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Abstract 

Anthropogenic activities have led to widespread of heavy metal contaminants such cadmium and 

arsenic. When left untreated, they pose risk to both human and ecosystem health as well as 

further reduce arable lands. Phytoremediation, which is the use of plants and their associated 

microorganisms to clean up such contaminants, is environmentally friendly and cost effective. 

Fast-growing trees such as Populus sp. are good candidates for phytoremediation because of 

their tolerance to heavy metals, high biomass and their distribution across much of the northern 

hemisphere. However, the molecular mechanisms underlying poplar’s phytoremediation are 

poorly understood. Although Populus is a model tree species, with a sequenced genome and 

many genetic and genomic resources, the identification of genes for important tree traits is still 

slower than in other model plants such as Arabidopsis. This study uses a functional genomics 

approach to identify genes related to phytoremediation by taking advantage of a large collection 

of activation tagged poplars (Populus tremula x P. alba hybrid 717-1B4) created by Dr. Sharon 

Regan’s  Lab. After screening over 1700 independent transgenic lines for characteristics that 

could affect the phytoremediation, seven mutants had altered root biomass whereas 15 mutants 

had altered response to heavy metals. Of the seven root phenotypes identified, two previously 

studied mutants, called rippled leaf and adventitious root were further investigated. RT-qPCR 

analysis showed an up-regulation of CYCLIND1;2 and E3 ubiquitin-protein ligase XBAT32/33 in 

the roots of rippled leaf and adventitious root mutants respectively. The upregulation of 

CYCLIND1;2 is suspected to increase the root biomass through accelerated cell cycle division. 

XBAT32/33 on the other hand is suspected to promote the production of lateral roots through the 

regulation of ethylene biosynthesis. Altogether, this study provides a starting point in the quest to 

discover key genes responsible for phytoremediation and could lead ultimately to the 
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development of biomarkers for selection of superior trees from natural population for clean-up 

purposes. 
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1.0 Introduction 

All living organisms have functional units (proteins) working together to carry out various 

processes of life. Our quest to understand any biological function requires correct identification 

of proteins, their formation and interactions. Although the formation of proteins is complex, the 

process is directed by genes to meet both physiological and morphological demands of cells. 

Despite genes being the ultimate determinant of all life process, environmental factors can 

influence gene activities and this makes it difficult to study genes (Ahanger et al., 2017). Genetic 

studies are therefore conducted in controlled environment while experimentally manipulating the 

organism to identify and functional characterize genes. This has led to development of two main 

approaches; forward and reverse genetics (Figure 1).  

Figure 1: Overview of gene discovery and characterization technologies. Forward genetics 

approaches begin with the phenotype and seek to identify the genotype whereas reverse genetics 
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approaches work in the opposite direction starting from genotype to phenotype. Image source 

(Ben-Amar et al., 2016). 

 

Forward genetics starts with a phenotype and aims at identifying the genes responsible for the 

phenotype. Contrarily, reverse genetics starts with gene, alters it expression to characterize the 

gene from the resulting phenotype. In gene discovery screens, a mutagenizing agent such as 

ethylmethanesulfonate (EMS) (Jander et al., 2003) and activation tagging (Nakazawa et al., 

2003) are used to create a large population with random mutations and systematically screened to 

detect any difference between the control and mutants. Depending on the type of mutagen, 

different methods can be used to identify the location of the mutation (Sikora et al., 2011) and 

hence the identity of the gene. 

One major setback of using chemical mutagen such as EMS is that the procedure requires 

backcrossing the mutant line at least three times with the wild type to remove any additional or 

undesired mutations caused by EMS (Østergaard & Yanofsky, 2004). This renders the overall 

process slow, labor intensive and impractical for plant species that have long juvenile period like 

poplars. Activation tagging on the other hand is an insertional mutagenesis technique that offers 

a more direct step in creating and studying mutants. In activation tagging, a T-DNA construct 

consisting of four transcriptional enhancers, derived from the cauliflower mosaic virus (CaMV) 

35S ribosomal RNA gene (Figure 2) is randomly inserted into the plant genome through 

Agrobacterium tumefaciens-mediated transformation leading to a possible up-regulation of genes 

flanking the point of insert (Tani et al., 2004). Altered phenotypes are mostly dominant 

phenotypes due to the up-regulation of endogenous genes (Memelink, 2003). The inserted 

sequence serves as a tag for identifying affected genes. In a screen of activation tagged A. 
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thaliana population, the affected genes were within 380bp to 3.6kb of the point of insert and 

within 13kb in activation tagged poplar population (Busov et al., 2011). 

 
Figure 2: Activation tagging vector. The T-DNA construct consists of four copies of 

transcriptional enhancers, derived from the cauliflower mosaic virus (CaMV) 35S ribosomal 

RNA gene which can lead to an up-regulation of the flanking genes in any orientation. RB = 

right border, LB = left border. Image source (Radhamony et al., 2005). 

 

The use of biotechnology in addressing issues such as environmental pollution has become the 

mainstay (DaSilva et al., 2002). These technologies rely on the exploitation of inherent traits of 

plants formed and controlled by the interactions of genes and the environment. Over the years, 

anthropogenic activities such as mining, over application of fertilizers and industrialization have 

led to widespread release of toxic substances globally. These toxic substances, especially heavy 

metals (HMs) and metalloids including copper (Cu), cadmium (Cd), arsenic (As), chromium 

(Cr),  nickel (Ni), lead (Pb) and others, pose risks to both human and ecosystem health (Xu et al., 

2016). When left untreated, these metals can potentially leach into the water table, eventually 

join water bodies such as lakes and rivers, and flow into potable water networks (Chowdhury et 

al., 2016). The risks posed by heavy metals coupled with increased demand for arable lands have 

led to the development of soil cleanup technologies. Electrokinectics removes heavy metals by 

applying an electric current to the soil matrix (Alshawabkeh et al.,  2005) whereas solidification 

and stabilization utilizes the addition of binding materials such as cement, activated charcoal, fly 
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ash and clay to form a solidified mass or chemically reduce the reactivity of the metals (Mulligan 

et al.,  2001). Phytoremediation exploits the ability of some plants to take up (phytoextract) 

contaminants into their tissues and either metabolize, sequestrate or volatilize them depending on 

the chemical properties of the contaminants (Fischerová et al., 2006; Gordon et al., 1998). In 

some instances, these plants, especially the roots (rhizofiltration), remove these contaminants 

from water bodies and can reduce the bioavailability (phytostabilization) of heavy metals in the 

soil. Overall, phytoremediation offers a cost effective and an efficient way of reclaiming lands 

contaminated by heavy metals while promoting the reestablishment of vegetation (Marques et 

al., 2009). Although the process may be slow, it does not require heavy machinery and much 

labor as compared to traditional remediation technologies (Wan et al. 2016). Its low cost of 

operation and in situ advantages have driven the increase in the use of phytoremediation in 

reclaiming mining areas especially in Europe (van Liedekerke et al., 2014).  

Populus  trees including poplars, cottonwoods and aspens have emerged as well suited for 

cleaning up heavy metals and other contaminants from the environment in the northern 

hemisphere (Pajević et al., 2016). In North America, they are found in all continental US states, 

and all provinces and territories of Canada. Their natural ability to take up heavy metals is 

further enhanced by their fast growth rate, production of high biomass and deep root architecture 

(Sebastiani et al.,  2014). A comparison of the phytoremediation potential of three Populus alba 

L. clones showed that biomass production is a key indicator of a plant's bioaccumulation capacity 

as it determines its potential tissue storage space (Di Lonardo et al., 2011). The roots are the 

primary organ for absorption in contaminated soils and thus its large proportion of fine roots as 

well as a large cumulative root density to aboveground biomass ratio make Populus more  

morphologically suited for phytoextraction (Keller et al., 2003). In the soil, interactions between 



5 
 

the roots and beneficial soil fungi particularly the ubiquitous arbuscular mycorrhizal fungi 

(AMF), enhances plant growth and development by assisting in nutrient and water acquisition 

(Wu et al., 2018) and can alter the plant’s response to heavy metal (Bissonnette et al., 2010; 

Lingua et al., 2008).   

 

1.2 Problem statement and research objective 

Waste from mining activities is one of the major sources of heavy metal contamination. In 

Canada alone, the federal government has recorded over 22000 of heavy metal contaminated 

sites of which Kam Kotia (Timmins, Ontario) is one of to be the worst in Ontario (Federal 

Contaminated Sites Inventory, https://www.tbs-sct.gc.ca/fcsi-rscf/home-accueil-eng.aspx). The 

use of phytoremediation as an additional tool in cleaning up this contamination crisis holds 

promise since it is less labor intensive, cost effective and environmentally friendly than 

traditional engineering approaches. Of the native plant species in North America, Populus spp. 

have emerged as a suitable candidate in light of its attributes such as high biomass, fast growth 

and deep root structure. This thesis seeks to identify genes that could influence the 

phytoremediation potential of Populus, focusing on root development and heavy metals 

tolerance. 

