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Abstract 

The use of plants to remediate contaminated lands is of growing interest to the scientific 

community because of its ease of implementation, cost effectiveness and ability to stabilize 

contaminated soils. A novel Populus tremula x Populus alba mutant named fuzzy with an 

increased trichome density, an elevated growth rate, enhanced pest resistance and a predicted 

root phenotype was investigated for its ability to tolerate and accumulate arsenic and cadmium in 

soil. The chlorophyll, hydrogen peroxide and proline contents of fuzzy tissues were assayed, its 

tissue metal content was measured using ICP-MS and its wet biomass was quantified. Transgenic 

Arabidopsis thaliana overexpressing homologous gene of that overexpressed in the fuzzy poplar 

were grown on gel media and their roots were measured to corroborate the root phenotype of 

fuzzy poplars. The fuzzy poplar was found to have lower levels of hydrogen peroxide in its tissues 

after arsenic and cadmium exposure than control poplars, suggesting it has a reduced oxidative 

stress response when exposed to high levels of arsenic and cadmium. This low hydrogen 

peroxide content was not due to reduced arsenic and cadmium accumulation in fuzzy trees, as 

they did not accumulate different amounts of arsenic or cadmium than control plants. Proline and 

chlorophyll levels were not significantly different between metal treatments, or between fuzzy 

and control poplars. fuzzy poplars exhibited significantly higher root biomass than control 

poplars, and transgenic Arabidopsis thaliana overexpressing a homologous gene to the one that 

causes the fuzzy phenotype had significantly longer roots than control plants. All poplars exposed 

to arsenic and cadmium in this trial contained the majority of these compounds in their tissues in 

roots. The root biomass phenotype, low hydrogen peroxide content and root metal accumulation 

in the fuzzy poplar make it an ideal candidate for bioremediation and soil stabilization of 

contaminated soils. 
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Chapter 1 

Introduction 

1.1.1 Contaminated Lands in Canada and Worldwide 

 
Contaminated lands and their harmful effects on the environment and human health 

remain a problem both in Canada, and worldwide. Before the 1970’s there was little 

attention paid to the environmental and human health consequences of contaminated 

lands. The human health consequences of such internationally famous contaminated sites 

as Lekkerkerk in the Netherlands and the Love Canal neighborhood in the Niagara Falls, 

NY, where housing developments were built atop buried hazardous wastes, prompted 

developed nations to rethink their management of contaminated lands (De Sousa 2001). 

The environmental revolution that took place in developed countries in the 1970’s saw 

the establishment of the Environmental Protection Agency in the United States, 

Environment Canada in Canada, and the development of legislation by these bodies that 

would govern the management of contaminated lands (Coglianese 2001). Despite this 

move towards better practices in minimizing and restoring contaminated lands, Canada is 

still home to over 30 000 contaminated sites (National Round Table on the Environment 

and the Economy 2003). Some of these contaminated sites include metal contaminated 

areas surrounding the Giant Mine in Yellowknife, NWT (Jamieson 2014), the Kam Kotia 

Mine in Timmins, Ontario (Hamblin and Kord 2003), the Anvil Range Mine in Faro, 

Yukon (Pugh et al. 2002), and the Deloro Mine in Deloro, Ontario (Zheng et al. 2003). 
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Traditional land remediation employs chemical and structural engineering solutions to 

decontaminate and stabilize contaminated soil. While these remediation strategies can be 

highly effective, they are not always able to restore a contaminated site on their own. 

Traditional remediation strategies such as soil washing, excavation, soil replacement, 

electroremediation, soil leaching, adsorption and physical stabilization are extensively 

used (Mulligan et al. 2001, Kumpiene et al. 2008, Su 2014), but often leave treated soil 

disturbed, without the structure, stability or vegetation that would allow for the full 

restoration and long-term stability of the site. Significant levels of contaminants may also 

remain in the soil after traditional remediation has taken place. Bioremediation can be 

used to remove residual contaminants, and to stabilize the disturbed soil of the 

contaminated site so that it may be revegetated.  

 

Bioremediation is the use of living organisms to remediate contaminated lands. 

Bioremediation uses bacteria, fungi, algae, vascular plants, or a combination thereof to 

maintain and improve the condition of contaminated lands. One of the largest problems 

involved in land remediation is the erosion of contaminated soil, leading to a larger and 

larger contaminated area. Plants tolerant of contamination can be planted so that their 

roots may stabilize the soil. These plants can also be used as a barrier around the 

contaminated site to prevent movement of soil and contaminated water beyond their root 

networks. Bioremediation is typically employed to complement rather than replace 

conventional remediation strategies, but this unique ability of plants and microorganisms 

to stabilize the soils of contaminated sites makes it an important component of land 

remediation plans (Cunningham et al. 1995). The establishment of resilient plants can 
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also lay the foundation for the establishment of a diverse plant community to revegetate a 

contaminated site. The benefits of bioremediation extend beyond stabilization and 

revegetation; bioremediation can involve the extraction of contaminants into the tissues 

of organisms such as plants, the degradation of contaminants by bacteria and fungi, the 

volatilization of contaminants by plants, and the filtration of contaminated water by plant 

roots and fungal hyphae. Bioremediation requires a detailed knowledge of the 

contaminants and the site to be remediated, as well as the various plant, fungal or 

bacterial species that are being employed.  While many plants are able to accumulate 

contaminants such as toxic metals and metalloids, and some plants can survive 

contaminated soil by excluding contaminants from their tissues, only a few are true 

hyperaccumulators. The term “hyperaccumulator” was coined by Brooks et al. (1977) to 

describe plants that take up exceptionally large amounts of metals per unit biomass into 

their tissues, translocating the metals to their aboveground tissues until they are 100-1000 

times more concentrated than in non-hyperaccumulators. The best known 

hyperaccumulators of toxic metals and metalloids are small herbaceous plants such as 

Thlaspi praecox which hyperaccumulates zinc and cadmium (Küpper et al. 1999), 

Arabidopsis halleri which principally hyperaccumulates cadmium (Küpper et al. 2000), 

Alyssum bertolonii which hyperaccumulates nickel (Robinson et al. 1997), and Pteris 

vittata which hyperaccumulates arsenic (Ma et al. 2001). There are approximately 450 

angiosperm plants that are known hyperaccumulators, and the discovery of new species 

with these capabilities is ongoing (Rascio and Navari-Izzo 2011). These 

hyperaccumulator plants are, however, typically impractical for bioremediation 

applications. Because they are generally small plants, they are not as capable of 
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stabilizing soils as deep-rooted plants such as trees and shrubs. Most hyperaccumulator 

plants are annuals, which means that they set seed and die every year, releasing any 

contaminants they have accumulated in their tissues back into the soil. Annual plants 

would need to be reseeded every year if they were part of a bioremediation project. An 

alternative is the use of high-biomass, deep-rooted plants such as poplars and willows. 

These plants cannot accumulate the same amount per unit biomass as a 

hyperaccumulator, but accumulating contaminants in lower concentrations in their vastly 

larger biomass can still allow poplars and willows to accumulate far more total 

contaminants in their tissues than a hyperaccumulator could (Pietrini et al. 2009). Further 

research investigating the best bioremediatory practices for different contaminants is an 

essential step towards using bioremediation to its fullest effect to remediate contaminated 

lands worldwide.  

 

Metals are elements which when polished are typically lustrous, malleable or ductile, and 

conduct heat and electricity well. Metalloids are elements which share chemical 

properties of metallic and not metallic elements; they typically have a somewhat lustrous 

appearance but are brittle and are only somewhat able to conduct electricity. Both metals 

and metalloids occur naturally in the earth’s crust and have been used by humans for 

millennia. This thesis will focus of the discussion of the metals and metalloids most 

commonly exploited by humans and which may have human or environmental health 

consequences in high concentrations. Some metals and metalloids are essential to plants 

and animals as part of their physiological functioning, and inadequate amounts of them 

can result in dysfunction or disease; these essential elements include copper, iron, 
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magnesium, manganese, molybdenum, nickel and zinc (World Health Organization 

1996). Other metals and metalloids lack biological function, making them neutral or toxic 

to living things. A small selection of metal and metalloid elements, due to their toxicity 

and presence as environmental contaminants, are considered the most dangerous to 

human and environmental health; these are arsenic, cadmium, chromium, lead and 

mercury. These elements are carcinogens and systemic toxins that affect the functioning 

of cellular components such as cell membranes, mitochondria, lysosomes, endoplasmic 

reticulum and nuclei (Wang and Shi 2001). They are capable of disrupting cellular 

metabolic functions and causing DNA damage, which can lead to organ failure, 

carcinogenesis and death in animal systems (World Health Organization 1996, Wang and 

Shi 2001). They have varying environmental sources, both natural or anthropogenic, but 

the exploitation of natural resources by humans has increased the potential for these toxic 

elements to damage human and environmental health.  

 

Cadmium (Cd) is dangerous to human, plant, and environmental health. This metal is 

released in high concentrations through human activities such as mining, smelting, 

industrial and auto emissions, and agrochemical application (Khan et al. 2016). Cadmium 

also occurs naturally in the environment, where it is found in low concentrations in 

sedimentary rocks and is released by geological weathering into the surrounding soil 

(Khan et al. 2010, Liu et al. 2013). Generally, cadmium accumulation is concentrated in 

the roots of plants, because cadmium ions have high binding affinity for the nitrogen, 

sulfur and oxygen atoms that exist in plant molecular structures and roots are generally 

the site where cadmium first enters the plant body (Rauser 1999). Most cadmium is 
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consequently bound to root tissues before it can migrate through the plant body. 

Cadmium is harmful to biological systems at such low doses that any amount of cadmium 

translocated to edible parts of plants can have human health consequences. Once 

cadmium compounds enter plant tissues they can enter the food chain, through the 

humans or animals that consume exposed plants. Between 70 and 80% of cadmium 

intake in humans occurs through the consumption of contaminated vegetables (Khan et 

al. 2017). Cadmium remediation typically uses high-cost conventional methods such as 

soil washing, excavation, electroremediation and physical stabilization but 

bioremediation is gaining in popularity as a technique to clean these contaminated soils in 

an environmentally friendly and cost-effective manner (Mulligan et al. 2001, Kumpiene 

et al. 2008). 

