility of DIGE gels (Bohler S., personal comments). 

 

4.1.2.7. Image analysis 

Gel analysis was performed using ImageMaster 2D Platinum 5.0. For 

quantitative comparison, two parameters were used: the total spot number and 

the ratio of the number of automatically detected spots to the number of spots 

after manual verification. The last parameter is included to quantify background 

interference; the closer the ratio is to 1, the less background interference in the 

gel. Further on, this ratio will be referred to as the ‘background ratio’. Values are 

the means ± standard error. 

 

4.1.2.8. Statistical analysis 

Statistical analysis of all data was performed using SAS 9.1. All tests included 3 

biological replicates. Since all data had a normal distribution, a student’s t-test 

was performed to determine statistically significant differences between the 

groups. The significance level was set at α = 0.05. 

 

4.1.2.9. Spot picking and identification 

Selected spots were picked manually using the OMX-S pro pickers. The standard 

protocol provided by the manufacturers was used (OMX GmbH, Weβling) for 

destaining, reduction, alkylation and trypsine digestion. Tryptic digests were 

analysed by LC-ESI-MS/MS on a LCQ Classic (Thermo Electron, San Jose, CA, 
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USA) ion trap mass spectrometer equipped with a nano-LC column switching 

system as described by Dumont et al. (2004). MS/MS data were searched 

against the Populus trichocarpa v1.1 protein database (45555 entries) using 

Mascot (version 2.1; Matrix Sciences, London, U.K.) and Sequest (version 27, 

rev. 12 within Proteome Discoverer version 1.0; Thermo Fisher Scientific). 

Sequest and Mascot parent ion mass tolerance was set to 3 Da and 1.4 Da, 

respectively; fragment ion tolerance was 1 Da. Carbamidomethylation of 

cysteine and oxidation of methionine, tryptophan and histidine were set as fixed 

and variable modifications, respectively. Maximally one missed cleavage was 

allowed. Additional information (e.g. peptide sequence, charge state of each 

peptide) will be provided in supplementary data. 

Resulting peptide identifications were accepted if they could be established at 

greater than 95.0% probability as specified by the Peptide Prophet algorithm 

(2002) within Scaffold version 2_05_02 (Proteome Software Inc., Portland, OR). 

Protein identifications were accepted if they could be established at greater than 

99.9% probability and contained at least two identified peptides. Protein 

probabilities were assigned by the Protein Prophet algorithm within Scaffold 

(2003). To assign a function, the accepted protein identifications were searched 

for homology against NCBI non-redundant database (Populus; taxid3689). For 

additional information concerning the identification we refer to the 

supplementary data. 

 

4.1.3. Results and discussion 

In order to find an optimal protocol for the extraction of soluble proteins from 

poplar leaves, a comparison was made between three extraction methods: (1) a 

combination of acetone and phenol, (2) a combination of TCA/acetone and 

phenol and (3) a TCA/DTT/acetone extraction. At first, the extraction time was 

optimized. Samples precipitated overnight resulted in better spot patterns and 

less background interference than samples precipitated during one hour (data 

not shown). Subsequently, the three extraction methods were compared within 

the leaves in a loop design. Since the total spot number was discernibly lower 

after the TCA/acetone - phenol extraction, no further analysis was performed at 

this stage and the TCA/acetone - phenol extraction was excluded from further 

comparison (Figure 4.1.1). 
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Figure 4.1.1: Comparison of the three extraction methods within the poplar 

leaves in a loop design; spots are revealed by silver staining. Extraction with 

TCA/acetone – phenol clearly rendered fewer spots and an inferior spot pattern. 

Therefore it was excluded from further analysis. 

 

A new comparison between acetone - phenol and TCA/DTT/acetone was made 

and subjected to further analysis (Figure 4.1.2). However the TCA/DTT/acetone 

extraction (average total spot number: 606 ± 41; average background ratio: 

0.759 ± 0.07) was used on poplar before, the acetone - phenol extraction 

appeared to be the best with an average total spot number of 983 ± 53 and an 

average background ratio of 0.905 ± 0.02. Furthermore, there was a significant 

statistical difference between both extraction methods for the spot number (P = 

0.0004) and the background ratio (P = 0.0258). Leaves of Populus tremula L. x 

P. alba L. (Populus x canescens (Aiton) Smith) - clone INRA 717-1-B4 and of 

Populus tremula L., used by Bohler et al. (2007) and Kieffer et al. (2008; 2009a) 

respectively, are morphologically different (e.g. much thinner) compared to our 

poplar clone (Bohler S., personal comments). Therefore the observed difference 

in protein extraction capacity between these leaf types and ours, could be 

explained by the difference in leaf composition and structure. 

 

Sarma et al. (2008) reported that they developed a phenol extraction that 

renders a high resolution and reproducibility of 2-DE. Using this extraction 

method, a similar spot pattern was obtained compared to the acetone – phenol 

extraction (Figure 4.1.3). No significant difference was found in the average 

background ratio (P = 0.7673), but the average total spot number was 

significantly higher with the acetone – phenol extraction (P = 0.0313).  
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Figure 4.1.2: Comparison between acetone – phenol and TCA/DTT/acetone 

extraction; spots are revealed by silver staining. The acetone – phenol 

extraction (average total spot number of 983 ± 53, average background ratio of 

0.905 ± 0.02) renders clearer spot patterns than the TCA/DTT/acetone 

extraction (average spot number of 606 ± 41, average background ratio of 

0.759 ± 0.07) 

 

 

Figure 4.1.3: Comparison of the extraction proposed by Sarma et al. (2008) 

and the acetone – phenol extraction; spots are revealed by silver staining. 

Although a similar spot pattern was obtained using both extraction methods, the 

average total spot number was significantly higher with the acetone – phenol 

extraction (P = 0.0313). No significant differences were found between the 

average background ratios 

 

Based on the former results, acetone – phenol extraction was chosen as a 

proper extraction method for poplar leaves and further tests were performed in 

order to optimize the spot pattern. As suggested by Thiellement et al. (2006), 

the pH of the phenol should always be at 8.0 to prevent nucleotide interference. 
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In preliminary experiments, we observed that buffers made only one day in 

advance (determined in the manuscript as ‘fresh buffers’ render clearer gels 

(data not shown). Additionally, calculating the volumes of all solutions in 

proportion to the fresh weight of the starting material, enhances the spot 

pattern (data not shown). Adding ampholine pH 4-7 to the resuspension buffer, 

Espagne et al. (2007) reported a position shift of the RuBisCO LS. However, 

adding ampholine pH 3-10, led to a selective focusing of RuBisCO LS to its 

correct pI. They suggested that the different mobility shift resulted from the 

poor RuBisCO solubilization in the 4-7 ampholine pH range. Besides the position 

shift of the RuBisCO LS, distinctly separated spots in the RuBisCO LS region 

were obtained. Moreover, some of these spots had never been identified in the 

plant proteome before. These results raised the question whether addition of IPG 

4-7 NL buffer (GE Healthcare) to our resuspension buffer, could result in a better 

focused RuBisCO LS region since less RuBisCO LS is solubilized. Therefore, 

proteins were resuspended in the presence of 1.25 % (v/v) IPG 4-7 NL buffer 

(GE Healthcare) and centrifuged at 70.000 g during 90 min prior to loading. 

First, testing the Gel Code Blue staining, 50 µg proteins was loaded, resulting in 

a better focused RuBisCO LS spot (Figure 4.1.4a). The protein amount was 

increased up to 300 µg to obtain the same spot pattern as on silver stained gels. 

Loading 300 µg proteins, the RuBisCO spot is less focused but still better than 

without IPG 4-7 NL buffer (Figure 4.1.4b - c). 

The presence of RuBisCO LS often interferes with the identification of spots with 

the same molecular mass or the same isoelectric point. To determine the 

RuBisCO LS interference, four spots (indicated by numbered arrows on figure 

4.1.5) were picked for LCQ analysis. Three spots could be identified (Table 

4.1.1) as (1) an ATP synthase beta subunit, (2) a fructose 1,6 bisphosphate 

aldolase and (3) a catalase. The same aldolase was identified in spot 4, but 

here, it was co-migrating with RuBisCO LS. Spot location was inconsistent with 

the MW of each of both proteins separately, but its occurrence was reproducible 

from gel to gel. The reason for this is not known. Taken together and as judged 

from a limited number of spots analyzed, only minor background interference 

might be expected coming from RuBisCO LS in planned physiological studies in 

poplar using the protocol as described above. 
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Figure 4.1.4: Focusing of RuBisCO LS region. spots are revealed by Gel Code 

Blue. A: 1.25% (v/v) IPG 4 – 7 NL buffer + 50 µg proteins loaded, B: 1.25% 

(v/v) IPG 4 – 7 NL buffer + 300 µg proteins loaded, C: no IPG 4 – 7 NL buffer + 

300 µg loaded. By adding 1.25% (v/v) IPG 4 – 7 NL buffer the RuBisCO LS spot 

is clearly better focused 

 

Hydrolysis of acrylamide could occur during overnight isoelectric focusing, 

resulting in poor focused spot patterns and sometimes even “gaps” in the basic 

region. Adding 150 µl DeStreak rehydration solution on the negative paper wick, 

hereby preventing depletion of urea and thiourea and thus diminishing 

hydrolysis of acrylamide (Kask et al., 2009), resulted in a better spot pattern 

(data not shown) but could not prevent the “gaps” in the basic region 

(Verstraelen K, personal comments). 

 

Differences in the average spot number were present for the acetone – phenol 

extraction between the different comparisons, giving doubt to the reproducibility 

of the extraction protocol. However, these differences could be due to the silver 

staining procedure, considering its low reproducibility (Görg et al., 2004). To 

test the reproducibility of the acetone – phenol extraction, gels were stained 

with Gel Code Blue, which is less sensitive but more reproducible than silver 

staining (Görg et al., 2004). Analysis of 4 gels (biological replicates) resulted in 

an average total spot number of 208 ± 2 and high matching percentages, 

suggesting a high reproducibility of the extraction method (Figure 4.1.5, Table 

4.1.2). 
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Table 4.1.2: Matching results of the gel from the reproducibility test. 

        

GelName1 GelName2 # Matches Percent Matches 

L9 L12 198 95.0 

L10 L12 200 94.8 

L11 L12 194 93.3 

 
L12 was set as reference gel. # Matches: the number of spots that could be 

matched between the two specified gels (GelName1 and 2), Percent Matches: 

percentage of spots of GelName1 that could be matched to the reference gel 

(GelName2). 

 

Figure 4.1.5: Acetone – phenol extraction of leaf samples. Gels were stained 

with Gel Code Blue and 300 µg proteins were loaded. After matching, a high 

reproducibility was present (Table 4.1.2). The reference gel is shown with the 

spot pairs; red circles represent spots belonging to the reference gel (L12), blue 

circles represent spots belonging to gel L10. Numbered arrows indicate the spots 

that were picked for LCQ analysis. 
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After optimizing the extraction method on leaf samples, the same protocol was 

used for root samples. As shown (Figure 4.1.6), this rendered very clear spot 

patterns with an average total spot number of 1611 ± 121 and an average 

background ratio of 1.03 ± 0.07. 

 

Figure 4.1.6: Acetone – phenol extraction of poplar root samples; silver 

staining. This extraction method provides very clear spot patterns of soluble root 

proteins (average total spot number of 1611 ± 121 and an average background 

ratio of 1.03 ± 0.07) 

 

4.1.4. Conclusion 

According to the data presented above, the acetone – phenol extraction is the 

highest reproducible extraction method for soluble proteins of poplar leaves, 

yielding a high spot number and low background interference. Applying the 

extraction method on root samples rendered very clear spot patterns as well. 

Further optimization revealed several critical steps: (1) pH of the phenol should 

always be at 8.0 to assure that nucleotides will be in the buffer phase and not in 

the phenol-rich phase (Thiellement et al., 2006), (2) the extraction buffer should 
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always be made fresh and (3) the volumes of buffers, phenol, … added should 

be carefully calculated in proportion to the fresh weight of the starting material.  

Some more tests made to improve the quality of the spot pattern, revealed that 

applying 150 µl DeStreak rehydration solution (GE Healthcare) on the paper 

wick of the negative electrode increases the quality of the spot pattern. On top, 

addition of 1.25 % (v/v) IPG 4-7 NL buffer (GE Healthcare) to the buffer prior to 

resuspension results in a better focused RuBisCO LS region. It should be 

mentioned however that, when performing DIGE, ampholytes will compete with 

proteins to bind the fluorophores, therefore IPG buffer may not be added prior to 

DIGE labelling. Scientists focusing on the RuBisCO region could use this method 

combined with other commercial dyes which are sensitive and can be used 

quantitatively. 

 





 Chapter 4.2 

115 

 

Chapter 4.2 

 

Problems inherent to a meta-analysis of proteomics data: A case 

study on the plants’ response to Cd in different cultivation conditions 

 

The first week of my PhD, a colleague told me “beware of what you’re starting with”. Back then, I thought I did… only now I 

understand I did not. Her statement was the motivation to write this chapter(With special thanks to Karen Verstraelen). 

 

4.2.1. Introduction 

Since Cd is a naturally occurring chemical element in the earth’s crust, it is 

present in the environment at low concentrations. Because of industrial pollution 

in the late 19th and early 20th century, however, Cd concentrations raised in the 

environment. To date, 25 thousand tons Cd per year are released into the 

environment worldwide (WHO, 2000). Half of this amount is due to natural 

processes such as erosion, wood fires and volcanic eruptions. The other half is 

due to antropogenic pollution via recovery of iron (Fe), steel and non-ferro 

metals like zinc (Zn), lead (Pb) and copper (Cu), and the use of fossil fuels and 

phosphate based fertilizers (WHO, 2000). In Belgium, hot spots are found at 

sites of former Zn smelters. However, since Cd is also transported by air, 

Belgium copes with large scale Cd contaminated areas. 

Although Cd2+ can substitute Zn2+ as a cofactor in carbonic anhydrase in marine 

algae (Lane et al., 2000), Cd is classified as a non-essential metal and listed as 

nr 7 at the ATSDR (Agency for Toxic Substances and Disease Registry) top 20 

list of toxic substances and as carcinogenic (group I) by the IARC (International 

Agency for Research on Cancer). Even at low concentrations it poses severe 

risks for human health, animals, plants and microorganisms (see chapter 1.1 

and 1.2; Doyle et al., 1975; Godt et al., 2006; Kirkham 2006; Huff et al., 2007). 

Being sessile organisms, plants need to adapt to their environment. To cope with 

prevailing Cd levels, different mechanisms can be addressed: (1) metal binding 

to the cell wall, (2) active efflux, (3) compartmentalization, (4) reduced 

transport across the cell membrane (5) repair and protection of the plasma 

membrane under stress conditions and (6) chelation of Cd molecules (Prasad et 

al., 1995; Hall, 2002; do Nascimento and Xing, 2006). In addition, the 
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movement of metals to the roots can be restricted by ectomycorrhizal fungi 

(Hall, 2002). Metal ions are taken up in two steps by plants: at first a rapid and 

non-specific binding of the cations to the negatively charged membrane 

components located at the cell surface occurs. Secondly, an energy dependent 

intracellular uptake of the metal ions takes place. Cadmium easily enters the 

plant’s root system through uptake systems for essential metals like LCT1 (low 

affinity cation transporter), ZIP (ZRT1/IRT1-like proteins), Nramp (natural 

resistance-associated macrophage protein) and SLC11 (solute carrier family 11) 

metal transporters or Fe2+, Zn2+ and Ca2+ transporters/channels with low 

specificity. Moreover, the hypothesis of a Cd-specific uptake system is 

postulated (Clemens, 2006). The Cd availability for plants is regulated by 

amongst others soil pH, redox potential and chloride levels (Prasad, 1995; 

Smolders and McLaughlin, 1996; Bingham et al., 1984; Doner, 1978). 

Since almost all Cd released into the air finally binds to the organic matter in the 

soil (Kaschl et al., 2002), Cd can easily reach the food chain by the uptake 

through plant roots. On top, it can easily leach to groundwater (Robinson et al., 

2000). Since toxic metals, like Cd, can pose severe risks to human health, 

threshold values have been defined for agricultural soils and crops. Exceeding 

these threshold values and consequently loosing economic valuable soils, 

enhances the authorities’ interest in alternative remediation strategies. Classical 

remediation techniques (e.g. soil washing, excavation and dumping) are 

expensive, destructive for soil structure and microorganisms and not applicable 

for large-scale contaminations (Glick, 2003; 2010; Mastretta et al., 2006; 

Weyens et al., 2009). During the past decennia, phytoextraction, which is the 

use of plants to extract metals from soil and groundwater, seems promising for 

this purpose. A major drawback of phytoremediation remains the large time 

scale needed to remediate the soil, therefore phytoremediation efficiency needs 

to be optimized. This can either be achieved chemically using soil amendments 

(Komarek et al., 2008) or naturally by the use of plant-associated 

microorganisms (e.g. Zimmer et al., 2009; Ryan et al., 2008; Braud et al., 

2009; Weyens et al., 2010). A basic understanding of the plant’s response to 

environmental relevant Cd concentrations is necessary to perform research 

directed at enhancing phytoremediation efficiency. Whereas numerous studies 
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have described symptoms and responses of plants to Cd, there is still little 

known about the overall molecular mechanisms that are addressed.  

The main aim of this review is to provide an overview of Cd responses at the 

proteome level in plants’ leaves and roots, taking into account the different 

growth systems and exposure times. However, exploring the literature and 

retrieving the proteomic information, revealed numerous obstacles to achieve 

this goal. Therefore, the current review focuses on major problems encountered 

in a meta-analysis of proteomic responses upon Cd stress, i.e. experimental 

setup and proteomics analysis. Thereafter, future prospects concerning uniform 

experiments and data publication will be highlighted. Finally, the current state of 

Cd-induced proteomic responses in plants is discussed. 

 

4.2.2. Diversity among experimental setup, material, methods and data 

analysis 

To our knowledge 33 articles have used proteomic techniques to investigate 

plant response to Cd (Table 4.2.1). Comparing these articles, the huge diversity 

in experimental setup, materials and methods and data analysis is striking. 

Studying the literature in order to get insights in the global response of plants to 

Cd is challenging, since a considerable variations among the studies are present. 

These variations are noticeable on both, experimental setup and proteomic 

analysis, and the most critical steps are discussed hereafter. 

 

4.2.2.1. Impediments with regard to cultivation methods and exposure 

4.2.2.1.1. Cultivation methods: from the laboratory to the field 

Since the proteome dynamically responds to changes in the environment, 

cultivation methods with highly controllable parameters are preferred for 

proteomic studies. In laboratories, cell suspension cultures, in vitro growth 

on ‘Murashige and Skoog’-medium and germination in Petri-dishes are 

often chosen for their controlled conditions (11 out of 33 studies). These 

controlled conditions are easy to handle, inexpensive and guarantee 

reproducible samples. Alongside the aforementioned advantages, it should be 

kept in mind that the conditions provided by these systems poorly resemble field 

conditions (Figure 4.2.1). Moreover depending on the plant species used, most 

in vitro systems work with small juvenile plants that do not reflect conditions 
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more comparable to the field. Unfortunately, this entails higher variability due to 

less controllable conditions. Hydroponic cultivation systems can be thought 

of as “intermediate” systems and are frequently used for proteomic studies (15 

out of 33 studies). They allow the germination and complete development of 

plants, and still provide high controllable conditions (Wójcik et al., 2005; Keunen 

et al., 2011). On top, they reduce the period of growth and the space required 

to conduct an experiment (Zacchini et al., 2009). A major disadvantage of 

hydroponic cultivation systems is still the limited comparability to field 

conditions: no real rhizosphere can be established, anaerobic conditions are at 

risk, roots formed in hydroponic systems have a different morphology compared 

to roots formed in soils and last but not least hydroponic systems supply a 

steady and constant availability of nutrients which does not reflect soils systems 

(Smeets et al., 2008b). Therefore, with the prospect to field experiments, using 

only hydroponic systems for fundamental research is not recommended and the 

use of soil systems should be incorporated. Depending on the research question 

hydroponics can be favoured because of their high controllability but soil 

cultivation systems come closer to field conditions (Figure 4.2.1): a 

rhizosphere can be established, normal roots can be formed, nutrient availability 

is influenced by the soil conditions and the availability of the applied metal will 

reach a steady state dependent on the soil conditions. To get the same toxicity 

response, the latter usually requires a higher metal concentration application as 

compared to hydroponic cultures. Soil systems are less frequently used (6 out of 

33 articles), probably due to the higher variation among individual pots. Up to 

date, only one study used samples obtained from the field (Hajduch et al., 

2001). Since the extrapolation of results obtained from hydroponics, soil 

systems, etc. to the field is not straightforward, therefore it is important to 

investigate the potential of this extrapolation in order to get better insights in 

the molecular mechanisms involved in phytoremediation in field conditions. The 

more profound this comprehension, the easier to discover manipulations that 

boost phytoremediation efficiency. 
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Figure 4.2.1: Differences between cultivation methods considering 

controllability and their ability to resemble realistic conditions. 

 

4.2.2.1.2. The applied light conditions, temperature and relative humidity 

Photosynthetic flux density used in the included articles ranges from 100 to 

1000 µmol m-2 s-1 (Table 4.2.2). Moreover, large differences exist in the light 

periods: in the shortest period 8 hours of light were applied while in the longest 

period 16 hours were applied. Most studies used a light period of 16 hours for 

plant cultivation (Table 4.2.2). Different temperatures for growing plants were 

used: a range from 21 to 25°C was described. Some studies reported night 

temperatures ranging from 17°C to 20°C (Table 4.2.2). The maintained relative 

humidity is often not specified (six out of 13 articles) and ranges from 60 up to 

100% (Table 4.2.2). Light conditions, temperature and relative humidity are 

known to have a large effect on plant growth. However, to our knowledge no 

study was performed revealing the exact effect of the applied light conditions 

and temperature and therefore, no predictions can be made considering the 

interaction effect of metals and environmental conditions on plant growth.  

 

4.2.2.1.3. The applied Cd concentration 

The concentration of Cd applied to the plants ranges from 1 to 250 µM and from 

2 to 360 mg/kg in hydroponic and soil cultivation systems respectively. In order 

to create a more comparable unit, all concentrations have been recalculated to 

ppm. Since Cd tolerance greatly varies among plant species (Schützendübel et 

al., 2002b), it is hard to put a general threshold to distinguish between ‘low’ and 

‘high’ concentrations of Cd. Ideally, a range finding experiment should be 

conducted for each plant species in order to pinpoint the sub-lethal Cd 

concentration. Working with sublethal concentrations gives the opportunity to 
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study the metabolic adaptation that is required to enable plants under stress (of 

the toxicant) to survive and reproduce. Another manner, with regard to field 

experiments, is to work with environmental relevant Cd concentrations. On top, 

the sensitivity of plants to metals and the toxicity of metals for plants also 

depend on the developmental stage of the plants (Liu et al., 2005). When 

grouping the articles, the applied Cd concentration was not taken into account. 

However, this will be born in mind while discussing the results. 

 

Table 4.2.2: Light conditions applied in included research articles. If reported, 
temperature is specified as day/night temperature. N.S. = not specified. 

          
Author Photosynthetic photon 

flux density (µmol m-2 
s-1) 

Light 
period 
(hours) 

Temperature 
(°C) 

Relative 
humidity 

(%) 

Visioli et al., 2010 300 14 25 70-80 

Kieffer et al., 2008 150 16 23 N.S. 

Kieffer et al., 2009a 150 16 23 N.S. 

Semane et al., 2010 200 12 21/17 65 

Fagioni and Zolla, 
2009a 

260 - 350 14 24/20 N.S. 

Kieffer et al., 2009b 150 16 23 N.S. 

Rodriguez-Celma et 

al., 2010 
350 16 23/18 80 

Roth et al., 2006 230 - 240 8 23 N.S. 

Alvarez et al., 2009 100 16 24 100 

Durand et al., 2010 1000 16 21 70 

Aloui et al., 2009 220 16 23/18 60 

Repetto et al., 2003 N.S. 16 24/20 60 

Zhao et al., 2011 150 N.S. 25 N.S. 

 

4.2.2.1.4. The chemical speciation of Cd 

The chemical form in which Cd is applied differs among the included studies, 

making them hard to compare since each chemical form could introduce specific 

secondary effects. However, a distinction should be made between applying Cd 

as a nitrate of sulphate, which are macro-elements or as chlorine which is a 

micro-element. That is, using CdSO4 or Cd(NO3)2, these secondary effects will 

only be moderate since sulphates and nitrates are present in a much higher 
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concentration in the nutrition solution compared to chlorine.  The addition of 

sulphates could protect plants more against Cd toxicity since Cd induces an 

enhanced sulphate uptake leading to an increase of glutathione, the precursor 

for phytochelatins (Prasad, 1995; Hassan et al., 2009). Phytochelatins can bind 

Cd directly, reducing its cytoplasmic toxicity. The application of CdSO4 enhances 

the sulphate concentration and could subsequently render higher Cd tolerance. 

By using Cd(NO3)2, more nitrates are introduced into the growth system. Fujita 

et al. (2010) demonstrated that increased N supply stimulates phosphatase 

activity due to the altered N:P ratio. On top, P starvation is primary due to high 

N:P ratios and to a lesser extent to low P supply (Duff et al., 1994). Due to their 

limited availability in the soil, N, P and K (i.e. primary plant macronutrients) are 

the limiting factors for plant growth. Using Cd(NO3)2, additional nitrates are 

supplied to the growth system, potentially resulting in an increased plant 

growth. Although this effect depends on the ratio of the applied amount of 

Cd(NO3)2 to the amount of nitrates present in the growth system, one should 

apply the same amount of nitrates to the control group using e.g. KNO3. 