Using a functional genomics approach, this study utilized about 1700 independent Populus 

tremula x P. alba mutants created by activation tagging and tested hypotheses to identify and 

characterize mutants that showed changes in root architecture and altered response to heavy 

metals. 

https://www.tbs-sct.gc.ca/fcsi-rscf/home-accueil-eng.aspx
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The availability of the whole genome sequence of Populus trichocarpa (Tuskan et al., 2006)  

and the relative ease of its transformation have uniquely positioned Populus sp. as a model for 

tree genomics (Taylor, 2002). More importantly, the genome of Populus tremula × alba 717-1B4 

has recently been sequenced (Xue et al., 2015) thus allowing direct genomic studies on this 

widely used clone. The discovery and characterization of genes that play roles in 

phytoremediation will form the foundation for developing biomarkers to select superior plants 

from natural populations as well as genetically modifying poplars for phytoremediation. Thus, 

the knowledge of these genes will inform us of the possible genetic pathways utilized by poplar 

in root development and heavy metal response. 
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2.0 Literature Review 

2.1 Populus spp (Poplar) 

Populus is one of the largest genus in the family Salicaceae. They are dioecious, deciduous and 

widely distributed in the Northern hemisphere of which Canada has the highest abundance and 

with seven out of the 29 species known globally occurring naturally in Canada (Cooke & Rood, 

2007). However, in areas where the species range overlaps, natural hybridizations can occur.  

Typically, trees have slow growth and thus challenging to study using genomics, as they require 

longer juvenile time. Populus, however are fast growing. Further to this, poplars are one of the 

easy-to-transform tree species with a well-documented transformation procedure (Taylor, 2002) 

 

2.1 Phytoremediation potential of Populus. 

Poplars have long been used in several industries including lumber, biofuels, pulp and paper 

(Balatinecz et al.,  2001). The wood fibers produced by poplars have high cellulose to lignin 

content which makes them suitable for making pulp and paper products as well as biofuels 

(Devappa et al.,  2015). Extracts from the leaves and other parts of the plants have been explored 

for clinical and food preservation purposes (Devappa et al., 2015; Klein-Galczinsky, 1999) 

However, one of the emerging usage of poplars is its application in phytoremediation and land 

reclamation. It involves the use of Populus in cleaning up soil and ground water contaminated 

with heavy metals  (Vangronsveld et al., 2009) and other toxic substances such as atrazine 

(Burken & Schnoor, 1996), trinitrotoluene (TNT) (Flokstra et al.,  2008) and petroleum products 

(Widdowson et al., 2005). Poplars have high tolerance to HMs such as cadmium, copper, 
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arsenic, iron, lead, zinc and thus makes them ideal candidates for cleanup purposes even in a 

mixed heavy metal contaminated soil (Baldantoni et al., 2014). The overall effectiveness of 

using poplars is attributed to its high biomass (Di Lonardo et al., 2011), root architecture (Keller 

et al., 2003) and fast growth. Unlike other phytoremediation plants, poplars can withstand a 

broad range of soil pH from 3.6 - 7.5 (Londo et al., 2006; Waring, 1961), thus conferring an 

advantage over other plants. 

 

2.2 Heavy metal uptake and tolerance. 

The definition of ‘heavy metals’ remains debatable in the scientific community (Hodson, 2004). 

However, it is generally used to refer to elements with high densities and potentially toxic in low 

concentrations. Some elements such as arsenic have properties of both metals and non-metals 

and are classified as metalloids, yet they are loosely referred to as ‘heavy metal’ because of their 

toxicity. 

Some heavy metals and metalloids (HMs) do play biological roles in plant growth and 

development and are therefore essential to plants. They include copper, cobalt, iron, manganese, 

nickel, zinc, chromium, molybdenum and are often required in low concentrations to support 

optimum growth (Rengel, 1999). They play vital roles in biological activities such as enzyme 

activation, redox reactions, photosynthesis, nutrient assimilation and form part of cellular 

structures (Emamverdian et al., 2015). However, when present in high concentrations, they 

exhibit toxic and inhibitory effects on enzymes as well as induction of reactive oxygen species 

that can compromise the integrity of cellular membrane (Oves & Saghir Khan, 2016). Other 

HMs such as arsenic (As) and cadmium (Cd) have no known biological functions in plants and 
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are toxic to plants even in low concentration. A concentration of 5 mg/L of cadmium in soil was 

found to capable of reducing plant growth (Ahmad et al., 2012). 

In the soil environment, metals can be found as either independent ionized elements or bound to 

other soil components including soluble and insoluble metal compounds, complex organic 

materials and silicate minerals (Marques et al., 2009). The state of a metal species in the soil 

environment is a major determinant of its bioavailability and toxicity to plants. When bound to 

silicate minerals, they do not cause as much toxicity as when existing as separate entities or in 

soluble metal compounds (Ramos et al., 1994). Other soil factors such as soil pH and moisture 

content have been found to alter the bioavailability of these metals (Harter, 1983; Sharma and 

Raju, 2013). For instance, the reduction of soil pH was found to increase the solubility of 

cadmium and zinc in the soil and subsequently influenced the uptake of these metals by Thlaspi 

caerulescens (Wang & Li, 2006). Likewise, the addition of lime to heavy metal contaminated 

soil such as mine tailing has been shown to immobilize copper, lead, zinc and cadmium as it 

increased the soil pH to alkaline leading to reduced metal uptake by plants (Islam et al., 2017; 

Lee et al., 2013; Trakal et al., 2011). The presence of organic matter and hydrous ferric oxides 

act as sorbents of cadmium, copper, zinc and nickel and thus reduce their bioavailability to plants 

(Yi et al., 2007). Also, the addition of aluminum and iron hydroxides is known to reduce the 

bioavailability of arsenic, cadmium, lead, copper and chromium by decreasing their solubility in 

the soil aqueous phase while the addition of manganese oxide rather increases their solubility 

(McBride & MartÍnez, 2000). This suggests that the activity of an HM is to an extent influenced 

by other metals present in the soil. These interactions between HMs in the soil can therefore 

affect their phytotoxicity. A study to determine the synergy of the interaction between lead and 

copper on the growth of purple loosestrife using a mixture at 1000 mg/kg each and 500 mg/kg 
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each failed to identify any synergetic effects of the mixture  (Nicholls & Mal, 2003). The authors 

suggested that the failure of their study could be due to the high lethal concentrations used since 

the plants rapidly died upon HM treatment. On the other hand, another study showed varying 

effects of six different HMs on the growth of maize plants (Ghani, 2010). However, when the 

HMs were applied as a mixture of two metals, the mixture was as toxic as the most toxic metal 

within the mixture and thus suggesting rather antagonistic effects. Often, contaminated soils 

resulting from anthropogenic activities such as mining, contains multiple HMs (Fashola et al., 

2016; Jung, 2008) and can potentially undermine phytoremediation depending on the plant 

species used. A study using Brassica napus seedlings found that, under high zinc stress, the 

accumulation of copper, iron and manganese reduced significantly, likely due to the competition 

for transport and storage space (Wang et al., 2009).  

In the soil, roots are the primary organ for absorption and they do so either actively or by passive 

diffusion due to concentration gradient (Peralta-Videa et al., 2009). However, only metals that 

are bioavailable in either soil aqueous phase or dissolved in root exudates are absorbed (Town, 

2000).  Generally, plants that can tolerate high concentrations of HMs use either of these 

strategies; exclusion, inclusion or bioaccumulation (Baker, 1981). Plants that use the exclusion 

strategy tend to restrict the uptake and accumulation of HMs and maintain a constant HM 

homeostasis over a broad range of soil HM concentration. Contrarily to the exclusion strategy, 

plants that use inclusion strategy tend to show a linear pattern of increasing HM concentration in 

their shoot as the soil HM concentration increases. However, the most desired plants for 

phytoremediation purposes are those regarded as bio-accumulators. This group of plants 

accumulate a relatively higher concentration of HMs in both root and shoot even at low HM 

concentration in the soil. By definition, hyper-accumulators are plants that can accumulate more 
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than 1.0% zinc, 0.01% cadmium or 0.1% lead, arsenic, cobalt, chromium, nickel, and copper per 

gram of dry biomass (Baker & Brooks, 1989). Preferably, plants that can accumulate more HMs 

in shoot than roots are used for phytoremediation purposes since it is relatively easier to harvest 

the above ground biomass  (Marques et al., 2009; McGrath & Zhao, 2003). Poplars are not  

hyper-accumulators, yet their high biomass allows them to accumulate HMs to appreciable levels 

(Di Lonardo et al., 2011) which is directly proportional to the concentration in the soil 

environment. In a relatively low contaminated site, the accumulation of zinc in poplar stems was 

recorded at <200 mg/kg (Laureysens et al., 2005) whereas in a different site, a concentration as 

high as >3000 mg/kg was recorded (Unterbrunner et al., 2007). 

At the molecular level, a number of proteins have been identified to play roles in the uptake and 

translocation of HMs to specific intracellular compartments as well as the efflux of HMs from 

the cells. Metal transporters embedded in the plasma membranes act as channels through which 

these metals enter the cells. Despite having putative metal binding sites, they do not exhibit 

metal substrate specificity (Paulsen & Saier, 1997). Non-essential metals with no known 

biological functions lack metal transporters are therefore transported based on the similarity of 

their chemical properties with essential metal ions. There are 3 main families of metal 

transporters that serve as primary entry for HMs; NRAMP (Natural Resistance-Associated 

Macrophage Protein) (Nevo & Nelson, 2006), CTR/COPT (Copper Transporter) (Puig, 2014) 

and ZIP (ZTR/IRT related Proteins) (Guerinot, 2000).  