Arsenic (As) is a metalloid that occurs naturally in the environment, mainly due to the 

geological weathering of arsenic-rich minerals, (Hashim et al. 2011, Oliveira et al. 2012) 

which can result in high enough levels of arsenic to harm human health. The main 

anthropogenic sources of arsenic are the pressure treatment of lumber and the mining and 

refinement of gold ores (Wang and Mulligan 2006). According to the WHO guidelines 

for safe arsenic content in drinking water, over 150 million people worldwide are at risk 

of arsenic poisoning through contaminated water alone (Singh et al. 2015b). Arsenic can 

be tolerated and even hyperaccumulated by certain plant groups, most notably the 

Chinese brake fern, Pteris vittata (Ma et al. 2001). Current conventional arsenic 

remediation strategies include oxidation, coagulation-flocculation, ion exchange, 

electrokinetics and bioremediation (Singh et al. 2015b). While many conventional 

remediation strategies have been used and refined for decades, bioremediation is recently 
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being considered a viable option for the remediation of arsenic contamination (Gonzaga 

et al. 2008).  

 

1.1.2 Poplars in Bioremediation 

 

Populus sp. are part of a group of fast-growing trees in the family Salicaceae, which 

includes willows, aspens and poplars, which we will call poplars for clarity in this thesis. 

They are fast-growing, early-succession trees that readily grow in disturbed and nutrient-

poor soils. They are often used in the pulp and paper industry providing the short white 

fibers for paper quality, and for the production of inexpensive lumber. Poplars have a 

growing role in bioremediation, beginning with their use as barrier plantings on 

contaminated sites where their roots were used to immobilize soil and water-borne 

contaminants (Licht and Schnoor 1993, Schnoor et al. 1995). As these barrier plantings 

became commonplace, researchers uncovered that the trees were able to accumulate, not 

just immobilize, contaminants (Pulford and Watson 2003). When accumulating 

contaminants such as arsenic and cadmium poplars generally accumulate the majority of 

contaminants in their roots, followed by their stems, and then their leaves (Pietrini et al. 

2009, Zacchini et al. 2009). Poplars manifest their abiotic stress in response to 

contaminants with leaf chlorosis (Marmiroli et al. 2013), and stunted growth (Cicatelli et 

al. 2010), but typically can persist on contaminated soil despite these physiological 

challenges. Poplars are resilient, fast growing trees that can be used as an effective 

bioremediatory tool.  
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1.1.3 Arbuscular Mycorrhizal Fungi 

 

Arbuscular mycorrhizal fungi (AMF) are obligate symbiotes that are ubiquitous across 

the globe and associate with 80% of all vascular plants species (Schüßler et al. 2001). 

AMF aid the plant in acquiring more water by functionally extending its root system with 

fine fungal hyphae, and in acquiring nutrients from the soil through the production of 

phosphatases and organic acids (Marschener 1998). AMF also help prime a plant’s 

immune responses so as to make it more resistant to pathogens (Conrath et al. 2006), and 

they enhance its tolerance to soil contaminants such as salt (Ma et al. 2012), 

hydrocarbons (Huang et al. 2005), and toxic metals (Göhre and Paszkowski 2006). AMF 

also enhance soil aggregation, which is essential in disturbed areas (Gaur and Adholeya 

2004). These powerful symbiotic fungi confer remarkable benefits to their plant hosts, 

and they are a promising soil amendment for use when cultivating plants in 

physiologically challenging conditions. The AMF symbiosis with plants is especially 

dependent on the availability of phosphorous, which is the plant growth limiting element 

which AMF is best able to provide. In conditions where phosphorous is plentiful, plants 

often no longer derive benefit from their AMF partner and the symbiosis is broken. AMF 

are such powerful mediators of plant nutrition and water acquisition that they are being 

used as agricultural soil amendments. AMF have been found to enhance yields of 

potatoes (Hijri 2016), maize (Higo et al. 2018), and wheat (Al-Karaki et al. 2004), among 

others. AMF can be used to their fullest advantage in low-input, low-till agricultural 

settings where water may be scarce (Lekberg and Koide 2005), as in organic farming 

(Bedini et al. 2013). In an organic farming setting AMF may also prove useful as a way 
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to suppress weedy non-mycorrhizal species among agricultural crops, as demonstrated by 

Veiga et al. (2011) using a selection of common weeds and maize as the target crop. The 

application of synthetic fertilizers, especially those containing high levels of 

phosphorous, can be counterproductive when using AMF as a soil amendment, as they 

can cause the plant and fungus to end their symbiosis. While AMF have the potential to 

benefit common field crops, their contribution to plant health may not influence yield as 

strongly as the application of conventional synthetic fertilizers. AMF in agriculture are 

therefore best suited for use with orchard-grown and low-input crops such as 

pomegranate (Aseri et al. 2008), olive (Estaún et al. 2003), and apple (Sharma et al. 

2012). The use of AMF as a soil amendment in agricultural, horticultural, and 

bioremediation projects illustrates the power of these fungal symbionts, and the need for 

more research to fully understand their interactions with their plant hosts. 

 

1.1.4 Poplars and AMF in Bioremediation 

 

Poplars and AMF form symbioses, and together they are a powerful bioremediatory 

partnership. The use of AMF and poplars in concert to remediate metal contaminated 

soils has gained popularity in recent years, and numerous research groups around the 

world are conducting research to understand and make full use of this symbiosis. Poplars, 

upon exposure to cadmium, exhibit chlorosis and inhibition of main and lateral root 

growth (Marmiroli et al. 2013). Poplars generally exhibit diminished biomass when 

exposed to metals such as zinc and cadmium, potentially reducing their ability to 
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bioremediate, but inoculation with AMF has been found to “rescue” the biomass of these 

plants despite also enhancing the accumulation of contaminants in plant tissues (Cicatelli 

et al. 2010). Molecular studies of AMF inoculation in poplar bioremediation reveal that 

AMF exert their protective effect in part by upregulating the expression of stress-related 

genes such as metallothioneins and polyamines, which have a protective effect in the 

plant (Cicatelli et al. 2010). Poplars have also been found to hyperaccumulate arsenic, 

and their combination with Rhizobacterium sp. can enhance their ability to accumulate 

and tolerate arsenic in their tissues (Wang et al. 2011). The ability of AMF to aid poplars 

in the bioremediation of arsenic has not been well studied, but AMF’s ability to protect 

the known arsenic hyperaccumulating plant Pteris vittata from cellular damage points to 

a possible beneficial effect in poplar bioremediation as well (Bona et al. 2010). Poplars 

and AMF are clearly a promising pairing for use in the remediation of metal 

contaminated soils, and combining AMF inoculum with members of our unique 

activation-tagged hybrid poplar population may lead to the identification of plants 

uniquely capable of metal bioremediation.  

 

1.1.5 Mutant Population 

 

In the early 2000’s, the Regan Lab generated a population of 1800 activation-tagged 

Populus tremula x Populus alba mutants for use in gene discovery. These plants all carry 

man enhancer element that can create a dominant gain-of-function mutation in the plants. 

These poplars are heterozygotes, so a loss-of-function mutation is not possible except in 
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the rare case of a dominant negative mutation being created by activation tagging. This 

mutant population has been screened for notable phenotypes since the mid-2000s 

(Harrison et al. 2007). Already this population has been used to discover genes that are 

involved in pest resistance (Plett et al. 2010), tree stature (Plett et al. 2014), and root 

initiation (Trupiano et al. 2013). One notable mutant, named fuzzy, stood out due to 

unusually hairy leaves (Figure 1). 

 

 

Figure 1. Shoot apex of wild-type (A) and fuzzy mutant (B) P. tremula x P. alba hybrid trees 

showing the increased trichome density of fuzzy leaves. Plants photographed were rooted stem 

cuttings grown in the greenhouse at Queen’s University with ventilation but without light 

supplementation. Plants were sampled when they reached 150 cm in height (Plett et al. 2010).  

 

 

The fuzzy mutant is the result of the upregulation of the PtaMYB186 gene, which codes 

for a trichome-initiating transcription factor (Plett et al. 2010). The fuzzy mutant has 

increased trichome density when compared to a wild-type P. tremula x P. alba, with 7x 

the number of trichomes on the abaxial side and 183x the number of trichomes on the 

adaxial side of the leaf. The fuzzy mutant exhibited a 35% increase in growth rate a 200% 

increase in photosynthetic rate and enhanced pest resistance when compared to wild-type 

plants (Plett et al. 2010). Anecdotal evidence of increased root initiation and water use 

suggested that this mutant warranted further study in relation to bioremediation. 
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Trichomes and root hairs are considered analogous structures, as both are single-celled 

projections that arise from plant epidermal cells (Ishida et al. 2008). The preliminary root 

and water use phenotypes of fuzzy mutant indicated a possible change in root architecture 

in these mutants, perhaps involving increased density of root hairs analogous to its 

increased trichome density aboveground. Alternatively, fuzzy may exhibit a root 

phenotype unrelated to root hair density, such as increased root biomass or unusual levels 

of root branching. The increased growth rate of fuzzy makes it a potential candidate for 

bioremediation, as more biomass provides the plant more tissues with which to 

accumulate contaminants (Peuke and Rennenberg 2005). Trichomes have been found to 

be the main site of metal accumulation in leaf tissues in experiments in poplars 

(Marmiroli et al. 2013). All these factors – the fuzzy mutant’s enhanced biomass, its 

potential root phenotype, and its possible ability to accumulate metals and metalloids in 

its trichomes make it an excellent candidate for use in a bioremediation trial.  

 

The population of activation-tagged poplar mutants is a valuable gene-discovery resource 

that can be mined for mutants with unusual bioremediatory abilities. Beginning with 

fuzzy, we aim to uncover the strengths and limitations of these poplar mutants when 

grown in contaminated soils.  