Considering that the concentration of chlorine in Hoagland solution is only 1.82 

µM, the utilization of CdCl2 demands more precaution. All included hydroponic 

experiments use (a diluted) Hoagland solution. In soil cultivation systems 

fertigation can be used as well, but the composition is hardly ever specified. 

Although chlorine is classified as a micronutrient, it is toxic at millimolar range. 

Using CdCl2, the amount of chlorine is increased dramatically as compared to the 

controls. Therefore, the effects described using CdCl2 should be interpreted 

carefully, since they can be the result of the presence of Cd or the relative 

strong increase in chlorine concentration. Moreover, multiple studies show that 

the presence of chlorine in the soil results in higher amounts of available Cd in 

the soil (Prasad, 1995; Smolders an McLaughlin, 1996; Bingham et al., 1984; 

Doner, 1978) and in an increased Cd uptake in plants (Giordano et al., 1983). 

From the 13 studies included in this review, 4 used CdCl2, 6 used CdSO4 and 3 

have not specified the chemical form they used (Table 4.2.1). For the articles 

using CdSO4, we believe there will not be secondary effects since the applied 

concentration is far below the concentration of SO4
2- in the Hoagland solution. 

However, CdCl2 was used in very high amounts (10 up to 500 µM) and gave a 

much higher chlorine concentration than the one initially present in the watering 



 Chapter 4.2 

127 

 

solution (from ± 20 times up to ± 550 times higher; calculated if watering 

solution was specified). Thus, data produced by experiments using CdCl2 should 

be interpreted carefully, since secondary effects due to higher chlorine 

concentration in Cd-exposed plants vs. controls could be present. 

4.2.2.1.5. The applied exposure time 

The exposure time ranges from 2 hours to 70 days. Depending on the plants’ 

metabolic speed, a threshold to classify “short” and “long” exposure time is 

difficult to preconceive. In most time scale studies, the exposure time is kept 

under or above 3 days. Therefore, 3 days will be the threshold to distinguish 

between ‘short’ and ‘long’ exposure times in this review; all exposure times 

below or equal to 3 days will be considered ‘short’ term and all exposure times 

of more than 3 days will be considered ‘long’ term. 

 

4.2.2.1.6. The studied tissues and organs 

A variety of tissues and organs is used across the studies that focus on the 

proteome response of plants to Cd. Since proteome patterns depend on the 

studied tissues and organs, one needs to take this into account when drawing 

conclusions. The comparison between hydroponics and soil systems (see section 

4.2.6) focuses only on leaf and root samples. However, comparison still remains 

though since major differences are even present in the same organs. For 

example, Fagioni and Zolla (2009a) described proteome differences studying the 

effect of Cd in basal and apical spinach leaves. This was confirmed by Jorrín-

Novo et al. (2009) and on top they state that the 2-DE pattern depends on leaf 

orientation (North, East, South and West) and the time of the day when leaves 

are collected.  

 

4.2.2.2. Impediments with regard to proteomic analysis 

4.2.2.2.1. The diversity of material and methods peculiar to proteomics: from 

extraction to differential expression 

Focussing on the proteome, one has a huge diversity of extraction protocols, 

staining methods, equipment and software to choose from. Proteins can be 

extracted in several ways, using e.g. TCA/aceton, extraction buffers or phenol 

and can be subjected to numerous methods of fractionation. Phenol-based 

extractions are considered to enhance the extraction of glycoproteins (Ahsan et 
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al., 2009). Furthermore, Cilia et al. (2009) demonstrated that each protein 

extraction method isolates a distinct “extractome”. Comparing TCA/acetone, 

phenol and multi-detergent extraction, they observed that 26.7% of the total 

spots were differentially extracted by one or two of the three methods. Protein 

extraction methods are therefore believed to be complementary to one another 

(Ahsan et al., 2009; Carpentier et al., 2005). Sample prefractionation receives 

increasing attention since it reduces sample complexity and dynamic range, two 

features that could overwhelm the capacity of all currently available analytical 

platforms (Jorrín-Novo et al., 2009). Since extraction and purification of proteins 

is a critical part of proteomics, researchers should be aware of the fact that the 

efficiency of a proteomic study relies on the quality of the biological sample used 

(Ahsan et al., 2009). Another challenge is the protein quantification. Since all 

methods have their specific drawbacks, researchers should evaluate which 

method is most qualified for their experimental design (Weist et al., 2008). 

However, the reproducibility of the assay is more important since one should 

always load the same amount of proteins for each sample on the gel. Different 

techniques are available to separate proteins, either gel-based or gel-free, 

both with their own advantages and disadvantages (for reviews, we refer to 

Ashan et al., 2009; Wilm, 2009; Miller et al., 2010; Vaudel et al., 2010). 

Staining methods greatly differ in sensitivity, dynamic range, reproducibility 

and compatibility with identification methods. A great improvement was 

established by the introduction of fluorescent dyes (e.g. CyDyes), which 

rendered even higher sensitivity and allowed to analyse multiple samples on the 

same gel. Moreover, comparison between individual gels was more feasible since 

an internal standard can be used on each gel. Nevertheless, no staining method 

provides complete staining of the proteome (van den Broeck et al., 2008). 

Moreover, software packages differ in their analysis resulting in differences in 

the sets of proteins discovered. Numerous software programs are developed to 

match gels and protein spots for differential protein analysis, claiming to 

automate the matching and thereby providing accurate gel analysis. Recently, 

five commercially available software programs were tested, showing that less 

than 3% of the total processing time was automated, 1-62% of correct matches 

were generated automatically and that increasing the number of replicates 
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decreased the number of automatically correct matches (Clarck and Gutstein, 

2008). 

Other factors that are almost never reported, but can have a huge impact on 

proteins, are the storage conditions of protein samples and the thaw –freeze 

cycles that protein samples are subjected to (Weist et al., 2010). Therefore it is 

recommended to work with aliquots of your protein samples to minimize the 

thaw – freeze cycles, as suggested by Weist et al. (2010).  

The obtained proteins in a study are just a ‘snapshot’ of the total proteome. This 

snapshot greatly depends on the used methods, making it very hard to validate 

studies using different techniques (Alvarez et al., 2009). Moreover, in 2006, 

Wilkins et al. stated that the enthusiastic application of new, but immature 

proteomic techniques to significant biological questions, resulted in numerous 

publications of questionable quality that require further confirmation and/or 

validation. 

 

4.2.2.2.2. The identification process 

A critical step in quantitative proteomics is the robust and accurate protein 

identification, since they are essential in understanding the dynamic nature of 

the proteome (Yu et al., 2010). Issues to be considered performing protein 

identification by mass spectrometry (MS) were outlined in detail by Baldwin in 

2003. As for materials and methods used from extraction up to differential 

expression, a huge diversity is present in the identification process. Proteolytic 

digestion is mostly performed using trypsin and although this technique is well 

established, pitfalls could occur since negative interactions between the 

proteolytic enzyme and sample components can occur, potentially leading to 

sample losses (Clifton et al., 2011). Optimizing this step is important since it 

could lead to faster and better performance of proteomic analysis. Since high 

throughput proteomic analysis were available, database sizes increased 

considerably. However, it should be kept in mind that the number of highly 

confident identified proteins consistently decreases as database size increases 

(Searle, 2010). As software packages differ in their analysis, search engines 

differ in the way they score identifications, both resulting in differences in the 

sets of proteins discovered. Despite the complexity of the available software, a 

‘black box’ application of software should be avoided. To start, when normalising 
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data, caution should be taken since this could also normalise biological 

differences (Cairns et al., 2008). Moreover, variations caused by bio-informatic 

analysis have a major impact on the number of correctly identified proteins 

(Searle, 2010). Using the target-decoy strategy, the false discovery rate (FDR) 

can be estimated. The quality control of this strategy was recently examined by 

Vaudel et al. (2011). Balgley et al. (2007) have demonstrated that, for large 

data sets, peptide identifications differ depending on the used search algorithms, 

especially for peptides scoring close to the threshold for rejection or acceptance. 

Speculation on whether more identifications could be extracted combining 

multiple search engines, resulted in the creation of algorithms combining 

multiple search engines, which give a higher number of identifications 

accompanied by a lower rate of false positives (Yu et al., 2010; Jones et al., 

2009; Searle et al., 2008). For example, Scaffold allows you to combine multiple 

search engines, by converting search engine scores to probabilities of peptide 

identification using the Peptide Prophet algorithm. Using a new metric called the 

“combined FDR score”, which appears to be a highly effective discriminator for 

correct/incorrect identifications, Jones et al. (2009) reported a higher 

percentage in identifying proteins than Scaffold. In 2010, the MSENC (Multiple 

Search Engines, Normalisation and Consensus) algorithm was created by Yu et 

al., including 6 search engines and a re-scoring engine to search MS/MS spectra 

against protein and decoy sequences. We recommend combining multiple search 

engines, since it could enhance identification reproducibility and decrease the 

FDR, making it easier to compare independent experiments. Jones et al., 2009 

showed that the combination of the top two search engines enables you to 

identify almost as many peptides as using three search engines, indicating that 

adding additional search engines would have limited benefits. On top, the 

number of search engines combined, is negatively correlated with sensitivity (Yu 

et al., 2010). Recently the surplus value of these above-described techniques 

(referred to as ‘multisearch’ techniques by Tharakan et al. (2010)) is questioned 

and the use of multipass techniques is suggested (Tharakan et al., 2010). These 

multipass techniques attempt to correctly assign more of the spectra acquired 

by MS without substantially increasing running time or false positives by tuning 

the search space (defined as the total number of comparisons between 

theoretical and experimental mass ladders). In addition to maximize the number 
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of identified proteins in a sample, an attempt has been made to easily validate 

borderline hits of database searches by Thomas and Shevchenko (2008). 

Another approach recently suggested is the use of customized databases, which 

are derived from existing databases by applying one or more pre-processing 

steps. This could lead to better identifications, resulting in the creation of 

‘Database on Demand’ (Reisinger and Martens, 2009). In addition, the pre-

processing of MS/MS spectra can increase sensitivity of peptide identification 

and decrease size file and runtime without compromising specificity. Pre-

processing methods must be chosen carefully since their performing capacities 

depend on the search engines used and since not all methods improve the 

number of identified peptides (Renard et al., 2009). Filtering strategies for 

MS/MS identifications can be applied to enhance identification, and can be 

divided into two groups: (I) pre-filtering strategies which distinguish poor 

MS/MS spectra prior to database search and (II) post-filtering strategies which 

verify peptide identification rendered by the search engines. Both strategies, 

their relative merits and potential drawbacks are reviewed by Salmi et al. 

(2009). Other applications that have been proposed to further increase the 

sensitivity and specificity of current peptide identification engines are listed in 

Degroeve et al. (2011).  

Since different MS/MS spectrum processing algorithms are available, the 

evaluation of their overall efficiency and usefulness is necessary. This evaluation 

can be done by quantifying the differences in reproducibility between the 

different algorithms for peak intensity normalization (Degroeve et al., 2011). 

Of the articles included in this review, most reported sufficient information to 

validate identifications. Sometimes, no information is provided concerning the 

number of peptides used (five out of 33 articles), the used probability thresholds 

or protein scores (six out of 33 articles), search parameters (nine out of 33 

articles), etc. Twenty-two articles reported on all of the three above mentioned 

points and four articles reported on none of the abovementioned points. Due to 

this lack of information, it is often not possible to critically evaluate the 

identification process. 
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4.2.2.2.3. Statistics to determine differentially abundant proteins 

Out of the 33 articles concerning proteomic response to cadmium exposure in 

plants, 11 articles did not report the statistical test used to point out the 

differentially abundant proteins. To be thorough, the corresponding authors 

were contacted to obtain the statistical information, however upon submitting 

this meta-analysis, still 8 authors failed to respond (Table 4.2.1). From the 22 

articles specifying the statistics, 12 used a parametric univariate test and a 

multiple comparison FDR correction was only specified in one article (Durand et 

al., 2010). When more than two conditions are compared, a one way ANOVA is 

used (six out of 22 articles) and a multiple comparison had to be conducted 

afterwards, however only three articles specified the multiple comparison test. A 

two way ANOVA was used to test more than two conditions on two independent 

variables in three out of 22 articles and in none of these studies a multiple 

comparison was used afterwards (personal comments of the authors). Only two 

articles used a non-parametric test on their dataset; the Mann Whitney U test or 

the Kruskall Wallis test. The ANCOVA test was used in only one article, in 

addition to a two way ANOVA. Usually, the purpose of ANOVA is to compare 

means between multiple groups/samples or variables/measurements. In 

analysis of covariance (ANCOVA), a regression analysis is simultaneously 

performed to evaluate the relationship between one or more (independent) 

variables (covariates) with the dependent variable(s). Three articles reported 

(by replying on email) not to have used any statistics at all.  

The aforementioned clearly indicates that parametric tests are mostly used to 

analyze proteomic datasets (paired t-test, student t-test, ANOVA or two way 

ANOVA). Only four out of 33 studies used multivariate exploratory analysis or 

combined both. Using these parametric tests assumes normally distributed 

observations and homogeneous variances displayed by the different groups. On 

top, using unpaired parametric tests, the observations need to be independent. 

As recently stated by Lilley et al. (2011), it is well known that several of these 

assumptions are not met in proteomic datasets. Transformation of the data can 

leverage the requirements, but sometimes non-parametric tests have to be 

applied at the expense of the statistical power (See section 4.2.5). 
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4.2.2.2.4. The applied fold changes 

Differential abundance among proteins is usually expressed by fold changes. 

Fold changes are defined as the ratio of the final value to the initial value. Fold 

changes higher than 1 might indicate increase in abundance, while fold changes 

lower than 1 might indicate decrease in abundance. Sometimes fold changes are 

expressed as a negative value to indicate decrease in abundance. After 

statistical analysis, lists of differentially abundant proteins are generated, each 

with their specific fold change. Comparing the included articles, fold changes 

range from |0.02| up to |36.78|. In proteomic literature, there is no consistency 

in using a threshold for fold changes. Some authors accept all fold changes, 

while others only accept e.g. fold changes above 3 or below -3. This 

inconsistency results in (1) either misleading information due to false positives 

or (2) in a loss of proteins due to false negatives. A big difference in fold change 

can be false positive when the variability is high, while a small difference can be 

significant and false negative when the variability is small and the number of 

replicates high. Only an objective and appropriate statistical test can judge 

about relevant fold changes. For an ideal meta-analysis, all authors should be 

encouraged to release their raw data so that different statistical tests can be re-

applied to create an objective description of the data. 

Analyzing 169 articles, Petrak et al. (2008) have shown that some proteins seem 

to predominate regardless of the experiment, species or tissues analyzed. This 

might confirm the existence of a general stress response (Petrak et al., 2008). 

However it could also be explained by the fact that proteins with high 

abundance, which are easy to identify, are mostly observed at the expense of 

the lower abundant ones. Keeping this in mind, researchers should be critical 

about the identified protein list generated by their experiment. The meta-

analysis of Petrak et al. (2008) focused on human and rodent samples, however 

we believe it would be valuable to generate such a list for plant tissue as well. 

 

4.2.3. Consensus in proteomic research... An illusion or plausible? 

Keeping in mind that the final result can only be as good as the starting 

material, protein extraction is one of the most critical steps. It is difficult to point 

out a general good performing extraction protocol since this is highly tissue 

dependent. Therefore, we believe researchers should first focus on selecting the 
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most appropriate extraction protocol for their samples. This should, ideally, 

render the highest number of distinct protein spots, be highly reproducible, 

contain as less contaminants as possible and minimize artificial protein 

degradation and modification. In the subsequent steps of the proteomic 

workflow, the available techniques, protocols, materials, software packages, 

algorithms, etc. are even larger, making the generated protein list dependent on 

the workflow chosen by the researcher. Proposing a general workflow is 

unrealistic since no workflow is able to generate the full proteome. As a result, 

analyzing proteomic literature, data provided on a specific topic could only be 

interpreted as complementary to each other. ‘Comparing’ proteomic studies 

between laboratories is almost impossible, since each study only renders a 

specific sub-proteome. As stated by Lilley et al. (2011), the use of homemade 

standards may satisfy the need for an internal standardization, but does not 

lend itself to cross-laboratory standardization. 

Despite the fact that no consensus can be reached for the proteomic workflow, 

we believe general guidelines are indispensable. Although frequently used in the 

past decades, proteomics is still in its infancy and at a highly evolving stage. 

Tremendous research is focussing on optimizing the proteomic workflow at 

almost every level. This has to be encouraged in order to get a better 

reproducible, high-throughput workflow. On the other hand, up to date so many 

studies are available suggesting improvements that it is impossible, as a non-

specialist, to determine which method is the most accurate to achieve this goal. 

Various research groups are developing tools for proteomic research, analysis, 

database development, etc. For the sake of the proteomic community, these 

research groups should bundle their forces instead of competing with each 

other. Since the workflow of proteomics encounters so many protocols, 

equipments, software packages, search algorithms, ... it is impossible to 

understand each step in depth. In addition, Agrawal et al. (2011) stated that we 

lack a suitable globally recognized platform along with centralized and user-

friendly database and that media coverage and information dissemination should 

be enhanced. Therefore, we strongly believe that the field of proteomics needs 

to assign a group of specialists at every level of the proteomic workflow. Their 

aim should be to follow up and critically evaluate all suggested improvements 

and to generate a guideline for methods to be used at each stage of the 
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proteomic workflow. These guidelines should be regularly updated, since 

research to improve proteomics is still largely ongoing and should be easily 

accessible for all researchers. Only in this way it will be possible to render good 

valid proteomic results, since it is impossible for a researcher to be specialised at 

each level of the proteomic workflow. In order to concede to the dissemination 

of proteomic information, the INPPO (International Plant Proteomics 

Organization) aims at establishing complete plant proteomes by properly 

organizing, preserving and disseminating collected information on plant 

proteomics. The INPPO is a good initiative towards centralizing plant proteomic 

information, however their contribution to a general proteomic guidelines, as 

stated above, is to be reviewed later on. Since the success of this project 

depends on researchers input, we highly encourage plant proteomic researchers 

to join the INPPO project.  

 

4.2.4. Validation and good reporting practice for protein identification 

Mass spectrometry is used at large scale in proteomic research. Since a broad 

range of researchers are not specialised in MS, the major limitations of the 

system that critically affect the reliability and significance of the identifications 

are substantially less understood and sometimes less considered (Baldwin, 

2003). Since proteomics is inextricably bound up with MS, the quality of the 

outcome of a proteomic experiment is strongly dependent on the quality of the 

mass spectra underpinning protein identifications (and quantifications) as 

returned by a search engine from a primary sequence database. Databases 

should be under critical evaluation since proteome coverage, and thus protein 

identification, strongly depends on size and quality of reference protein 

databases by which obtained MS and MS/MS data are compared (Schneider and 

Riedel, 2010). 

It is challenging to establish criteria for identification of proteins by mass 

spectrometry. Some general precautions should be taken into account. Each 

automatically-generated identification needs to be manually verified, even if a 

preset cross-correlative or statistical threshold is met and/or a refined expert 

system is in use such as Amass (Sun et al., 2004), Peptizer (Helsens et al., 

2008) or ScaffoldTM. This in turn requires an understanding of peptide spectra. 

Hereby, two criteria generally apply: the fragment ions should be clearly above 
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baseline noise and the spectrum should have continuous b or y ion matches 

(Link et al., 1999). Dependent on the occurrence of specific amino acids in the 

peptide such as proline, acidic and/or basic amino acids, additional criteria may 

apply. For these and other peculiarities about mass spectral interpretation the 

(novice) reader might be referred to a ‘tutorial’ paper (Jonscher, 2004). 

Furthermore, protein identifications relying on one peptide only (‘one-hit 

wonders’) need special care and above all, mass spectral documentation. The 

same applies to peptide modifications that possibly are of co-/post-translational 

origin. Parameter settings for identification strategies are typically far less 

rigorously controlled (Vaudel et al., 2011). Optimal search parameters can be 

found in Vaudel et al. (2011) and the peptide mass tolerance and modification 

parameters can be subjected to further optimization as described therein. In 

current practice, a proteomic study results on many occasions in the discovery 

of a (set of) protein(s) enabling the differentiation between at least two 

conditions. Optimally, one should validate the mass spectral-driven outcome of 

such an experiment by an orthogonal approach such as western blotting or 

ELISA. The latter allows for a high throughput evaluation to validate many 

different samples, a characteristic that still is lacking in nowadays proteomics 

since the LC step is time consuming.  

Because in proteomics experimental designs and analytical techniques are 

becoming increasingly complex, good reporting practice is of utmost importance. 

Criticizing the poor experimental setup, the poor statistical analysis, the poor 

information that is reported in articles, the non-systematic standard for protein 

identification, etc., Wilkins et al. (2006) stated that guidelines are needed for 

further proteomic analysis. Since then, consensus guidelines such as the Paris 

guidelines (imposed by the journal ‘Molecular and Cellular Proteomics’; 

http://www.mcponline.org/site/misc/ParisReport_Final.xhtml) or the HUPO 

initiative ‘Minimum Information About Proteomics Experiments’ (‘MIAPE’; 

http://www.psidev.info/miape/) or the guidelines of the PROTEOMICS journal 

(Wilkins et al., 2006; http://hal.archives-

ouvertes.fr/docs/00/37/33/22/PDF/guidelines.pdf), have been established. The 

HUPO initiative aims to develop a set of MIAPE modules specifying - besides a 

controlled vocabulary - the suitable level of details required when reporting 

proteomic investigations. MIAPE-compliant reporting will strongly favor the 

http://www.mcponline.org/site/misc/ParisReport_Final.xhtml
http://www.psidev.info/miape/
http://hal.archives-ouvertes.fr/docs/00/37/33/22/PDF/guidelines.pdf
http://hal.archives-ouvertes.fr/docs/00/37/33/22/PDF/guidelines.pdf
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standardized collection, integration, storage and dissemination of proteomic data 

(Taylor et al., 2007) coming from experiments using techniques such as gel 

electrophoresis (Gibson et al., 2008), column chromatography (Jones et al., 

2010), mass spectrometry (Taylor et al., 2008) as well as proteomic informatics 

(Hoogland et al., 2010; Vizcaíno et al., 2009). Finally, user submission of 

proteomic mass spectral data in a public repository such as PRIDE11 forms also 

an essential part of good reporting practice.  

 

4.2.5. Guidelines for statistical analysis of differentially abundant 

proteins 

After separation through two-dimensional gel electrophoresis (2-DE) or LC 

several hundreds of individual protein or peptide abundances can be quantified. 

Both, a good experimental setup and a valid statistical approach are essential to 

get insight into the data and to draw correct conclusions (Carpentier et al., 

2007). High throughput proteomic experiments yield complex and large datasets 

with a huge disproportion between the hundreds of variables and the restricted 

number of replicates. Though, most commonly used statistical tests have been 

designed to cope with a high number of replicates and a restricted number of 

variables. There is some inconsistency in the proteomic community related to 

the use of statistics. Proteomic data are currently analyzed by a variety of 

approaches. Two approaches of data analysis can be distinguished: exploratory 

data analysis and confirmatory data analysis. Currently, most proteomic data 

are analyzed with the emphasis on confirmatory analysis (Karp and Lilley, 

2007). This was also the case with the studies concerning proteomic response to 

cadmium (29 out of 33 reported studies use only confirmatory data analysis).  

Univariate confirmatory methods examine the individual proteins/peptides one 

by one, considering them as independent measurements. Univariate methods 

start from the null hypothesis that there is no difference between the 

experimental populations. Parametric univariate statistical tests are very 

powerful but the data must respect the restrictive assumptions (continuous and 

normally distributed data, homogeneity of variance and independent samples) 

and the assumptions must be tested. Transformation of data (e.g. log function, 

arcsine, square root) are frequently used to improve the distribution 
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characteristics (normality and homogeneity of variance) (Gustafsson et al., 

2004). Parametric models like the Student’s T-test and ANOVA (analysis of 

variance) start from the observed sampling and assume that the observed 

sample mean and variance approximate the real population mean and variance, 

and that the variances of the experimental populations are equal. Based on the 

observed mean and variance, the populations are considered normally 

distributed and a model is made. If the test statistic is large enough, the null 

hypothesis is rejected. Given the labor and cost involved in the 2-DE analysis, 

the number of replicates is often restricted and ranges usually between 3 and 6. 

Although some empirical evidence illustrates that slight deviations in meeting 

the assumptions underlying parametric tests may not have radical effects on the 

obtained probability levels, there is no general agreement as to what is a ‘slight’ 

deviation (Siegel and Castellan, 1988). The low sample size is also a big bottle 

neck to check the assumptions of the parametric tests (Neter et al., 1996). 

Transformation of the data can leverage the requirements, but sometimes non-

parametric tests have to be applied at the expense of the statistical power. Non-

parametric tests do not assume any distribution. The assumptions are 

independent and continuous ordinal data. A non-parametric test determines 

whether or not the experimental groups come from the same distribution. 

Therefore, the data points in each experimental group are sorted in ascending 

order and an empirical distribution function is calculated without any assumption 

of distribution or variance. Useful non-parametric tests are the Kolmogorov-

Smirnov test, the Mann Whitney U test or the Kruskall Wallis test.  

However, univariate statistical tests have not been designed to analyze complex 

datasets containing multiple correlated variables. Proteomic datasets generally 

contain hundreds of different proteins/peptides that are correlated. Peptides are 

derived from proteins and proteins fit within the larger entity of networks and 

interact with each other. Moreover, testing hundreds of variables one by one and 

reporting them with an acceptance of a certain risk of false positives (α), 

enhances the chance of reporting false positive cases (multiple testing issue) 

and need to be corrected. To retain a general error rate α in an analysis 

involving more than one comparison, the error rate for each comparison must 

be more stringent than the original individual α. The Bonferroni correction is the 

most simple used approach for multiple comparisons and states that if each test 
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is performed to have type I error rate α/n, the total error rate will not exceed α, 

where n is the number of tests. However in a proteomic experiment n reaches 

easily > 1000 and the actual general error rate is much less than the original 

level α. This threshold is generally too stringent. Commercial proteomic software 

generally are aware of this issue and imply a less stringent algorithm referred to 

as False Discovery Rate (FDR). 