NRAMP family of transporters are expressed in roots and are known to transport divalent cations 

such as Mn2+, Fe2+, Co2+, Ni2+, Cu2+, Zn2+ and Cd2+ across the membrane to the tonoplast 

(Krämer et al., 2007; Nevo & Nelson, 2006). For instance, the induction of NRAMP1 in the 

roots of poplars during late stage iron deficiency promotes Fe2+ uptake (Chen et al., 2019) 
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whereas in Arabidopsis, its induction leads to more uptake of Mn2+ in low manganese conditions 

(Cailliatte et al., 2010). The study of COPT family of transports in Arabidopsis thaliana shows 

their role in the uptake of copper and the subsequent translocation to the shoot and storage in 

specialized organelles (Puig, 2014). The expression pattern of COPT1 and COPT2 suggests a 

primary role in mediating Cu2+ uptake (Sancenón et al., 2003) while that of COPT6 has been 

implicated in both the uptake and translocation to shoots (Garcia-Molina et al., 2013). COPT5 on 

the other hand has been shown to remobilize copper from storage organelles such as pre-

vacuolor vesicles during environmental copper scarcity to enhance key copper-dependent 

reactions (Garcia-Molina et al., 2011). The ZIP family of transporters are likewise involved in 

transporting divalent ions across the plasma membrane to the cytosol. One of the first members 

of ZIP to be identified was IRT1 (Iron-Regulated Transporter 1) (Eide et al., 1996). The 

expression of IRT1 in the roots of both A. thaliana and rice have been shown to be primarily 

responsible for the uptake of iron especially when iron is scarce in the soil environment (Vert et 

al., 2002). However, under such iron limiting conditions, IRT1 was also found to facilitate the 

uptake of Cd2+, Mn2+, Ni2+ and Zn2+ (Cohen et al., 1998; Vert et al., 2002; Nishida et al., 2012). 

Evidence gathered from the study of ZIP in rice suggest that the expression of OsZIP1 and 

OsZIP3 plays primary roles in the uptake of Zn2+ whereas OsZIP4, OsZIP5 and OsZIP8 are more 

important for the translocation to shoot (Bashir et al., 2012). 

After crossing the plasma membrane of the roots, metal ions form complexes in the xylem with 

amino acids such as histidine (Krämer et al., 1996) or methionine-derivative nicotinamine (Pich 

& Scholz, 1996) and other organic acids. Other transport proteins are involved in the 

transportation of HM-complexes to the shoot. One of such transport protein families is the P-type 

ATPases, also known as the Heavy Metal-transporting ATPases (HMA). A genomic comparison 
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between A. thaliana and rice revealed about 43 shared P-type ATPases (Baxter et al., 2003) that  

play roles in cytosolic efflux of HMs as well as the translocation from roots to shoots (Mills et 

al., 2003; Verret et al., 2004; Willems et al., 2010). However, poplar has about 10 HMAs with 

high expressions in the xylem (Migeon et al., 2010). Others include; MATE (Multidrug And 

Toxic compound Extrusion) proteins which loads iron-citrate complexes into the xylem (Durrett 

et al., 2007) and the YSL (Yellow-Stripe 1-Like) proteins which are involved in long distance 

transport of HMs to shoot through the vascular system (DiDonato et al., 2004; Roberts et al., 

2004). 

In most tolerant plants, the primary line of defense is to restrict the uptake of HMs from 

accumulating to toxic levels. To achieve this, metal chelators in the root exudates form 

complexes with the metal ions and thus render them biologically unavailable for uptake. An 

example is seen in cadmium tolerant tomato where the secretion of oxalate at the apex of its 

roots has been shown to be responsible for its cadmium exclusion strategy (Zhu et al., 2011). 

Likewise, the secretion of succinic acid and citric acid by Oenothera picensis and Imperata 

condensate respectively have been found to be the key event in their copper exclusion strategy 

(Meier et al., 2012). In poplars, the secretion of oxalate and citrate in response to aluminum, 

exudation of oxalate, malate and formate in the presence of copper, as well as the secretion of 

formate when zinc is present, have been demonstrated to be the key events in immobilizing these 

metals (Qin et al., 2007). Next line of defense against accumulating toxic levels of HMs as seen 

in wild type poplars is the down-regulation of key genes such as HMA4 that play roles in the 

translocation of zinc at high levels (Adams et al., 2011). Another line of defense against 

cytosolic HMs is the recruitment of HM binding protein molecules as such phytochelatins (PCs) 

and metallothioneins (MTs) to chelate the metal ions and thus prevent oxidative stress (Cobbett 
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& Goldsbrough, 2002). The overexpression of PtPCS1 in poplars led to a higher accumulation of 

zinc in the leaves, potentially due to the detoxification roles of PtPCS1(Adams et al., 2011). The 

complexes formed between HMs and PCs or MTs are then transported by the H+ antiporters and 

ATP-dependent binding cassette (ABC) transporters to specialized vacuoles as seen in Brassica 

juncea (Mohamed et al., 2012). In poplars however, the ectopic expression of PtoABCG36 in A. 

thaliana suggest a possible role of cadmium efflux from the cells as a means of conferring 

tolerance (Wang et al., 2019). 

 

2.3 Root development and heavy metals. 

Several models have attempted to map out the mechanism underlying root develop spanning 

from cell division, cell growth and hormonal regulation (Band et al., 2012). The influence of 

several abiotic parameters such as soil characteristics, moisture, light, altitude, temperature and 

among others, further adds to the complexity of the mechanisms underlying root development. In 

a comparison of twelve tree species, soil characteristic and water content were found to be the 

major determinant of the root system (length and diameter) more than the tree species themselves 

(Zanetti et al.,  2014). Nonetheless, like all other higher organisms, plants grow through cell 

division and expansion, which to an extent is under hormonal control. Although the mechanisms 

underlying plant growth is not fully elucidated, growth related activities are mostly concentrated 

in the root apical meristems (RAM) (Bizet et al., 2015), the shoot apical meristems (SAM) and 

secondary meristems (Murray et al.,  2012). In eukaryotes, the addition of cells occurs through 

cell cycle, which involves a series of four-stage cellular events leading to the duplication of 

nucleic materials and division of the parent cell to form new daughter cells. The parent cell first 
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increases in size (gap 1 or G1 stage), duplicates its DNA (synthesis or S stage), enters into a pre-

division stage (gap 2 or G2) before the cell division (mitosis or M stage) occurs. One of the core 

mechanisms that tightly regulated the transition from one stage to another is the interactions 

between cyclin proteins and cyclin-dependent kinase (CDK) (Dewitte & Murray, 2003; 

Vandepoele et al., 2002). In Arabidopsis thaliana, the expression of CYCLIN genes are natural 

part of the cell cycle (Soni et al., 1995). However, their expression in the roots has be shown to 

activate cell division and stimulate faster cell cycle progression during seed germination 

(Masubelele et al., 2005).  

One of the reasons Populus is so widespread is its ability to be propagated vegetatively. In 

nature, Populus branches can root easily when they land in moist soil or along waterways. In 

horticulture, woody stem cuttings of about 20 cm length and 3 cm thickness are easily rooted 

with the application of exogenous hormones such as auxin. Auxin, a plant hormone, has been 

shown to be the key hormone in the development of both primary and lateral roots in 

Arabidopsis (Saini et al., 2013). The treatment of the roots of Arabidopsis with auxin have been 

shown to stimulate the over-expression of several cell division and expansion genes (Perrot-

Rechenmann, 2010) as well as cyclin dependent protein kinases (Doerner et al., 1996). Despite 

being the primary hormone for root initiation, crosstalk between auxin and other hormones 

especially cytokinin and ethylene have been suggested to be the determinant of the overall root 

architecture in Arabidopsis (Liu et al., 2017; Liu et al., 2014). Root architecture describes the 

frequency, angle and pattern of root branching as well as the length and sizes of both parent and 

lateral roots (Fitter, 1991). Plants rely heavily on their root architecture for anchorage and 

nutrient acquisition as more roots generally means more access to soil areas.  
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Plant growth hormones have been shown to play a role in modulating plant response to heavy 

metals. In A. thaliana, CdCl2 treatment led to an increase in ethylene biosynthesis, which in turn 

suppressed the accumulating of reactive oxygen anion superoxide and altered root architecture 

through initiating programmed cell death at root tips while promoting lateral and root hairs 

(Abozeid et al., 2017). In Oryza sativa, the application of cadmium and/or arsenic reduced the 

development of lateral root as these metals altered the expression of key genes in the auxin 

(indole-3-acetic acid) biosynthesis and transport pathways (Ronzan et al., 2018). In 

Populus×canescens, cadmium was shown to have the greatest impact on root growth followed 

by a reduction in shoot elongation and leaf initiation. It was also found to promote the 

conjugation of auxin to amino acids through the activities of auxin amido synthase leading to 

auxin depletion and lignin formation (Elobeid et al., 2012). 

 

2.4 Phytoremediation studies of contaminated soils from mining sites and artificially 

contaminated soils. 