 

1.1.6 Current Experiment 

 

In this study, we investigated the ability of hybrid poplar (P. tremula x P. alba) to 

bioremediate arsenic and cadmium contaminated soil. We hypothesized that the addition 
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of AMF would enhance plant health, survivorship, and accumulation of arsenic and 

cadmium in plant tissues. We suspected that AMF might associate more strongly with 

fuzzy poplars, thereby enhancing their bioremediatory ability. We predicted that arsenic 

and cadmium application would cause diminished biomass in our poplars, but that fuzzy 

poplars would still exhibit higher biomass than control plants. We also predicted that 

fuzzy poplars would be more tolerant of the stress of arsenic and cadmium exposure, and 

that fuzzy would exhibit a unique root phenotype in addition to its known trichome 

phenotype. While poplars’ usefulness in the stabilization and bioremediation of 

contaminated soils has already been established, different poplar species, and different 

cultivars within a species, have been found to tolerate and accumulate contaminants 

differently (Pietrini et al. 2009). The uniqueness of each mutant within our activation-

tagged population means that the investigation of fuzzy, and indeed every member of the 

population, may yield new information about the abilities of poplars in bioremediation 

applications.  

 

The arsenic and cadmium tolerance of our experimental plants was determined using 

biochemical assays of common plant stress responses. We assayed their chlorophyll 

content (Pietrini et al. 2009), proline content (Singh et al. 2015a) and H2O2 content (Das 

and Roychoudhury 2014) to determine plant health, osmoprotective ability, and oxidative 

stress status. We also assayed the arsenic and cadmium content accumulated in plant 

tissues, and the level of association between poplars and AMF in the presence of these 

contaminants. 
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Chapter 2 

Materials and Methods 

2.1.1 Plant Material 

All poplar mutants employed in this trial were INRA 717-1-B4 hybrids, a cultivar of 

Populus tremula x Populus alba. The experimental plants used were fuzzy mutant trees 

and transformed control trees. These trees were transformed by the Regan Lab, originally 

cultivated in tissue culture and grown to maturity in a field trial (Harrison et al. 2007). 

The transformed control trees underwent the same transformation and tissue culture 

procedures as the fuzzy mutant, but they have no observable phenotypes and no leaf 

phenotype. The control trees were selected from individuals growing in the same area of 

the field trial as fuzzy trees, so they also shared a common environment in field 

conditions. Six different transformed controls were included in the trial – mutants 1205, 

1207, 1286, 1483, 1486 and 1560 (significant findings shown per mutant in Appendix A). 

 

2.1.2 Greenhouse Trial 

 

Selected poplar mutants were grown in a soil containing 50% sand (Rigney Building 

Supply, Kingston) and 50% potting mix (SunGRO No. 1) (by volume) and decanted into 

cotton pillowcases. The soil-filled pillowcases were autoclaved for 30 minutes, then left 

to cool and autoclaved a second time for 24 h later using the same parameters. The 

pillowcases were then left open at the top for approximately one week to allow 

environmental microbes to recolonize the soil. Half the soil was then inoculated with 
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Premier Tech’s Agtiv Field Crops inoculum, containing the AMF species Rhizophagus 

irregularis. Inoculum was distributed in the soil medium to provide ~250 spores per pot, 

as recommended by the manufacturers. 

Stem cuttings, approximately 20 cm long and greater than 1 cm in diameter, were taken 

from field-grown poplars from each mutant in early spring 2018 before bud burst 

occurred. Round toothpicks, soaked in a 21 mM solution of Indole-3-butyric acid (IBA) 

potassium salt (Sigma) in 100% ethanol for at least 18 h were used to induce rooting in 

the cuttings. A hole the width of a toothpick was drilled crosswise through the stem 

above a node that was at least 2.5 cm from the base of the cutting, and the IBA soaked 

toothpick was inserted snugly into the hole (Harrison et al. 2007). The soil surface of 

each pot was covered with sterilized sand (Rigney Building Supply, Kingston) to prevent 

AMF contamination. 

Plants were cultivated in the greenhouse facility at Queen’s University, Canada. Plants 

received natural light, supplemented with artificial lighting to extend the photoperiod to 

16 h of daylight. Poplar cuttings were grown to maturity for 6 months, at which point the 

most robust plants that were all similar in size were selected for inclusion in the trial.  

 

2.1.3 Experimental Layout 

 
In order to evaluate the plants’ responses to the arsenic and cadmium cocktail, AMF, and 

a combination thereof, four treatments groups were created. Although arsenic is a 

metalloid, not a metal, for the sake of simplicity the arsenic and cadmium treatment will 
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be referred to as “Metals”. Group 1 contained 26 plants which were treated with AMF, 

arsenic and cadmium (+AMF+Metals), group 2 contained 26 plants which were treated 

with AMF alone (+AMF-Metals), group 3 contained 26 plants which were given no AMF 

inoculum but were treated with arsenic and cadmium (-AMF+Metals) and group 4 

contained 26 plants which received only water (-AMF-Metals). Plants with and without 

AMF were spatially separated on a bench to minimize the potential for AMF 

contamination in the AMF-absent treatments. 

Metal-treated plants in the trial were treated with an aqueous solution of 270 mg/L 

cadmium chloride (CdCl2) and 200 mg/L sodium arsenate (Na3AsO4), adjusted to a pH of 

4.2 to solubilize the compounds. This solution was applied, 100 mL per watering, 12 

times over the course of 5 weeks.  Plants in the control treatments received 100 mL of 

water at each watering.  

 

2.1.4 Sampling of Plant Material 

 
After 5 weeks the wet biomass was measured for the leaf, stem and root tissues of each 

individual tree. The first and second fully expanded leaves of each plant were collected 

and snap frozen in liquid N2, then stored at -80°C for biochemical assays. The roots of 

each plant were thoroughly washed to remove all soil. Plants were not subjected to any 

treatment to release adsorbed metals from the root surface, in keeping with the standard 

procedure for plant metal content analysis at the Queen’s Analytical Services Unit (Dr. 

Allison Rutter, personal communication). Four plants from each treatment group were 
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reserved for drying and Inductively Coupled Plasma Mass Spectrometry (ICP-MS) to 

determine the arsenic and cadmium contents of their tissues. A section of the plant root 

was reserved for AMF quantification, and stored in 50% ethanol at room temperature.  

 

2.1.5 Chlorophyll Assay 

 
Chlorophylls were estimated from the first fully expanded leaf of each plant using the 

methods described by Ni et al. (2009). 100 mg sections of leaf tissue were ground to fine 

powder using liquid nitrogen in a 1.5 mL Eppendorf tube and extracted with 1.5 mL of 

80% acetone. Samples were centrifuged for 15 minutes at 714 x g. The absorbance of the 

supernatant was measured at 645 nm (chlorophyll B) and 663 nm (chlorophyll a) on a 

spectrophotometer (SpectraMax Paradigm, Molecular Devices), with 80% acetone used 

as a blank.  

 

2.1.6 Estimation of Proline 

 
Proline levels were measured in leaf and root tissue using a spectrophotometric assay 

according to the methods of Bates et al. (1973). The second fully expanded leaf, and later 

a section of root from each plant (200 mg), was ground to a fine powder in a liquid 

nitrogen in a chilled mortar and pestle, then extracted using 4 mL of 3% (w/v) 

sulphosalicyclic acid. The crude extract was then passed through a Whatman No. 2 filter 

paper into a 15 mL centrifuge tube. The reaction mixture contained 0.5 mL of filtered 

sample extract, 0.5 mL of glacial acetic acid, and 0.5 mL ninhydrin reagent (Appendix 
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B). The mixture was incubated in a water bath at 100°C for 1 h. The reaction was then 

terminated by placing the tubes on ice. One mL of toluene was added to each tube and 

vortexed thoroughly to extract the proline. The absorbance of the toluene layer was then 

measured at 520 nm. Proline content was evaluated using a standard curve created using 

a range of 0 μg/mL to 10 μg/mL proline in 3% sulfosalicylic acid.  

Proline concentration was then corrected for sample weight, yielding results are 

expressed in μg/mL proline per gram tissue.  

 

2.1.7 Estimation of H2O2 

The levels of H2O2 were determined by means of a spectrophotometric assay according to 

the methods of Velikova et al. (2000). Healthy leaves of similar size were selected from 

the frozen plant biomass, and divided into 100 mg sections. Samples were ground to fine 

powder using liquid nitrogen in a 1.5 mL microfuge tube and extracted with one mL of 

trichloroacetic acid. The samples were centrifuged for 15 minutes at 12 000 x g at 4°C. 

0.25 mL of the supernatant was added to 0.25 mL of 10 mM potassium phosphate buffer 

(pH 7.0) and 0.5 mL of 1M potassium iodide (KI) and briefly vortexed to mix. The 

absorbance of this solution was measured at 390 nm. A mixture of potassium phosphate 

buffer, potassium iodide and trichloroacetic acid was used as the blank. H2O2 was 

quantified according to a calibration curve created using a 0 to 200 μM concentration 

range. The results were corrected for the sample weight, and results are expressed as 

μmole H2O2 g
 
-1 fresh weight (FW). 
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2.1.8 Quantification of AMF Colonization 

 

Roots that had been stored in 50% ethanol were stained for AMF colonization using the 

methods of Vierheilig et al. (1998). Roots were enclosed in tissue fixation cassettes, 

placed in a beaker and covered with 10% KOH solution. This beaker was covered in tin 

foil and placed in a water bath for 2 h at 90°C. Cassettes were then rinsed with distilled 

water. Roots were re-acidified by covering them in a 10% acetic acid solution for 10 

minutes. The acetic acid solution was removed, and the cassettes were covered in a 10% 

solution of Sheaffer ink (Sheaffer Skrip Bottled Ink, Black) in 10% acetic acid. The 

beaker was covered again with tin foil and placed in the water bath for 5 minutes at 90°C. 

Cassettes were then rinsed with distilled water and destained in a 1:1:1 mixture of lactic 

acid, glycerol and water (lactoglycerol). Roots were stored in the destaining solution until 

mounting. Roots were mounted horizontally on slides using lactoglycerol solution. 