A valuable alternative for parametric and non-parametric confirmatory tests are 

the exploratory analysis techniques. The field of multivariate analysis consists of 

those techniques that consider multiple related random variables as a single 

entity and attempts to produce an overall result taking the relationship among 

the variables into account (Jackson, 2003). In contrast to a univariate approach, 

it displays the interrelationships between the large number of variables and is 

able to correlate multiple peptides/proteins to a specific experimental group. 

Principal Component Analysis (PCA) is one of the multivariate possibilities to 

perform explorative data analysis that starts to be commonly used in proteomic 

experiments. The most logical modus operandi is to consider the different 

biological replicate samples of the experimental groups as observations (score 

plot). As such trends and grouping of samples might be detected and allows 

studying which proteins are important to explain trends and grouping in the data 

through a loading plot. A principal axis transformation transforms the correlated 

variables (proteins/peptides) into new uncorrelated variables. A principal 

component is a linear combination calculated from the existing variables 

(proteins/peptides). The relation between the original variables 

(proteins/peptides) and the principal components is displayed in the loading 

plot. This means that if a protein/peptide has a high loading score for a specific 

principal component, that this protein/peptide explains an important part of the 

sample variance. Multivariate statistics have an additional value by being 

capable to differentiate the different experimental groups in terms of correlated 

expression rather than absolute expression. Uni- and multivariate approaches 

are complementary. Performing the analysis only on the significant proteins 

from univariate analysis might disregard useful information.  
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4.2.6. Cadmium response – time and culture comparison 

Focussing on mature plants, the primary aim of this meta-analysis was to 

compare the general stress response of plants to Cd between (1) long and short-

term exposures and (2) hydroponic and soil cultivation systems. To make the 

comparison more straightforward, we focused on (1) studies applying only Cd 

and comparing this to control conditions, (2) studies using leaf and/or root 

tissues and (3) studies working with hydroponic and/or soil cultivation systems. 

Mixed contaminations, cell suspension cultures, seeds, algae, etc. and studies on 

MS medium, Petri-dish cultivation, ... are excluded from further discussion 

(Table 4.2.1). After this selection, 13 articles remained and are included in this 

meta-analysis. Throughout the 13 studies included in this comparison, a huge 

diversity was present in experimental setup, materials, methods and data 

analysis (Table 4.2.1). Since each combination of methods leads to a specific 

sub proteome, we believe the results obtained from the different ‘workflows’ are 

complementary to each other. Therefore, no distinction between techniques, 

protocols, used instruments and software, etc. was made in this meta-analysis. 

However, a selection was made based on statistical analysis of differentially 

abundant proteins, where articles not reporting or performing statistics are 

excluded from the meta-analysis. 

Since the significance of fold changes depends on among others, the amount of 

biological and technical replicates, all proteins reported in the articles as 

significantly differentially abundant, were included in this meta-analysis, 

regardless of their fold change. One exception was made: the protein lists 

reported by Kieffer et al. (2008, 2009a, 2009b) were generated by a two way 

ANOVA with control/exposed and sample dates as independent variables. The 

analysis was carried out in Decyder, which does not allow for multiple 

comparisons for two way ANOVA. Therefore the authors used a threshold of 1.5 

to distinguish at which time points the proteins are significantly differentially 

abundant (P. Kieffer, personal comments). Only the proteins that were 

considered significantly differentially abundant by the authors (those with a fold 

change > |1.5|) were used in this meta-analysis.  

The reported proteins in these 13 articles are divided into four conditional 

groups (Table 4.2.3): (1) hydroponic cultivation system – short term exposure, 

(2) hydroponic cultivation system – long term exposure, (3) soil cultivation 
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system – short term exposure and (4) soil cultivation system – long term 

exposure. Short term exposure includes studies with an exposure time up to 3 

days, while long term exposure refers to studies with an exposure time longer 

than 3 days (see section 4.2.2.1.5 for discussion). Each group is subdivided in 

leaf and root proteins. In some conditional groups only a few proteins are 

present, while in others over 450 proteins are present (Table 4.2.4). In Table 

4.2.5, a comparison between the cultivation method, exposure time and sample 

type is made for the amount of proteins reported and the amount of articles 

involved. Upon comparison, most articles focus on hydroponic cultivation 

system, long term exposure and leaf samples. 

 

Table 4.2.3: Distribution of articles included in the meta-analysis among 
different conditional groups. 

          

  Hydroponic cultivation system Soil cultivation system 

  Leaf Root Leaf Root 

S
h
o
rt

 Kieffer et al. 2008 Roth et al. 2006   
Alvarez et al. 

2009 

Kieffer et al. 2009b Kieffer et al. 2009b -   

Zhoa 2011       

L
o
n
g
 

Kieffer et al. 2008 
Rodriguez-Celma et 

al. 2010 
Durand et al. 

2010 
Repetto et al. 

2003 

Kieffer et al. 2009a Kieffer et al. 2009b   
Aloui et al. 

2009 

Kieffer et al. 2009b       

Fagioni and Zolla 

2009a 
      

Semane et al. 2010       

Visioli et al. 2010       
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Table 4.2.4: Number of differentially abundant proteins grouped per condition. 

  
  

      

UP DOWN 
Total 

proteins 
per class 

Percentage of 
total proteins 

(of all classes) 

S
h
o
rt

 

Hydroponic 
cultivation 

system 
 

Leaf 14 18 
  

Root 20 1 53 6.6 

Soil 
cultivation 

system 
 

Leaf 0 0 
  

Root 76 86 162 20.3 

L
o
n
g
 

Hydroponic 
cultivation 

system 
 

Leaf 201 143 
  

Root 44 89 477 59.7 

Soil 
cultivation 

system 
 

Leaf 28 58 
  

Root 17 4 107 13.4 

 

Table 4.2.5: Number of proteins grouped per cultivation system, exposure time 
and studied tissue. 

        

 
Nr of 

proteins 
Nr of 

articles 
Percentage of 
total proteins 

Hydroponic cultivation system 530 9 66.3 

Soil cultivation system 269 4 33.7 

Short term exposure 215 5 26.9 

Long term exposure 584 10 73.1 

Leaf samples 462 8 57.8 

Root samples 337 6 42.2 

 

A protein list containing the NCBI gi accession number or the EST accession 

number was generated for each subgroup. Subsequently, all numbers were 

submitted to “Batch Entrez” (http://www.ncbi.nlm.nih.gov/sites/batchentrez) to 

http://www.ncbi.nlm.nih.gov/sites/batchentrez


 Chapter 4.2 

143 

 

subtract fasta files. Next, all fasta files were analyzed by Blast2Go (version 

2.4.8; http://www.blast2go.org/start_blast2go) to get an annotation. During 

blasting, BLASTp was performed on protein sequences and BLASTx was 

performed on EST sequences. In total, 14 proteins had to be left out since no gi 

number could be retrieved for them; for two proteins no accession number was 

given by the authors and for 12 proteins the given accession number was no 

longer present in the corresponding database. The confirmed proteins are listed 

in Table S1 (Supplementary data) and all proteins were classified into 

functional groups. Of a total of 799 reported proteins, 260 proteins belonged 

to the carbohydrate metabolism, 166 were involved in stress metabolism, 164 in 

protein metabolism, 68 proteins belonged to the energy metabolism, 31 proteins 

were involved in nucleotide metabolism, 18 proteins in transport mechanisms 

and 14 proteins were involved in cell structure, maintenance, growth or death. 

Additionally, 68 proteins were grouped as “others” and 10 proteins were 

reported as hypothetical or unknown protein. The stress metabolism is 

subdivided into two subgroups: (1) “Detoxification”; comprising proteins that are 

involved in metabolism of toxic compounds such as ROS and (2) “Defence”; 

comprising proteins that are reported to be involved in response to stress such 

as PR proteins. The energy metabolism comprises light reactions of 

photosynthesis and mitochondrial electron transport chain. The carbohydrate 

metabolism is divided into (1) “CO2-fixation”; comprising carbon reactions of 

photosynthesis, (2) “Catabolism”; comprising glycolysis/gluconeogenesis, TCA 

cycle, pyruvate metabolism and pentose phosphate pathway and (3) 

“Metabolism of C-based molecules”; comprising all other carbohydrate 

metabolism subgroups, as listed in the KEGG PATHWAY database 

(http://www.genome.jp/kegg/pathway.html). These groups were chosen to get 

a better insight of the energy flow during Cd exposure.  

The hereafter given data are based upon the protein list in Table S1 

(supplementary data). After functional grouping, Table 4.2.6 was extracted, 

giving the absolute number of proteins of each conditional subgroup, grouped 

per function as well as their corresponding percentage. Percentages represent 

the amount of up- or down-regulated proteins that are involved in a particular 

function out of the total proteins present in each conditional subgroup. 

  

http://www.blast2go.org/start_blast2go
http://www.genome.jp/kegg/pathway.html
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4.2.6.1. Time comparison 

4.2.6.1.1. Hydroponic cultivation system – short term versus long term Cd 

exposure 

When comparing differentially abundant proteins in short versus long term Cd 

exposure in hydroponic cultivation systems, it immediately stands out that a 

much higher number of proteins are affected upon long term exposure. This 

confirms the observation of Kieffer et al. (2008) where only 3 proteins differed in 

abundance after 3 days, 26 after 7 days and 118 after 14 days in their large 

time scale study. In addition, more leaf proteins were affected than root 

proteins, independent of the exposure period, however roots are in direct 

contact with the contaminant. In the next sections we will take a closer look at 

proteomic changes in leaves and roots.   

 

4.2.6.1.1.1. Leaf proteome 

Only three articles focused on the proteome differences in leaves of plants 

grown hydroponically during short term Cd exposure (Table 4.2.3). Therein, only 

32 proteins were described to be differentially abundant, of which 14 proteins 

were up-regulated and 18 down-regulated. The “high” number of differentially 

abundant proteins was mainly the result of data reported by Zhoa et al. (2011). 

This could be the result of a specific Cd response in the hyperaccumulator 

Phytolacca americana L., which is considered to accumulate Cd in a significant 

higher amount than defined for Cd hyperaccumulators or could be due to the – 

in hydroponic terms – highly applied Cd concentration (44.8 ppm). The large 

time scale studies of Kieffer et al. (2008, 2009b), only reported 6 proteins to 

differ in abundance in leaves when applying a short term Cd exposure. The low 

number of differentially abundant proteins could be due to the ‘delay effect’, 

meaning that the exposure time was too short to induce significant proteome 

changes in leaves. This idea was confirmed by the clustering analysis of Kieffer 

et al. (2008) where gels from 3-days-exposed Cd plants cluster together with 

the control gels. In contrast to the low number of differentially abundant 

proteins after short term exposure, long term Cd exposure induces drastic 

proteome changes in leaves of hydroponically grown plants. In total, 344 

proteins differed in abundance from which 201 were up-regulated and 143 were 

down-regulated. This difference is to be expected since the Cd content linearly 
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increases in time and hence stress exposure happens gradually in leaves (Kieffer 

et al., 2009b). With 6 articles focusing on differentially abundant leaf proteins of 

plants grown hydroponically with a long term Cd exposure (Table 4.2.3), this 

group appeared to be the most studied and comprises the most proteins (Table 

4.2.4).  

Functional grouping showed that, the carbohydrate metabolism was the most 

affected (43.7%) after short term exposure, followed by the protein metabolism 

(18.7%) and stress metabolism (12.5%). After long term exposure the 

carbohydrate metabolism was also primarily affected (34.6%), followed by the 

stress metabolism (20.6%) and the protein metabolism (19.5%).  

Focusing on carbohydrate metabolism, down-regulation of CO2-fixation was the 

main target with 37.5% of the total differentially abundant leaf proteins after 

short term exposure. Thereby, data represented in this meta-analysis confirmed 

the general suppression of carbon fixation in leaves of Cd-exposed plants, as 

stated by several authors (Hajduch et al., 2001; Kieffer et al., 2008; 2009a; 

Fagioni and Zolla, 2009a; Semane et al., 2010). Upon short term exposure, 

energy production was almost not affected; only one chloroplastic ATP synthase 

has been reported to be up-regulated. Upon long term exposure, up-regulated 

proteins of the carbohydrate metabolism were mainly involved in catabolism, 

more specifically related to glycolysis and the TCA cycle. The up-regulation of 

catabolism can be seen as a compensation to the reduced photosynthesis as 

indicated by the high down-regulation of proteins involved in CO2-fixation 

(13.4%). Slowing down carbon fixation creates the need to remobilize energetic 

storage (Kieffer et al., 2008) and subsequently the precursors for catabolism 

probably come from the remobilization of stored carbon. As an indication for this 

statement phosphoglucomutase, which is involved in starch production and 

mobilization, was up-regulated. Interestingly most of the up-regulated proteins 

involved in catabolism produce NADH, reducing power that is essential to 

counterbalance the negative effect of Cd on the ROS balance (Cuypers et al., 

2011; Filipic, 2012; Keunen et al., 2012). Among the up-regulated energy 

production proteins, mitochondrial ATP synthase can be linked to the up-

regulation of the TCA cycle. Down-regulated energy proteins are mostly involved 

in chloroplast electron transport and ATP synthesis. Together with a high down-

regulation of proteins involved in CO2-fixation (13.4%), this clearly indicates a 
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metabolic shift towards less carbon fixation and a higher respiration. This 

metabolic shift has been reported several times as a response to Cd exposure 

(Kieffer et al., 2008; 2009a; Semane et al., 2010). Kieffer et al. (2008) linked 

down-regulation of proteins involved in the light phase of photosynthesis (here 

classified as “energy – production”) to the suppression of carbon fixation since 

the down-regulation of carbon fixation must be counterbalanced to avoid photo-

oxidative damage. Finally, it should be mentioned that discrepancies in 

differentially abundant proteins (Table S1) present between Kieffer et al. (2008, 

2009a and 2009b) and Fagioni and Zolla (2009a), mainly concerning 

carbohydrate metabolism, could be a result of the difference in plant species or 

the used Cd concentration (Table 4.2.1). 

Focusing on stress metabolism, proteins in detoxification, such as glutathione-S-

transferases and antioxidant enzymes, were more affected than those involved 

in stress defence, such as pathogenesis related proteins and Kunitz trypsine 

inhibitors, independent of the exposure period. No down-regulated proteins were 

reported after short term exposure. Stress metabolism is higher affected upon 

long term exposure (20.6%) than short term exposure (12.5%). This is in line 

with the high up-regulation of catabolism after long term exposure that, as 

described above, is necessary to produce sufficient reducing power. On top, 

several proteins involved in stress detoxification were reported to be down-

regulated upon long term exposure. These down-regulated proteins might be 

involved in creating a cellular condition of oxidative stress and ROS 

overproduction that results in the activation of general stress response proteins 

(Kieffer et al., 2008).  

Protein metabolism was more or less similarly affected independent of the 

exposure period; it comprises 18.7% and 19.5% of all differentially abundant 

proteins in short term and long term exposures respectively. Protein synthesis 

was mostly affected, whereas folding and degradation were less affected as 

compared to protein synthesis. The effect on protein synthesis can be seen as a 

mechanism to respond accurately to specific stresses (Semane et al., 2010). 

After long term Cd exposure, up-regulation of protein synthesis mainly involved 

proteins of glutamine and cysteine synthesis; both amino acids are involved in 

the GSH synthesis pathway (Sarry et al., 2006; Kieffer et al., 2008; 2009a; 

Jozefczak et al., 2012). As GSH is a key metabolite in Cd chelation as well as in 
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the antioxidative mechanism (Jozefczak et al., 2012; Seth et al., 2012), this 

coincides with the stress metabolism that is clearly activated upon long term Cd 

exposure.  

 

4.2.6.1.1.2. Root proteome 

Although long term Cd exposure on hydroponically grown plants seemed the 

most popular exposure in studies focusing on leaf proteome (6 studies; 344 

differentially abundant proteins), only two articles focused on root proteins 

under the same conditions (Table 4.2.3). Of the differentially abundant root 

proteins, 44 were up-regulated and 89 were down-regulated, pointing towards a 

higher decrease of protein spots as described by Rodríguez-Celma et al., 2010. 

Comparing the total differentially abundant root proteins revealed the same 

pattern as described for leaves; long term Cd exposure induced drastic 

proteome changes, whereas short term Cd exposure only induced moderate 

changes. This was somewhat unexpected since stress exposure in roots occurs 

immediately upon the beginning of the exposure (Kieffer et al., 2009a). 

Upon comparison of root proteomes, it is striking that in long term Cd exposure 

the carbohydrate metabolism was affected by 45.9% of the differentially 

abundant proteins whereas it was only affected by 19% after short term 

exposure. Interestingly, after short term exposure the carbohydrate metabolism 

was exclusively up-regulated, whereas it was mainly down-regulated after long 

term exposure. The effect on carbohydrate metabolism after short term Cd 

exposure can almost exclusively be ascribed to an up-regulation of catabolism. 

Here, glyceraldehyde-3-phosphate dehydrogenase was up-regulated, producing 

NADH, which could be necessary in the detoxification of oxidative stress (see 

section 4.2.6.1.1.1). In contrast, changes in carbohydrate metabolism after long 

term exposure were mainly due to down-regulation of proteins involved in 

catabolism. Looking more into detail reveals that these proteins were mainly 

involved in the TCA cycle and glycolysis. This down-regulation is also in contrast 

to the response in leaves where an up-regulation of catabolism was seen after 

long term exposure (see section 4.2.6.1.1.1). All described up-regulated 

catabolic proteins in long term Cd-exposed roots were reported by Rodríguez-

Celma et al. (2010) and therefore this up-regulation might be a specific 

response to low Cd concentration, as used by these authors. Data presented in 
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this meta-analysis confirmed the down-regulation of the carbohydrate 

metabolism described in tomato roots after long term Cd exposure (Rodríguez-

Celma et al., 2010).  

Stress metabolism on the other hand, was affected by 42.9% of all differentially 

abundant proteins after short term exposure and only for 21.8% after long term 

exposure. Thus indicating a lower stress response after long term exposure, 

contrasting with the effects found on leaf proteomes. The same pattern was 

described by Kieffer et al. (2009b). Similar to what is observed in leaves, the 

effect on stress metabolism after short term exposure was mainly due to up-

regulation of proteins involved in detoxification. Long term stress response also 

mainly affected detoxification proteins. However here a more or less equal 

distribution between up-/down-regulation was present. Upon long term 

exposure, proteins involved in GSH metabolism were up-regulated whereas 

proteins related to ascorbate metabolism were down-regulated, which suggests 

that GSH is involved in multiple detoxification strategies. 

In order to maintain cellular function, to respond to a specific stress and to 

recycle damaged macromolecules, nucleotide and protein metabolism must be 

addressed (Semane et al., 2010). After short term Cd exposure, up-regulation of 

some proteins involved in nucleotide metabolism was present. In contrast, 

proteins involved in nucleotide metabolism were exclusively down-regulated 

after long term Cd exposure. Focusing on protein metabolism revealed an up-

regulation of protein synthesis and degradation after short term exposure. After 

long term exposure, protein synthesis was clearly down-regulated whereas 

protein (re)folding was up-regulated. Since glutamine and cysteine are 

important precursors in GSH biosynthesis, it is somewhat surprising that 

proteins involved glutamine and cysteine synthesis were down-regulated upon 

long term Cd exposure. Up-regulation of proteins involved in protein folding was 

probably due to the strong affinity of Cd for thiol groups, resulting in the 

destabilization of proteins (e.g. by cleaving disulfide bridges; Ashan et al., 

2009). The combined data in this meta-analysis confirmed the increase in 

protein (re)folding reported by both studies on long term Cd-exposed roots 

(Kieffer et al., 2009b; Rodríguez-Celma et al., 2010). 
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4.2.5.1.2. Soil cultivation system – Short term versus long term cadmium 

exposure 

No manuscript was found studying the proteome of the leaves of soil grown 

plants during short term Cd exposure. This indicates an overall agreement on 

the presence of a delayed Cd effect in leaves for plants grown in soil cultivation 

systems. Comparing the total number of differentially abundant proteins (DAPs) 

in hydroponically grown roots after short term exposure (21 DAPs) to those of 

soil grown roots after short term exposure (162 DAPs) reveals major proteomic 

changes in soil grown plants upon short term exposure and therefore it might be 

worthwhile to explore the short term cadmium exposure on leaves in soil grown 

plants as well!  Since no studies have focused on the leaf proteome of soil grown 

plants after short term Cd exposure, no comparison can be made for leaves. 

 

4.2.5.1.2.1. Root proteome 

Up to date only 1 study focused on the effect of Cd on root proteins in a short 

term experiment (Alvarez et al., 2009; Table 4.2.3). In this study, 162 proteins 

were reported to differ in abundance, 76 were up-regulated and 86 were down-

regulated. Two articles focused on root proteins of plants grown in soil 

cultivation systems upon long term Cd exposure (Repetto et al., 2003; Aloui et 

al., 2009; Table 4.2.3). Focusing on long term exposure, only 21 proteins 

differed in abundance. Of them, 17 were up-regulated and 4 were down-

regulated (Table 4.2.4). Considering total DAPs, one could conclude that more 

proteins in roots are affected upon short term exposure compared to long term 

exposure. This idea is in line with the fact that the root is the first organ to come 

into contact with Cd. Subsequently, Cd is frequently translocated in the aerial 

parts of the plant (Ashan et al., 2009; Kieffer et al., 2009a). 

Upon short term exposure, the protein metabolism was primarily affected 

(28.4%) in root proteome of soil grown plants, followed by the stress 

metabolism (23.5%). After long term exposure, the stress metabolism was 

mainly affected, followed by the carbohydrate metabolism, together covering 

more than 60% of all DAPs.  

The high effect on protein metabolism after short term exposure, was due to a 

high down-regulation in protein metabolism described using the iTRAQ 

technology (Alvarez et al., 2009). Here, 75% of all down-regulated proteins 
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were involved in protein metabolism. As reported by the authors, huge 

discrepancies were present comparing iTRAQ analysis to 2D-DIGE analysis. 

Focusing only on 2D-DIGE, Alvarez et al. (2009) would underestimate the 

importance of the protein metabolism upon short term Cd exposure. This 

suggests that, in order to get a full understanding of the effect of Cd on the 

plants proteome, different complementary techniques should be used in 

proteomic studies unravelling the Cd effect on plants (as discussed in 4.2.2.2.1). 

After short term exposure, three proteins involved in cysteine synthesis were 

up-regulated suggesting their involvement in Cd stress response via GSH 

synthesis. The down-regulation of ribosomal protein synthesis may indicate a 

redeployment of resources to meet the greater demand for amino acids in the 

non-ribosomal peptide synthesis of GSH and phytochelatins, needed for Cd 

complexation (Alvarez et al., 2009; Jozefczak et al., 2012; Seth et al. 2012). 

Upon long term exposure, only two proteins involved in protein metabolism were 

reported to be differentially abundant and both are down-regulated. Cyclophilin 

is classified under ‘protein folding’ since this is reported as its basic function, 

however it might be involved in mRNA processing, protein degradation and 

signal transduction (Romano et al., 2004). The second protein is involved in 

regulation of 26S proteasome and is therefore classified under protein 

degradation. 

Compared to long term exposure, stress metabolism was only moderately 

affected upon short term exposure (23.5%). Considering up-regulated stress 

proteins after short term exposure, defence proteins were higher addressed than 

detoxification proteins. An overall increase in both GSH and ascorbate-related 

detoxification proteins was present. In addition, some ROS-related stress 

proteins were down-regulated as well as some defence related proteins such as 

an endochitinase and a thioglucoside glucohydrolase (Kumar et al., 2009; 

Husebye et al., 2002). After long term exposure stress metabolism was 

exclusively up-regulated, accounting for 42.9% of all differentially abundant 

proteins in this conditional subgroup. As after short term exposure, defence 

proteins were higher addressed than detoxification proteins.  

Focusing on energy metabolism, a mitochondrial ATP synthase and an ubiquinol 

cytochrome C reductase-like protein were up-regulated upon short term 

exposure while no effect on energy metabolism is reported after long term 
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exposure. The up-regulation of ATP synthase might indicate a stimulation of 

energy production via mitochondrial respiration. Upon short term exposure, 

catabolism and more specifically glycolysis was down-regulated while an up-

regulation of proteins involved in the metabolism of C-based molecules was 

present.  

To conclude this comparison, it should be mentioned that some proteins were 

reported to be down- as well as up-regulated (see Table S1; supplementary 

data), which can possibly be explained by post-translational modifications. 

 

4.2.5.2. Culture comparison 

As stated above, hydroponic cultivation systems are often used in proteomic 

studies. Since they offer poor comparability to field conditions, it is interesting to 

know whether proteomic data obtained in hydroponic cultivation systems is 

comparable to those obtained in soil cultivation systems, which give a more 

realistic representation of the field. Therefore, the effect of Cd upon leaf and 

root proteomes will be compared between hydroponic and soil cultivation 

systems in this section.  