An efficient phytoremediation application must take into consideration the physio-chemical 

properties of the soil, the type and concentration of the heavy metal contaminants in selecting a 

suitable plant (Anton & Mathe-Gaspar, 2005). As explained under section 2.2, the soil 

environment can influence the behavior and bioavailability of the metals. In addition, the choice 

of plant must have the ability to tolerate and accumulate the heavy metal contaminant and should 

be able to grow under the prevailing conditions be it in the field or greenhouse. Performing 

phytoremediation directly on the field may require some soil amendments depending on the 

plants level of tolerance. An in situ study was conducted by Ciurli et al.,(2014) to assess the 
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suitability of using poplars and arsenic-hyperaccumulator ferns in cleaning up a dumpsite 

(Tuscany, Italy) bearing over 1500000 tons of roasted arsenopyite with an estimated As 

contamination of 370 mg kg−1. In order to stimulate plant growth, they amended the soil before 

planting. They spread 60 tons compost made from solely vegetables per hector of contaminated 

land and another 60 tons per hector of a 1:3 mixture of cow manure and potting soil before tilling 

it a meter deep using ripper and harrowing discs. They planted two years old dormant poplar 

cuttings of 200 cm high into 0.8 meter deep holes and used two years old ferns that had been 

acclimatized to outdoor conditions for about six months. Although all the ferns died off within a 

few months, the poplars had a reduced survival rate by the end of the two-year study. This 

further shows poplar’s high adaptability to outdoor conditions. In that same study, they collected 

nearby soils contaminated with dust from the dumpsite for potted experiments. Arsenic 

accumulation in leaf tissues of the potted ferns was 1368.6 μg/g and 9.24 μg/g in potted Populus 

x canadensis ‘Orion’ clone which is known to be better suited for phytostablition than a 

phtytoextration (Giachetti & Sebastiani, 2006). In another study by Hu et al., (2013) on soil 

contaminated by over 40 years of wastewater discharge from a lead and zinc smelter, there were 

no visual signs indicative of heavy metal stress in the above ground tissues of Populus alba L. 

var. pyramidalis in both the field and potted experiments. However, they observed that in potted 

plants, the roots were shorter and had smaller diameter in all the soil mixtures, of which the 

highest impact was seen in 100% contaminated soil with a mixed concentrations of Cd (80 mg 

kg−1), Cu (530 mg kg−1), Pb (970 mg kg−1) and Zn (2350 mg kg−1). They also observed that the 

dry biomass of stems and leaves from plants in only 50% and 100% contaminated soil had 

reduced. Performing phytoremediation in a pot however often requires plants to be established 

first before the addition of metals or transplanting to contaminated soil. For instance, in the study 



18 
 

by Chandra & Kang (2016), they planted P. nigra cuttings and waited for about two months to 

allow sprouting and establishment of roots before treating the explants with various 

concentrations of mixed heavy metals solutions consisting of Cr, Cd, Cu and Zn. Thereafter, they 

harvested leaf tissues, stored in refrigerator under dark conditions for 7 days in 80% acetone, and 

read the absorbance at 663, 645, and 470 nm as a measure of chlorophyll content. They found 

that the chlorophyll content generally decreased with increasing metal content, which suggested 

that the metals could have impaired the synthesis of chlorophyll leading to the loss of green 

coloration. Rafati et al., (2011) conducted a study to determine which organs of Populus alba 

accumulates more Cd, Cr, and Ni. They used potted plants and watered with heavy metal 

solution. In their study, they prepared various concentration of CdN2O6.4H2O, CrN3O9.9H2O and 

NiN2O6 .6H2O and divided the volumes into three equal parts of which they irrigated the plants 

with a third part each week over three consecutive weeks. At the end of the treatment, they 

measured the metal concentration in the green leaves (live), fallen leaves (dead), roots and stems 

and found the highest concentrations of Cd and Cr in the fallen leaves. This reveals a positive 

correlation between accumulation of heavy metals in leaves and the subsequent death of such 

leaves. In an attempt to study the effect of heavy metals on leaf function of Populus tremula, 

Hermle et al., (2007) used a leaf classification system based on leafy injury. They mixed dust 

containing Cd, Pb, Cu and Zn from a non-ferrous metal smelter into the top soil to achieve 10, 

90, 640 and 3000 mg/kg respectively and observed the poplar leaves for injuries. Using the leaf 

injury semi-quantitative method, they ranked leaves on a five-point scale starting from 

asymptomatic, adaxial leaf stippling, necrotic leaf spots mainly at leaf margins and necroses 

expanding to more than 30% of leaf area. However, they also measured leaf gas exchange and 

were able to show that the heavy metals reduce the efficiency of photosynthesis by injuring the 
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leaf cellular structures. They further tested the influence of acidified rainwater and low soil pH 

on the effects of heavy metals by irrigating with a 3.5 pH and 5.5 pH water. Poplars treated with 

3.5 pH water in contaminated soil exhibited slightly higher symptoms than their counterpart in 

the 5.5 treatment group. However, they concluded that the effects of heavy metals are not 

significantly enhanced by low pH of acidified rainwater.  

In the study by Robinson et al., (2000), they sought to determine whether there was a difference 

in Cd accumulation pattern between in situ plants and potted plants and also determine the effect 

of chelating agents on Cd uptake and growth of poplars. They planted poplars on a field near a 

base metal smelter in Auby (Northern France) with varying concentrations from <1 µg/g to >300 

µg/g. However, in the potted experiments, they added appropriate volumes of 1% Cd solution to 

20 kg of soil to achieve 0.6, 1.6, 5.6, 20.6 and 60.6 µg/g. Although poplars in the relatively 

higher Cd contaminated field areas had accumulated excess of 200 µg/g, the ratio of metal 

concentration in plant to soil known as the bioaccumulation coefficient was the same between 

the field and potted plants. This suggests a similar pattern of Cd accumulation that is dependent 

on the concentration in the root zone. They also observed that concentrations below 20.6 µg/g 

did not induce any metal stress symptoms in poplars. They also found that, the addition of 

chelation agent such as ethylenediaminetetraacetic acid (EDTA) promoted more uptake of Cd by 

poplars.   
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3.0  Materials and Methods 

3.1 Study population 

This study was conducted on a 10-year-old field trial of about 1700 independent poplar (Populus 

tremula x P. alba) mutants created by activation tagging (Harrison et al., 2007). Briefly, four 

transcriptional enhancers, derived from the cauliflower mosaic virus (CaMV) 35S ribosomal 

RNA gene were randomly inserted into poplar genome through Agrobacterium tumefaciens-

mediated transformation. Consequently, the enhancers activate a nearby gene, usually within 13 

kb of the insertion, and cause an up-regulation of gene expression and a potential gain-of-

function phenotype (Busov et al., 2011). The population was maintained under greenhouse 

conditions for about 2 years before transplanting to their present location in a field in Eastern 

Ontario. All cuttings used for this study were collected from this 10-year-old population. 

 

3.2 Screening for phenotypes that could affect heavy metal tolerance/uptake. 

Activation tagging technique leads to the creation of gain-of-function mutants, which will 

typically be dominant phenotypes. The activation tagging strategy is also expected to display a 

phenotype in the tissue in which the gene is expressed. For example, a root phenotype would 

mostly be due the up-regulation of a gene in the root. To identify genes responsible for heavy 

metal uptake, we used several approaches to identify alterations in root morphology and plant 

heavy metal tolerance. Below is a chronological description of the approaches we used. In all 

cases, the goal was to clearly identify distinctive phenotypes that could affect poplar’s 

phytoremediation such as altered root biomass and heavy metal tolerance.  
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3.2.1 Water based screens: Hydroponics. 

The use of hydroponics provides a unique opportunity to assess below ground root phenotypes 

by growing plants in a soil-less medium, often in a nutrient solution. The P. tremula x P. alba 

717 1B4 hybrid is well known to be recalcitrant to rooting in hydroponics (Doty et al., 2007), 

however, the Regan lab was able to carry out hydroponics in 2014-2015. This study therefore 

adopted the exact protocol as previously used. The setup consisted of a 100 L flood tray 

connected to a 150 L tank via an automated pump. The pump was configured to automatically 

supply nutrient solution to the flood tray every four hours. Specialized hydroponics floral foam, 

Oasis Horticube with top groove (manufactured by Cropking, USA), were placed inside the 

flood tray and served as a medium in which the explants from the field were inserted. The floral 

foam has low destiny and high drainage properties that allows it to soak up the nutrient solution 

and gradually drain the solution back to the tank, leaving the lower end of the explants moist 

throughout the process. The nutrient solution was prepared using a commercially available 

nutrient solution, Roots Excelurator from House & Garden (Almere, Netherlands), at the 

recommended ratio of 1.1 ml per gallon of water. The water used in making the solution was first 

purified by reverse osmosis. The nutrient solution in the tank was replaced once in a week. The 

setup was mounted in Zone 3 of Queen’s University phytotron (Kingston, Ontario) in September 

2017 with an ambient temperature of about 18˚C to 24˚C. The solution in the tank was monitored 

and kept below 18˚C using chilled ice packs and was also oxygenated by an aquarium bubbler. 

Lastly, lighting in the phytotron was automated to augment the natural sunlight to provide 

explants with 16/8 light and darkness cycle (Figure 3).  

 



22 
 

 
Figure 3: Hydroponics growth of activation tagged poplar. Twelve woody stem cuttings from 

each mutant line were inserted in a floral foam and floated in a hydroponics tray connected to a 

tank (tank not shown). The tank contained the hydroponic solution mixed according to 

manufacturer’s instructions, aerated by air bubbling and renewed once a week. The setup was 

automated to supply the plants with the solution every 4 hours. 

 

Unfortunately, two attempts (September – October 2017) to grow this hybrid hydroponically 

using a previously successful commercial root solution was not successful. The buds on the 

explants sprouted within three to seven days with subsequent expansion of leaves. However, all 

the explants began to die off after about 4 weeks when they had not developed roots nor formed 

callus. This was marked by a characteristic blackening of the tissues that started at the apex and 

expanded to the bottom of the stem. A consultation with a local hydroponics expert (Vasili 

Brousalis, Kingston Organics and Hydroponics) revealed that the company recently changed the 
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recipe of the Roots Excelurator nutrient solution recipe, and that the company was under no 

obligation to tell us what was changed. Further attempts to use Promix Root Booster hydroponic 

solution by Premier Tech, Ontario, as recommended by Mr. Brousalis also failed to induce 

rooting in the hybrid. 