Percent root colonization was measured using the root-line intersect method of 

McGonigle et al. (1990). A compound microscope (Olympus CX21) was used to inspect 

the slide. The root was scored for presence or absence of AMF structures (vesicles, 

spores, hyphae or arbuscules) at each point visualized in the root.  The number of AMF 

structures present is divided by the number of root intersections evaluated for a measure 

of percent root colonization.  
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2.1.9 Determination of Plant Arsenic and Cadmium Concentration 

Leaf, root and stem tissues were ground separately in a coffee grinder (Proctor Silex 

Fresh GrindTM), roots were ground using a mortar and pestle, and stems were chopped 

with pruners, preprocessed in a coffee grinder, then ground in an electric grinder (Model 

3383-L10, Thomas Scientific). 0.5 g of ground material from each sample was ashed in a 

blast furnace and digested in aqua regia. The elemental composition of these extracts was 

analyzed using Inductively Coupled Plasma Mass Spectrometry (7700x ICP-MS, Agilent 

Technologies).   

 

2.1.10 Arabidopsis Root Length 

Independent homozygous lines of Arabidopsis overexpressing the MYB106 gene, the 

orthologous gene of the PtaMYB186 gene responsible for the fuzzy phenotype in poplar, 

were grown on ½ strength Murashige and Skoog media with 1% agar as a gelling agent. 

Plants were grown on plates suspended vertically to allow their roots to grow along the 

surface of the gel media. Their roots were observed with a dissecting scope to search for 

root hair phenotypes. Total root length was measured to approximate the amount of total 

root tissue of plants. While transgenic Arabidopsis were originally screened on 

hygromycin-containing selection media to ensure they contained the transgenic element, 

all plants were grown without antibiotics when assessing their root length.  

This root length experiment was only conducted once due to time restrictions, so further 

replicates are needed to confirm any results generated. 
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2.1.11 Statistical Analyses 

 
All statistical analyses were conducted using R Version 3.5.2 (R Core Team 2018).  

 

Datasets were subjected to tests to determine their suitability for analysis with 

generalized linear models; Levene’s Test was used to test for homogeneity of variance, 

and the Shapiro-Wilk Test was used to evaluate whether the data was normally 

distributed. These data proved not to be normally distributed, violating the assumptions 

of ANOVA, and conventional transformations were not suitable to generate normally 

distributed datasets. These data were therefore analyzed using the non-parametric 

Kruskal-Wallis Test, and pairwise comparisons were conducted using the Wilcox Test.  

 

A significance level (a value) of 0.05 was used for all analyses. 

 

Spinach 1570a Certified Reference Material was used as the analytical standard for ICP-

MS analyses. Scandium, Indium and Bismuth were used as internal standards. Duplicates 

were performed on 10% of samples to ensure instrument accuracy.  
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Chapter 3 

Results 

3.1.1 Plant Health and Survivorship 

 

My trial was originally designed to explore the impact of AMF on poplar growth in soils 

containing arsenic and cadmium, with four treatments: a control treatment (-AMF/-

Metals), arsenic and cadmium only (-AMF/+Metals) , AMF only (+ AMF/-Metals), and 

AMF with arsenic and cadmium (+AMF/+Metals). Plants in these four different 

treatments differed in plant survivorship – there was 100% survivorship in the control 

treatment, 46% survivorship in the metals only treatment, 100% survivorship in the AMF 

only treatment, and 69% survivorship in the AMF and metals treatment (Table 1). 

Qualitative health of plants was assessed thrice weekly. Plants in the treatments where 

arsenic and cadmium were applied exhibited signs of stress such as necrotic patches on 

their leaves, yellowing leaves and leaf drop. The plants in the metals only treatment with 

a 46% survival rate appeared more stressed than the other plants in the trial, and generally 

a yellowing and then curling of all leaves preceded the death of trees when it occurred. 
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Table 1. Plant survivorship and consequent assay sample sizes of control and fuzzy poplar 

mutants from the 4 original treatments applied in the trial; treatments consisted of the 

combination of a cadmium chloride and sodium arsenate metal cocktail and the inoculation with 

the arbuscular mycorrhizal fungi Rhizophagus irregularis, the applications of metals and AMF 

separately, and a control treatment. Due to financial limitations and the destructive nature of some 

of these assays, only a subset of the experimental plants were subjected to ICP-MS and AMF 

colonization analysis. 

 

Treatment 
Applied 

Surviving 
Plants 

Proline 
H2O2 

Chlorophyll 
Biomass ICP-

MS 

% AMF 
Root Length 
Colonization 

Assayed 
-AMF/-Metals 26/26 26 26 6 11 
-AMF/+Metals 12/26 12 12 6 11 
+ AMF/-Metals 26/26 26 26 6 12 
+AMF/+Metals 18/26 18 18 6 12 

 

3.1.2 Quantification of AMF Colonization in fuzzy and control Trees 

 

To determine the impact of AMF on the bioremediation of arsenic and cadmium by trees 

in this study, the level of AMF colonization in roots at the conclusion of the trial was 

compared for my original 4 treatments, control (-AMF/-Metals), metals applied (-

AMF/+Metals), AMF applied (+AMF/-Metals), and both AMF and metals applied 

(+AMF/+Metals). At the time AMF colonization was quantified, the +AMF plants had 

been exposed to AMF for 5 months before arsenic and cadmium treatment, while the –

AMF were not intentionally exposed to AMF. Much to our surprise, as shown in Figure 

2, there was AMF colonization in all 4 treatment conditions and no significant difference 

between the level of colonization between conditions (p>0.05). There was also no 
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significant difference in percent colonization in the +AMF versus –AMF treatments, and 

no significant difference in percent colonization in the +Metal versus –Metal treatments. 

Additionally, there was no significant difference in AMF colonization between fuzzy and 

control trees (Figure 3). Because of widespread AMF colonization in this study, my 

experimental design must be reconsidered – as opposed to our planned 4 growth 

conditions (-AMF/-Metals, -AMF/+Metals, +AMF/-Metals, +AMF/+Metals), we will 

henceforth consider there to be only two conditions, +Metals and –Metals. However, 

since the unexpected result regarding AMF colonization was discovered only recently, 

many of the other analyses were first conducted using the original 4 conditions, and in the 

chlorophyll content data there was a significant difference found between +AMF and –

AMF-treated plants. Although we cannot have complete confidence in these results due 

to the widespread AMF colonization across all 4 conditions, I present these chlorophyll 

results in Appendix C. These results might hint towards a true impact of AMF on these 

parameters that can be uncovered in future studies. The notable and statistically 

significant difference between the chlorophyll content of AMF+ and AMF- treatments is 

unlikely to be a false positive result, and therefore warrants further exploration in a study 

setting better able to maintain an AMF- control without fungal contamination.  
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Figure 2. The percent root length colonization of arbuscular mycorrhizal fungi in control and 

fuzzy Populus alba x Populus tremula hybrids in the original 4 treatment groups employed in this 

trial, employing a combination of the AMF Rhizophagus irregularis and arsenic and cadmium 

treatment using 270 mg/L CdCl2 and 200 mg/L Na3AsO4. From left to right, the treatment groups 

are –AMF/-Metals (N=11), -AMF/+Metals (N=11), +AMF/-Metals (N=12), and +AMF/+Metals 

(N=12). Poplars were grown in greenhouse conditions with light supplementation. There was no 

significant difference in AMF colonization between +AMF and -AMF inoculated roots.  
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Figure 3. The percent root length colonization of arbuscular mycorrhizal fungi in control versus 

fuzzy Populus alba x Populus tremula hybrids across all trial treatments. Treatments employed a 

combination of the AMF Rhizophagus irregularis and metal treatment using 270 mg/L CdCl2 and 

200 mg/L Na3AsO4. There was no significant difference in the level of AMF colonization in 

control versus fuzzy plants. 
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3.1.3 Quantification of Chlorophyll Content Following Heavy Metal Exposure 

 

Total chlorophyll (Figure 4), chlorophyll a (Figure 5) and chlorophyll b (Figure 6) 

content were compared between +Metal and –Metal plants and between the Control and 

fuzzy trees. These assays revealed no significant differences in total chlorophylls, 

chlorophyll a or chlorophyll b between the Control and fuzzy trees (p>0.05). There were 

also no significant differences between plants in the +Metal and -Metal treatments, 

indicating that during this timeframe, arsenic and cadmium contamination does not affect 

chlorophyll content in our hybrid poplars.  
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Figure 4. The chlorophyll a and b content of control and fuzzy Populus alba x Populus tremula 

leaves in the -Metal (N=49) and +Metal (N=30) treatments of this trial. +Metal treated plants 

received 12 waterings of a 100 mL solution of 270 mg/L CdCl2 and 200 mg/L Na3AsO4. -Metal 

treated plants received 12 waterings of 100 mL of water. There was no significant differences 

between the total chlorophyll content of leaves in the +Metals and -Metals treatment, or between 

the control and fuzzy poplars. 
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Figure 5. The chlorophyll a content of control and fuzzy Populus alba x Populus tremula leaves 

in the -Metal (N=49) and +Metal (N=30) treatments of this trial. +Metal treated plants received 

12 waterings of a 100 mL solution of 270 mg/L CdCl2 and 200 mg/L Na3AsO4. -Metal treated 

plants received 12 waterings of 100 mL of water. There was no significant differences between 

the chlorophyll a content of leaves in the +Metals and -Metals treatment, or between the control 

and fuzzy poplars. 
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Figure 6. The chlorophyll b content of control and fuzzy Populus alba x Populus tremula leaves 

in the -Metal (N=49) and +Metal (N=30) treatments of this trial. +Metal treated plants received 

12 waterings of a 100 mL solution of 270 mg/L CdCl2 and 200 mg/L Na3AsO4. -Metal treated 

plants received 12 waterings of 100 mL of water. There were no significant differences between 

the chlorophyll b content of leaves in the +Metals and -Metals treatment, or between the Control 

and fuzzy poplars. 
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3.1.4 Quantification of Proline Content Following Heavy Metal Exposure 

 

Proline levels were not found to be significantly different between –Metal and +Metal 

growth conditions, or between fuzzy and the control trees in root tissues (Figure 7) or leaf 

tissues (Figure 8).  