In hydroponically grown leaves, CO2-fixation was down-regulated upon short 

and long term Cd exposure. In soil grown leaves, the down-regulation of CO2-

fixation was confirmed upon long term Cd exposure, however it could not be 

confirmed after short term Cd exposure since no study was conducted on soil 

grown leaves after short term exposure. In roots, the energy metabolism 

appeared to be almost unaffected, while energy production was clearly down-

regulated in both hydroponically and soil grown leaves after long term Cd 

exposure. Consequently, a metabolic shift to a lower carbon fixation and a 

higher respiration was present in leaves after long term Cd exposure, 

independent of the cultivation system. Glycolysis was up-regulated in leaves and 

down-regulated in roots upon long term Cd exposure, independent of the 

cultivation method. However, glycolysis was highly affected in hydroponically 

grown leaves and roots while only mild responses were present in soil grown 

leaves and roots. Next to the observed similarities in differentially abundant 

proteins between hydroponic and soil cultivation systems, some contradictions 

were present as well. Focusing on stress metabolism, proteins involved in 

detoxification were mainly addressed in hydroponic cultivation systems whereas 
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proteins involved in defence were mainly addressed in soil cultivation systems. 

In hydroponic cultivation systems, several NADH-producing proteins were up-

regulated in roots after short term exposure. Upon long term exposure, the up-

regulation of NADH-producing proteins shifted from the roots, where now a high 

down-regulation of NADH-producing proteins was present, towards the leaves. 

As stated above, the production of NADH is important for the detoxification of 

Cd-induced ROS (Kieffer et al., 2009a). Although no NADH-producing proteins 

were present in soil grown roots upon long term exposure, the shift towards the 

leaves could not be confirmed since only three NADH-producing proteins differed 

in abundance, of which two were up-regulated and one was down-regulated. On 

top, only one NADH-producing protein was up-regulated in roots after short term 

Cd exposure while two were down-regulated under the same conditions. 

However, based on the data represented by this meta-analysis, it is hard to 

postulate whether or not extrapolations from hydroponic cultivation systems 

towards field experiment is possible since a huge variety in experimental setup 

among the included studies is present. Ideally, to test the influence of the 

cultivation system on the plants’ proteome upon stressed conditions, a large 

scale experiment including hydroponic and soil cultivation systems should be 

conducted keeping all remaining parameters identical. 

  

4.2.6. General conclusion 

With the prospect on boosting phytoextraction efficiency of Cd-contaminated 

soils, we wanted to perform a meta-analysis of plant proteome studies focussing 

on Cd stress. Having insights in molecular mechanisms that are addressed upon 

Cd stress, might provide researchers with tools to boost phytoextraction 

efficiency. Exploring the literature, we quickly stumbled on several obstacles 

making a meta-analysis quite challenging. To start, a huge diversity on material 

and methods is present in the 33 articles focussing on plants’ responses to Cd 

stress. Differences in cultivation methods and exposure make comparison very 

hard. On the other hand, differences in the proteomic workflow are believed to 

be complementary to each other. For that reason, no distinction was made 

between proteomic techniques. However, we want to alert proteomic scientists 

that there is a need for more detailed information on proteomic studies and that 

general guidelines and a public repository of raw data are indispensable. Since 
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its beginning in the 70s by the development of 2D-PAGE (Kenrick and Margolis, 

1970), proteomics has been used in various studies and has undergone several 

changes and adaptations in order to improve the techniques and the general 

workflow. The original goal of proteomics was to characterize and evaluate the 

whole proteome of a cell, tissue or organism (Lemos et al., 2010). However, it is 

generally accepted that, with the techniques available to date, we are only able 

to study sub-proteomes and therefore, up till now the main goal of proteomics 

remains an illusion. As stated by Lemos et al. (2010), the main question is ‘how 

can one determine the full proteome of an organism’ and the answer is simple, 

although shocking for the least aware: ‘you cannot’. Proteomic researchers need 

to be aware of the fact that the generated proteome is highly dependent on the 

chosen proteomic workflow and should keep this in mind when setting up their 

experimental goals. Another important note is that there is no cross laboratory 

standardization making comparisons of similar studies in different labs difficult. 

Being a quite complex technology, proteomics is typified by a specialist in a 

specific domain. These specialists often conduct studies to further optimize the 

proteomic workflow. Being a non-specialist, it becomes more and more difficult 

to get the whole picture. As a result, proteomic data will be poorly reported 

and/or misinterpreted. On top, we’d like to point out that, although high 

throughput proteomics is necessary to obtain a total proteome response, many 

researchers find it difficult to extract biologically relevant information from large 

datasets. Therefore we believe general guidelines are necessary in the proteomic 

field to render good validate proteomic results and to avoid “black box” 

approaches, since it is impossible for a researcher to be specialised at each level 

of the proteomic workflow. Despite the encountered obstacles, the meta-

analysis on the plants’ response to Cd revealed some interesting ideas which will 

be discussed hereafter. 

To start, based on the total DAPs (Table 4.2.6), leaf proteome changed more 

drastic upon short term exposure in hydroponic cultivation systems compared to 

root proteome under the same conditions. This might seem contradictory to the 

general accepted ‘delay effect’ which postulates that leaves are later affected by 

Cd exposure since Cd enters at root level and needs some time to reach the 

leaves and accumulate herein (Kieffer et al., 2009a). However, it should be kept 

in mind that it is difficult to preconceive a threshold to classify ‘short’ and ‘long’ 
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term exposure since this highly depends on the plants’ metabolic speed. Only 

one study compared leaf and root proteomes upon short term exposure (Kieffer 

et al., 2009b) and observed that after 3 days of exposure, control and Cd gels of 

leaf proteomes could not be separated, while root extracts showed a clear 

separation after 3 days of Cd exposure. In order to get a better idea of the 

existence of a ‘delay effect’ on plants’ proteome after Cd exposure, more large 

scale studies should be conducted comparing leaf and root proteomes upon 

short term Cd exposure. 

A new equilibrium seems to be established in soil grown roots after long term 

exposure since substantial less proteins were differentially abundant after long 

term exposure; 21 DAPs versus 162 DAPs after short term exposure. This 

confirms the idea that Cd is considered to induce an initial ‘alarm phase’ where 

after a stabilization of the stress response is described (Lichtenthaler, 1996; 

Kieffer et al., 2009). However, the effects on stress metabolism contradict this 

since it was highly up-regulated after long term exposure, accounting 40.9% of 

all DAPs. This indicates that stabilization might occur at metabolisms other than 

the stress metabolism. Hydroponically grown plants appeared to be unable to 

establish an equilibrium after long term exposure since more DAPs were 

reported upon long term exposure in both leaves and roots compared to short 

term exposure. This might be explained by the fact that in hydroponic cultivation 

systems a homogeneous distribution of the contaminant is present and roots did 

not have the chance to grow towards less contaminated areas as they do in soils 

(Remans et al., 2012). Furthermore, a closer look into two studies that focused 

simultaneously on low and high Cd exposure (Rodríguez-Celma et al., 2010; 

Semane et al., 2010) pointed towards a moderate Cd effect on the proteome 

when low concentrations were applied. This moderate effect is thought to be due 

to Cd-induced Fe deficiency (Rodríguez-Celma et al., 2010) and is seen as an 

attempt to maintain cellular function (Semane et al., 2010). 

Finally, the carbohydrate metabolism is primary affected in leaves, independent 

of the exposure time and the cultivation system, confirming the findings of 

Kieffer et al. (2009b). On top, the metabolic shift from CO2-fixation towards 

respiration is  manifested predominantly in long term exposed leaves, 

independent of the used cultivation system. 
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Comparing the data presented by this meta-analysis to the general Cd effects in 

plants proposed by Villiers et al. (2011) confirmed (1) drastic changes at the 

RuBisCO level, (2) the need to remobilize energy and reductive power from 

other metabolic pathways and (3) the expression of several enzymes involved in 

oxidative stress defence and detoxification. Presenting a summary of proteomics 

and metabolomics, Villiers et al. (2011) proposed a working model on plants’ 

response to Cd. However, data presented in this meta-analysis however could 

not confirm the presented working model when looking at the different 

conditional groups (Table 4.2.7). This is probably due to the fact that cell 

suspension cultures, leaf segments floating in Cd solution and seeds were 

included in the review of Villiers et al. (2011). Additionally, based on the 

proteins involved in the model, a difference between hydroponic and soil 

cultivation systems was present (Table 4.2.7). Furthermore, it should be 

mentioned that some proteins involved in the calvin cycle are reported to be 

both up- and down-regulated by Durand et al. (2010). Although this might be 

explained by post-translational modifications, it prevents a clear conclusion on 

the up- or down-regulation of the calvin cycle in soil grown leaves upon long 

term exposure. 

Focusing on Cd exposure, in situ phytoextraction is often a future prospect. 

Although promising, phytoextraction still suffers from several disadvantages. 

One major disadvantage is the large time scale necessary to clean up 

contaminated soils. In order to overcome this disadvantage, several researchers 

focus on the underlying mechanisms induced by Cd stress. Unravelling these 

underlying mechanisms and understanding the effects Cd induces on the plants’ 

metabolism, scientists hope to boost phytoextraction efficiency. As described by 

Rossignol et al. (2006), a better knowledge of the plant proteome, as a way of 

understanding phenotypic plasticity and adaptability in plants, is required to 

effectively exploit plant biological resources. However, while field application is 

clearly a future prospect, most studies unravelling the Cd response use 

hydroponic cultivation systems to cultivate their plants, even though suggestions 

about the differences induced by cultivation systems are present (Durand et al., 

2010). Although Lombi et al. (2000; hyperaccumulators) and Watson et al. 

(2003) stated that the results obtained from hydroponically and soil grown 
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Table 4.2.7: Comparison to the working model proposed by Villiers et al. 

(2011). For each conditional subgroup, proteins involved in the working model of 
Villier et al. (2011) are shown to be increased (green) or decreased (red). 

  

 

VILLIERS 

et al. 

2011 

Hydroponic cultivation 

system 
Soil cultivation system 

        SHORT LONG SHORT LONG 

  

Abbrevia

- tions 
Response Leaf Root Leaf Root Leaf Root Leaf Root 

Sulphur assimilation, amino acid synthesis 

ATP sulphurylase APS                     

N
o
 r

e
p
o
rt

e
d
 p

ro
te

in
s
             

APS reductase APR 
                                

Serine acetyl transferase SAT 
                                

O-acetylserine(thiol)lyase OAS                                 

Serine hydroxymethyltransferase 

(cytosolic and mitochondrial) 

SHMT 

                                

Glutamine synthetase GLN1                                 

Glutamate synthase GLT 
                                

Photosynthesis, primary target of Cd 

Ribulose-1,5-bisphosphate 

carboxylase/oxygenase 

RuBisCO 

                    

N
o
 r

e
p
o
rt

e
d
 p

ro
te

in
s
 

            

Calvin cycle   
                                

Photosystem II PSI 
                                

Cytochrome b6f cyt b6f 
                                

Photosystem I PSII 
                                

Ferredoxin-NADP reductase FNR 
                                

Detoxification and compartmentalization 

Gamma-glutamylcysteine 
synthetase 

GSH1 
                    

N
o
 r

e
p
o
rt

e
d
 p

ro
te

in
s
 

            

Gamma-glutamylcysteine    
                                

Glycine                                   

Glutathione synthetase GSH2 
                                

Phytochelatin synthase1 PCS1 
                                

Phytochelatin synthase PCS2                                 

Glutathione S transferases GSTs 
                                

Iso-phytochelatins isoPC                                 

Phytochelatins PC 
                                

Selenium binding protein 1 SBP1 
                                

Cation eXchanger CAX1a 
                                

Multidrug Resistance Protein Like MRP 

LIKE                                 

Natural resistance-associated 

macrophage protein 3 

NRamp 3 

                                
Natural resistance-associated 

macrophage protein 4 

NRaMP 4 

                                

Carbohydrate metabolism 

Alpha amylase   
                    

N
o
 r

e
p
o
rt

e
d
 p

ro
te

in
s
 

            
Hexose kinase HK 

                                

Phosphoglucose isomerase PGI                                 

Fructokinase FK 
                                

Aldolase ALD                                 

Triosephosphate isomerase TPI 
                                

Cytosolic glyceraldehyde 3 

phosphate dehydrogenase 

GAPC 

                                

Phosphoglycerate kinase PGK                                 

Phosphoglycerate mutase PGM 
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Table 4.2.7: Comparison to the working model proposed by Villiers et al. 

(2011). For each conditional subgroup, proteins involved in the working model 
of Villier et al. (2011) are show to be increased (green) or decreased (red) 
(Continued). 

  

 

VILLIERS 
et al. 

2011 

Hydroponic cultivation system Soil cultivation system 

        SHORT LONG SHORT LONG 

  

Abbrevia- 

tions 
Response Leaf Root Leaf Root Leaf Root Leaf Root 

Carbohydrate metabolism 

Enolase / 2phosphoglycerate 

hydrolase 

ENO 

  

 

                

N
o
 r

e
p
o
rt

e
d
 p

ro
te

in
s
 

            

Pyruvate kinase PK 
                                

Glucose6phosphate 

dehydrogenase 

G6PDH 

                                

6-phosphogluconolactonase 6PGL 
                                

Phosphogluconate 

dehydrogenase 

PGDH 

                                

Ribulose phosphate 3 epimerase RP3E 
                                

Phosphate isomerase R5PI 
                                

Transketolase TK 
                                

Pyruvate dehydrogenase PDH 
                                

Malate dehydrogenase MDH 
                                

Succinate dehydrogenase SUC 
                                

NADP-specific isocitrate 

dehydrogenase 

ISO 

                                

Aconitase ACO 
                                

Citrate synthase CS 
                                

Proteolysis 

Ubiquitine E1 UbE1 
                    

N
o
 r

e
p
o
rt

e
d
 p

ro
te

in
s
 

            

Ubiquitine E2 UbE2 
                                

Ubiquitine E3 UbE3 
                                

Proteasomes   
                                

Tripeptidyl peptidase II TPPII 
                                

Thimet oligopeptidase TOP 
                                

Aminopeptidases   
                                

Oxidoreduction control 

Glutathione reductase 
                      

N
o
 r

e
p
o
rt

e
d
 

p
ro

te
in

s
 

            

Catalases 
                                  

NADPH oxidoreductase 
                                  

L-ascorbate peroxidase 
                                  

Monodehydroascorbate reductase 
                                  

plants were similar, data presented by this meta-analysis confirm that 

differences between hydroponic and soil cultivation systems might exist, 

suggesting that extrapolation from hydroponic cultivation systems to field 

conditions might be not that straightforward. However, since the meta-analysis 

is based on studies with a high diversity in the experimental setup, this 

hypothesis cannot be confirmed or rejected yet. Therefore, there is a need for 

large-scale studies addressing the influence of the cultivation systems on the Cd 

proteome response. 
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4.2.7. Perspectives 

Most studies on the effect of Cd on the plants’ proteome focus on (1) leaves or 

roots, (2) only one Cd concentration and (3) only one exposure time. Of the 

included studies, only two research groups focused on a time scale effect of Cd 

(Kieffer et al., 2008, 2009a, 2009b; Fagioni and Zolla, 2009a), only two on two 

different Cd concentrations (Semane et al., 2010; Rodriguez-Celma et al., 2010) 

and only one focused simultaneously on roots and leaves (Kieffer et al., 2009b). 

To get a better idea of the overall plants’ response to Cd, there is an urgent 

need for large-scale experiments. Since Cd toxicity depends on the applied 

concentration (Kacperska et al., 2004; Smeets et al., 2005; Rodríguez-Celma et 

al., 2010), the exposure time (Smeets et al., 2005) and the plant species 

(Rodríguez-Celma et al., 2010), the large-scale studies should be conducted 

focussing on these aspects. Additionally, since most Cd studies on plants are 

conducted with a future prospect on phytoextraction, we question if future 

research should focus on plant species relevant for phytoextraction e.g. poplar, 

willow, maize. On the other hand, researchers should be aware that species 

which are interesting for us as scientists because of fast growth, easy 

cultivation, known genome, ... are often unusable for farmers.  

Although proteomics is believed to be a promising technique since proteins are 

the functional units in a cell that are responsible for most biological functions, it 

should be integrated in the total ‘omics’ approach. Not only is there no 

correlation between the amount of mRNA and the protein concentration, protein 

concentration and activity can be altered by modifications (pre-modification, co-

modifications, post-translational modifications), by the concentration of 

regulators in the cell and by the rate of protein degradation (Lemos et al., 

2010). Since there are over 300 different types of protein modification described 

in the literature (Garavelli, 2004) and since on average every eukaryote protein 

might have eight to ten post-translational variants (Barret et al., 2005), it is 

easy to understand that only the insights in differential protein expression are 

too little to understand the response of the plant. Consequently, a full systems 

biological approach is desirable for a complete understanding. Furthermore, 

experiments investigating the effect of Cd on the plants’ proteome usually use 

classical gel-based proteome techniques. The use of new generation proteomic 

techniques is still in preliminary stage in this research field. On top, up to date 
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very few research groups worked with fractionated samples, although this is 

preferred to get a better understanding of the plants’ total response to Cd, since 

a larger part of the total proteome can be separated, analyzed and finally, 

identified. 
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Chapter 4.3 

 

Effects of short and long term Cd exposure on the proteome of roots 

and leaves of hydroponically grown poplar (P. deltoides x (trichocarpa 

x deltoides))  

 

4.3.1 Introduction 

To unravel physiological mechanisms involved in stress responses, monitoring 

molecular dynamics of an organism upon stress has been proposed to be one of 

the best approaches (Villiers et al., 2011). Quantitative analysis of proteins and 

metabolites can provide reliable information about molecular changes, allowing 

to indicate a range of more or less specific pathways involved. In addition, 

proteomic analysis could lead to the identification of major players in the 

considered pathways (Villiers et al., 2011). Over the last ten years, an increase 

in plant proteomic studies comparing control versus Cd-exposed conditions was 

present (see Table 4.2.1). Despite this increased availability of proteomic data, 

it yet remains hard to establish a clear overview of the cellular responses 

induced by Cd. As demonstrated in the meta-analysis (See section 4.2.6), it is 

hard to draw conclusions between reported data with different setups. Moreover, 

it has been questioned whether or not heavy metal detoxification mechanisms 

accord with the ‘General Adaptation Syndrome (GAS)’ hypothesis, characterized 

by the fact that different types of stresses evoke similar or even identical stress 

coping mechanisms (Leshem and Kuiper, 1996; di Toppi and Gabrielli, 1999). As 

stated above, large scale studies need to be conducted to get better insights in 

the plants’ response to Cd. 

In order to focus on Cd-specific effects on the plants’ proteome, variations of 

other environmental factors need to be minimized as much as possible. A 

hydroponic cultivation system was chosen for this experiment since it provides 

highly controllable conditions and reduces the variability due to environmental 

factors (Zacchini et al., 2009). To identify early and long term changes due to 

Cd exposure, sampling was done at respectively 3 and 21 days after start of the 

exposure. Although a comparable study was already done by Kieffer et al. 

(2009b) on Populus tremula L., this experiment will provide additional data since 
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the relative importance of each response may differ for plant species (di Toppi 

and Gabrielli, 1999). Being part of a large scale research study on 

phytoextraction, molecular insights revealed by this study will contribute to a 

better understanding of the effects of Cd on Populus deltoides x (trichocarpa x 

deltoides), which might tackle the ‘black box’ approach of using this species in 

phytoextraction trials. 

 

4.3.2 Materials and methods 

4.3.2.1 Plant cultivation: Hydroponic cultivation system 

Poplar cuttings (Populus deltoides x (trichocarpa x deltoides)) of 30 cm were 

grown in hydroponic systems (2 liter, aerated solution; Figure 4.3.1). Plants 

were incubated in a growth chamber at day/night temperature of 22/18°C with a 

12 h light period, relative humidity of 65% and photosynthetic active radiation of 

170 µmol m-2 s-1. For the next weeks, hydroponic solutions were refreshed with 

½ strength Hoagland’s solution (Hoagland and Arnon, 1938) once every weeks 

and the water level was replenished to the maximum level by adding distilled 

water three times a week. Once sufficient fully expanded leaves were present on 

all cuttings, cuttings were divided into four batches:  

- Batch 1: control group, harvested after 3 days of Cd exposure (control 

group of batch 2) 

- Batch 2: Cd group, harvested after 3 days of Cd exposure 

- Batch 3: control group, harvested after 21 days of Cd exposure (control 

group of batch 4) 

- Batch 4: Cd group, harvested after 21 days of Cd exposure 

Cd groups were exposed to 20 µM CdSO4. After start of the exposure, the same 

culture schedule was applied but Cd groups were refreshed with ½ strength 

Hoagland’s solution supplemented with 20 µM CdSO4. At day 3 and day 21, the 

according batches were sampled. Of each batch, growth parameters were 

measured, 5 leaf and root samples were taken for protein analysis and 5 leaf 

and root samples were taken to determine tissue Cd content. Five samples of 

the hydroponic solution of each batch were taken to determine total Cd content.  

Using hydroponic cultivation systems, Smeets et al. (2009) mentioned some 

critical points that should be considered: (1) variations induced by the 

hydroponic cultivation systems should be taken into account, (2) sampling 
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should follow an appropriate protocol to prevent time-born effects or within-pot 

correlations, (3) the nutrient solution should be refreshed daily and external 

fluctuations should be avoided and finally, (4) the nutrient solution should be 

continuously aerated. In preliminary experiments, hydroponic cultivation 

systems using poplar cutting were tested, revealing that poplar roots are very 

sensitive and difficult to handle. Therefore it was required to develop a 

hydroponic cultivation system that allows nutrient refreshing without disturbing 

the poplar roots (Figure 4.3.1).  

 

 
Figure 4.3.1: Hydroponic cultivation system. Water level was maintained by 

using the draining tube as a communicating vessel system; water was refilled 

bottom-up using a tube; air was applied using a glass aerating tube at the 

middle of the soil. Roots were kept in the dark at all times and were not 

manipulated during the experiment. 
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Test running this novel system revealed that a daily refreshing of the nutrient 

solution is not ideal for poplars. Since leaf chlorosis was observed in case the 

nutrient solution was refreshed daily, a weekly refreshment was tested. The 

latter allowed poplar cuttings to grow homogeneously and moreover, no visible 

stress symptoms were present. Further, this novel cultivation system also allows 

continuous aeration of the nutrient solution. In respect with the critical points 

mentioned by Smeets et al. (2009), all samplings were performed within the 

hour to limit temporal changes. Furthermore, leaves of the same age were 

sampled and root samples consisted of several entire adventitious roots. 

Growth parameters were statistically analyzed using a two-way ANOVA 

(condition 1: time, condition 2: exposure; p<0.05) and post hoc multiple 

comparison testing (Tukey Kramer). When necessary, log-transformations were 

applied to approximate normality and/or homoscedasticity. Statistical analyses 

were performed using SAS 9.2. 

 

4.3.2.2 Analysis of metal content in plant tissue and hydroponic 

solution 

4.3.2.2.1 Metal content in plant tissue 

Each fresh sample (5 leaf and root samples per batch; see section 4.3.2.1) was 

dried at 60°C. Samples were crushed and 150 mg DW was taken for analysis. To 

each sample, 2 ml HNO3 suprapur was added and samples were stored 

overnight at room temperature. Subsequently, samples were heated to 110°C in 

order to evaporate the remaining HNO3 suprapur. 1 ml HNO3 suprapur was 

added and evaporated again. Thereafter, samples were dissolved in 1 ml HCl 

suprapur and heated in a final step to evaporate the HCl suprapur. Finally, 

samples were dissolved in 20% HCl and measured using flame atomic 

absorption spectrometry (AAS) to determine Cd, Zn and Fe content. 

4.3.2.2.2 Metal content in hydroponic solution 

Of each batch, 5 samples of 50 ml hydroponic solution was taken and analysed 

by AAS to determine Cd, Zn and Fe content. 

4.3.2.2.3 Statistical analysis 

Metal contents were statistically analyzed using a two-way ANOVA (condition 1: 

time, condition 2: exposure; p<0.05) and post hoc multiple comparison testing 

(Tukey Kramer). When necessary, log-transformations were applied to 
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approximate normality and/or homoscedasticity. Statistical analyses were 

performed using SAS 9.2. 

 

4.3.2.3 Protein extraction 

Plant tissue was grinded in liquid nitrogen. Per gram fresh weight (FW) 10 

volumes of ice cold acetone were added. After 1 h precipitation at -20°C, 

samples were centrifuged (10 000 g, 10 min, 4°C), the pellet was freeze-dried, 

and 10 volumes of extraction buffer (50mM Tris pH 8.5, 25 mM Na2EDTA, 100 

mM KCl, 30% w/v sucrose, 2% -mercapto-ethanol and 0.4 mM PMSF) were 

added per gram FW. Ten minutes later, the same volume of phenol was added 

and the solution was mixed thoroughly. After centrifugation (8000 rpm, 5 min, 

4°C) the phenolic phase was collected, 5 volumes of ammonium acetate in 

proportion to the volume of collected phenol, were added and the sample was 

allowed to precipitate overnight at -20°C. After centrifugation (10 000 g, 10 

min, 4°C) pellets were washed three times with ammonium acetate and once 

with DTT/acetone (0.2% w/v). Finally, pellets were resuspended in resuspension 

buffer (7 M urea, 2 M thio-urea, 4% CHAPS and 30 mM TRIS), incubated at 

18°C (1200 rpm, 2 h) and centrifuged (70 000 g, 90 min, 18°C) to remove final 

interfering substances. Prior to storage at -80°C, samples were brought to pH 

8.5 using 0.5 M NaOH. 

 

4.3.2.4 Protein quantification 

Protein samples were quantified using the EZQ protein quantitation kit 

(Molecular Probes). Standard protocol was used with some minor modifications. 

A serial dilution ranging from 0 – 1 mg ml-1 was prepared to make a standard 

curve. Samples were 1/20 diluted in resuspension buffer and analysed in triplet. 

Two microliter of each sample and dilution series was loaded to minimize 

pipetting errors. Ovalbumine was used as a reference. 