 

3.2.2 Soil based screens: Kam Kotia and artificially contaminated soil 

Following the hydroponics experiments, we decided to screen the trees on soil from a known 

contaminated site, the Kam Kotia mine in Timmins, Ontario. Rooting in soil was done as 

described by Harrison et al. (2007). Briefly, woody stem cuttings of each mutant, approximately 

15 cm length and 2 cm diameter, were induced with 16 mmol of indole-3-butyric acid (IBA) to 

develop roots in a soil mixture. A 0.2 cm hole was drilled through the stem using an electric drill, 

approximately 1 cm above the lowest bud, and toothpick presoaked with IBA for at least 24 

hours was inserted into the stem. The stem was then planted into a soil mixture prepared in a 1:1 

ratio using Sunshine mix #2 from Sungro Horticulture (Ontario, Canada) and sand from Rigney 

Building Supplies (Ontario, Canada) plus 200 to 300 spores of arbuscular mycorrhiza fungi 

(Glomus intraradices) from Premier Tech (Ontario, Canada) per pot. Each mutant was 

represented by four stem cuttings in triplicates, and were randomly positioned in Zone 3 of 

Queen’s University phytotron (Kingston, Ontario) from late October 2017 and lasted until early 

February 2018. Due to limited greenhouse space at the time, only 300 out of the 1700 total 

activation tagged lines were planted and tagged as first batch. The 300 mutants included 9 

mutants that had previously been characterized for their above-ground phenotypes: silenced 

(mutant 206), rosewood (mutant 325), baldy (mutant 351), adventitious root (mutant 630), bent 

leaf (mutant 1217), rippled leaf (mutant 1562), almost dead (mutant 1633), Edwina (mutant 
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1522) and corky (mutant 1739) (Harrison et al., 2007; Plett et al., 2014; Trupiano et al., 2013; 

Williams et al., 2015). The first batch screening started in late October 2017 and lasted until 

early February 2018. After about 12 – 14 weeks, the explants were gently uprooted and carefully 

stripped off the attached soil. Phenotype showed by more than 50% of rooted explants was 

assumed as the true phenotype. The roots were photographed and virtually analyzed and ranked 

in terms of quantity. Mutants that showed either less or more root biomass than average were 

selected for further analysis, and root samples from each mutant was stored in 50% ethanol for 

future anatomical analysis. 

 

3.2.2.1 Heavy metal tolerance on Kam Kotia soil 

After the biomass analysis of the first batch, the mutants were transplanted to contaminated soil 

to assess response to heavy metals. The contaminated soil was sourced from Kam Kotia mine in 

Timmins Ontario and had previously been shown to have high copper and zinc contamination 

(Hamblin & Kord, 2003). Furthermore, this site is mostly devoid of plant life, so the soil was 

expected to be toxic. Another student in the Regan Lab (Jackie Weber, personal communication) 

had tested the Kam Kotia soil on poplar stem cuttings and found the best concentration was a 3:1 

ratio of Sunshine mix #2 and Kam Kotia soil to provide the correct level of contamination 

without killing the trees. Rooted stems were grown in this soil mixture without the addition of 

AMF and for about 12 - 14 weeks and screened for phenotypes indicative of sensitivity to heavy 

metal stress such as necrotic leaves or delayed growth rate.  However, when I carried out this 

screen on 300 different lines, there was very little evidence of HM stress and after consultation 

with Dr. Barbara Zeeb from the Royal Military College, and following HM content analysis of 

the soil, it was determined that the HM content was much lower in this screen than expected 
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(Appendix A). Because there were no obvious phenotypes related to heavy metal stress, no trees 

were selected from this screen for future study. 

 

3.2.2.2 Heavy metal tolerance on artificially contaminated soil 

Due to the challenges with transporting large quantities of contaminated soil from Kam Kotia to 

Kingston, and the variability in the amount of HM in the soil samples in the field setting, the rest 

of the mutants were tested on artificially contaminated soil for response to heavy metals. Briefly, 

using the same rooting method as previously mentioned, 4 copies of each mutant were grown in 

a soil/sand mixture for 12 to 14 weeks (October 2018 – January 2019). This time to improve 

plant growth, a pre-AMF inoculated soil (Pro-mix BX mycorrhizae) from Premier Tech, Ontario 

was used. The plants were then watered with heavy metal solution containing cadmium (370 

mg/l) and arsenic (300 mg/l), 3 times weekly for 7 weeks. As a precaution, the entire screen was 

carried out on a waterproof surface, using heavy grade plastic sheeting to contain the heavy 

metals in case of overwatering, and all materials that came in contact with the HM were carefully 

disposed of after the screen. The concentration of cadmium and arsenic was based on studies by 

Wang et al. (2011) and Koprivova et al. (2002). At the onset of the heavy metal treatment, the 

mutants were monitored for phenotypes suggestive of sensitivity to heavy metal stress as well as 

the timing of the appearance of the stress symptoms. Symptoms included; chlorosis, adaxial leaf 

stippling, necrotic patches on leaves and death. Mutants that showed symptoms within the first 

three applications of heavy metal solution were considered less tolerant whereas those that did 

not exhibit symptoms until after the seventh application were considered more tolerant. 
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3.3 Measurement of gene expression in selected mutants 

Mutants of interest were selected after the screening process for further analysis. In the case 

where the putative gene of the mutant was previously known, the expression of the gene in the 

roots of the mutant was tested and compared to that of the wild type. In other instances where the 

gene associated with the selected mutant was yet to be identified, the proximal genes at the 

known point of insert of T-DNA was tested accordingly.   

 

3.3.1 Sample harvesting and handling of roots for gene expression analysis 

For the comparison of gene expression in the roots, fine roots were harvested from 14 to 16 

weeks old greenhouse grown explants and transported to the Regan lab in liquid nitrogen. 

Samples were taken from three biological replicates of similar height and shape that were 

randomly selected from a population of 50 explants. All glassware were baked at least 4 hours to 

ensure they were DNAse – RNAse free, and DNAse – RNAse pipette tips and other consumables 

were acquired from FroggaBio (Ontario, Canada). Solutions were prepared using diethyl 

pyrocarbonate (DEPC) – treated water or molecular biology grade water. Aseptic techniques 

were used throughout the experiments and where necessary, work was conducted in a dedicated 

RNA work area and flow hood. All nucleic acids and reagents were transported on ice and stored 

at their required temperatures. 

 

3.3.2 Nucleic acid extraction 

Total RNA was extracted as described by Rubio-Piña & Zapata-Pérez (2011). In order to reduce 

the impact of sampling bias and a possible variation in the extraction process, pooled samples 
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were used. About 200 mg each of fine root tissues from three biological replicates were mixed 

and ground into a fine powder using a mortar, pestle and liquid nitrogen. Thereafter, 200 mg of 

the resulting fine powder was transferred into a 2 ml centrifuge tube and 900 µl of extraction 

buffer and 50 µl of dithiothreitol (DTT) were immediately added. The extraction buffer consisted 

of 2% w/v cetyltrimethylammonium bromide (CTAB), 0.1 M TRIS-hydrochloride (pH 8), 1.4 M 

sodium chloride, 20 mM ethylenediaminetetraacetic acid (EDTA, pH 8) and 2% w/v 

polyvinylpolypyrrolidone (PVPP). Upon addition of the reagents, the tube was shook for about 

30 seconds and incubated at 65ºC for 10 min with intermittent inversion of the tube. At the end 

of incubation, 800 µl of chloroform was added, mixed for 30 seconds and centrifuged at 7938 x g 

for 10 minutes at 4ºC. The supernatant was carefully transferred to a new tube and 800 µl of 1:1 

phenol/chloroform was added, mixed and centrifuged as before. The supernatant was transferred 

to a new tube and equal volume of 24:1 chloroform/isoamyl alcohol was added, mixed and 

centrifuged. The resulting supernatant was transferred into a new tube and 1/3 volume of 8 M of 

lithium chloride was added, and incubated at -20ºC for a minimum of four hours to precipitate 

the nucleic acids. The sample was then centrifuged at 7938 x g for 20 minutes. The pellet 

recovered after centrifuging was first washed with 100% ethanol followed by 70% ethanol, air 

dried for about 10 minutes and treated with RNase free Deoxyribonuclease I (DNase I), 

Amplification Grade manufactured by Invitrogen, Ontario. Treatment was achieved by the 

addition of 25 µl of 10X DNase I reaction buffer, 5 µl DNase I (1 U/µl), 220 µl nuclease free 

water, and incubating at 37ºC for 15 minutes. Thereafter, 800 µl of phenol/chloroform (1:1) was 

added and centrifuged for 10 minutes at 4ºC to separate the nucleic acids. The supernatant was 

further washed by adding 24:1 chloroform/isoamyl alcohol and centrifuging as before. Following 

the wash, RNA precipitation was achieved by the addition of 1/10 volume of sodium acetate 
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(3M) and 2 volumes of 100% ethanol to the supernatant and incubating for a minimum of 2 

hours at -20ºC. At the end of the incubation period, the RNA pellet was recovered by 

centrifuging the sample at 13415 g for 15 min at 4ºC. The pellet was then washed with 70% 

ethanol, air-dried and then dissolved in 20 of nuclease free water. To assess the quality of the 

RNA extracted, a control reaction was included at the DNAse treatment step and the samples 

were run on a 2% agarose gel to observe for possible DNA contamination. In addition, 

absorbance of the RNA extract was measured using DS-11 Spectrophotometer (manufactured by 

DeNovix Inc., Delaware, USA) and 260/280 absorbance ratio of ~ 2 was considered pure. 