 

3.1.5 Quantification of H2O2 Content Following Heavy Metal Exposure 

 

The hydrogen peroxide content in leaves of fuzzy was significantly lower than the levels 

in control trees (p = 1.4e-12) (Figure 9). The leaf hydrogen peroxide content was also 

found to be significantly higher in trees grown in +Metal growth conditions (p = 0.0038) 

(Figure 10). These results suggest that under these growth conditions, hydrogen peroxide 

content can be used to identify plant stress due to arsenic and cadmium contamination. It 

also identifies a new phenotype for the fuzzy mutant, a reduced oxidative stress response 

under arsenic and cadmium contamination conditions. 
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Figure 7. Proline levels of root tissues in control and fuzzy Populus alba x Populus tremula, in 

the –Metal (N=39) and +Metal (N=40) treatments. +Metal treated plants received 12 waterings of 

a 100 mL solution of 270 mg/L CdCl2 and 200 mg/L Na3AsO4. -Metal treated plants received 12 

waterings of 100 mL of water. There was no significant difference in the proline content of roots 

in the +Metals versus -Metals treatments, or in the Control versus fuzzy poplars. 
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Figure 8. Proline levels of leaf tissues in control and fuzzy Populus alba x Populus tremula, in the 

–Metal (N=49) and +Metal (N=30) treatments. +Metal treated plants received 12 waterings of a 

100 mL solution of 270 mg/L CdCl2 and 200 mg/L Na3AsO4. -Metal treated plants received 12 

waterings of 100 mL of water. There was no significant difference in the proline content of leaves 

in the +Metals versus -Metals treatments, or in the Control versus fuzzy poplars. 
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               Leaf H2O2 Content in Poplar Mutants 

        
 

Figure 9. Leaf hydrogen peroxide content in control (N=39) and fuzzy (N=40) Populus alba x 

Populus tremula in both the –Metal (N=49) and +Metal (N=30) growth treatments. +Metal 

treated plants received 12 waterings of a 100 mL solution of 270 mg/L CdCl2 and 200 mg/L 

Na3AsO4. -Metal treated plants received 12 waterings of 100 mL of water. fuzzy plants were found 

to have significantly lower leaf hydrogen peroxide content than control trees (p=1.4e-12). 

Asterisks denote significant differences, with  **** indicating that p < 0.0001. (Wilcox Test, 

a=0.05). 
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        Leaf H2O2 Content in Metal Treatments 

  
 

Figure 10. Leaf hydrogen peroxide content in Populus alba x Populus tremula plants in the   -

Metal (N=49) and +Metal (N=30) treatments. +Metal treated plants received 12 waterings of a 

100 mL solution of 270 mg/L CdCl2 and 200 mg/L Na3AsO4. -Metal treated plants received 12 

waterings of 100 mL of water. Leaf hydrogen peroxide content was significantly higher in +Metal 

treated plants than control plants (p=0.0038). Asterisks denote significant differences, with ** 

indicating that p < 0.01 (Wilcox Test, a=0.05). 
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3.1.6 Comparison of Plant Biomass After Heavy Metal Exposure 

 

While there was no significant difference in leaf (Figure 12) or stem biomass (Figure 13) 

between control and fuzzy trees, the biomass of fuzzy roots were significantly higher than 

control trees (p = 0.0065) (Figure 11). This identifies a new phenotype for the fuzzy 

mutant, an increased root biomass which could have an impact on contaminant uptake or 

soil stabilization ability. When comparing –Metal and +Metal conditions, there was no 

significant difference in the biomass of stems (Figure 15) and leaves (Figure 16) but root 

biomass was significantly lower in the +Metal condition (p = 0.015) (Figure 14).  

 

3.1.7 Determination of Arsenic and Cadmium Content in Roots, Stems and Leaves 

There was significantly more arsenic and cadmium in all tissues of +Metal treated trees 

than –Metal trees; there was significantly more arsenic (p= 3e-05) and cadmium (p= 3.6e-

05) in roots (Figures 17 and 20) significantly more arsenic (p= 2.5e-05) and cadmium (p= 

3.5e-05) in stems (Figures 18 and 21) and significantly more arsenic (p= 0.00037) and 

cadmium (p= 0.035) in leaves (Figures 19 and 22) of +Metal treated trees compared to –

Metal trees. A comparison of stem and leaf levels with matching y axis scaling is 

presented in Appendix D. Most of the total arsenic and cadmium in plant tissues was 

accumulated in the roots, with small amounts being translocated to the stems and leaves 

(Table 2). When comparing fuzzy and control trees, there was no significant difference in 

arsenic content or cadmium content accumulated in their roots, stems or leaves (Figures 

17-22). 
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Figure 11. Root wet mass of control (N=39) and fuzzy (N=40) Populus alba x Populus tremula in 

both the +Metals and -Metals treatments. +Metal treated plants received 12 waterings of a 100 

mL solution of 270 mg/L CdCl2 and 200 mg/L Na3AsO4. -Metal treated plants received 12 

waterings of 100 mL of water. fuzzy poplars had significantly higher root biomass (p=0.0065) 

than control poplars. Asterisks denote significant differences, with ** indicating that p < 0.01 

(Wilcox Test, a=0.05). 
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Figure 12. Stem Wet Mass of control (N=39) and fuzzy (N=40) Populus alba x Populus tremula 

in both the +Metals and -Metals treatments. +Metal treated plants received 12 waterings of a 100 

mL solution of 270 mg/L CdCl2 and 200 mg/L Na3AsO4. -Metal treated plants received 12 

waterings of 100 mL of water. There was no significant difference in the stem wet mass of 

control and fuzzy plants. 
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Figure 13. Leaf Wet Mass of control (N=39) and fuzzy (N=40) Populus alba x Populus tremula 

in both the +Metals and -Metals treatments. +Metal treated plants received 12 waterings of a 100 

mL solution of 270 mg/L CdCl2 and 200 mg/L Na3AsO4. -Metal treated plants received 12 

waterings of 100 mL of water. There was no significant difference in the leaf wet mass of control 

and fuzzy plants. 

 
 
 
 
 

●

●

2

4

6

8

Control fuzzy
Mutant

Le
af

 W
et

 M
as

s 
(g

)

Leaf Wet Mass



 

40 

 

 
 
 
 
 

          
 

Figure 14. Root wet biomass of –Metal (N=49) and +Metal-treated (N=30) Populus alba x 

Populus tremula trees. +Metal treated plants received 12 waterings of a 100 mL solution of 270 

mg/L CdCl2 and 200 mg/L Na3AsO4. -Metal treated plants received 12 waterings of 100 mL of 

water. Root wet biomass of +Metal plants was significantly lower than -Metal plants (p=0.015). 

Asterisks denote significant differences, with * indicating that p < 0.05 (Wilcox Test, a=0.05). 
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Figure 15. Stem wet biomass of –Metal (N=49) and +Metal-treated (N=30) Populus alba x 

Populus tremula trees. +Metal treated plants received 12 waterings of a 100 mL solution of 270 

mg/L CdCl2 and 200 mg/L Na3AsO4. -Metal treated plants received 12 waterings of 100 mL of 

water. Stem wet biomass did not significantly differ between metal treatments.  
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Figure 16. Leaf wet biomass of –Metal (N=49) and +Metal-treated (N=30) Populus alba x 

Populus tremula trees. +Metal treated plants received 12 waterings of a 100 mL solution of 270 

mg/L CdCl2 and 200 mg/L Na3AsO4. -Metal treated plants received 12 waterings of 100 mL of 

water. Leaf wet biomass did not significantly differ between metal treatments. 
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Figure 17. The arsenic content of fuzzy (N=12) and control (N=12) Populus alba x Populus 

tremula root tissues in the –Metal (N=12) and +Metal (N=12) treatments. +Metal treated plants 

received 12 waterings of a 100 mL solution of 270 mg/L CdCl2 and 200 mg/L Na3AsO4. -Metal 

treated plants received 12 waterings of 100 mL of water. +Metal trees exhibited significantly 

higher arsenic content in their roots than -Metal trees (p= 3e-05, Wilcox Test, a=0.05). Poplar 

root tissues contained higher concentrations of arsenic than were found in stem or leaf tissues. 
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Figure 18. The arsenic content of fuzzy (N=12) and control (N=12) Populus alba x Populus 

tremula stem tissues in the –Metal (N=12) and +Metal (N=12) treatments. +Metal treated plants 

received 12 waterings of a 100 mL solution of 270 mg/L CdCl2 and 200 mg/L Na3AsO4. -Metal 

treated plants received 12 waterings of 100 mL of water. +Metal trees exhibited significantly 

higher arsenic content in their stems than -Metal trees (p= 2.5e-05, Wilcox Test, a=0.05).  
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Figure 19. The arsenic content of fuzzy (N=12) and control (N=12) Populus alba x Populus 

tremula leaf tissues in the –Metal (N=12) and +Metal (N=12) treatments. +Metal treated plants 

received 12 waterings of a 100 mL solution of 270 mg/L CdCl2 and 200 mg/L Na3AsO4. -Metal 

treated plants received 12 waterings of 100 mL of water. +Metal trees exhibited significantly 

higher arsenic content in their leaves than -Metal trees (p= 0.00037, Wilcox Test, a=0.05). 
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Figure 20. The cadmium content of fuzzy (N=12) and control (N=12) Populus alba x Populus 

tremula root tissues in the –Metal (N=12) and +Metal (N=12) treatments. +Metal treated plants 

received 12 waterings of a 100 mL solution of 270 mg/L CdCl2 and 200 mg/L Na3AsO4. -Metal 

treated plants received 12 waterings of 100 mL of water. +Metal trees exhibited significantly 

higher cadmium content in their roots than -Metal trees (p= 3.6e-05, Wilcox Test, a=0.05). 