 

4.3.2.5 DIGE labelling 

Protein samples were analysed by fluorescence difference in gel electrophoresis 

(DIGE). Prior to electrophoresis, protein extracts and a pooled standard were 

labelled with CyDyesTM (GE healthcare). The pooled internal standards, used to 

normalize gels, were prepared separately for leaf and root samples. Therefore, 
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an equal protein quantity of each leaf (or root) sample was pooled. All leaf (or 

root) samples were randomized for labelling with Cy3 and Cy5 (Table 4.3.1), 

whereas pooled standards were labelled with Cy2. All samples were labelled at a 

ratio of 240 pmol protein minimal labelling dye for 30 µg of protein. Labelled 

samples were vortexed and incubated on ice for 30 min in the dark. To quench 

reactions, 1 µl of 10 mM lysine was added, samples were vortexed and 

incubated on ice in the dark for 10 min. Next, 90 µg of proteins was loaded onto 

each gel and separated by 2-DE: 30 µg Cy2-labelled internal standard, 30 µg 

Cy3-labelled sample and 30 µg Cy5-labelled sample. Samples were labelled in a 

randomized setting. 

 

Table 4.3.1: Schematic overview of randomization of protein samples. In total, 
10 leaf and root samples were labelled by CY3 and 10 leaf and root samples 

were labelled by CY5. 

Condition 
Leaf samples Root samples 

Sample ID Labelling CyDye Sample ID Labelling CyDye 

BATCH 1 

1 Cy3 1 Cy3 

2 Cy3 2 Cy3 

3 Cy3 3 Cy3 

4 Cy5 4 Cy5 

5 Cy5 5 Cy5 

BATCH 2 

6 Cy3 6 Cy3 

7 Cy3 7 Cy3 

8 Cy5 8 Cy5 

9 Cy5 9 Cy5 

10 Cy5 10 Cy5 

BATCH 3 

11 Cy3 11 Cy3 

12 Cy3 12 Cy3 

13 Cy5 13 Cy5 

14 Cy5 14 Cy5 

15 Cy5 15 Cy5 

BATCH 4 

16 Cy3 16 Cy3 
17 Cy3 17 Cy3 
18 Cy3 18 Cy3 
19 Cy5 19 Cy5 
20 Cy5 20 Cy5 
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4.3.2.6 2-DE 

For the IEF, 24 cm strips with a non-linear pH gradient ranging from 4 to 7 (GE 

Healthcare) were used in the IPGphor system (Amersham Biosciences, Uppsala, 

Sweden). The strips were rehydrated overnight in rehydration buffer (7 M urea, 

2 M thiourea, 4% w/v CHAPS, 65 mM DTT, 0.8% v/v IPG buffers, 0.002% v/v 

bromophenol blue) containing proteins. IEF was carried out on an Ettan IPGphor 

Manifold (GE Healthcare) with the following settings: constant step of 50 V 

during 100 Vhrs, constant step of 150 V during 300 Vhrs, constant step of 300 V 

during 600 Vhrs, gradient step of 1000 V during 3900 Vhrs, constant step of 

1000 V during 1000 Vhrs, gradient step of 8000 V during 18000 Vhrs and a final 

constant step of 8000 V during 32100 Vhrs, for a total of 56000 Vhrs. IEF was 

performed at 20°C with a maximum current setting of 50 µA/strip. On the paper 

wicks at the negative electrode, 150 µl DeStreak rehydration solution (GE 

Healthcare) was added to reduce streaking. Paper wicks were replaced after the 

first focusing step. After the IEF, IPG strips were equilibrated at 18°C for 15 min 

in equilibration buffer (75 mM Tris pH 8.8, 6 M urea, 30% v/v glycerol, 2% w/v 

SDS and a trace of bromophenol blue) supplemented with 1% w/v DTT. A 

second equilibration step of 15 min with the same equilibration buffer, now 

containing 2.5% w/v iodoacetamide, was carried out afterwards. Next, IPG 

strips were sealed on top of 200mm x 260mm x 1mm, 12.5% polyacrylamide 

gels with 0.5% agarose in SDS running buffer. Gels were poured between low 

fluorescent glass plates, of which one plate was bind-silane treated. The SDS-

PAGE step was performed at 15°C in Ettan Dalt II tanks (GE Healthcare) at 1.4 

W per gel for 17 h. To produce Cy2-, Cy3- and Cy5-labelled protein images, 

excitation of gels at 488, 532 and 633 nm respectively was performed on an 

Ettan DIGE Imager (GE Healthcare). 

 

4.3.2.7 Analysis 

Images were analyzed using the Decyder v7.0.8.35 software (GE Healthcare). 

Spots of interest were selected based on an absolute abundance variation of at 

least 1.5-fold (ANOVA; p < 0.05). Picking gels were generated using a mixture 

containing 5 µg of all leaf (or root) samples. After loading this mixture onto the 

gel, gels were subjected to the same workflow as the analytic gels (section 

4.3.2.6). Subsequently, gels were stained using LavaPurpleTM according to the 
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manufactures’ guidelines and picking lists were generated. Proteins of interest 

were excised using the ProPic II spotpicker (DIGILAB). 

 

4.3.2.8 Digestion and identification 

Excised spots were immediately submerged into 100% acetonitrile. When dry, 

they were stored at -20°C prior to digestion. To digest, 30 µl 10 mM DTT in 100 

mM NH4HCO3 was added to the samples. After an incubation of 1 h at 56°C, 

samples were cooled to room temperature, supernatant was removed and 30 µl 

of 55 mM IAA in 100 mM NH4HCO3 was added. After an incubation of 45 min in 

the dark, supernatant was removed and samples were washed with 100 µl of 

100 mM NH4HCO3. Thereafter samples were dehydrated using 100 µl 100% 

acetonitrile. When washing and dehydration were repeated, samples were dried 

in a vacuum centrifuge (Concentrator 5301, Eppendorf). Next, samples were 

incubated on ice and 10 µl trypsin (12.5 ng µl-1) digestion buffer was added. 

After an incubation period of at least 3 hours, supernatant was removed. After 

an overnight incubation at 37°C, the supernatant was collected. To extract 

remaining peptides, 20 µl 20 mM NH4HCO3 was added, samples were sonicated 

(Branson 5210, Gemini) for 20 min and supernatant was collected. Next, 50 µl 

of 5% formic acid in 50% acetonitrile were added to the samples. After a 

sonication of 20 minutes, the supernatant was collected and this step was 

repeated twice. Finally samples were dried in a vacuum centrifuge and stored at 

-20°C prior to identification. 

Tryptic digests were analysed by LC-ESI-MS/MS on a LCQ Classic (Thermo 

Electron, San Jose, CA, USA) ion trap mass spectrometer equipped with a nano-

LC column switching system as described by Dumont et al. (2004). MS/MS data 

were searched against the Populus trichocarpa v1.1 protein database (87596 

entries) using Mascot (version 2.04.0; Matrix Sciences, London, UK) and 

Sequest (version 1.2.0.208 within Proteome Discoverer version 1.2; Thermo 

Fisher Scientific). Sequest and Mascot parent ion mass tolerance was set to 3 

Da; fragment ion tolerance was 1 Da. Carbamidomethylation of cysteine and 

oxidation of methionine, tryptophan and histidine were set as fixed and variable 

modifications, respectively. Maximally one missed cleavage was allowed. 

Additional information (e.g. peptide sequence, charge state of each peptide) will 
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be provided in supplementary data (Table S2 (leaf proteins), Table S3 (root 

proteins). 

Resulting peptide identifications were accepted if they could be established at 

greater than 95.0% probability as specified by the Peptide Prophet algorithm 

described by Keller et al. (2002) within Scaffold version 2_05_02 (Proteome 

Software Inc., Portland, OR). Protein identifications were accepted if they could 

be established at greater than 99.9% probability and contained at least two 

identified peptides. Protein probabilities were assigned by the Protein Prophet 

algorithm within Scaffold according to Nesvizhskii et al. (2003). To assign a 

function, the accepted protein identifications were searched for homology 

against NCBI non-redundant database. Outcome of both search engines was 

visualized and validated with Scaffold v.3.6.1 (Proteome Software), with a final 

peptide and protein probability of 95% and 100%, respectively. For additional 

information concerning the identification we refer to the supplementary data 

(Table S2 (leaf proteins), Table S3 (root proteins)). 

 

4.3.3 Results and discussion 

4.3.3.1 General effects 

After 3 days of Cd exposure, poplar cuttings did not show any visible toxicity 

symptoms. However after 21 days of exposure, light chlorosis was present on 

the poplar leaves. Only few cuttings showed necrotic spots near the main leaf 

vein. As described by Kieffer et al. (2008) these symptoms were restricted to 

young leaves which were expanding at the start of the exposure. Expanded 

leaves at the start of the exposure did not show any toxicity symptoms. Growth 

of poplar cuttings was not affected after 3 days of Cd exposure. However, after 

21 days growth inhibition, based on the fresh weight, was present for cuttings 

exposed to Cd. This growth inhibition displayed at leaves, shoots and roots but 

significant differences were only present for leaf and shoot weight (Figure 

4.3.2). Considering the number of leaves, the length of the shoot and the length 

of the root, a similar pattern was present; no inhibition was observed after 3 

days of exposure while growth reduction was present after 21 days of Cd 

exposure. This growth reduction, although not significant, was present on all 

parameters, however most reduction was present on shoot length. Fagioni and 

Zolla (2009a) reported that leaves of Cd-exposed plants were about 60% 
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smaller than those of controls of the same age. Although Fagioni and Zolla 

(2009a) worked on Arabidopsis, their statement was postulated to be valid for 

all plant species. However, based on the growth reduction of leaves described in 

this experiment, we can not confirm this statement. Only a 33% decrease on 

leaf fresh weight and a 7% decrease on leaf number was present on poplar 

leaves after 21 days of Cd exposure. In order to provide all poplar plants with 

the same starting material, cuttings with the same weight were chosen, 

therefore no significant differences were present between the cutting weights. 

Accumulation of Cd, Zn and Fe was measured after 3 days and 21 days of 

exposure (Figure 4.3.3). After 3 days of exposure, the content of these metals in 

the leaves was not significantly altered. In roots however, a significant 

accumulation of Cd was already present after 3 days of exposure, which is 

accompanied by a decreasing trend in Fe content. After 21 days of exposure, Cd 

content in leaves increased drastically. As described in roots after 3 days of 

exposure, this was accompanied by a decreasing trend in Fe content. Moreover, 

Zn content significantly increased in leaves after 21 days of exposure. In roots, 

Cd content also increased drastically after 21 days of exposure. No effect was 

present on Zn and Fe content. As depicted in figure 4.3.3C one might think that 

the Cd content in the hydroponic solution decreased after 21 days. However, 

this decrease is due to the fact that the hydroponic samples for determining the 

metal content after 3 days of exposure, were taken 3 days after solution 

refreshment, whereas the hydroponic samples for determining the metal content 

after 21 days of exposure were taken 7 days after solution refreshment. This 

indicates that the Cd content in the solution decreased within one refreshment 

cycle but never droped to zero, providing a constant supply of Cd during the 

experiment. Finally, the total Cd concentrations in leaves and roots (Figure 

4.3.3A and 4.3.3B) are in line with those described when applying 20 µM CdSO4 

to hydroponically grown P. tremula L. cuttings (Kieffer et al., 2008; 2009a). 
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Figure 4.3.2: Effects of Cd on (A) weight of leaves, shoots and roots and on (B) 

shoot length, root length and number of leaves. Data presented as average ± 

standard error. Asterisks present significant differences (2 way ANOVA, p<0.05) 

between control and samples of exposed cutting of the same exposure period. 
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Figure 4.3.3: Metal concentrations in (A) poplar leaves, (B) poplar roots and 

(C) hydroponic solution. Data presented as average ± standard error, b.d.l. = 

below detection limit. Asterisks present significant differences (2 way ANOVA, 

p<0.05) between control and samples of exposed cuttings of the same exposure 

period. 
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4.3.3.2 Effects of short and long term exposure to Cd on poplar 

All identified proteins with a fold change > |1.5| (ANOVA < 0.05) were manually 

classified into functional groups. As discussed in chapter 4.2, the energy 

metabolism comprises light reactions of photosynthesis and mitochondrial 

electron transport chain. The carbohydrate metabolism comprises proteins 

involved in (1) “CO2-fixation”; comprising carbon reactions of photosynthesis, 

(2) “Catabolism”; comprising glycolysis/gluconeogenesis, TCA cycle, pyruvate 

metabolism and pentose phosphate pathway and (3) “Metabolism of C-based 

molecules”; comprising all other carbohydrate metabolism subgroups, as listed 

in the KEGG PATHWAY database (http://www.genome.jp/kegg/pathway.html). 

This functional classification was chosen to get a better insight into the energy 

flow during Cd exposure. Proteins to which no clear function could be assigned, 

were grouped into ‘others’. 

 

4.3.3.2.1 Effects on poplar leaves at proteome level 

Approximately 1500 spots could be detected on each gel. Of these, 799 spots 

could be matched on 90% of all gels and were included in the statistical 

analysis. A two-way ANOVA (condition 1: time, condition 2: exposure) was 

performed on the dataset identifying 198 spots with significant differential 

expression (p<0.05). Of these, 89 spots had an absolute variation of at least 

1.5-fold between control and exposed samples. A PCA analysis showed a clear 

separation of the Cd-exposed group after 21 days along the first axis (Figure 

4.3.4). No separation can be made between control and Cd-exposed groups 

after 3 days of exposure. The control group after 21 days is only slightly 

separated from the control and Cd-exposed group after 3 days of exposure, 

indicating only a moderate time effect during the experiment. 

A hierarchical classification confirms the clustering of control and Cd-exposed 

groups after 3 days of exposure (Figure 4.3.5). As indicated by the PCA analysis, 

control group after 21 days clusters more closely to the groups after 3 days of 

exposure and the Cd-exposed group after 21 days of exposure is separated from 

the others. Moreover, a high up-regulation is present after 21 days of Cd 

exposure. 

 

http://www.genome.jp/kegg/pathway.html
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Figure 4.3.4: PCA analysis of 198 differentially abundant leaf proteins (p<0.05; 

two-way ANOVA). The left panel shows the distribution of spot maps regarding 

the two principal components (PC1 and PC2 explaining a cumulated 77.3% of all 

variation). The right panel shows the distribution of the proteins. 

 

 

Figure 4.3.5: Hierarchical clustering of 198 differentially abundant leaf proteins 

(p<0.05, two-way ANOVA). Controls (day 3 + 21) and Cd-exposed groups after 

3 days of exposure are grouped together. Cadmium-exposed group after 21 

days of exposure is separated from the others. 
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Differentially abundant proteins with an absolute variation of at least 1.5-fold 

(p<0.05) were picked and submitted for identification. Of those, 38 proteins 

could be identified unambiguously (Table 4.3.2) and will be discussed hereafter. 

In the subsequent discussion, proteins will be referred to by their protein name, 

as inferred by searched the accepted protein identifications for homology against 

NCBI non-redundant database.  

 

Table 4.3.3: Functional grouping of identified proteins extracted from 
hydroponically grown leaves after 3 and 21 days of Cd exposure. Absolute 

numbers (#) and percentages (%) are given. Percentages are calculated per 
conditional group. 

  3 days 21 days 

  UP DOWN UP DOWN 

  # % # % # % # % 

Energy metabolism -   -   -   22 57.9 

Protein metabolism -   -   2 5.3 1 2.6 

Carbohydrate metabolism -   -   -   5 13.2 

Stress metabolism -   -   -   4 10.5 

Nitrogen metabolism -   -   -       

Nucleotide metabolism -   -   -   1 2.6 

Others -   -   2 5.3 1 2.6 

Total 0 38 
 

To map the Cd effect, Cd samples were compared to control samples after 3 

days of exposure and after 21 days of exposure. After 3 days of Cd exposure, no 

proteins differed in abundance, indicating the occurrence of a ‘delayed effect’ in 

poplar leaves. In contrast, after 21 days of exposure, 38 proteins differed in 

abundance of which four were up-regulated and 34 were down-regulated. Upon 

21 days of Cd exposure, six classes were addressed (Table 4.3.3): energy 

metabolism (22), carbohydrate metabolism (5), stress metabolism (4), protein 

metabolism (3), nucleotide metabolism (1) and others (3). 

After 21 days of Cd exposure, many proteins involved in energy production were 

down-regulated. As frequently described in leaves of Cd-exposed plants, 

oxygen-evolving enhancer proteins, light harvesting complex proteins and ATP 

synthases were affected; however the previously reported responses of these 

proteins were not unambiguous since both, up- and down-regulations were 

described (Alvarez et al., 2009; Fagioni and Zolla, 2009a; Kieffer et al., 2009a, 
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2009b; Durand et al., 2010; Rodriguez-Celma et al., 2010; Zhoa et al., 2011). 

Peptidyl-prolyl cis-trans isomerase, which is required for the assembly and 

stabilization of PSII (Fu et al., 2007), was down-regulated as well. A closer look 

into the carbohydrate metabolism reveals a down-regulation in CO2 fixation by 

affecting RuBisCO large subunits and a down-regulation of chloroplastic 

triosephosphate isomerase. Upon Cd exposure, triosephosphate isomerase was 

previously reported to be both up- and down-regulated in leaves (Kieffer et al., 

2008, 2009a, 2009b; Fagioni and Zolla, 2009a; Durand et al., 2010). Next to 

energy metabolism and carbohydrate fixation, a clear down-regulation of stress 

metabolism is present. Germin-like protein is a known stress defence protein 

and was previously described to be differentially abundant in plants exposed to 

Cd (Alvarez et al., 2009). In contrast to leaves, germin-like protein was down-

regulated in Brassica juncea roots upon Cd stress (Alvarez et al., 2009). 

Ascorbate peroxidases are known to reduce H2O2 (Shigeoka et al., 2002), a 

reactive oxygen species induced by Cd exposure (Keunen et al., 2011). In the 

past, ascorbate peroxidases were described to be down-regulated in Brassica 

juncea roots upon Cd exposure (Alvarez et al., 2009). S-formylglutathione 

hydrolase is thought to play a role in formaldehyde detoxification (Haslam et al., 

2002). Formaldehyde is a reactive compound derived from photo-oxidation of 

atmospheric hydrocarbons. Formaldehyde spontaneously reacts with glutathione 

to produce S-hydromethylglutathione (Barber and Donohue, 1998). Next, 

glutathione dependent formaldehyde dehydrogenase enzymes (GSH-FDH) 

oxidize S-hydroxymethylglutathione to S-formylglutathione with concomitant 

reduction of NAD (Barber and Donohue, 1998). NADH production is relevant 

upon Cd exposure since it is important in ROS detoxification. Finally, S-

formylglutathione is converted to GSH and formate by the action of S-

formylglutathione hydrolase (Barber and Donohue, 1998). By releasing GSH, 

this component can act as a Cd chelator (Alvarez et al., 2009). In this way, S-

formylglutathione hydrolase can be responsible for detoxification of Cd. Upon 

stress, protein metabolism is often up-regulated to provide specific proteins that 

can lower stress effects. On the other hand, up-regulation of proteins involved in 

protein folding is probably due to the strong reducing effect of Cd, resulting in 

the destabilization of proteins. In this context, heat shock protein 70 kDa is up-

regulated in leaves of Cd-exposed poplar. Glutamine synthetase however was 
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down-regulated upon 21 days of Cd exposure. In previous reports, glutamine 

synthetase was mostly described to be up-regulated upon Cd exposure (Kieffer 

et al., 2008, 2009a, 2009b; Semane, 2010). However, Kieffer et al. (2009b) 

also reported a down-regulation of glutamine synthetase in leaves of Cd-

exposed poplar. Since glutamine is an important precursor of GSH, down-

regulation of glutamine synthetase is somewhat surprising. Finally, a high 

chlorophyll fluorescent 109 protein was down-regulated after 21 days of Cd 

exposure. High chlorophyll fluorescent 109 protein is believed to be a translation 

release factor (Meurer et al., 2002). Meurer et al. (1996) indicated that the 

hcf109 mutant specifically affects the expression of several plastome-encoded 

photosystem I and II genes. Phenotypically, the hcf109 mutant was classified as 

a pleiotropic mutant whose photosynthetic electron transport chain is almost 

totally inactive due to defects in photosystems I and II and the plastid NAD(P)H 

dehydrogenase complex (Meurer et al., 1996). These data indicate that HCF109 

is somehow important for maintaining photosynthesis. Therefore the observed 

decrease in protein abundance is somewhat unexpected since leaves of Cd-

exposed plants are known to encounter damage to the photosynthesis 

machinery (Bi et al., 2009).  

 

4.3.3.2.2 Effects on poplar roots at proteome level 

For roots, approximately 2500 spots could be detected on each gel of which 

1433 could be matched on 90% of all the gels and were included in the 

statistical analysis. Significant differential expression was present for 601 spots 

(two way ANOVA; condition 1: time, condition 2: exposure; p<0.05) between 

control and exposed samples. However, only 148 proteins had an absolute 

variation of at least 1.5-fold between control and exposed samples and were 

subjected to identification. Of those, only 33 were identified unambiguously. PCA 

analysis showed a clustering of control and Cd-exposed groups after 3 days of 

exposure (Figure 4.3.6). In contrast to leaves, the control group after 21 days is 

clearly separated from the 3 days exposed groups, which might indicate a time 

effect on the root proteome. A clear separation of the Cd group after 21 days of 

exposure is present along the first and second axis. 



Section IV: Proteomics  

184 

 

 
Figure 4.3.6: PCA analysis of 601 differentially abundant root proteins (p<0.05; 

two-way ANOVA). The left panel shows the distribution of spot maps regarding 

the two principal components (PC1 and PC2 explaining a cumulated 54.7% of all 

variation). The right panel shows the distribution of the proteins. 

 

 

 
Figure 4.3.7: Hierarchical clustering of 601 differentially abundant root proteins 

(p<0.05, two-way ANOVA). Controls (day 3 + 21) and Cd-exposed groups after 

3 days of exposure are grouped together. Cadmium-exposed group after 21 

days of exposure is separated from the others. 
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A hierarchical classification of these 601 differentially abundant proteins 

confirms the clustering of control and Cd-exposed groups after 3 days of 

exposure (Figure 4.3.7). The control group after 21 days clusters more closely to 

the groups after 3 days of exposure than the Cd-exposed group after 21 days of 

exposure. The high up-regulation in leaves after 21 days of Cd exposure, is not 

present in the root samples. 

 

In order to map the Cd effect, a comparison between control and Cd-exposed 

samples was made upon 3 and 21 days of exposure. After 3 days of exposure, 

only seven root proteins differed in abundance, indicating only a minor stress 

response after short term exposure. Of these, four proteins were down-

regulated and three up-regulated. Differentially abundant proteins could be 

grouped into five functional classes: Protein metabolism (2), carbohydrate 

metabolism (1), stress metabolism (1), cell – structure, growth and 

maintenance (1) and others (2). Kunitz trypsin inhibitor 3, involved in protein 

degradation, is up-regulated whereas a tcp-1 cpn60 chaperonin family protein, 

involved in protein assembly and folding was down-regulated. Up-regulation of 

proteins involved in protein degradation can be seen as an attempt to re-allocate 

amino acids to respond accurately to Cd stress. Since the presence of Cd often 

results in destabilization of proteins (Ashan et al., 2009), the down-regulation of 

tcp-1 cpn60 chaperonin family protein is somewhat unexpected. Of proteins 

involved in carbohydrate metabolism, only RuBisCO was down-regulated. The 

presence of RuBisCO in roots seems erroneous at first, however it is known that 

roots tend to differentiate chloroplasts upon exposure to light (Flores et al., 

1993). It should be mentioned that despite major efforts to prevent light to 

enter the hydroponic solution, a limited amount was still able to reach the roots 

through the holes of the water refill tube and the air tube (Figure 4.3.1), what 

could explain the presence of RuBisCO found in poplar roots in this experiment. 

As an attempt to detoxify Cd, glutathione peroxidase was up-regulated. 

Phenylcoumaran benzylic ether reductase (PCBER), a prominent poplar xylem 

protein involved in phenylpropanoid biosynthesis, is up-regulated as well. PCBER 

is preferentially produced in the secondary xylem of stems and roots and is 

associated with the active growth period (Vander Mijnsbrugge et al., 2000a), 
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however its biological function remains unclear (Vander Mijnsbrugge et al., 

2000b). 

After 21 days of Cd exposure 26 proteins differed in abundance (Table 4.3.4). 

Functional analysis of the differentially abundant proteins shows that most 

proteins are involved in protein metabolism (6) and stress metabolism (6), 

followed by carbohydrate metabolism (5), cell - structure, growth and 

maintenance (1) and nucleotide metabolism (1) and finally seven not classified 

proteins (Table 4.3.5).  

 

Table 4.3.5: Functional grouping of identified proteins extracted from 

hydroponically grown roots after 3 and 21 days of Cd exposure. Absolute 
numbers (#) and percentages (%) are given. Percentages are calculated per 

conditional group. 

  3 days 21 days 

  UP DOWN UP DOWN 

  # % # % # % # % 

Protein metabolism 1 14.3 1 14.3 5 20.0 1 4.0 

Carbohydrate metabolism     1 14.3 2 8.0 3 12.0 

Stress metabolism 1 14.3     4 16.0 2 8.0 

Cell - Structure, growth and maintenance 1 14.3     1 4.0     

Nucleotide metabolism         1 4.0     

Others     2 28.6 6 24.0 1 4.0 

Total 7 26 
 

Protein metabolism is mainly up-regulated. Among the up-regulated protein 

belong a lysyl-tRNA synthetase which inserts lysine into proteins (Freist and 

Gauss, 1995) and several degradation proteins: isovaleryl-CoA dehydrogenase 

1, proteasome subunit alpha, a Kunitz trypsin inhibitor 3 and a thiol protease 

aleurain which is thought to function in nitrogen mobilization from protein 

reserves (Hensel et al., 1993). Glutamine synthetase was the only down-

regulated protein. In contrast, glutamine synthetase was described to be up-

regulated in roots of Cd-exposed Arabidopsis thaliana (Semane et al., 2010). 