 

3.3.3 Complementary DNA (cDNA) synthesis of Total RNA 

The extracted total RNA was reverse transcribed into cDNA for use in gene expression analysis. 

This was achieved using Moloney Murine Leukemia Virus Reverse Transcriptase (M-MLV RT) 

kit (Invitrogen, https://www.thermofisher.com). The reaction was performed according to the 

manufacturer’s instructions. Briefly, 1µl each of oligo dT (500 μg/ml) and deoxynucleoside 

triphosphate (dNTP, 10 mM) mix were added to 1 µg of total RNA and the volume was brought 

up to 12 μl with sterile distilled water. The mixture was then heated to 65°C for 5 minutes and 

quickly placed on ice. Thereafter, 4 μl of 5X First-Strand Buffer, 2 μl of DTT (0.1 M) and 1 μl of 

RNaseOUT™ Recombinant Ribonuclease Inhibitor (40 units/μL) from the same manufacturer 

was added and incubated for 2 minutes at 37°C. Following the 2 minutes incubation, 1 μl of M-

MLV RT containing 200 units was added, mixed gently and incubated at same temperature for 

50 minutes. The reaction was terminated by heating the mixture at 70°C for 15 minutes. Quality 

control reactions performed were no-reverse-transcriptase control (nRTC) and no-template 

https://www.thermofisher.com/
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controls (nTC). The products of the reactions were assessed on a 2% agarose gel to assess for 

possible degradation.  

 

3.3.4 Real Time – Quantitative Polymerase Chain Reaction (RT-qPCR) 

Transcript abundance was measured as an indicator of gene expression using Biorad CFX96 

Touch Real-Time PCR Detection System. Express SYBR® GreenER™ qPCR Supermix 

Universal was obtained from Life Technologies (Ontario, Canada) and used per manufacturer’s 

instructions. According to the manufacturer, ROX reference dye is not a requirement when using 

the Biorad CFX96 machine. cDNA prepared from 1 µg of total RNA was first diluted by 10 fold 

to an equivalent of 100 ng starting total RNA concentration. A 20 μl reaction was setup 

consisting of 10 μl of Express SYBR® GreenER™ supermix, 0.4 μl each of forward and reverse 

primers (200 nM), 2 μl of diluted cDNA template and topped up with DEPC-treated water to 

make 20 μl total volume. The 96 well plate in which the reactions were setup was tightly sealed 

and place in the Biorad CFX96 machine. In a chronological order, the qPCR conditions were; 2 

minutes incubation at 50°C to allow uracil DNA glycosylase (UDG) within the supermix to 

control any carry-over contamination, 2 minutes at 95°C, and 40 cycles of 95°C for 15 seconds 

and 58 - 60°C (depending on primer set) for 1 minute. Amplification threshold values (Cq) 

greater than 35 were regarded as negative results. Melt curve analysis was done after the 

amplification cycles using temperature range of 60°C–95°C. Single peaks found after plotting a 

graph of change in fluorescent per unit time (dF/dt) against temperature suggested only one 

product had been amplified. However, in cases where peaks were ambiguous, the amplified 

products were ran on a 2% agarose gel for confirmation. The reactions also included no-template 

controls to test for possible contamination of supermix and primers. All reactions were setup in 
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three technical replicates with cDNA prepared from a pooled sample of three biological 

replicates.  

 

3.3.5 Primer design for gene of interest.   

After selecting mutants from the screens for further analysis, the most recent versions of both P. 

trichocarpa genome version 3 (https://phytozome.jgi.doe.gov/pz/portal.html) and P. tremula x P. 

alba 717 1B4 hybrid genome version 2 (http://aspendb.uga.edu/index.php/databases/spta-717-

genome) were used to design gene specific primers of known genes or proximal genes to the 

location of T-DNA insert if gene was unknown. To ensure primers were highly specific to their 

target regions, the primers were designed to span exon to exon junction, have a melting 

temperature (Tm) around 60°C and with less than 1°C temperature difference between the 

forward and reverse primers. The quality of the primers was further enhanced by setting a GC 

content greater than 55% and length between 20 to 30 nucleotides. All primers obtained from 

Life Technologies (Ontario, Canada).  

 

3.4 Primer validation 

Primers were validated in independent traditional PCR assays and assessed on an agarose gel 

before proceeding to RT-qPCR. Traditional PCR kits were obtained from FroggaBio (Ontario, 

Canada) and Biorad T100 PCR thermal cycler was used for the amplification. The reaction 

consisted of 1 μl of dNTP mix (200 μM), 1 μl each of forward and reverse primers (200 nM), 2.5 

μl of 10X PCR Buffer, 0.5 μl of Taq DNA polymerase (2.5 units), 1 μl of cDNA (100 ng) and 

topped up with PCR grade water to make 25 μl. In chronological order, the reaction was 

https://phytozome.jgi.doe.gov/pz/portal.html
http://aspendb.uga.edu/index.php/databases/spta-717-genome
http://aspendb.uga.edu/index.php/databases/spta-717-genome
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incubated for 5 minutes at 94°C, 30 cycles of 94°C at 30 seconds, a gradient of 54°C - 66°C and 

72°C for 2 minutes, and lastly 72°C for 5 minutes.  

 

3.5 Statistical analysis 

All gene expression measurements were conducted in three technical replicates using pooled 

samples from three biological replicates. Gene expression was calculated as relative expression 

of gene of interest normalized to the expression of a reference gene, UBIQUITIN 

(Potri.005G198700), based on evidence by Wang et al., (2015) that shows stable expression of 

in roots of Populus euphratica. The calculations were done using the delta Cq (∆Cq) method as 

described by Taylor et al. (2019). The average Cq value of the reference gene in the mutants and 

the wild type was calculated. Following that, individual Cq values of the gene of interest for all 

three replicates were normalized to the average Cq of the reference gene by subtracting the 

values of the gene of interest from that of the reference gene in both mutant and wild type and 

designated as delta Cq (∆Cq).  Thereafter, 2˄∆Cq was calculated for each replicate in both 

mutant and wild type. Data was plotted as bar graph using average of 2˄∆Cq (normalized 

expression) of gene of interest in both mutant and wildtype. Student t-test was calculated to 

determine the level of significance and alpha was set at 0.05. Error bars were represented by 

standard deviation of 2˄∆Cq.  
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4.0 Results 

In all, I performed four screens on 1700 activation tagged mutants from September 2017 to 

March 2019. The screens included two hydroponic screens, one Kam Kotia soil screen and one 

artificially contaminated soil screen (Figure 4). At the end of the screens, twenty-two mutants 

that exhibited phenotypes indicative of altered heavy metal response or altered root anatomy 

were selected for further studies. Of the selected twenty-two mutants, two were further 

investigated using RT-qPCR. 

 

 

Figure 4: Summary of screens performed on 1700 activation tagged P. tremula x P. alba 

mutants. 

  



33 
 

4.1 Seven (7) mutants showed increased/reduced biomass.  

Root architecture was expected to be a major determinant in phytoremediation capacity (Keller 

et al., 2003), and thus the roots biomass from screen 3 was assessed after 12 -14 weeks of growth 

in 1:1 soil and sand mixture without HM exposure. Root biomass was visually analyzed, 

photographed and ranked in terms of quantity of roots. Examples of roots are shown in Figure 5. 

A root phenotype exhibited by more than 50% of rooted explants of each mutant line was 

considered as the true phenotype of that mutant. Observations made during independent routine 

monthly root induction experiments using IBA had revealed a proportional relationship between 

the height of young (below four months) secondary shoot and the root biomass. Generally, the 

higher the secondary shoot, the more root biomass. Further to this, studies by Keller et al., 

(2003) had suggested that the ratio of cumulative root density to aboveground biomass is critical 

to the accumulation of heavy metals in poplars. Thus, mutants with fewer roots that were also 

about half or less the length of the secondary shoot were described as having less than average 

root biomass. On the other hand, mutants that had more roots and were about twice or more the 

length of the secondary shoot were classified as having more than average root biomass. All 

other root phenotypes were grouped as average root biomass. Using these grouping criteria, 

about 99.6% of the mutants assessed for root biomass were found to have average root biomass 

while the remaining 0.4% had altered root biomass. The major advantage of grouping the 

mutants based on this selection criterion is that, it reduces the likelihood of false positives since 

roots usually have a high plasticity. Of the 0.4% with altered root biomass, four (4) exhibited 

increase root biomass whereas three (3) had less than average root (Table 1). However, out of the 

four activation tagged lines that displayed increased root, I chose two to further study because 

they have also been identified in other screens; leaf morphology mutant rippled leaf  (Williams 
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et al., 2015) and one of the adventitious root mutants described in Trupiano et al. (2013) called 

adventitious root in this thesis.  

 

Table 1: List of selected candidates showing changes in root architecture (biomass). 