Poplar root tissues contained higher concentrations of cadmium than were found in stem or leaf 

tissues. 
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Figure 21. The cadmium content of fuzzy (N=12) and control (N=12) Populus alba x Populus 

tremula stem tissues in the –Metal (N=12) and +Metal (N=12) treatments. +Metal treated plants 

received 12 waterings of a 100 mL solution of 270 mg/L CdCl2 and 200 mg/L Na3AsO4. -Metal 

treated plants received 12 waterings of 100 mL of water. +Metal trees exhibited significantly 

higher cadmium content in their stems than -Metal trees (p= 3.5e-05, Wilcox Test, a=0.05). 
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Figure 22. The cadmium content of fuzzy (N=12) and control (N=12) Populus alba x Populus 

tremula leaf tissues in the –Metal (N=12) and +Metal (N=12) treatments. +Metal treated plants 

received 12 waterings of a 100 mL solution of 270 mg/L CdCl2 and 200 mg/L Na3AsO4. -Metal 

treated plants received 12 waterings of 100 mL of water. +Metal trees exhibited significantly 

higher cadmium content in their leaves than -Metal trees (p= 0.035, Wilcox Test, a=0.05). 
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Table 2. The average tissue distribution of arsenic and cadmium in experimental poplars. The 

metal-treated trees received 12 waterings of a 100 mL solution of 270 mg/L CdCl2 and 200 mg/L 

Na3AsO4. Metal-untreated plants received 12 waterings of 100 mL of water. 12 plants from the 

+Metals treatment and 12 plants from the -Metals treatment were subjected to metal content 

analysis with ICP-MS on their root, stem and leaf tissues separately. The percentage of total plant 

arsenic and cadmium in each of these three tissues was calculated. 

 

Treatment 
Applied 

% As in 
Roots 

% As in 
Stems 

% As in 
Leaves 

% Cd in 
Roots 

% Cd in 
Stems 

% Cd in 
Leaves 

-AMF/+Metals 97 3 0.7 97 0.3 0.05 
+AMF/+Metals 97 2 0.7 99 0.3 0.07 

 

3.1.8 Arabidopsis Root Length 

 

To further investigate the increased root biomass caused by the up-regulation of 

PtaMYB186 in fuzzy poplars, we created transgenic Arabidopsis thaliana overexpressing 

the AtMYB106 gene, the homolog of PtaMYB186. Five independent transgenic lines were 

created, advanced to homozygosity through screening on hygromycin-containing media, 

and their root length was measured. Seeds from these five independent transgenic lines 

(Lines 10, 3, 4, 6, 9) containing a 35S::AtMYB106 construct and wild-type Columbia 

Arabidopsis (Col-0) were plated on agar plates and grown vertically for 34 days. Line 9 

did not have significantly longer roots than Col-0 plants (p = 0.527), but the other 4 

transgenic lines did have roots significantly longer than Col-0; these lines are Line 10 (p 

= 2.4e-05), Line 3 (p = 4.6e-05), Line 4 (p = 0.002) and Line 6 (p = 0.017) (Figure 23). 

These results provide further evidence for a role of PtaMYB186 (and AtMYB106) in root 

development. 
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                                      MYB106 Arabidopsis Root Length          

          
 

Figure 23. The root lengths of control (Col-0) (N=14) and AtMYB106 overexpressing transgenic 

lines 3 (N=42), 4 (N=46), 6 (N=55), 9 (N=47), and 10 (N=36) of Arabidopsis thaliana grown on 

vertical petri plates containing ½ MS media without antibiotics. Four of these MYB106-

overexpressing lines had significantly longer roots than Col-0 plants; Line 10 (p = 2.4e-05), Line 

3 (p = 4.6e-05), Line 4 (p = 0.002) and Line 6 (p = 0.017). One of the transgenic lines tested, Line 

9, did not have significantly longer roots than Col-0 plants (p = 0.527). Asterisks denote 

significant differences from Col-0 Arabidopsis, with **** indicating that p < 0.0001 , *** 

indicating that p < 0.001, * indicating that p < 0.05 and ns indicating that p > 0.05 (Kruskal-

Wallis Test, a=0.05). 
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Chapter 4 

Discussion 

In our trial we hypothesized that AMF would enhance plant health and survivorship in 

arsenic and cadmium treatments, and that fuzzy poplars would form more AMF 

associations than control plants. We also hypothesized that fuzzy would exhibit less 

stunting and abiotic stress when exposed to arsenic and cadmium, and that it would 

accumulate more of these contaminants than control poplars. Lastly, we hypothesized 

that fuzzy would exhibit a novel root phenotype that could be replicated in Arabidopsis to 

allow for future genetic studies. 

 

4.1.1 AMF Colonization in Experimental Plants 

 

My trial was originally designed to have four treatments: the -AMF/-Metals treatment, 

the -AMF/+Metals treatment, the +AMF/-Metals treatment, and the +AMF/+Metals 

treatment. The last step in my analysis was the quantification of AMF colonization in 

these 4 treatments. Considering the observable differences in plant health, survivorship 

and the quantifiable difference in chlorophyll content between AMF inoculated and 

uninoculated treatments, I was surprised to find that there was extensive contamination of 

AMF into AMF-uninoculated treatments, with AMF present in all roots examined. While 

it is not possible to definitively identify AMF to species through microscopy, the AMF 

present across the trial do appear to be the same variety, strongly suggesting that the 

AMF contamination was a cross-contamination between inoculated and uninoculated 
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treatments, as opposed to contamination by an extraneous fungal variety. There was no 

significant difference in the level of AMF colonization in the four trial treatments. There 

was, however, a far greater range of root length colonization among uninoculated 

poplars, suggesting that the AMF arrived later and more sporadically into the 

uninoculated pots. We therefore cannot evaluate the effect of the absence of AMF on 

experimental plants, and the validity of the results regarding the effect of AMF on 

chlorophyll content in this trial is called into question. The AMF-inoculation aspect of the 

trial must be repeated, preferably with a complete spatial separation of AMF inoculated 

and uninoculated plants. In this study all growth media and pots used were sterilized 

using autoclaving and bleach surface sterilization. AMF inoculated and uninoculated 

plants had their soil surfaces covered in a layer of sterile sand and were spatially 

separated by 7 feet in a greenhouse chamber, ensuring water could not splash sand from 

one treatment to another. The rest of the greenhouse chamber was occupied by several 

hundred AMF-inoculated pots with no covering of sterile sand, the manipulation of 

which was the likely source of contamination in this trial. Future trials should foremost 

be conducted in a space free of such a large source of contamination. The sterile sand 

method, suggested to our lab by Dr. Pedro Antunes (personal communication), should 

still be employed as a precautionary measure, but AMF-free plants may need to be 

cultivated in controlled growth chambers to ensure the exclusion of contaminants. While 

such a spatially separated experimental layout risks introducing variation in growth 

conditions between inoculated and uninoculated treatments, such a problem can be 

monitored through technological means, and remedied, whereas the detection and 

mitigation of AMF contamination is nearly impossible. Despite the disappointing results 
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of the AMF colonization measures, the scope of this project was large enough to address 

several other hypotheses.  

 

4.1.2 Plant Stress Assays as Screening Tools 

 

Our assays of chlorophyll content, proline and hydrogen peroxide were not only used to 

characterize the fuzzy mutant in this trial but were also selected for their usefulness as 

screening tools for the activation-tagged poplar mutants. The 2000 mutant lines of poplar 

held by the Regan Lab are cumbersome to screen for phenotypes, and ICP-MS to 

determine chemical content of plants is prohibitively expensive, so we sought to find a 

collection of easy plant stress assays that would reveal unusual responses to AMF 

inoculation or heavy metal exposure quickly and in a cost effective manner. The 

chlorophyll content and H2O2 assays proved promising for such a screening application.  

 

One aspect of the physiological stress borne by our experimental plants that was not 

considered as part of this experimental design was soil pH. As mentioned in the methods 

section, the arsenic and cadmium cocktail applied to experimental plants was adjusted to 

pH 4.2 to allow the metals to solubilize. While this is a reasonable approximation of the 

conditions on a contaminated site, the fact that the control treatment did not receive water 

of a similarly low pH makes the metal cocktail’s pH a potential stressor that was not 

considered independently from arsenic and cadmium. Low pH can interfere with plants’ 

ability to access essential nutrients, and it should be controlled for in future trials. 
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4.1.3 Chlorophylls 

 

Chlorophyll was used as a measure of general plant health in my experimental plants. 

One of the principal mechanisms of Cd toxicity in plants is its ability to disturb 

photosynthetic function by damaging photosynthetic enzymes and degrading 

photosynthetic pigments (Marmiroli et al. 2013). Arsenic also has been found to disturb 

photosynthetic processes, slowing chlorophyll biosynthesis and damaging the chloroplast 

membrane (Abbas et al. 2018). Chlorophyll content is often employed as a measure of 

plant health when experiencing metal toxicity (Pietrini et al. 2009, Mrnka et al. 2012). 

Chlorophylls did not significantly differ between the +Metal and –Metal treatments, 

indicating that plant health was maintained despite the application of cadmium and 

arsenic. These results differ from those of Pietrini et al. (2009), who found that 

chlorophyll content and photosynthetic efficiency was diminished in the majority of 

Poplar species and cultivars tested after exposure to cadmium. Studies of arsenic 

bioremediation using both poplar and the arsenic hyperaccumulator Pteris vittata also 

report diminished chlorophyll content after arsenic exposure (Ciurli et al. 2014). When 

the intended AMF-excluded treatments were considered, however, there was significantly 

higher levels of chlorophyll in the AMF-inoculated plants. This suggests that a long-term 

symbiosis with AMF may benefit plants growing in contaminated soils. This result 

differs from the findings of studies like that of Mrnka et al. (2012), who found no 

difference in the chlorophyll content or photosynthetic efficiency of AMF inoculated 

plants. The lack of difference in the chlorophyll content of plants in the metal treated 

versus control treatments suggests that chlorophyll content may not be the best measure 
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of plant stress in arsenic and cadmium contaminated soils. There was also no difference 

in the chlorophyll content of fuzzy and control plants. Chlorophyll, while not promising 

as an indicator of metal stress in this trial, did yield interesting results regarding the effect 

of AMF. Its ease of measurement and usefulness as an indicator of plant health warrants 

revisiting its use in future bioremediation trials. An investigation of the association of 

long-term AMF inoculation and chlorophyll content in our mutant poplar population may 

also warrant study by future members of the Regan Lab. 