Glutamine synthetase is essential for nitrogen metabolism since it catalyzes the 

condensation of glutamate and ammonia to glutamine. Glutamine is an 

important constituent of GSH and therefore down-regulation of glutamine 

synthetase is unexpected upon Cd exposure. However down-regulation was also 

described by Kieffer et al. (2009b). Concerning the carbohydrate metabolism, 
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two proteins of the glycolysis are down-regulated upon 21 days of Cd exposure. 

Triosephosphate isomerase converts the triose phosphates – derived from 

sucrose in the cytosol or starch from the chloroplast – into glyceraldehyde-3-

phosphate, confirming the down-regulation reported by Kieffer et al. (2009b) 

and Rodriguez-Celma et al. (2010) in poplar and tomato roots respectively.  

Phosphoglycerate kinase is also down-regulated and is one of the enzymes 

involved in the energy conserving phase of glycolysis. In this phase, 

glyceraldehyde-3-phosphate is converted further to pyruvate (Taiz and Zeiger, 

2002). Previously, in Cd-exposed roots, phosphoglycerate kinase has been 

reported to be down-regulated (Alvarez et al., 2009; Rodriguez-Celma et al., 

2010). Furthermore 6-phosphogluconate dehydrogenase was down-regulated in 

poplar roots after 21 days of Cd exposure. 6-phosphogluconate dehydrogenase 

is involved in the pentose phosphate pathway where it converts 6-

phosphogluconate to ribulose-5-phosphate, hereby releasing CO2. 

Formate dehydrogenase was up-regulated in poplar roots, confirming the 

described up-regulation in Cd-exposed Brassica juncea roots (Alvarez et al., 

2009). Formate dehydrogenase catalyzes the oxidation of formate to CO2 (Ferry, 

1990). Upon this reaction, NAD+ is reduced to NADH which can be used to 

counterbalance the negatively affected ROS balance, induced by Cd. After 3 

days of Cd exposure, RuBisCO presence was detected in poplar roots despite all 

efforts to avoid light at root level. After 21 days of Cd exposure, even an up-

regulation of RuBisCO was present.  

Stress metabolism is up-regulated by increasing abundance in glutathione 

peroxidase, glutathione-S-transferase, DNA repair protein rad23-1 and a 

universal stress protein (USP). Glutathione peroxidase was also up-regulated 

after 3 days of Cd exposure, however 21 days of exposure further increased the 

differential expression in abundance. Glutathione-S-transferase is involved in 

antioxidant detoxification systems which control the cascades of uncontrolled 

oxidation and protect plant cells from oxidative damage by scavenging of ROS 

(Gill and Tuteja, 2010). DNA repair protein rad23-1 is known to be a negative 

regulator of multi-Ubiquitin (Ub) chain assembly (Ortolan et al., 2000; Chen et 

al., 2001). It is suggested that its interaction with Ub is important in DNA repair 

(Guzder et al., 1995), stress response (Lambertson et al., 1999) and cell cycle 

progression (Clarke et al., 2001). Moreover, it has been proposed that it could 
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control protein stability by binding and preventing the expansion of nascent 

multi-Ub chain (Ortolan et al., 2000). To our knowledge, it has not been 

reported previously to be affected by the presence of Cd. Universal stress 

proteins are found in bacteria, Archaea, fungi, flies and plants (Kvint et al., 

2003). Genetic evidence has shown that UspA mediates survival of cells starved 

for a wide variety of nutrients, exposed to toxic chemicals and exposed to 

osmotic stress or UV light damage (Kerk et al., 2003). In addition, a role in 

oxidative stress responses has been reported as well (Nachin et al., 2005). In 

contrast to the findings of Roth et al. (2006), major latex protein is down-

regulated in poplar roots upon Cd exposure. The function of major latex proteins 

is still unknown but they have been associated with fruit and flower development 

and pathogen defence response (Lytle et al., 2009). Since major latex protein 

are involved in stress defence, its down-regulation upon Cd exposure is 

unexpected. The down-regulation of PR-10, known to be expressed upon 

pathogen infection as well as abiotic stress such as salinity and drought (Dubos 

and Plomion, 2001), was somewhat unexpected since most reported PR proteins 

are up-regulated upon Cd exposure (Kieffer et al., 2009b; Semane et al., 2010; 

Rodriguez-Celma et al., 2010). Actin was the only protein that was functionally 

classified to be involved in cell – structure, growth and maintenance. In 

correspondence to the findings of Alvarez et al. (2009, Brassica juncea roots) 

and Rodriguez-Celma et al. (2010, Lycopersicon esculentum Mill cv. Tres Cantos 

roots) it was up-regulated in poplar roots. Actin is one of the three major 

components of the cytoskeleton and is involved in intracellular transport and 

cellular division (Higaki et al., 2007). Since actin is involved in nuclear export of 

RNAs and proteins (Zheng et al., 2009), it might be necessary to allow a specific 

stress response. Finally, in poplar roots after 21 days of Cd exposure, eukaryotic 

translation initiation factor 5a3 was up-regulated. This protein is thought to be 

involved in programmed cell death (Hopkins et al., 2008). Hereby, the up-

regulation of translation initiation factor 5a3 might play a role in Cd-induced 

programmed cell death. 

  



Section IV: Proteomics  

192 

 

4.3.4 Conclusion 

An exposure period of 3 days was too short to induce visible symptoms of 

toxicity. Moreover, growth reduction was not present in Cd-exposed cuttings 

compared to control ones (Figure 4.3.2). In leaves only a minor increasing trend 

in Cd content was present (Figure 4.3.3), while a significant increase in Cd 

content was present in Cd-exposed roots (Figure 4.3.3). The absence of a 

morphological Cd effect after 3 days of exposure was confirmed by proteomic 

analysis of leaves where no differentially expression was present at 3 days of Cd 

exposure. In roots a limited Cd effect on the proteome was present after 3 days 

of Cd exposure: 7 proteins differed in abundance and could be correlated to the 

high Cd content present in roots. These data suggest that an exposure time of 3 

days was not sufficient to induce significant differences on leaf proteome of 

hydroponically grown P. deltoides x (trichocarpa x deltoides) cuttings, as it was 

described by Kieffer et al. (2008, 2009b). In addition, based on PCA analysis 

(Figure 4.3.4) and hierarchical clustering (Figure 4.3.5) no separation could be 

made between control and cadmium gels after 3 days of exposure. In roots, no 

clear up- or down-regulation in a specific pathway or metabolism was present. 

Although the meta-analysis of Cd-induced proteome changes (see section 4.2. 

6.1.1.2) indicates that stress metabolism and carbohydrate metabolism are 

mainly addressed in short term exposed roots, in this study a more or less even 

distribution of differentially abundant proteins was present. In the large time 

scale study on poplar leaf and root proteome of Kieffer et al. (2009b) only 3 

proteins differed in abundance upon Cd exposure. Data of Kieffer et al. (2009b) 

together with the data obtained in this study indicate that only a minor Cd effect 

is manifested in leaves and roots of hydroponically grown poplar cuttings after 3 

days of exposure.  

Exposing P. deltoides x (trichocarpa x deltoides) to Cd during 21 days, resulted 

in a decreasing trend in plant growth. Significant decreases were present on leaf 

and shoot mass (Figure 4.3.2). Compared to control cuttings, Cd content was 

significantly higher is leaves, shoots and roots of Cd-exposed cuttings (Figure 

4.3.3). On the proteome level, a stronger effect of Cd was present than at 3 

days exposure: in leaves 38 proteins differed in abundance, while in roots 25 

proteins differed in abundance. The higher amount of differentially abundant 

proteins in leaves compared to roots is in line with the findings in the meta-
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analysis of Cd-induced proteome effects in plants (see section 4.2.6.1.1). The 

general down-regulation of CO2 fixation, chloroplast electron transport chain and 

ATP synthases in leaves, described in the meta-analysis data, is confirmed by 

our data. However, contrasting results were obtained for proteins involved in the 

stress metabolism. In our study stress metabolism was down-regulated in leaves 

whereas it was typically up-regulated considering the meta-analysis data. Some 

proteins were unexpectedly down-regulated in leaves of cuttings exposed to Cd 

for 21 days. The unexpected down-regulation of glutamine synthetase and a 

high chlorophyll fluorescent 109 protein could be seen a result of a shift in stress 

avoidance strategies. This means that it could be that those proteins were 

initially addressed but by shifting into another stress avoidance strategy their 

presence became less important and turned therefore to down-regulated. 

Compared to differentially abundant root proteins after 3 days of exposure, 

where no pathway or metabolism was clearly affected, protein metabolism and 

stress metabolism were obviously addressed after 21 days of exposure, followed 

by the carbohydrate metabolism. Considering the meta-analysis data, the same 

metabolisms were affected (see section 4.2.6.1.1.2). However, a closer look 

reveals some differences; (1) in the present study, protein metabolism and 

stress metabolism are mainly up-regulated whereas a more or less even 

distribution between up- and down-regulation was described in the meta-

analysis, (2) carbohydrate metabolism was clearly down-regulated when 

considering the meta-analysis data whereas a more or less even distribution 

between up- and down-regulation was present in this study. Like in leaves, 

some unexpected down-regulations occurred. Glutamine synthetase is down-

regulated in roots after 21 days of exposure, indicating that a possible shift in 

stress avoidance strategy would also manifest on roots. The down-regulation of 

major latex protein, involved in stress defence, might be explained in the same 

way. Upon long term Cd exposure, major latex protein was described to be 

down-regulated in spinach leaves as well (Fagioni and Zolla, 2009a).  

To conclude, a similar study was conducted by Kieffer et al. (2008, 2009a, 

2009b) on leaves and roots of hydroponically grown P. tremula L. cuttings. As in 

our experiment, cuttings of the Cd group were exposed to 20 µM of CdSO4. Due 

to the height they reached after 21 days, it was not possible to prolong the 

growth of the cuttings used in our experiment. On the other hand, an exposure 
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period of 14 days did not induce visible signs of toxicity and was therefore not 

chosen to work with. Since Kieffer et al. (2008, 2009a, 2009b) chose exposure 

periods of 3, 7, 14, 28 and 56 days, only a comparison at 3 days of exposure 

was possible. In leaves, differentially abundant proteins (DAPs) were assigned in 

P. tremula L. (Kieffer et al., 2008 (4 DAPs); 2009b (2 DAPs)), while none were 

differentially abundant in P. deltoides x (trichocarpa x deltoides). In roots, 7 

proteins differed in abundance in P. deltoides x (trichocarpa x deltoides), while 

only 3 DAPs were described in P. tremula L. (Kieffer et al., 2009b). All 3 DAPs in 

P. tremula L. were involved in stress metabolism; two were up-regulated and 

one was down-regulated. Since none of the proteins match those found in our 

experiment, it confirms the observation that plants’ response to Cd is species 

dependent (Smeets et al., 2005). However it should be taken into account that 

this could also be an effect of the chosen experimental setup (e.g. growth 

conditions of the plants like light, temperature, air humidity, ….) and proteomic 

workflow inherent to the different labs and that, subsequently, all these 

parameters contribute to the resulting Cd response that is observed (see chapter 

4.2).  

Comparing the results obtained in our study after exposing P. deltoides x 

(trichocarpa x deltoides) to Cd for 21 days to those reported for P. tremula L. 

(Kieffer et al., 2009b) after 14 and 28 days of exposure revealed that the strong 

down-regulation of the energy metabolism that we described in leaves (Table 

4.3.3), was not detected in P. tremula L.. In addition, a strong effect on the 

carbohydrate metabolism was described in P. tremula L. leaves after both 14 

and 28 days of exposure, while in P. deltoides x (trichocarpa x deltoides) leaves 

only down-regulations of triosephosphate isomerase and ribulose-1,5-

bisphosphate carboxylase oxygenase large subunit were detected. Furthermore, 

no leaf proteins involved in stress metabolism were similarly affected by Cd in 

both poplar species. In P. tremula L. roots, the glycolysis and TCA cycle were 

down-regulated upon both 14 and 28 days of exposure while in P. deltoides x 

(trichocarpa x deltoides) only a moderate effect on the glycolysis was present 

and the TCA cycle was not affected. Of the stress defence related proteins, 

down-regulation of major latex proteins was present in both P. deltoides x 

(trichocarpa x deltoides) (21 days) and P. tremula L. (14 and 28 days) and the 

up-regulation of glutathione peroxidase was present in P. deltoides x 
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(trichocarpa x deltoides) after 21 days and in P. tremula L. after 28 days of 

exposure. The observed differences between our study and the one conducted 

by Kieffer et al. cannot be attributed to a difference in total Cd content in leaves 

and roots, since they were similar in P. deltoides x (trichocarpa x deltoides) and 

P. tremula L (Kieffer et al., 2008; 2009a). 
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Chapter 4.4 

 

Effects of short and long term Cd exposure on soil grown poplar 

(P. deltoides x (trichocarpa x deltoides)) roots and leaves at 

proteome level. 

 

4.4.1 Introduction 

In order to investigate the effects of one specific variable, ideally all other 

variables should remain constant. Working with biological material, biological 

variation is however inevitable and therefore, cultivation methods providing 

highly controllable and reproducible conditions and rendering as low variation as 

possible are preferable in these cases. Using hydroponic cultivation systems, not 

only allows you to achieve the above mentioned desired traits (Zacchini et al., 

2009), but also allows to minimize working space or maximize the number of 

repetitions. Due to high variation in the field, molecular research is mostly 

performed in highly controlled laboratory conditions, rendering basic insights 

into molecular systems. Although gained insights only apply for highly controlled 

lab conditions, they often serve as basis to formulate hypothesis for future field 

experiments. Since differences are found between highly controlled laboratory 

conditions and environmental realistic field conditions (see section 4.2.6.2), 

extrapolations are highly questionable. 

In order to get a better understanding of the basic molecular effects of 

phytoextraction at Cd contaminated fields, a first study was performed to reveal 

the effect of Cd on the proteome of Populus deltoides x (trichocarpa x deltoides). 

For this purpose, a hydroponic cultivation system was chosen to minimize all 

additional variations (chapter 4.3). However, focussing on future field 

experiments, extrapolation of the gained insights was questioned: using 

hydroponic cultivation systems involves a risk at anaerobic conditions at roots 

level, prevents the establishment off a rhizosphere, delivers roots that are not 

comparable to roots formed in soils and supplies a steady and constant 

availability of nutrients. Moreover, it is known that plants grown in hydroponic 

cultivation systems accumulate more Cd than those produced in soil systems 
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(Grant et al., 1998). Therefore, with the prospect to field experiments, the effect 

of Cd on the proteome of Populus deltoides x (trichocarpa x deltoides) cultivated 

in soil systems was studied. 

 

4.4.2 Material and methods 

4.4.2.1 Plant cultivation 

Poplar cuttings (Populus deltoides x (trichocarpa x deltoides)) of 30 cm were 

planted in 4 l pots with 4 kg sandy soil on top of a drainage system (Figure 

4.4.1). As in chapter 4.3, plants were incubated in a growth chamber at 

day/night temperature of 22/18°C with a 12 h light period, relative humidity of 

65% and photosynthetic active radiation of 170 µmol m-2 s-1. At the moment of 

planting, 400 ml ½ strength Hoagland’s solution was added. During the next 

weeks, cuttings were watered three times a week with tap water and once every 

two weeks 200 ml ½ strength Hoagland’s solution was added. When sufficient 

fully expanded leaves were present on all cuttings, cuttings were divided into 

four batches:  

- Batch 1: control group, harvested 3 days after Cd exposure (control group 

of batch 2) 

- Batch 2: Cd group, harvested 3 days after Cd exposure 

- Batch 3: control group, harvested 21 days after Cd exposure (control group 

of batch 4) 

- Batch 4: Cd group, harvested 21 days after Cd exposure 

Cd groups were exposed to CdSO4 at a final concentration of 40 mg kg-1 soil. 

After the start of exposure, the same watering schedule was continued. At day 3 

and day 21, the according batches were harvested. Of each batch, growth 

parameters were determined, 5 leaf and root samples were taken for protein 

analysis and 5 leaf and root samples were taken to determine Cd content in 

plant tissue. Growth parameters were statistically analyzed using a two-way 

ANOVA (condition 1: time, condition 2: exposure; p<0.05) and post hoc multiple 

comparison testing (Tukey Kramer). When necessary, log-transformations were 

applied to approximate normality and/or homoscedasticity. Statistical analyses 

were performed using SAS 9.2. For soil metal content determination, 3 soil 

samples of each pot were taken to determine total and plant available Cd 

content (see section 4.4.2.2.1 and 4.4.2.2.2). 
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Figure 4.4.1: Soil cultivation system. Drainage system was composed of filter 

paper, 800 mg gravel (1 – 2 mm) and a cover to prevent roots to grow out of 

the soil compartment. Cuttings were planted in 4 kg sand and a cover was 

placed on top of the soil system to prevent algae growth. A dish was placed at 

the bottom to collect percolating water. 

 

4.4.2.2 Analysis of metal content in plant tissue and soil 

4.4.2.2.1 Plant available metal content in soil 

From moist sandy soil, an equivalent of 5 g soil dry weight was taken for 

analysis. To this, 25 ml 0.1 M Ca(NO3)2 was added and samples were shaken 

(50 rpm) for 2 h. To filtered solutions (Whatmann 40 filter), 1 ml HNO3 suprapur 

was added and samples were analysed by ICP – OES to determine Cd, Zn and Fe 

content. 

4.4.2.2.2 Total metal content in soil 

Total soil metal concentration were determined by digesting 500 mg air-dried 

soil in 4 ml aqua regia (HNO3 supra purr / HCL supra purr : 1/3) using a 

microwave (Milestone, 1200 MEGA). Samples were filtered (Whatmann 40 filter) 

and analysed by AAS to determine Cd, Zn and Fe content.  

4.4.2.2.3 Plant metal content 

Each fresh sample (5 leaf and root samples per batch; see section 3.2.1) was 

dried at 60°C. Samples were crushed and 150 mg DW was taken for analysis. To 

each sample, 2 ml HNO3 suprapur was added and samples were stored 

overnight at room temperature. Next, samples were heated to 110°C in order to 
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evaporate the remaining HNO3 suprapur. 1 ml HNO3 suprapur was added and 

evaporated twice more. Thereafter, samples were resolved in 1 ml HCl suprapur 

and heated in a final step to evaporate the HCl suprapur. Finally, samples were 

resolved in 20% HCl and measured using ICP/MS (Inductively Coupled 

Plasma/Mass Spectrometry) to determine Cd, Zn and Fe content. When 

concentrations were below the detection limit, samples were analysed on ICP - 

OES. 

4.4.2.2.4 Statistical analysis 

Metal contents were statistically analyzed using a two-way ANOVA (condition 1: 

time, condition 2: exposure; p<0.05) and post hoc multiple comparison testing 

(Tukey Kramer). When necessary, log-transformations were applied to 

approximate normality and/or homoscedasticity. Statistical analyses were 

performed using SAS 9.2. 

 

4.4.2.3 Proteomic analysis 

Protein extraction, protein quantification, DIGE labelling, 2-DE, analysis, 

digestion and identification was performed as described in chapter 3 (see section 

4.3.2.3 until section 4.3.2.8). For additional information concerning the 

identification we refer to the supplementary data (Table S4 (leaf proteins), Table 

S5 (root proteins)). 

 

4.4.3 Results 

4.4.3.1 General effects 

After 3 days of Cd exposure, no visible signs of stress could be observed on the 

poplar cuttings. However, after 21 days of Cd exposure, Cd-exposed cuttings 

were smaller than control cuttings, which is supported by the decreasing trend 

in fresh weight of shoots and roots (Figure 4.4.2A). Based on the fresh weight of 

leaves, a statistical difference is present between control and exposed cuttings 

after 21 days of exposure. On top, light chlorosis was present on the young 

leaves after 21 days of exposure, however no necrotic spots were present. Using 

leaf number, shoot length and root length as growth parameters (Figure 

4.4.2B), no differences were present between control and Cd-exposed cuttings 

after 3 days of exposure. After 21 days of exposure Cd-exposed cuttings have 

significantly shorter shoots than control cuttings. Although not significant, the 
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increasing trend in root length after 21 days of Cd exposure is interesting. This 

increasing trend might be expected since roots tend to grow to less 

contaminated soil parts to avoid stress (Remans et al., 2012). 

In order to get insights in the metal accumulation within the poplar tissues, Cd, 

Zn and Fe were determined in leaves and roots (Figure 4.4.3). After 3 days, no 

significant differences were present in Cd and Zn content between control and 

Cd-exposed leaves (Figure 4.4.3A). After 21 days, a decreasing trend was 

present for Zn content in leaves when comparing control to Cd-exposed 

samples. This decreasing trend might indicate a competition for translocation 

between of Cd and Zn. In roots, no significant differences were present in Cd 

and Zn content between control and exposed cuttings after 3 days of exposure 

(Figure 4.4.3B). However, after 21 days of exposure, a significant increase in Cd 

content was present compared to control samples. As for leaves, a slight 

decreasing trend in Zn content could be observed when comparing control to 

Cd-exposed roots. This might be explained by the fact that the presence of Cd in 

the soil matrix induced competition between Zn and Cd uptake since uptake of 

Cd2+ occurs via Zn2+, Fe2+ and Ca2+ transporters (Clemens S, 2006b). Due to 

technical errors, Fe concentration could not be estimated in leaf and root 

samples. 

To determine total and estimate plant available metals in the soils, 3 samples 

were taken in each pot using a soil-sampler with 3 cm diameter. Although 

samples were taken over the total depth of the pot and at 3 different points, 

metal analysis did not provide good results. For 17 out 20 pots, the 

concentrations were below the detection limit. Since the values found in 3 Cd-

exposed soils, were within the range of expectation, performance of the 

extraction and AAS technique were not questioned. Therefore, these results – or 

the lack of it –indicate heterogeneity within the soils. 
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Figure 4.4.2: Effects of Cd exposure on (A) weight of leaves, shoots and roots 

and on (B) shoot length, root length and number of leaves. Data presented as 

average ± standard error. Asterisks present significant differences (2 way 

ANOVA, p<0.05) between control and exposed cuttings of the same exposure 

period. 
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Figure 4.4.3: Metal concentrations in (A) poplar leaves and (B) roots. Data 

presented as average ± standard error. Asterisks present significant differences 

(2 way ANOVA, p<0.05) between control and samples of exposed cuttings of the 

same exposure period. 
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4.4.3.2  Effects of short and long term exposure to Cd on poplar 

All identified proteins with a fold change > |1.5| (ANOVA < 0.05) were manually 

classified into functional groups. In order to facilitate comparison with the 

experiment on hydroponic cultivation systems (chapter 4.3), the same functional 

classification was used. The energy metabolism comprises light reactions of 

photosynthesis and mitochondrial electron transport chain. The carbohydrate 

metabolism includes proteins involved in (1) “CO2-fixation”, comprising carbon 

reactions of photosynthesis, (2) “Catabolism”, comprising 

glycolysis/gluconeogenesis, TCA cycle, pyruvate metabolism and pentose 

phosphate pathway and (3) “Metabolism of C-based molecules”, comprising all 

other carbohydrate metabolism subgroups, as listed in the KEGG PATHWAY 

database (http://www.genome.jp/kegg/pathway.html). Proteins to which no 

clear function could be assigned, were categorized into ‘others’. 

 

4.4.3.2.1 Effects on poplar leaves at proteome level 

On each gel approximately 1600 spots were detected of which 1025 could be 

matched on 90% of all the gels. Matched spots were included in the statistical 

analysis identifying 779 spots to be differentially abundant (two-way ANOVA; 

condition 1: time, condition 2: exposure; p<0.05). A PCA analysis revealed a 

separation between samples after 3 days of exposure and samples after 21 days 

of exposure (Figure 4.4.4). However, no separation between Cd-exposed and 

control samples is present within the same exposure period. Exactly the same 

separation is revealed by hierarchical classification of the 779 differentially 

abundant proteins (Figure 4.4.5). 

 

Of the 779 differentially abundant proteins (DAPs), only seven spots differed in 

abundance between control and Cd-exposed plants and showed an absolute 

variation of at least 1.5-fold. These proteins were picked and submitted for 

identification and will be discussed hereafter. In the subsequent discussion, 

proteins will be referred to by their protein name, as inferred by searching the 

accepted protein identifications for homology against NCBI non-redundant 

database.  

 

http://www.genome.jp/kegg/pathway.html
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Figure 4.4.4: PCA analysis of 779 differentially abundant leaf proteins (p<0.05; 

two-way ANOVA). The left panel shows the distribution of spot maps regarding 

the two principal components (PC1 and PC2 explaining a cumulated 68.3% of all 

variation). The right panel shows the distribution of the proteins. 