More than average root biomass Less than average root biomass  

Adventitious root (mutant 630)  

Rippled leaf (mutant 1562)  

141  

133  

240  

290  

225  
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A. Mutants with less than average root biomass 

   

Mutant 240    Mutant 290   Mutant 225 

B. Activation tagged lines with average root biomass 

   

Mutant 221    Mutant 191   Mutant 208 

   

Mutant 204    Mutant 273 

C. Mutants with more than average root biomass 

   

Mutant 141    Mutant 133   Adventitious root  

 

Rippled leaf 
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Figure 5: Images of some selected mutants after soil-based screen showing changes in root 

biomass. Selection was done after visual analysis of root quantity after 12 – 14 weeks growth. A. 

Mutants with less than average root biomass. B. Mutants with average root biomass. C. Mutants 

with more than average root biomass. 

 

4.2 Fifteen (15) mutants showed differential response to heavy metals. 

Concentration of heavy metals beyond that which a plant can tolerant causes phytotoxicity and 

exhibit a myriad of symptoms including leaf stippling, chlorosis, necrosis and death. None of the 

trees in the Kam Kotia soil treatment (Screen 3) displayed heavy metal stress. However, the 

artificially contaminated soil (Screen 4) resulted in distinct phenotypes in some of the activated-

tagged mutants (Figure 6). Mutants that showed symptoms of heavy metal stress by the third 

application of metal solution were considered as more sensitive while those that only exhibited 

stress after the seventh application were regarded more tolerant. All other mutants were 

considered as normal appearance of metal stress. However, by the ninth application of the metal 

solutions, all of the mutants had stress symptoms including a large portion of dead mutants. 

Based on this selection criteria, about 15 mutants (1%) of the total population were selected for 

further studies of which eight (8) mutants showed stress symptoms after the seventh application 

while seven (7) mutants exhibited stress symptoms by the third application (Table 2, Figure 7).   
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Table 2: List of the mutants with altered response to heavy metal solution based on the timing of 

appearance of stress related symptoms. 

Appearance of stress symptoms after seventh 

application 

Appearance of stress symptoms by the third 

application 

1493 638 

999 1026 

952 882 

466 936 

524 1262 

542 1285 

508 907  
1636 
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Figure 6: Examples of heavy metal stress exhibited as leaf injury upon application of 100ml of 

heavy metal solution containing cadmium (370 mg/l) and arsenic (300 mg/l), 3 times weekly for 

seven weeks. A. Asymptomatic B. Adaxial leaf stippling and chlorosis. C. Necrotic spots and 

patches 



39 
 

 

Figure 7: Some selected mutants with altered response to heavy metals. A. Some of the mutants 

with stress symptoms by third application of metal solution B. Some mutants with stress 

symptoms after sixth application. 
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4.3 Gene expression analysis 

4.3.1 CYCLIN D1 is upregulated in rippled leaf mutant roots 

At the end of the soil-based screen (Screen 3), the rippled leaf mutant (field number 1562, 

original tree number E19-12) emerged as one of the mutants with more than average root 

biomass. This mutant was previously known to have increased transcript abundance of CYCLIN 

D1 and exhibited altered cell division in the leaf and petiole, leading to a rippled-leaf phenotype 

(Williams et al., 2015).  However, the roots of this mutant were not previously studied. To 

determine the possible involvement of CYCLIN D1 in the altered root phenotype of rippled leaf 

mutant, the transcript abundance of CYCLIN D1 was measured by RT-qPCR and compared to 

that of wild type.  To achieve this, cDNA was synthesized from the total RNA extracted from a 

pooled sample of three biological replicates followed by RT-qPCR analysis using three technical 

replicates using primers shown in Table 3 and annealing temperature of 58 ˚C. The expression of 

CYCLIN D1 was normalized to the reference gene, UBIQUITIN (Potri.005G198700). Relative 

gene expression was calculated using ∆Cq method. CYLIN D1 showed an upregulation and an 

increased fold change of 1.42 (Figure 8, student t-test p-value = 0.027). 

Table 3:  Primers used in RT-qPCR analysis CYCLIN D1 and UBIQUITIN (Potri.005G198700). 

Gene Primers 

CYCLIN D1 For- AGCTCGATCCAGCAGGAGCCTATACTGG 

Rev-CGCAGCAATGCTAGATGGCCTATACTCAA 

UBIQUITIN (Potri.005G198700) For- TGAGGCTTTAGGGGAGGAACT 

Rev- TTTCTCCTCAACCGTTCC 
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Figure 8: Up-regulation of CYCLIN D1 in roots of rippled leaf mutant. Briefly, total mRNA was 

extracted pooled sample of three biological replicates and reverse transcribed into cDNA for 

qPCR analysis. Cq values were measured and normalized to the expression of UBIQUITIN 

(Potri.005G198700). Data is presented as normalized relative expression of three replicates 

(student t-test value, p = 0.027). * Indicates statistical significance. 

 

4.3.2 Four (4) proximal genes were identified at T-DNA insert in adventitious root mutant 

The adventitious root mutant (field number 630, original tree number D23-28) was previously 

identified in a screen for adventitious roots (Trupiano et al., 2013), and was found to have 

increased root biomass in the soil-based screen (Screen 3) of this study. However, the gene 

underlying the phenotype was not known. The flanking sequences of the T-DNA insert had been 

identified and used to determine the location of the insert in Populus trichocarpa genome version 

2.2 (http://Phytozome.org). Based on that location, Trupiano et al., (2013)tested several nearby 
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genes but were unable to identify an upregulated gene that could be responsible for the 

phenotype. 

Here we extended the analysis of the adventitious root mutant, and compared with the known 

flanking sequences of the T-DNA insert to all the poplar genomes currently available which 

includes a better annotated Populus trichocarpa genome version 3.0 

(https://phytozome.jgi.doe.gov/pz/portal.html) and a partial genome of the P. tremula x P. alba 

717 1B4 hybrid (http://aspendb.uga.edu/index.php/databases/spta-717-genome). 

Previous study on this activation tagged population had found that the enhancers usually up-

regulates a gene within 13 kb of the point of insertion (Busov et al., 2011). Thus, genes within 20 

kb of the point of insert were selected for analysis (Figure 9)s. They were; Potri.018G098300, 

Potri.018G098400, Potri.018G098500 and Potri.018G098600 and were assigned as AR1, AR2, 

AR3 and AR4 respectively (see Appendix B for details on these genes). 

 

https://phytozome.jgi.doe.gov/pz/portal.html
http://aspendb.uga.edu/index.php/databases/spta-717-genome
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Figure 9: Location of T-DNA insert in A. P. tremula × alba 717-1B4 genome version 2 

(http://aspendb.uga.edu/index.php/databases/spta-717-genome). B. Populus trichocarpa genome 

version 3.0 (https://phytozome.jgi.doe.gov/pz/portal.html). 

 

4.3.3 Proximal genes to the T-DNA insert adventitious root mutant were differentially 

expressed. 

After the identification of the proximal genes (AR1, AR2, AR3, and AR4) to the T-DNA insert in 

adventitious root mutant, the transcript abundance of each gene was measured as an indicator of 

their expression in the roots. Following same methodology as described for CYCLIN D1, cDNA 

synthesized from the total RNA extracted from a pooled sample of three biological replicates 

was used for the RT-qPCR analysis. Primers were designed using the National Center for 

Biotechnology Information (NCBI) primer design tool 

(https://www.ncbi.nlm.nih.gov/tools/primer-blast) first using P. trichocarpa genome and then 

edited to match the P. tremula x P. alba 717 1B4 hybrid genome (Table 4). Each gene was 

measured independently using optimized reaction conditions and three technical replicates. The 

http://aspendb.uga.edu/index.php/databases/spta-717-genome
https://phytozome.jgi.doe.gov/pz/portal.html
https://www.ncbi.nlm.nih.gov/tools/primer-blast
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expressions of the proximal genes were normalized to the reference gene and relative expression 

was calculated using ∆Cq method. There were no detectable transcripts for AR1 and AR4. 

However, AR2 was found to be upregulated and with an increased fold change of 5.16 (Figure 

10, student t-test p value = 0.0125). On the hand, AR3 show a downregulation and a reduced fold 

change of - 0.022 (Figure 11, student t-test 0.0268).  

 

Table 4:  Primers used in RT-qPCR analysis of proximal genes to T-DNA insert in adventitious 

root mutant. 

Gene Primers Optimum 

annealing 

temperature  

Potri.018G098300 

(AR1) 

For- AATGAGCACTTGCTGACCGC 

Rev- CCAAGGCCTGTTGTTCCAACG 

62.5˚C 

Potri.018G098400 

(AR2) 

For- TCCTTGTCTCTCTCAAAATTCACC 

Rev- AAAGCAACTCCCTTGATCTTCCA 

61˚C 

Potri.018G098500 

(AR3) 

For- GGAGGACTCTGCTTTGGCTT 

Rev- GCATGTGAAACCATGAAAAGGC 

59.5˚C 

Potri.018G098600 

(AR4) 

For- CATTTCCCACCGAAAGGGGAG 

Rev- CAGCAGAGAGACTGCTGTGAC 

63˚C 
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Figure 10: Upregulation of AR2 (Potri.018G098400) in the roots of adventitious root mutant. 

Briefly, cDNA was synthesized from total mRNA extracted pooled sample of three biological 

replicates and used for RT-qPCR analysis. Cq values were measured and normalized to the 

expression of ubiquitin. Data is presented as normalized relative expression of three replicates 

(student t-test, p value = 0.0125). * Indicates statistical significance 
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Figure 11: Downregulation of AR3 (Potri.018G098500) in roots of adventitious root mutants. 