 

4.1.4 Proline 

 

Proline is an enzyme protectant and reactive oxygen species scavenger produced in 

response to plant stress (Verbruggen and Hermans 2008). In addition to the enzymatic 

response of a stressed plant to elevated levels of reactive oxygen species (ROS), proline 

is produced alongside glutathiones, ascorbic acid, carotenoids and flavonoids to scavenge 

reactive oxygen species and protect the plant from cellular damage (Das and 

Roychoudhury 2014). Proline is accumulated in times of plant stress in the chloroplasts, 

tying it intimately to both other molecules – H2O2 and chlorophyll – that were assayed as 

part of this trial. The proline levels of experimental plants were not significantly different 

between +Metals and -Metal treatments or between fuzzy and control trees. If indeed 

there is a difference in fuzzy and control plants’ ability to cope with arsenic and cadmium 

stress, it does not appear to be related to the production of proline as an enzyme 

protectant or free radical scavenger. Proline’s role as an indirect mediator of plant 

oxidative stress may not be an important factor influencing the plant health and metal 



 

56 

 

tolerance of our experimental plants, and assaying enzymes such as catalase that are 

directly involved in the destruction of harmful free radicals may yield greater insight into 

the stress response of our hybrid poplars. The future use of proline assay as a screening 

tool of the Regan Lab’s transgenic poplar population is therefore not recommended. 

 

4.1.5 Hydrogen Peroxide 

H2O2 was used as a measure of the oxidative stress response of my experimental plants. 

H2O2 is a reactive oxygen molecule that is a normal, beneficial part of plant functioning 

when present at low levels, as in normal growth conditions. In stressful conditions such 

as extreme drought stress, salinity or soil contamination, stomatal closure leads to 

photorespiration and the production of excess reactive oxygen species, one of which is 

H2O2 (Das and Roychoudhury 2014). Elevated H2O2 in the cells of a stressed plant can 

cause damage to enzymes, proteins, membrane lipids and DNA, notably leading to the 

destruction of photosynthetic pigments, disruption of photosynthetic machinery, and 

programmed cell death (Upadhyaya et al. 2007). Poplars subjected to arsenic and 

cadmium treatment had significantly higher levels of H2O2 in their leaves, indicating that 

the metal treatment was stressful to the plants. Our H2O2 assay also found that fuzzy and 

control plants do differ in their levels of oxidative stress in response to arsenic and 

cadmium stress. fuzzy plants had significantly lower levels of H2O2 in their leaf tissues 

than control plants. This suggests that fuzzy is better able to withstand the stresses of 

arsenic and cadmium contamination, or able to combat the production of reactive oxygen 

species despite arsenic and cadmium stress. This points to fuzzy’s suitability as a 
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candidate for bioremediation applications. Application of H2O2 to poplars has been found 

to mimic the growth stunting and oxidative stress effects of cadmium exposure 

(Schützendübel et al. 2002). fuzzy’s lower level of H2O2 may be associated with its ability 

to maintain high root biomass in contaminated soil. These data suggest that the H2O2 

assay is a promising measure of both our poplars’ stress response to arsenic and 

cadmium, and of the stress response of different mutants within our transgenic poplar 

population. Future work can use this assay as a screening tool, and investigate the 

oxidative stress pathways further to determine the cause of fuzzy’s low H2O2 content. 

Assays of peroxidase, catalase, ascorbate and superoxide dismutase would provide more 

insight into the oxidative stress responses of fuzzy plants, and other plants in the 

activation tagged population.  

 

4.1.6 Plant Biomass 

 

When grown in contaminated soils, plants generally exhibit stunted growth and 

diminished biomass. My trial found no significant difference in the leaf or stem biomass 

of the metal-treated and control plants, but metal-treated plants did have significantly less 

root biomass than control plants. This diminished root biomass is consistent with other 

findings in poplar undergoing metal stress (Pietrini et al. 2009), where roots were found 

to contain the majority of the arsenic and cadmium and exhibited the most diminished 

biomass. What is unusual in our trial is that biomass was not also reduced in aboveground 

tissues, especially sensitive leaf tissues. While the aboveground biomass of fuzzy and 
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control poplars did not differ in my experiment, fuzzy plants did have significantly more 

root biomass than control plants. Preliminary root architecture studies in fuzzy did not 

suggest this difference comes from a difference in root hair formation. The cause of 

fuzzy’s increased root biomass is not yet understood and is an excellent subject for future 

studies in the Regan Lab. This result is promising for fuzzy’s usefulness in the 

bioremediation of contaminated soils, as its low H2O2 content and high root biomass 

suggest that it would be able to both withstand the physiological stress of growing in 

contaminated soil and produce an extensive root network with which to stabilize soil.  

 

4.1.7 Root length in wild-type and 35S::MYB106 transgenic Arabidopsis 

 

The AtMYB106 gene is the Arabidopsis ortholog of the PtaMYB186, the gene that is 

upregulated in the fuzzy mutant. When plants overexpressing the AtMYB106 gene were 

compared to wild-type Arabidopsis, the transgenic lines had significantly longer roots 

than wild-type plants. This result suggests a parallel phenotype may exist with the higher 

root biomass found in fuzzy poplars. This may open the possibility of exploring the root 

phenotype of fuzzy in a more genetically tractable system, as Arabidopsis is far more 

suitable for genetic manipulations than Poplars. MYB106-overexpressing Arabidopsis can 

be crossed with plants that exhibit enhanced metal-uptake phenotypes, allowing for a 

greater understanding of how the high root biomass combined with an enhanced ability to 

uptake contaminants might affect the health and tissue metal distribution of plants. 

Features such as the root hair patterns and root architecture can be more easily explored 

in tissue-cultured Arabidopsis than in the classically soil-grown poplar. The MYB106 
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overexpressing Arabidopsis is an excellent accompaniment to any future studies using the 

fuzzy mutant, and a study of their H2O2 content and other oxidative stress measures when 

exposed to arsenic and cadmium would be an excellent next step in determining the 

extent of the similarity between the MYB106 overexpressing Arabidopsis and the fuzzy 

poplar.  

 

4.1.8 Plant Metal Content 

 

The metal accumulation pattern in our experimental poplars resulted in most of the 

cadmium and arsenic in plant tissues remaining in the roots, a small amount being 

translocated to the shoots, and an even smaller amount passing into leaf tissues. This is 

consistent with findings of Pietrini et al. (2009), who found that despite some variation 

between poplar cultivars, metallic contaminants were found in the highest concentrations 

in roots, then stems, then leaves. Plants uptake cadmium through members of the ZIP 

family of transporters, which also function as the transporters of the essential metal zinc 

(Verret et al. 2004). Root arsenic transport occurs through members of the NIP family of 

aquaporins for arsenic III (Bienert et al. 2008), and through phosphate transporters for 

arsenic IV (Ullrich-Eberius et al. 1989). Phytochelatin synthesis is the predominant 

mechanism of metal detoxification known in plants; these peptides form complexes with 

metals and metalloids in the cytoplasm, and these phytochelatin-metal(loid) complexes 

are removed from the cytosol and transported into vacuoles (Cobbett and Goldsbrough 

2002). The movement of arsenic and cadmium through the plant body, when it occurs, is 

principally through the xylem. Cadmium is loaded into the xylem by the heavy metal 



 

60 

 

ATPases HMA2 and HMA4 (Gravot et al. 2004, Courbot et al. 2007). Arsenic is loaded 

into the xylem through the same transporters as were previously mentioned to facititate 

its transport into the root; arsenate [As(V)] is loaded into the xylem by phosphate 

transporters (Ullrich-Eberius et al. 1989), while arsenite [As(III)] is loaded into the xylem 

by members of the NIP family of aquarporins (Bienert et al. 2008). The long-distance 

transport of toxic metals and metalloids is generally a function of plant tolerance to these 

contaminants; non-hyperaccumulator species therefore generally sequester cadmium and 

arsenic in their roots, as we observed in our poplar mutants.  

 

The metal accumulation pattern exhibited by our plants is ideal for a bioremediation 

strategy that aims to immobilize contaminants in the soil and prevent them from leaving 

the contaminated site (Cicatelli et al. 2014). While roots do contain the highest amount of 

metal per unit biomass, stems make up far more of the total biomass of our poplars. The 

accumulation of middling levels of arsenic and cadmium in stem tissues means that the 

roots of these poplars can stabilize soils while aboveground biomass is harvested through 

coppicing, where stem tissues are periodically cut at the base of the plant to encourage a 

shrubby growth form. The use of coppicing could enable our poplar population to be used 

for soil stabilization while slowly phytoextracting contaminants into their stems. The low 

level of arsenic and cadmium found in the leaves of poplars in this trial are also suitable 

for a coppicing strategy of plant maintenance for our poplars, as leaf loss when 

harvesting of aboveground tissues or seasonal leaf drop would not result in the return of 

contaminants to the soil. 
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4.1.9 Future Directions 

 

Future experiments in the Regan laboratory would foremost need to devise a way of 

effectively excluding AMF from control treatments. Continued use of the sterile sand 

method (Dr. Pedro Antunes, personal communication) is recommended, as well as total 

spatial separation of plants grown with and without AMF. Greenhouse spaces where 

large quantities of soil are handled should be avoided, and clean controlled growth 

chambers where soil is not handled should be employed instead.  

 

In the case of large-scale cultivation of our activation-tagged poplars, it may be 

preferable to simply include AMF in all treatments, as the most common AMF species 

are ubiquitous in the environment across geographic regions (Turrini and Giovannetti 

2012). Contaminated sites are not without AMF (Del Val et al. 1999), but their diversity 

is limited to the most resilient species and plants are often slow to establish symbioses or 

be colonized after soil disturbance (Stahl et al. 1988). While we attempted to identify the 

impact of AMF in this study, there is large body of information that AMF are beneficial 

to plants in most stressful conditions, so moving forward, it may be best to include AMF 

in all large-scale plant stress trials with the Regan Lab’s poplar population.   