 

 

 

 
Figure 4.4.5: Hierarchical clustering of 779 differentially abundant leaf proteins 

(p<0.05, two-way ANOVA). Control and Cd-exposed groups are grouped 

together according to the exposure period. A clear separation of the exposure 

periods is present. 
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Of the four DAPs between control samples to samples exposed for 3 days to Cd, 

only two proteins could be identified unambiguously (Table 4.4.1). Elongation 

factor G (EF-G) is known to be a key protein in translation elongation (Nagano et 

al., 2012). Although translocation can happen spontaneously, EF-G greatly 

accelerates this process (Chen et al., 2012). For details on the influence of EF-G 

on translocation, we refer to Chen et al. (2012) for a review. In E. coli EF-G is 

very susceptible to oxidation and moreover, the translational mechanism is 

partly regulated by the redox state of EF-G which might depend on the balance 

between the supply of reducing power and the degree of oxidative stress 

(Nagano et al., 2012). The up-regulation of EF-G upon Cd exposure might 

indicate that not only the redox state of EF-G is influenced by the degree of 

oxidative stress but the protein abundance as well (Table 4.4.1). Although CO2 

fixation is generally down-regulated upon Cd exposure (see section 4.2.7), 

RuBisCO is often reported to be up-regulated upon Cd exposure (Kieffer et al., 

2008; 2009a; 2009b; Fagioni and Zolla, 2009a; Durand et al., 2010; Semane et 

al., 2010; Visioli et al., 2010). The up-regulation upon short term exposure, 

present in this study, can be seen as an attempt to maintain cellular function. 

 

After 21 days of exposure to Cd, only three DAPs were present of which one was 

up-regulated and two were down-regulated. Of these, only one could be 

identified unambiguously and is presented in Table 4.4.1. Functional grouping 

revealed that only protein metabolism and carbohydrate metabolism were 

affected (Table 4.4.2). Heat shock proteins are known to enable cells to 

maintain proper folding of proteins, in both unstressed and stressed conditions 

(Sarkar et al., 2012). Hsp70 members are involved in post-translational 

translocation of proteins across membranes in mitochondria (Sarkar et al., 

2012). Since Cd is able to induce protein confirmations by e.g. attacking 

disulfide bridges, up-regulation of HSP70 is likely to occur upon Cd exposure and 

is frequently reported (Kieffer et al., 2009b; Durand et al., 2010; Zhoa et al., 

2011). In this study, HSP70 is down-regulated confirming the Cd-induced down-

regulations of this protein reported by Kieffer et al. (2008; 2009b) and Durand 

et al. (2010). 
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4.4.3.2.2 Effects on poplar roots at proteome level 

From roots, approximately 2500 proteins were detected on each gel. Of these, 

1452 proteins could be matched on 90% of all the gels and were included in the 

statistical variation. A two-way ANOVA (condition 1: time; condition 2: 

exposure) was performed on the dataset identifying only 121 spots to be 

differentially abundant (p<0.05). An absolute variation of at least 1.5-fold 

between proteins of control and exposed roots was detected for 42 spots and 

were subjected to identification. PCA analysis grouped proteins of control and 

roots of 3 days Cd-exposed plants together (Figure 4.4.6). Proteins of roots 

harvested after 21 days of exposure (control and exposed) are separated from 

the proteins of 3 days exposed plants along the first axis. Root proteins of 

control and 21 days exposed plants are separated along the second axis. 

A hierarchical clustering of the 121 differentially abundant proteins reveals that 

after 21 days of exposure the control samples grouped closer together with the 

21 days Cd-exposed ones than with the ones exposed for 3 days to Cd. (Figure 

4.4.7). 

 

Table 4.4.2: Functional grouping of identified proteins extracted from soil grown leaves 

after 3 and 21 days of Cd exposure. Absolute numbers (#) and percentages (%) are 

given. Percentages are calculated per conditional group.  

  3 days 21 days 

  UP DOWN UP DOWN 

  # % # % # % # % 

Protein metabolism 1 50.0 - 
 

- 
 

1 100.0 

Carbohydrate metabolism 1 50.0 - 
 

- 
 

- 
 

Total 2 1 
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Figure 4.4.6: PCA analysis of 121 differentially abundant root proteins (p<0.05; 

two-way ANOVA). The left panel shows the distribution of spot maps regarding 

the two principal components (PC1 and PC2 explaining a cumulated 74.2% of all 

variation). The right panel shows the distribution of the proteins. 

 

 

 

 
Figure 4.4.7: Hierarchical clustering of 121 differentially abundant root proteins 

(p<0.05, two-way ANOVA). Control and Cd-exposed groups are grouped 

together according to the exposure period. A clear separation of the exposure 

periods is present. 
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In order to map the Cd effect, a comparison between control and Cd-exposed 

samples was made upon 3 and 21 days of exposure. Of the 42 DAPs with an 

absolute abundance variation of at least 1.5-fold, only 15 could be identified 

unambiguously. After 3 days of exposure, only three root proteins differed in 

abundance, suggesting only a minor stress response (Table 4.4.3). Of these, two 

proteins were down-regulated and one up-regulated. Up-regulation of glycerol 

kinase after 3 days of Cd exposure indicates a need for energy and reducing 

power. That is, glycerol kinase (EC 2.7.1.30) catalyses the conversion of glycerol 

into sn-glycerol-3-phosphate using ATP. Next, sn-glycerol-3-phosphate can be 

dehydrated into dihydroxyacetone phosphate by the action of glycerol-3-

phosphate dehydrogenase, which can further be metabolised into 

glyceraldehyde-3-phosphate (Yeh et al., 2008). Glyceraldehyde-3-phosphate 

can subsequently be used in the glycolysis to produce energy and reducing 

power which is required to counterbalance Cd-induced ROS (Kieffer et al., 

2009a). In this light, the down-regulation of the predicted protein, which 

resembles the SGNH (Serine-Glycine-Asparagine-Histidine) plant lipase, is 

somewhat unexpected since lipases convert lipids into glycerol and fatty acids. 

The third differentially abundant protein in poplar roots after 3 days of Cd 

exposure appeared to be an oxygen-evolving enhancer protein (OEE1) that is 

down-regulated in roots of Cd-exposed plants. Although these are known 

chloroplastic proteins, their presence has been detected in poplar stems as well 

(Wassim et al., 2013). Wassim et al. (2013) described a down-regulation of 

OEE1 transcript levels in lower internodes of the stem caused by inclination in 

poplar plants. In addition, OEE1 is postulated to be involved in ROS 

detoxification via thioredoxin-like activity (Heide et al., 2004). As plastids are 

indicated to act as sensing organelles to environmental changes and are 

involved in retrograde signalling (Fernandez and strand, 2008), the induced 

redox imbalance as a consequence of the decrease in OEE1 transcript 

levels could be a consequence of such signalling (Wassim et al., 2013). 

 

After 21 days of exposure, 12 root proteins differed in abundance of which seven 

proteins were up-regulated and five down-regulated (Table 4.4.3). Differentially 

abundant proteins could be grouped into six functional classes (Table 4.4.4): 
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Protein metabolism (4), carbohydrate metabolism (2), stress metabolism (2), 

energy metabolism (1), nitrogen metabolism (1) and others (2).  

Proteins involved in protein metabolism mainly function in protein folding. 

Luminal binding protein (BiP) was shown to bind to (1) newly synthesized, (2) 

incompletely assembled or (3) misfolded proteins (Denecke et al., 1991). Since 

BiP is known to be induced upon conditions that cause the accumulation of 

misfolded proteins, the up-regulation after 21 days of Cd exposure was not 

surprising. Protein disulfide isomerase (PDI) is a multifunctional protein that 

facilitates the formation of correct disulfide crosslinks between cysteine residues 

(Wilkinson and Gilbert, 2004; Gilbert, 2011). Since Cd attacks disulfide bridges, 

up-regulation of PDI can be expected and was reported previously in poplar 

(Kieffer et al., 2009b). Additionally, PDI is found to behave as a chaperone, 

inhibiting the aggregation of misfolded proteins, some of which contain no 

disulfide bounds (Wilkinson and Gilbert, 2004). Next to protein folding, one 

protein involved in protein synthesis differed in abundance as well. However, in 

contrast to the proteins involved in protein folding, glutamine synthetase was 

down-regulated. Glutamine synthetase (EC 6.3.1.2) incorporates ammonium 

into glutamate to form glutamine. Since glutamine is one of the constituents of 

glutathione and the glutathione pool is depleted upon Cd exposure (Semane et 

al., 2010), up-regulation of glutamine synthetase upon Cd exposure can be seen 

as an attempt to replenish the glutathione pool, as described by Semane et al. 

(2010). In this view, down-regulation of glutamine synthetase seemed 

somewhat unexpected, however it has been reported previously in Arabidopsis 

leaves (Afefe et al., 2012) and in hydroponically grown Populus deltoides x 

(trichocarpa x deltoides) roots (chapter 4.3). The down-regulation of glutamine 

synthetase might be a result of the observed down-regulation of ferredoxin-

nitrite reductase which converts nitrite into ammonium. To our knowledge, up to 

date no differential expression of glutamine synthetase was reported in plant 

roots. 
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Table 4.4.4: Functional grouping of identified proteins extracted from soil grown roots 
after 3 and 21 days of Cd exposure. Absolute numbers (#) and percentages (%) are 

given. Percentages are calculated per conditional group. 

  3 days 21 days 

  UP DOWN UP DOWN 

  # % # % # % # % 

Protein metabolism -   -   3 25.0 1 8.3 

Carbohydrate metabolism -   -   -   2 16.7 

Energy metabolism -   1 33.3 1 8.3 -   

Nitrogen metabolism -   -   -   1 8.3 

Stress metabolism -   -   3 25.0 1 8.3 

Others 1 33.3 1 33.3 - 
 

-   

Total 3 12 

 

Here, transketolase was reported to be down-regulated, confirming the down-

regulation described in roots of Populus tremula L. (Kieffer et al., 2009b). In 

contrast, transketolase was down-regulated after 21 days of Cd exposure in 

Populus deltoides x (trichocarpa x deltoides) whereas it was only down-

regulated after 56 days of exposure in Populus tremula L. (Kieffer et al., 2009b). 

Transketolase catalyses the conversion of D-xylulose-5P towards D-

glyceraldehyde-3-phophate, making a link between the pentose phosphate 

pathway and glycolysis. As after 3 days of Cd exposure, OEE1 was differentially 

abundant after 21 days, however after 21 days of exposure it became up-

regulated instead of down-regulated. Next to its function in the photosystem II 

complex (Ko and Cashmore, 1989), OEE1 is considered to be involved in 

detoxification of ROS (Wassim et al., 2013), explaining its up-regulation after 21 

days of exposure to Cd. 

Considering proteins involved in stress metabolism, polyphenol oxidase (PPO) 

was down-regulated after 21 days of Cd exposure. Although the function of PPO 

still remains enigmatic, a role in resistance to pathogens and herbivores has 

been suggested (Mayer AM, 2006). Since a major focus of research in 

unravelling PPO function has been its potential role in defence mechanisms in 

plants, it is interesting that it becomes differentially abundant during Cd 

exposure. Moreover, in case PPO is involved in the generation of ROS (Mayer 

AM, 2006), its down-regulation during Cd exposure might be an attempt of the 

plant to decrease ROS production. Patatin-like phospholipases are suggested to 
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play a role in inducing plant defence responses (Dhondt et al., 2000). Although 

patatin-like phospholipases are mainly linked to pathogen defence (Dhont et al., 

2000; Banerji and Flieger, 2004), their up-regulation during Cd exposure might 

indicate a role in abiotic stress defence as well. Villin 2 was also grouped under 

stress metabolism since it might have a role in avoiding Cd toxicity at root level. 

Villins are actin-bundling proteins which have been shown to play a role in 

organizing the cytoplasm in pollen tubes (Zhang et al., 2011) and root hairs 

(Ketelaar et al., 2002) as well as in nuclear positioning in root hairs (Ketelaar et 

al., 2002). Working on vln2 and vln3 double mutants, van der Honing et al. 

(2012) described problems with coordinated cell elongation. They concluded that 

villin is involved in the generation of thick actin filament bundles and suggest 

that these bundles are important for the coordination of cell expansion in 

different organs (van der Honing et al., 2012). Therefore, up-regulation of villins 

upon Cd exposure might be an indication for the directional root growth towards 

less Cd contaminated areas, as described by Remans et al. (2012).  

 

4.4.4 Conclusion 

An exposure period to Cd of 3 days was too short to induce visible signs of 

toxicity on P. deltoides x (trichocarpa x deltoides) shoots. Moreover, Cd was not 

able to induce growth reduction within this time frame (Figure 4.4.2). Although 

an increasing trend was present in Cd content in leaves and roots after 3 days of 

exposure, no significant differences were present compared to unexposed 

controls (Figure 4.4.3). The absence of a morphological Cd effect after 3 days of 

exposure was confirmed by a limited Cd effect on the proteome of leaves and 

roots since only little differentially expression was present. In leaves, only 4 

proteins differed in abundance of which 2 were identified unambiguously (Table 

4.4.1). In roots only 8 proteins showed a differential expression and of these 3 

could be identified unambiguously (Table 4.4.3). These results suggest that an 

exposure time of 3 days is too short to induce a Cd effect in leaf and root 

proteomes of soil grown P. deltoides x (trichocarpa x deltoides) cuttings. 

Moreover, PCA analysis (Figure 4.4.4 and 4.4.6) and hierarchical clustering 

(Figure 4.4.5 and 4.4.7) confirm that no separation could be made between 

control and Cd gels after 3 days of exposure in both leaves and roots. Up to our 
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knowledge, no study was conducted to unravel the short term effect of Cd on 

leaf and root proteomes in soil grown plant. 

After 21 days of Cd exposure, a decreasing trend in growth of P. deltoides x 

(trichocarpa x deltoides) was present. Compared to control cuttings, significant 

reductions were present on leaf and shoot mass as well as on shoot length 

(Figure 4.4.2). In leaves of Cd-exposed cuttings the Cd content was not different 

compared to the unexposed controls (Figure 4.4.3A). In roots, however, a 

significantly higher Cd content was present compared to control cuttings (Figure 

4.4.3B). At the proteome level, the Cd effect was mild in leaves even after 21 

days of exposure: 8 proteins differed in abundance compared to 4 DAPs after 3 

days of exposure. The mild Cd effect on leaves after 21 days of exposure was 

confirmed based on PCA analysis (Figure 4.4.4) and hierarchical clustering 

(Figure 4.4.5) since no separation between control and Cd gels was present. 

However, in roots, a more pronounced effect of Cd was present after 21 days 

than after 3 days of exposure: 37 proteins differed in abundance after 21 days 

compared to 3 DAPs after 3 days. The more pronounced effect of Cd on roots 

was confirmed by PCA analysis (Figure 4.4.6) which indicated a separation 

between control and Cd gels after 21 days of exposure. However, based on 

hierarchical clustering (Figure 4.4.7) no separation was present between control 

and Cd gels after 21 days of exposure. The higher number of differentially 

abundant proteins in roots compared to leaves is contrasting to the findings in 

the meta-analysis of Cd-induced proteome effects in plants (see section 

4.2.6.1.2). The general down-regulation of CO2 fixation, chloroplast electron 

transport chain and ATP synthases in leaves, described in the meta-analysis 

data, was not confirmed in the leaves of our soil grown P. deltoides x 

(trichocarpa x deltoides) cuttings since only one DAP could be identified 

unambiguously. Compared to differentially abundant root proteins after 3 days 

of exposure, where no pathway or metabolism was clearly affected, protein 

metabolism and stress metabolism were obviously influenced after 21 days of 

exposure. In the meta-analysis, the same metabolisms showed to be affected 

(see section 4.2.6.1.2.1). However, a closer look revealed some differences; (1) 

stress metabolism was predominantly affected in the meta-analysis while in the 

present study the protein metabolism and stress metabolism are equally 

affected, (2) stress metabolism is exclusively up-regulated in the meta-analysis 
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while some down-regulation is present in the present study, (3) protein 

metabolism only ranks third place in the meta-analysis and is exclusively down-

regulated while it is mainly up-regulated in the present study and finally (4) the 

carbohydrate metabolism appeared principally up-regulated in the meta-analysis 

while it is exclusively down-regulated in the present study. 

In conclusion, to our knowledge only 1 study was conducted on the leaf 

proteome of soil grown poplar plants (Durand et al., 2010) and 1 on roots 

proteomes of soil grown pea plants (Repetto et al., 2003). Durand et al. (2010) 

reported the effect of Cd on the leaf proteome of soil grown P. tremula x P. alba 

(717-184 genotype) and revealed 120 DAPs after 61 days of exposure. Several 

differences appear between the present study and the study conducted by 

Durand et al. (2010): respectively (1) exposure times of 21 days and 61 days 

were chosen, (2) Cd concentrations of 40 mg kg-1 and 360 mg kg-1 were used 

and (3) a sandy soil and a combination of sandy soil and peat moss were used 

as matrix. Additionally, the used chemical form of Cd was not specified by 

Durand et al. (2010). Due to these differences it is difficult to make a 

comparison between the present study and the results of Durand et al. (2010). 

Repetto et al. (2003) studied the effect of Cd on the root proteome of P sativum 

L. after 35 days of exposure. No similarities were present between the proteins 

reported in this study and those reported by Repetto et al. (2003). This might be 

the result of the differences in experimental setup between both studies: 

respectively (1) exposure times of 21 days and 35 days were chosen, (2) Cd 

concentrations of 40 mg kg-1 and 100 mg kg-1 were applied and (3) CdSO4 and 

CdCl2 were used. Both studies used a sandy soil matrix, however Repetto et al. 

(2003) prewashed and sterilised the sandy soil prior to application. 
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Chapter 4.5 

 

Effects of the cultivation system on the proteome of poplar (P. 

deltoides x (trichocarpa x deltoides)) leaves and roots. 

 

4.5.1. Introduction 

As mentioned before, the possibility to extrapolate data obtained in controlled 

conditions towards uncontrollable field conditions is questioned. In order to 

obtain information about the effect(s) of the cultivation system on the plant 

responses, we studied the effect of Cd on leaf and root proteome of both 

hydroponically (chapter 4.3) and soil grown (chapter 4.4) Populus deltoides x 

(trichocarpa x deltoides) cuttings. To make a comparison possible, important 

and controllable parameters were kept identical in both experiments: (1) light 

intensity, (2) light period, (3) temperature, (4) humidity, (5) applied nutrient 

solution and (6) Cd-induced growth reduction. To obtain similar Cd-induced 

growth reductions, the effect of different Cd concentrations on decreases of leaf, 

shoot and root mass was studied in soil grown poplar cuttings (results not 

shown). Growth reduction was calculated relative to control plants as follows:  

 

                                                                  

                               
 x 100 

 

Based on these preliminary experiments a concentration of 40 mg kg-1 was 

chosen for soil grown cuttings. As presented in Table 4.5.1 the applied Cd 

concentration induced similar growth reductions in both cultivation systems, 

however a slightly higher reduction in fresh leaf weight was present for soil 

grown cuttings after 21 days of exposure. 
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Table 4.5.1: Cd-induced growth reduction of hydroponically and soil grown 

poplar cuttings after 3 and 21 days of Cd exposure. Growth reduction was 
calculated as indicated above. 

Hydroponic cultivation system 

  3 DAYS 21 DAYS     

  0 µM 20 µM 0 µM 20 µM   % growth reduction 

Leaf (g) 25.2 23.51 53.61 35.9   56.39 

Shoot (g) 9.46 8.54 22.6 14.77   52.59 

Root (g) 13.75 12.94 32.71 25.99   31.17 

Soil cultivation system 

 

3 DAYS 21 DAYS     

 
0 µM 40 mg kg-1 0 µM 40 mg kg-1   % growth reduction 

Leaf (g) 10.78 11.37 19.35 13.99   69.43 

Shoot (g) 4.19 4.36 10.65 7.33   54.02 

Root (g) 13.27 13.83 24.23 21.49   30.11 
 

 

4.5.2. Effect of cultivation system on Cd content in leaves and roots 

Despite the similar effects on growth parameters, great differences in Cd content 

were present between hydroponic and soil grown cuttings in both, leaves and 

roots (Table 4.5.2). Firstly, the Cd concentration is much higher in 

hydroponically grown leaves and roots compared to soil grown leaves and roots. 

Further, after 3 days of exposure Cd content in roots of hydroponically grown 

cuttings was 42 times higher than in control roots while in roots of soil grown 

cuttings the Cd content only doubled when exposed to Cd. In leaves, Cd content 

showed an increasing trend in hydroponically grown cuttings while a minor 

decrease was present in soil grown leaves after 3 days of exposure. After 21 

days of exposure, Cd content in roots of hydroponically grown cuttings was 254 

times higher compared to control roots while it was only increased by 3-fold in 

roots of soil grown cuttings. On hydroponic cultivation systems, a significant 

increase in Cd content was present in leaves while no effect was present in soil 

grown cuttings. 
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Table 4.5.2: Cd content (in mg kg-1 dry weight) in leaves and roots of 

hydroponically and soil grown poplar cuttings after 3 and 21 days of Cd 
exposure. 

Hydroponic cultivation system 

  3 DAYS 21 DAYS 

  0 µM 20 µM 0 µM 20 µM 

Leaves 2.6 ± 1.0 6.7 ± 1.4 0.0 ± 0.0 154.4 ± 13.2 

Roots 7.8 ± 3.7 330.4 ± 43.5 5.0 ± 3.3 1269.8 ± 164.9 

Soil cultivation system 

  3 DAYS 21 DAYS 

  0 µM 40 mg kg-1 0 µM 40 mg kg-1 

Leaves 0.726 ± 0.088 0.670 ± 0.037 0.599 ± 0.068 0.590 ± 0.120 

Roots 0.484 ± 0.065 0.937 ± 0.309 0.409 ± 0.087 1.132 ± 0.257 

  

 

4.5.3. Effect of cultivation system on poplar proteome after Cd 

exposure 

Comparing hierarchical clustering of both cultivation systems indicated that 

control and Cd-exposed groups clustered together after 3 days of exposure, 

independent of the used cultivation system (Figure 4.3.5, 4.3.7, 4.4.5 and 

4.4.7). After 21 days of exposure to Cd, a separation between control and Cd-

exposed groups was present for hydroponically grown leaves (Figure 4.3.5) and 

roots (Figure 4.3.7) proteomes. However, no separation was obtained between 

control and Cd-exposed groups for leaf (Figure 4.4.5) and root (Figure 4.4.7) 

proteomes of soil grown plants. 

Comparing the differential expression between both cultivation systems, it is 

generally observed that more proteins are differentially abundant in leaves and 

roots of hydroponically grown cuttings compared to leaves and roots (Table 

4.5.3) of soil grown plants. Only one exception is present: after 3 days of 

exposure two proteins differed in abundance in leaves of soil grown cuttings 

while on hydroponic cultivation systems none were differentially abundant. In 

hydroponically grown plants, the amount of DAPs (differentially abundant 

proteins) is higher in leaves compared to roots after Cd exposure, confirming the 

findings in the meta-analysis of Cd-induced proteome effects in plants (see 
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Table 4.2.5). However, data obtained in soil grown poplar plants, indicate that 

this general observation is not true in soil cultivation systems. As for leaves, 

differences were present between root proteomes of hydroponically and soil 

grown cuttings after 3 days of exposure to Cd (Table 4.5.3). Comparing the 

DAPs, only one protein, SGNH plant lipase, was differentially abundant in both 

cultivation systems. However, SGNH plant lipase was up-regulated in 

hydroponically grown roots while down-regulated in soil grown roots. 

After 21 days of exposure, a general down-regulation of CO2 fixation, chloroplast 

electron transport chain and ATP synthases was present in leaves of 

hydroponically grown cuttings. In contrast, only 1 protein was differentially 

abundant in leaves of soil grown cuttings upon 21 days of exposure. In roots, 

the same metabolisms were addressed in both cultivation systems after 21 days 

of exposure: protein metabolism and carbohydrate metabolism were primary 

addressed, followed by the stress metabolism (Table 4.5.3). However, a closer 

look into the protein metabolism revealed that only glutamine synthetase is 

differentially abundant in both cultivation systems. Moreover, it was down-

regulated in both cultivation systems. Since glutamine synthetase uses 

ammonium to produce glutamine, the down-regulation of glutamine synthetase 

in soil grown roots can be explained by the accompanied down-regulation of 

ferredoxin-nitrite reductase which converts nitrite into ammonium. In both 

cultivation systems, no protein involved in carbohydrate metabolism and stress 

metabolism was found to be similarly differentially abundant. 
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Table 4.5.3: Functional grouping of differentially abundant, identified leaf and 

root proteins in both cultivation systems after 3 and 21 days of Cd exposure. 
Absolute numbers (#) and percentages (%) are given. Percentages are 

calculated per conditional group. 

  3 days 21 days 

  UP DOWN UP DOWN 

  # % # % # % # % 

Hydroponically grown leaves 

Carbohydrate metabolism -   -   -   5 13.2 

Energy metabolism -   -   -   22 57.9 

Protein metabolism -   -   2 5.3 1 2.6 

Stress metabolism -   -   -   4 10.5 

Nucleotide metabolism -   -   -   1 2.6 

Others -   -   2 5.3 1 2.6 

Total 0 38 

Soil grown leaves 

Carbohydrate metabolism 1 100.0 -   -   -   

Protein metabolism 1 100.0 -   -   1 100.0 

Total 2 1 

Hydroponically grown roots 

Carbohydrate metabolism -   1 16.7 2 9.5 3 14.3 

Protein metabolism 1 16.7 1 16.7 5 23.8 1 4.8 

Stress metabolism 1 16.7 -   3 14.3 2 9.5 
Cell - Structure, growth and 
maintenance 1 16.7 -   1 4.8 -   

Nucleotide metabolism -   -   1 4.8 -   

Others -   2 33.3 7 33.3 1 4.8 

Total 7 26 

Soil grown roots 

Carbohydrate metabolism -   -   -   2 22.2 

Energy metabolism -   1 50.0 1 11.1 -   

Protein metabolism -   -   3 33.3 1 11.1 

Stress metabolism -   -   3 33.3 1 11.1 

Nitrogen metabolism -   -   -   1 11.1 

Others 1 50.0 1 50.0 -   -   

Total 3 12 
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4.5.4. Effect of cultivation system on poplar proteome of control 

samples in time. 