 

One aspect of our poplar cultivation strategy may have also contributed to AMF 

contamination in this trial. The poplars used were maintained in 4 inch pots from the time 

of propagation until the end of the trial. Plants were not transplanted to avoid transplant 

shock before metal treatment, and so that AMF would not be introduced during handling, 
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but the density of the plant roots when grown long-term in 4 inch pots resulted in roots 

growing closer than usual to the soil surface, potentially bringing them into contact with 

AMF on the surface of the sterile sand layer. In future trials, plants should either be 

rooted in, or transplanted to, pots at least 6 inches in diameter to minimize root crowding 

if the sterile sand method is to be attempted to exclude AMF. 

 

Greater sample sizes should be employed when using ICP-MS to measure the tissue 

metal content of experimental plants. While costly, ICP-MS has promising results in this 

trial that warrant further investigation in future trials, especially if AMF controls can be 

established, as AMF has the capacity to alter the arsenic and cadmium accumulation 

patterns of plants in contaminated soils (Göhre and Paszkowski 2006). The statistical 

power of our analyses regarding plant metal content was severely limited by the number 

of samples that our budget allowed. Future trials using ICP-MS to evaluate arsenic and 

cadmium accumulations in our poplars should aim to maximize the number of samples 

analyzed while minimizing the number of treatments being compared to allow for more 

replications within treatment groups. For example, future trials seeking to evaluate the 

ability of our hybrid poplars to accumulate contaminants may choose to inoculate all 

plants with AMF and simply group plants by mutant.  

 

The fuzzy poplars were found to have increased root biomass, but it is still unknown 

whether this biomass phenotype is due to increased root length (as in Arabidopsis), root 

branching, adventitious rooting or another aspect of root architecture. While some 

members of the MYB family of transcription factors are involved in root development 
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(Dubos et al. 2010), there is no such evidence in the literature concerning PtaMYB186 or 

AtMYB106. Transcriptome profiling of fuzzy poplar and AtMYB106 Arabidopsis could 

reveal whether these genes interact with known genes involved in root initiation, lateral 

root formation, or root hair formation. In Arabidopsis, we can investigate the relationship 

of MYB106 and known root development genes by crossing our mutant Arabidopsis with 

known root development mutants and observing any changes in root architecture that 

may occur. Additionally, transcriptome profiling of our poplar and Arabidopsis mutants 

in the presence of arsenic and cadmium could identify genes and pathways related to 

plant stress that could give insight into the resilience of fuzzy poplars. 

 

The Arabidopsis section of this trial was only conducted once, and must be repeated to 

confirm the root length phenotype reported in this thesis. Plants used in this trial were not 

subjected to a genetic screen for the MYB106 transgenic element, but were simply 

screened on hygromycin-containing media. Future work should confirm the presence of 

the transgene using PCR. 

 

The low-H2O2 phenotype of fuzzy poplars under arsenic and cadmium treatment can be 

followed by a suite of assays and experiments to determine the cause of this phenotype. 

Assaying enzymes involved in the degradation of reactive oxygen species such as 

peroxidase, catalase, ascorbate and superoxide dismutase would be an excellent first step 

in understanding fuzzy’s H2O2 phenotype. Transcriptome profiling of fuzzy trees with and 

without arsenic and cadmium applied could yield insight into the genetic basis of its low 
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H2O2 content and point to other genes and gene products that might be involved in fuzzy’s 

response to contaminated soil.  

 

Finally, this trial has identified the first of many assays that can be included in a suite of 

simple, fast analyses suitable for screening the stress responses of our population of 

activation-tagged poplar mutants. The large number, large size and long-lived perennial 

nature of activation tagged poplars makes them particularly challenging to screen for 

traits of interest, as they are challenging to maintain in greenhouse culture long-term and 

are difficult to propagate in large numbers for large-scale trials. In this study, we 

identified chlorophyll and hydrogen peroxide assays as suitable screening methods that 

could be used to identify physiological and biochemical variations in our poplar mutants 

for further study. 

 

4.2 Summary 

 

The unique Populus tremula x Populus alba mutant fuzzy from the Regan Lab’s 

activation-tagged poplar population is a promising candidate for bioremediation studies 

due to its low H2O2 level when exposed to arsenic and cadmium in soil. The fuzzy poplar 

also exhibits a high root biomass phenotype, which also suggests a suitability for 

phytoremediation applications. Further study must elucidate the source of fuzzy’s high 

root biomass, and may seek to understand the genetic and molecular underpinnings of 

fuzzy’s apparent resistance to heavy metal stress.  
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Appendix A. Significant Findings Presented with Separate Transformed 

Controls      

 

        
 

Figure 24. The total chlorophyll content leaves of fuzzy and each individual transformed control 

of Populus alba x Populus tremula hybrids in the original 4 treatment groups employed in this 

trial, employing a combination of the AMF Rhizophagus irregularis and arsenic and cadmium 

treatment using 270 mg/L CdCl2 and 200 mg/L Na3AsO4. From left to right, the treatment groups 

are –AMF/-Metals (N=11), -AMF/+Metals (N=11), +AMF/-Metals (N=12), and +AMF/+Metals 

(N=12). 
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Figure 25. The H2O2 content of leaves of fuzzy and each individual transformed control of 

Populus alba x Populus tremula hybrids in the original 4 treatment groups employed in this trial, 

employing a combination of the AMF Rhizophagus irregularis and arsenic and cadmium 

treatment using 270 mg/L CdCl2 and 200 mg/L Na3AsO4. From left to right, the treatment groups 

are –AMF/-Metals (N=11), -AMF/+Metals (N=11), +AMF/-Metals (N=12), and +AMF/+Metals 

(N=12). 
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Figure 26. The root wet mass of fuzzy and each individual transformed control of Populus alba x 

Populus tremula hybrids in the original 4 treatment groups employed in this trial, employing a 

combination of the AMF Rhizophagus irregularis and arsenic and cadmium treatment using 270 

mg/L CdCl2 and 200 mg/L Na3AsO4. From left to right, the treatment groups are –AMF/-Metals 

(N=11), -AMF/+Metals (N=11), +AMF/-Metals (N=12), and +AMF/+Metals (N=12). 
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Appendix B. Ninhydrin Reagent Preparation 

 

Warm 30 mL of glacial acetic acid 

Add 20 mL of 6M orthophosphoric acid 

Add 1.25 grams Ninhydrin 

Mix with agitation until dissolved 
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Appendix C. Chlorophyll Content of Original 4 Treatment Groups 

 

 

 

 
 

Figure 27. The total chlorophyll content leaves of control and fuzzy Populus alba x Populus 

tremula hybrids in the original 4 treatment groups employed in this trial, employing a 

combination of the AMF Rhizophagus irregularis and arsenic and cadmium treatment using 270 

mg/L CdCl2 and 200 mg/L Na3AsO4. From left to right, the treatment groups are –AMF/-Metals 

(N=11), -AMF/+Metals (N=11), +AMF/-Metals (N=12), and +AMF/+Metals (N=12).  
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Figure 28. The chlorophyll a content leaves of control and fuzzy Populus alba x Populus tremula 

hybrids in the original 4 treatment groups employed in this trial, employing a combination of the 

AMF Rhizophagus irregularis and arsenic and cadmium treatment using 270 mg/L CdCl2 and 

200 mg/L Na3AsO4. From left to right, the treatment groups are –AMF/-Metals (N=11), -

AMF/+Metals (N=11), +AMF/-Metals (N=12), and +AMF/+Metals (N=12). 
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Figure 29. The chlorophyll b content leaves of control and fuzzy Populus alba x Populus tremula 

hybrids in the original 4 treatment groups employed in this trial, employing a combination of the 

AMF Rhizophagus irregularis and arsenic and cadmium treatment using 270 mg/L CdCl2 and 

200 mg/L Na3AsO4. From left to right, the treatment groups are –AMF/-Metals (N=11), -

AMF/+Metals (N=11), +AMF/-Metals (N=12), and +AMF/+Metals (N=12). 

 

 

 

 

●

●

●

●●

●

●

0

5

10

15

20

Control Metals AMF AMF+Metals
Treatment Block

C
hl

or
op

hy
ll 

b 
(m

g/
g)

mutant
control
fuzzy

Chlorophyll b Content



 

86 

 

 

 

 

 

Figure 30. The total chlorophyll content leaves of control and fuzzy Populus alba x Populus 

tremula hybrids in the AMF inoculated versus AMF Rhizophagus irregularis and arsenic and 

cadmium treatment using 270 mg/L CdCl2 and 200 mg/L Na3AsO4. From left to right, the 

treatment groups are –AMF/-Metals (N=11), -AMF/+Metals (N=11), +AMF/-Metals (N=12), and 

+AMF/+Metals (N=12). There was significantly higher chlorophyll content in the leaves of 

AMF-inoculated poplars than in uninoculated plants (p= 3.3e-16, Wilcox Test, a=0.05). Asterisks 

denote significant differences, with **** indicating that p < 0.0001. 
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Appendix D. Tissue As and Cd Content with Matched Axis Scales 

 
 
 

 
 

Figure 31. The root, stem and leaf arsenic content of fuzzy (N=12) and control (N=12) Populus 
alba x Populus tremula root tissues in the –Metal (N=12) and +Metal (N=12) treatments. +Metal 
treated plants received 12 waterings of a 100 mL solution of 270 mg/L CdCl2 and 200 mg/L 
Na3AsO4. -Metal treated plants received 12 waterings of 100 mL of water. Y axes are scaled to 
match for ease of comparison. 

 

 
 
Figure 32. The root, stem and leaf cadmium content of fuzzy (N=12) and control (N=12) Populus 
alba x Populus tremula root tissues in the –Metal (N=12) and +Metal (N=12) treatments. +Metal 
treated plants received 12 waterings of a 100 mL solution of 270 mg/L CdCl2 and 200 mg/L 
Na3AsO4. -Metal treated plants received 12 waterings of 100 mL of water. Y axes are scaled to 
match for ease of comparison. 
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