Since one might argue that the different responses of the poplar proteome of 

leaves and roots to Cd exposure in both cultivation systems are the result of 

differences in Cd contents in these organs, an additional comparison was made 

between controls of both cultivation systems in function of time. DAPs between 

3 and 21 days of control growth were listed in order to get an idea of the effect 

of time in each cultivation system (supplementary data; Table S6). Comparing 

the amount of DAPs, a huge difference was found between leaves of 

hydroponically and soil grown cuttings (Table 4.5.4): in leaves of hydroponically 

grown cuttings only 9 DAPs were reported while 94 were reported in case of soil 

culture. For roots, more or less similar amounts of DAPs were found (Table 

4.5.4). These observations are in line with the PCA data: in hydroponically 

grown leaves, only a slight separation was present between control gels of 3 

days and 21 days (Figure 4.3.4), while a clear separation was present in 

hydroponically grown roots (Figure 4.3.6), soil grown leaves (Figure 4.4.4) and 

soil grown roots (Figure 4.4.6) 

In leaves of hydroponically grown cuttings, stress metabolism was mainly 

addressed, while in leaves of soil grown cuttings carbohydrate metabolism was 

mainly affected followed by energy metabolism and protein metabolism (Table 

4.5.4). Next, the different functional groups were considered more in detail in 

order to explore the similarity or dissimilarity in DAPs. Focussing on energy 

metabolism, both DAPs in leaves of hydroponically grown cuttings were also 

found in soil grown leaves, however ATP synthase cf1 beta complex was up-

regulated in leaves of hydroponically grown cuttings while it was down-regulated 

in case of soil cultivation. Carbohydrate metabolism and protein metabolism 

were highly addressed in leaves of soil grown cuttings while no effects were 

present on leaves of hydroponically grown cuttings. Considering stress 

metabolism, beta-1,3-glucanase was up-regulated in leaves independent of the 

cultivation system. No other similarities were found between other stress 

involved DAPs. 

  



  

225 

 

Table 4.5.4: Functional analysis of identified proteins, differentially abundant 

between control samples after 3 and 21 days of growth. Absolute numbers (#) 

and percentages (%) are given. Percentages are calculated per conditional 
group. 

  UP DOWN 

  # % # % 

Hydroponically grown leaves 

Energy metabolism 1 11.1 1 11.1 

Stress metabolism 3 33.3 1 11.1 

Nitrogen metabolism -   1 11.1 

Others 1 11.1 1 11.1 

Total 9 

Soil grown leaves 

Carbohydrate metabolism 9 9.6 21 22.3 

Energy metabolism -   20 21.3 

Protein metabolism 16 17.0 3 3.2 

Stress metabolism 6 6.4 7 7.4 

Nucleotide metabolism 1 1.1 2 2.1 

Others 6 6.4 3 3.2 

Total 94 

Hydroponically grown roots 

Carbohydrate metabolism 4 44.4 2 22.2 

Protein metabolism 1 11.1 9 100.0 

Stress metabolism 1 11.1 1 11.1 

Cell - structure, growth and maintenance 1 11.1 1 11.1 

Others 4 44.4 6 66.7 

Total 30 

Soil grown roots 

Carbohydrate metabolism 3 7.7 -   

Energy metabolism -   3 7.7 

Protein metabolism 3 7.7 12 30.8 

Stress metabolism 3 7.7 1 2.6 

Others 7 17.9 7 17.9 

Total 39 
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In roots of both hydroponically and soil grown cuttings, protein metabolism was 

primary addressed and in both systems it appeared to be mainly down-

regulated. Three proteins involved in protein metabolism differed in abundance 

in both cultivation systems, although not necessarily in the same way: (1) S-

adenosylmethionine synthetase was up-regulated in roots of hydroponically 

grown cuttings while it was down-regulated in case of soil cultivation, (2) 

glutamine synthetase was clearly down-regulated in roots of hydroponically 

grown cuttings while was up-regulated in roots of soil grown cuttings; in 

contrast (3) Kunitz trypsin inhibitor 3 was down-regulated in roots grown in both 

cultivation systems. Focussing on carbohydrate metabolism revealed that only 

transketolase was differentially abundant in root tissue obtained from both 

cultivation systems. Moreover it was up-regulated in both systems. Of stress 

metabolism, no proteins were found to be differentially abundant in both 

cultivation systems. Finally, one other protein, cinnamyl alcohol dehydrogenase-

like protein was found to be differentially abundant in roots obtained from both 

cultivation systems, however it was down-regulated in hydroponically grown 

roots and up-regulated in soil grown roots. 

 

4.5.5. Conclusion 

Recently, suggestions about the differences in responses by the types of 

cultivation systems were made (Durand et al., 2010), questioning the possibility 

to extrapolate data in hydroponic cultivation systems towards field experiments. 

In order to tackle this question, we conducted a large scale experiment in which 

P. deltoides x (trichocarpa x deltoides) cuttings were exposed to Cd on 

hydroponic (chapter 4.3) and soil (chapter 4.4) cultivation systems. Except from 

the used cultivation systems, all parameters were kept identical in both 

experiments. Since it is impossible to match Cd concentrations in both leaves 

and roots between hydroponic and soil cultivation systems, the applied Cd 

concentrations were chosen to induce similar growth reductions in both 

cultivation systems. However, after determining the Cd concentrations in leaves 

and roots, it became clear that very different Cd concentrations in roots and 

leaves are coupled with similar growth responses in hydroponic and soil 

cultivation systems. In soil grown poplar cuttings, lower Cd concentrations in 

leaves and roots are coupled with similar growth reductions than these present 
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in hydroponically grown cuttings. This might indicate (1) that soil grown cuttings 

are more susceptible to Cd stress than hydroponically grown cuttings, (2) that 

subcellular localisation differ in both cultivation systems or (3) that a difference 

in Cd complexation/speciation exists between both cultivation systems. 

When considering the effects of Cd on the proteomes of leaf and roots, we 

concluded that the effects in hydroponically grown cuttings differed from these 

in soil grown cuttings. After 3 days of exposure, no proteins were similarly 

differentially abundant in both cultivation systems. Although the same 

metabolisms were addressed in hydroponically and soil grown roots after 21 

days of Cd exposure, only one protein was correspondingly differentially 

abundant in both cultivation systems. Additionally, when comparing the effects 

of the two cultivation systems on the DAPs in time on control samples, only four 

proteins, light-harvesting complex II protein lhcb1 and beta-1,3-glucanase in 

leaves and transketolase and Kunitz trypsin inhibitor 3 in roots, were found to be 

similarly affected in both cultivation systems. This experiment confirms that 

caution should be taken when extrapolating data obtained in hydroponic 

cultivation systems towards field conditions. Although hydroponic cultivation 

systems can be very useful for unravelling fundamental research questions, we 

strongly recommend to include soil cultivation systems in studies with prospects 

to future field application.  

Finally, a closer look to the DAPs between 3 and 21 days of growth indicates 

that leaves of soil grown appeared to display some stress symptoms since CO2 

fixation and energy production were down-regulated. Of the stress metabolism, 

mainly proteins involved in stress defence were differentially abundant. These 

observations support the above mentioned hypothesis that soil grown cuttings 

are more susceptible to Cd stress compared to hydroponically grown cuttings. 
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Section V: 

GENERAL DISCUSSION, CONCLUSIONS AND 

PERSPECTIVES 
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5.1 Introduction 

It is estimated that by 2030 up to 190 000 km² agricultural land in the European 

Union will be devoted to biomass production for biofuel or bio-energy use 

(European Biofuels Technology Platform 2010, Innovation driving a sustainable 

biofuel industry, http://www.biofuelstp.eu/). To avoid competition for land 

between food and bio-energy production, marginal and/or contaminated lands 

should be exploited for bio-energy production (Weyens et al., 2009). 

Contaminated lands are often unsuitable for food production due the risk for 

transfer and accumulation of toxic substances into the food chain. Taking 

(moderately) contaminated land into use for non-food biomass production may 

obviate the problem of land competition (Remans et al., 2012). Re-using these 

contaminated lands for non-food crops, combined with soil (phyto)remediation 

might return them into beneficial and sustainable use and reduce detrimental 

social, environmental and economic impacts on affected communities (Mench et 

al., 2009; Vangronsveld et al., 2009). Obviously, plant growth and activity 

would be negatively affected due to the toxicity of the contaminants. Therefore, 

research focussing on improving plant growth and activity on (moderately) 

contaminated soils is essential for the implementation of non-food crops on 

(moderately) contaminated soils. In the past, several studies indicated that 

microorganisms can improve plant growth on contaminated substrates (Chen et 

al., 2013; Srivastava et al., 2012; Weyens et al., 2010a, 2010b). Increasing 

plant biomass on (moderately) contaminated soils, not only provides a higher 

economic return, but also increases the remediation potential due to the ‘dilution 

effect’. Increasing the remediation potential is an important topic since 

phytoremediation still suffers from a lack of economic interest due to the long 

implementation time needed. Endophytic bacteria have been proven to increase 

phytoremediation efficiency of organic contaminants (Barac et al., 2004; 

Taghavi et al., 2005; Andria et al., 2009; Weyens et al., 2009b; 2010a; 2010b; 

2011b). Focussing on organic contaminants, Weyens et al. (2009b, 2009c, 

2010a,) demonstrated that the use of endophytic, plant growth-promoting 

bacteria (PGPB), equipped with the pTOM plasmid, are able to reduce the TCE 

evapotranspiration (Weyens et al., 2009b). Moreover, they demonstrated that 

prolonging the contact time between the engineered PGPB and the organic 

contaminant is important to enhance the degradation of the contaminant and 

http://www.biofuelstp.eu/
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subsequently lowering evapotranspiration. Compared to organics, 

decontamination of metals is less straightforward since they are not degradable. 

To increase metal removal from contaminated soils, metals need to be taken up 

by the plants through the roots and translocated to harvestable plant parts. By 

‘concealing’ their presence in plant tissues, more metals can be taken up before 

toxic effects will manifest. Keeping in mind the diffuse Cd contamination present 

in the north eastern part of Belgium, the initial main objective of this work was 

to concentrate on enhancing phytoextraction efficiency of Cd and poplar growth 

on Cd contaminated sandy soils by using PGPBs equipped with a metal 

sequestration system. Therefore, a first part of this work was dedicated to 

obtaining plant-associated bacteria that can improve plant growth and Cd 

uptake. Observing differences in toxicity responses of poplar to Cd in 

hydroponically and soil cultivation systems lead us to examine more in detail the 

underlying mechanisms of Cd toxicity using a proteomic approach. 

 

5.2 General discussion 

In this work, a first step towards a better understanding of the mechanisms of 

bacterial enhanced phytoextraction was to obtain plant bacteria that are able to 

induce plant growth and enhance phytoextraction of Cd. Poplar growth induction 

was already described for P. putida W619 and Enterobacter sp. E638 (Taghavi et 

al., 2005; Taghavi et al., 2010). Enhancing phytoextraction efficiency of Cd is 

aimed to be achieved by equipping the PGPBs with the CZR operon, as described 

in chapter 3.1. Equipping P. putida W619 with the CZR was more 

straightforward than it was for Enterobacter sp. E638 (Table 3.1.4). Upon 

triparental conjugation, not only a transfer of the CZR operon was observed; 

transconjugant strain E1600-11 inherited the ability to produce siderophores 

from the parental donor strain. Loss of traits is commonly observed as well 

(Table 3.1.5) and therefore transconjugant strains should always be tested 

again for their phenotypical characteristics. Prior to in planta experiments, 

transconjugant strains were tested for their ability to (1) extract Cd from the 

medium and to (2) produce metal-mobilizing metabolites that enhance Cd 

mobility in the soil. Although all tested transconjugant strains were able to 

increase Cd removal from the medium, only strain W1366-5 had a significant 

effect. By measuring the difference in pH of the culture medium during the 
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experiment, we were able to indirectly indicate that the CZR operon was active 

in transconjugant strain W1366-5 (Figure 3.1.4). Although the pH difference 

induced by transconjugant strain E1600-11 also suggests an activation of the 

CZR operon, this effect cannot be indisputably assigned to the activation of the 

CZR operon since its parental strain Enterobacter sp. E638 is also able to induce 

a comparable pH difference (Figure 3.1.4). Since metal mobilization experiments 

were able to predict effects on S. caprea more reliable than plant growth-

promoting tests (Kuffner et al., 2010), we subjected our transconjugant strains 

to the same test using soil from a contaminated site in Lommel containing 5 mg 

kg-1 Cd. In contrast to the results of Kuffner et al. (2010) our results clearly 

indicate a pH decrease when comparing initial pH with pH measured after the 

experiment. All tested transconjugant strains showed to immobilize Cd in the soil 

(Figure 3.1.5). Although not significant, strain W1366-5 immobilized less Cd 

compared to the other strains. Based on the results of this mobilization test, the 

transconjugant strains seemed not suitable for increasing phytoextraction 

efficiency. However, based on the phenotypical characteristics, the growth-

promoting capacities of the parental acceptor strains and the results from the Cd 

extraction test in liquid medium, we still expect some positive results in planta. 

The greenhouse experiment indicates that equipping PGPBs with the CZR operon 

might have a positive effect on the plants’ ability to extract Cd from 

contaminated sandy soils. Although transconjugant stain W1366-5 seemed the 

most promising based on the lab tests, transconjugant strain E1600-11 seemed 

most promising for increasing Cd phytoextraction from soils based on the 

greenhouse experiment; this indicates that the preceding laboratory tests, on 

which the selection of bacteria was based, cannot unambiguously predict the 

effect in planta. 

Like mentioned earlier, observing the differences in toxicity responses of poplar 

to Cd in different cultivation systems (hydroponics and soils) lead us to examine 

more in detail the underlying mechanisms Cd toxicity. For this purpose, a 

proteomic approach was chosen to work with. After optimizing the technique 

(chapter 4.1), a thorough literature review was made to postulate a well-based 

hypothesis regarding the effect of Cd on plants. Retrieving the proteomic 

information appeared to be quite challenging and therefore the encountered 

obstacles were discussed in the first part of the meta-analysis (chapter 4.2). 
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Next, we proposed some guidelines to better standardize experiments and data 

publications in order to make future meta-analysis of proteomic data more 

straightforward.  

To map the Cd effect on plants, the Cd response in both, roots and leaves, was 

compared between short and long term exposures and between hydroponic and 

soil cultivation systems. We like to emphasise that each study must be seen as a 

‘snapshot’ of the total proteome and that all studies add proteins to the global 

picture that displays the Cd effect. Moreover, we must be aware that up to date 

only a limited part of the total ‘Cd-induced proteome’ is available and an overall 

conclusion on Cd responses at proteome level is therefore difficult to postulate. 

In our meta-analysis, the general idea that root proteomes change more 

drastically since they are in direct contact with the contaminant is clearly 

contradicted for plants grown in hydroponic cultivation systems (see section 

4.2.6.1.1). However, after short term exposure, the root proteome appears to 

be highly affected in soil grown plants. In hydroponically grown plants, the 

‘delayed effect’ manifests on both leaf and root proteomes while in soil systems, 

this effect appears to be absent (Table 4.2.5). Based on the functional 

classification, different metabolic pathways are induced after short term and 

long term exposure. In hydroponically grown plants, pathways are mostly 

moderately addressed upon short term Cd exposure while they become 

dramatically affected after long term exposure. As previously reported by Kieffer 

et al. (2009), in roots of soil grown cuttings, an equilibrium is established after 

an initial ‘alarm phase’. For leaves of soil grown cuttings no conclusion can be 

drawn since no research was conducted on short term Cd effects on soil grown 

leaves. In addition, leaves and roots induce different pathways after short term 

and long Cd exposure. 

Data presented in this meta-analysis were compared to the working model 

proposed by Villiers et al. (2011), indicating that this working model is only a 

general approach and does not hold stand when considering the different 

conditional groups (short/long term exposure, hydroponic/soil cultivation 

systems). 

One of the main conclusions of the meta-analysis is that discrepancies exist 

between hydroponically and soil grown plants, as was previously suggested by 

Durand et al. (2010). However, since this meta-analysis takes into account all 
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proteomic studies performed on leaves and roots of Cd-exposed plants, the 

observed differences cannot exclusively be assigned to the cultivation method 

since huge differences between experimental setups are present. Working on 

phytoremediation, an in situ technique, we are highly interested whether or not 

results obtained in hydroponic cultivation systems can be extrapolated towards 

field conditions. Therefore we decided to first investigate the effect(s) of 

cultivation systems on the plants’ proteome upon Cd exposure. For this purpose, 

an experiment was set up in which all parameters were kept identical except the 

cultivation system.  

In the first part of the experiment, the effects of Cd on leaves and roots of 

hydroponically grown poplar plants were investigated (chapter 4.3). An exposure 

period of 3 days appeared to be too short to induce visible symptoms of toxicity 

or growth inhibition (see section 4.3.3.1). In leaves, only a minor increasing 

trend in Cd content was present (Figure 4.3.3) and subsequently, no proteins 

were differentially abundant in leaves of cuttings exposed to Cd for 3 days 

(Table 4.3.2). As mentioned by Kieffer et al. (2008, 2009b), this indicated the 

occurrence of the ‘delay effect’ in leaves of hydroponically grown P. deltoides x 

(trichocarpa x deltoides) cuttings. In roots, only 7 proteins were differentially 

abundant after 3 days of exposure and no specific pathway was up- or down-

regulated (Table 4.3.4). Comparison with the differentially abundant proteins 

described by Kieffer et al. (2008, 2009b) in P. tremula L. leaves and roots 

exposed to the same Cd concentration for 3 days, confirmed that plants’ 

response and sensitivity to Cd might be species dependent. 

After 21 days of exposure, visible signs of toxicity, a decreasing trend in plant 

growth and significant increases in Cd content in leaves, shoots and roots were 

present (Figure 4.3.2). Like in the meta-analysis, more proteins were 

differentially abundant in leaves than in roots of hydroponically grown poplar 

cuttings. Functional analysis of differentially abundant leaf proteins (Table 4.3.3) 

confirms the down-regulation of CO2 fixation, chloroplast electron transport 

chain and ATP synthases that we described in the meta-analysis. The stress 

metabolism was however addressed in a different way compared to the meta-

analysis. The unexpected down-regulation of glutamine synthetase and high 

chlorophyll fluorescent 109 protein are thought to be a result of a shift in stress 

avoidance strategies. Although the addressed pathways by the root proteome of 
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21 days exposed hydroponically grown poplar cuttings (Table 4.3.5), are similar 

to those described in the meta-analysis, a closer look revealed some 

discrepancies. As in leaves, glutamine synthetase is down regulated after 21 

days of exposure, indicating that a possible shift in stress avoidance strategy 

might also occur in roots. 

In the second part of the experiment, the effects of Cd on leaves and roots of 

soil grown poplar cuttings were mapped (chapter 4.4). Again, an exposure 

period of 3 days appeared to be too short to induce growth inhibition or visible 

signs of toxicity (Figure 4.4.2). In leaves and roots, an increasing trend of the 

Cd concentration was present (Figure 4.4.3). This slight increase was confirmed 

by changes in the proteome: 4 DAPs were present in leaves and 8 DAPs were 

present in roots after 3 days of Cd exposure (see section 4.4.3.2.1 and 

4.4.3.2.2). After 21 days of exposure, a decreasing trend in plant growth was 

present (Figure 4.4.2), accompanied with a significant increase of the Cd 

concentration in roots (Figure 4.4.3). At this exposure time, the Cd 

concentration in the leaves of exposed plants was the same as in the unexposed 

control (Figure 4.4.3). However, a moderate effect on the proteome level in the 

leaves was present (see section 4.4.3.2.1). As could be expected from the 

significant increase of Cd content in roots, a stronger effect on the root 

proteome was present (see section 4.4.3.2.2). However, based on hierarchical 

clustering (Figure 4.4.7) no separation could be made between control and Cd 

gels after 21 days of exposure. As described in the meta-analysis, protein 

metabolism and stress metabolism were obviously addressed (Table 4.4.4). 

However a closer look into the DAPs revealed some differences between the 

present study and the meta-analysis data. To our knowledge, only 2 other 

studies focussed on leaf and root proteomes of soil grown plant. However, due 

to the great differences in experimental setup between those studies and the 

present study, a comparison was not possible. 

Finally, in order to address the question if extrapolation of hydroponically 

obtained data towards field experiments is allowed, the results obtained from 

the hydroponic experiment (chapter 4.3) and the soil experiment (chapter 4.4) 

were compared to each other (chapter 4.5). From this comparison we concluded 

that Cd-induced effects on leaf and root proteomes were different between both 

cultivation systems. In leaves, no protein was similar affected in both cultivation 
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systems upon Cd exposure. In roots, the same was observed comparing 

hydroponically and soil grown cuttings after 3 days of exposure. However, after 

21 days of exposure one protein (glutamine synthetase) was similarly addressed 

in both cultivation systems (Table 4.3.4 and 4.4.3). When comparing the effect 

of the cultivation system on the DAPs in time on control cuttings, only 2 leaf 

proteins (light-harvesting complex II protein and beta-1,3-glucanase) were 

similar addressed independent of the cultivation system. In roots, also 2 

proteins (transketolase and Kunitz trypsin inhibitor 3) were similar addressed 

independent of the cultivation system (Supplementary data Table S6). 

Moreover, the results indicated that soil grown cuttings were more susceptible to 

Cd stress than hydroponically grown cuttings. Since we feel that growing 

cuttings in soils is a better approximation for toxicity plants are experiencing in 

the field, we recommend to include soil cultivation systems in studies aiming 

extrapolation to field application. Ideally, research which focuses on techniques 

applicable in the field, should be mainly conducted on test sites in the field 

despite the presence of uncontrollable conditions.  

 

5.3. Perspectives 

Data obtained in chapter 3.1 demonstrate that the concept of equipping PGPBs 

with appropriate mechanisms to enhance phytoextraction can be applicable for 

Cd contaminated soils. To examine whether or not the observed growth 

stimulation and the increasing trend in Cd uptake might be significant, the 

experiment should be repeated with sufficient biological replicas. The most 

promising transconjugant strains should subsequently be tested in field trials in 

order to examine if they are able to establish in the field and enhance 

phytoextraction on sandy soils with mixed contamination. Since horizontal gene 

transfer is a naturally occurring mechanism, PGPBs engineered using this 

principle can be applied in the field without breaking the Belgian law on GMOs. 

By consequence, the PGPBs engineered in this work can be used for field 

experimentation. 

Although Durand et al. (2010) already expressed their concerns about using 

data obtained in hydroponic cultivation studies to postulate hypothesis for field 

trials, to our knowledge no other research has been conducted up to date to 

confirm or reject their concerns. The results obtained from the meta-analysis 
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(chapter 4.2) and the comparison of effects of different cultivation methods on 

the plants’ proteome (chapter 4.5) confirm the concern of Durand et al. (2010). 

Therefore, we strongly recommend to not make extrapolations from results 

obtained in hydroponic cultivation experiments towards field trials. As a 

consequence, we should start questioning if the advantages inherent to the 

hydroponic cultivation systems (e.g. lower costs and lower labour intensity 

compared to soil cultivation systems) balance out the fact that results obtained 

on hydroponic cultivation systems cannot be linked to and by consequence are 

not representative for those obtained on soils. Since there is still a substantial 

difference between soil cultivation systems in controlled environments and field 

trials, a comparison between those two cultivation methods should be conducted 

to find out whether or not results of both systems can be linked. For this 

purpose, as much as possible parameters should be kept the same: (1) in the 

soil cultivation system soil from the field site should be used, (2) the greenhouse 

should be close to the field site in order to reduce the difference in illumination, 

photoperiod, etc, (3) cuttings in the greenhouse experiment should be watered 

at the same rate as the observed rainfall, (4) watering should be performed 

using rain water collected close to the field site and (5) temperature, light 

intensity and humidity in the greenhouse experiment should be kept as close as 

possible to those occurring at the field site. While interpreting the results, it 

should be kept in mind that thigmomorphogenic stimulation of plants is very low 

in the greenhouse and also that UV irradiation cannot enter the greenhouse 

since glass is known to absorb almost all UV illumination. In our research we 

focussed only on soluble proteins and therefore it would be interesting to 

evaluate the effect of cultivation systems on membrane proteins as well. 

With the prospect on improving phytoextraction efficiency of Cd contaminated 

soils, the mechanisms underlying the effects obtained by the engineered PGPBs 

(chapter 3.1) are still of major interest to our research group. Therefore, 

proteomic analysis of (1) control – not inoculated poplar cuttings, (2) control – 

inoculated poplar cuttings, (3)  Cd-exposed – not inoculated poplar cuttings and 

(4) Cd-exposed – inoculated poplar cuttings should be performed in a future 

experiment. In this way, we will be able to point out which mechanisms are 

addressed by the engineered PGPBs and these insights will provide us 

information that can be further exploited to improve phytoextraction efficiency 
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even more. For example, supposing that the engineered PGPBs mainly enhance 

phytoextraction by enhancing the production of stress detoxification proteins, 

future research might focus on how to boost those proteins without the presence 

of bacteria. Moreover, obtained data should be tested in a full ‘omics’ approach. 

Further, increasing attention is recently paid to the use of microbial consortia 

(Weyens et al., 2009a). Using different microorganisms, endo- and/or 

rhizospheric/epiphytic, more beneficial results could be obtained as 

demonstrated by Langella F. (personal comments). With this in mind, it might 

be worthwhile to combine different engineered PGPBs in consortia in order to 

obtain an even higher phytoextraction efficiency.  

Further, since Mertens et al. (2006) demonstrated that Cd concentration in 

willow (Salix sp.) leaves appears to change throughout the different seasons, 

we’d like to point out that more research should be conducted in order to 

determine the most optimal harvest time of plants used for phytoextraction. In 

this way, another aspect to enhance phytoextraction efficiency can be addressed 

optimally. 
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