Briefly, total mRNA was extracted pooled sample of three biological replicates and reverse 

transcribed into cDNA for qPCR analysis. Cq values were measured and normalized to the 

expression of ubiquitin. Data is presented as normalized relative expression of three replicates 

(student t-test, p value = 0.0268). * Indicates statistical significance. 

 

All together, the RT-qPCR analysis shows that CYCLIN D1 and AR2 are upregulated in root 

tissues of rippled leaf and adventitious root mutants respectively.  
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5.0 Discussion 

Functional genomics remains one of the best techniques in gene identification with high 

accuracy. More so, the use of activation tagging makes the process of gene identification 

relatively easier as it leads to a gain of function phenotype without disrupting the endogenous 

genes (Memelink, 2003).  In the past, the Regan lab (Queen’s university, Kingston) has 

successfully identified several genes through this technique on the same population used in this 

study. Dwarfy, a mutant with an increased expression of the gene ACC SYNTHASE8 exhibited an 

increase in ethylene abundance and reduced growth rate was found in this population (Plett et al., 

2014). Likewise, the fuzzy mutant which showed increased trichrome density due to the up-

regulation of MYB 186 (Plett et al., 2010) had also been identified. Other mutants found in this 

population that are either partially or fully characterized include bent leaf, cupped leaf, shriveled 

leaf, thin leaf, pcd-like, peppered, rosewood and serrated (Harrison et al., 2007). Here in this 

study, the screening of belowground phenotype revealed seven mutants with altered root 

phenotype of which rippled leaf and adventitious roots were further studied using RT-qPCR. In 

addition, fifteen mutants with altered response to heavy metals were identified.  

 

5.1 Hydropic screens. 

Growing plants hydroponically in a nutrient solution offers an alternate means to study roots 

with little destruction to the integrity of the roots. Despite the efforts to keep the nutrient solution 

below 18˚C to deter unwanted algae growth, it persisted in both the flood trays and the tank. 

Replacing the nutrient solution once in a week only reduced the population of the algae for the 

first few days. Thus, it is possible that the algal contamination competed for or depleted the 
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essential nutrients in the solution and subsequently deprived the explants of the amount of 

nutrients required to support growth. Some algae species like Lactuca sativa have been found to 

secrete metabolites that inhibit plant growth (Hulzebos et al., 1993). Although the algal 

contaminant was not assessed, it is possible it secreted toxins that inhibited the explants from 

rooting. In retrospect, we should have used closed tanks and covered the flood trays at the base 

of the explants to prevent light from reaching the nutrient solutions and possibly prevent algae 

growth.  Although the P. tremula x P. alba 717 1B4 hybrid used in this study is known to be 

recalcitrant to rooting in hydroponics (Doty et al., 2007), other options could have been explored 

to bypass this challenge. Options such as rooting first in soil or perlite before transferring to the 

hydroponic system as used by Migeon et al., (2012) would have greatly increased the survival of 

the explants. Nonetheless, others have successfully grown other hybrids such as Populus tremula 

×Populus tremuloides, P. trichocarpa x P. maximowiczii and non-hybrid species hydroponically 

using Hoagland solution or a modification of it (Masuda et al., 2018; Migeon et al., 2012).  

 

5.2 Altered root biomass screen 

Root plasticity makes the determination of root phenotypes challenging since many root systems 

have the ability to stimulate root growth in response to changing soil characteristics and stress. In 

large scale screen like this, it becomes even more challenging as more parameters such as 

positional difference in greenhouse and soil variation from pot to pot can potentially influence 

the root phenotype. To overcome this challenge, efforts were made to ensure consistent soil 

characteristics across the entire population using electric concrete mixer to mix the soil and 

watering with same volume of water. Unlike Zanetti et al., (2014) who observed different root 

length and diameter between fine and coarse soil, it was expected that the uniform soil 
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characteristic would not introduce any bias in this study. In addition, twelve explants were 

planted for each mutant line in randomized positions since smaller sample sizes could be 

misleading. Thus, the assumption that the phenotype exhibited by more than 50% of each rooted 

activation tagged line is a true representation of the phenotype minimizes the potential impact of 

root plasticity. These precautions incorporated into the biomass screen boost the confidence in 

the results of 7 out of 300 mutant lines having altered root biomass.  

 

5.3 Response to heavy metal screens. 

After transferring the 12 – 14 weeks old poplars with well-established roots to 3:1 Sunshine mix 

#2: Kam Kotia soil, I expected to see a distinct response to the presence of the heavy metals. 

However, this was not the case. Analysis of this soil mixture revealed low concentrations of 

heavy metals below the safe limits of the Canadian soil quality guidelines both for agricultural 

and recreational uses (Appendix A) including As (12 ug/g) and Cd (0.63 ug/g), possibly resulting 

from the 3:1 ratio used. Therefore, the observations made by Robinson et al., (2000), showing 

that poplars tolerate Cd concentrations below 20.6 ug/g conforms with the observation in screen 

3 since the plants did not exhibit visible signs of heavy metal stress. Furthermore, the potting soil 

used in making the mixture with Kam Kotia may contain substances that could have immobilized 

the already low concentration of the heavy metals and thereby reducing the uptake of these 

metals. For instance, Sunshine mix #2 from Sungro Horticulture (Ontario, Canada) contains over 

75% organic matter (Canadian sphagnum peat moss) and dolomite lime, which can potentially 

influence the behavior of the metals in the soil. However, in the case of the artificially 

contaminated soil (screen 4), because the plants were watered with high doses of heavy metal 

solution over a six weeks, it is possible that there were enough heavy metal ions beyond the 
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portion immobilized by the organic matter and lime to induce a response in the plants. Although 

is it not clear whether the heavy metal stress injury exhibited by the leaves is due to Cd or As or 

the combined effect of both metals, the observation made mimics that of Hermle et al., (2007) 

using a mixed metal contamination of Cd, Pb, Cu and Zn. Nonetheless, because this poplar 

population are genetically similar except for the gene affected by the activation tagging, the level 

of tolerance exhibited by the individual mutant lines can be assumed as a function of the affected 

gene. In light of observations by Chandra & Kang (2016) showing that poplar leaves lose their 

green coloration with increasing accumulation of heavy metals as well as observations by Rafati 

et al., (2011) which establishes a directly proportion between leaf injury and accumulation of 

heavy metals, we can deduce that mutants from this study with more dead, necrotic or yellowing 

of leaves are either less tolerant or may have accumulated more metals than their counterparts 

with greener leaves. Therefore, the fifteen mutants selected after screen 4 with altered response 

to heavy metals, may have enhanced expression of genes that may play roles in either uptake and 

transport of metals or the detoxification of such metals. However, further studies are required to 

identify and functionally characterized the affected genes. 

 

5.4 RT-qPCR analysis of rippled leaf and adventitious root mutant 

5.4.1 Increased root biomass could be due to the upregulation of CYCLIN D1 in rippled 

leaf. 

In the study by Williams et al. (2015), the rippled leaf mutant was shown to have altered cell 

division which led to an increase in the number of cortical parenchyma cells notably in the mid-

vein of the leaf and petiole as well as a significant reduction in the cell size and thus resulted in a 
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curled leaf phenotype. To ascertain whether the upregulation of CYCLIN D1 was related to the 

increased root biomass in this study, the transcript abundance was measured and found to be 

significantly higher in rippled leaf than the wildtype (Figure 8).  In studies by Soni et al., (1995), 

they measured expression of CYCLIN D1, D2 and D3 in tissues from matured Arabidopsis plant 

as well as cells derived from callus suspension. Although they found the expression of all the 

cyclin genes in leaves, stems, roots and callus, the expression was relatively very low in the stem 

and higher in regions with meristematic growth in the leaves and roots. Thus, suggesting their 

possible involvement in cycle division and cell expansion. In plants, there are two main regions 

with active growth, namely the shoot apical meristems and the root apical meristem. The central 

zone of these meristems act as stem cells slowly dividing to produce cells for the peripheral 

regions which undergoes differentiation and rapid cell division (Tucker & Laux, 2007). The 

molecular mechanism that maintains this delicate balance between meristem organization and 

cell division remains unclear. However, the interaction between cyclin genes and cyclin 

dependent kinases are believed to be vital for meristem integrity and cell cycle control (Eckardt, 

2008).  In the events of cell cycle, a parent cell synthesizes key proteins needed for cell cycle 

process (gap 1 or G1 stage), replicates its genetic material (synthesis or S stage), enters into a 

second growth phase (gap 2 or G2 stage) where it makes more proteins and reorganizes its 

content before the cell divides (mitosis or M stage). G1 and G2 are known as checkpoint at 

which the cell determines whether to commit to cell division or not (Inzé & De Veylder, 2006). 

Generally, cyclins are grouped according to the phase of the cycle cell in which they are highly 

expressed (Jesty & Francis, 1992). Based on that, cyclins that are highly expressed during the G1 

stage are referred to as G1 cyclins and they include CYCLIN C, CYCLIN D, and CYCLIN E. 

Cyclins expressed during the M stage are thus called M1 cyclins and they include CYCLIN A and 
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CYCLIN B. During seed germination, dormant embryos have been found to resume key 

molecular processes such transcription, translation, DNA synthesis and repair before the 

protrusion of radicle or roots (Baíza et al., 1989). In the germination of Arabidopsis, Masubelele 

et al., (2005) observed peak expression of six CYCLIN D and two CYCLIN A genes in root 

meristem preceding the protrusion of roots during the transition from G1 to S phase. The 

overexpression mutant lines used in that study revealed that the expression of CYCLIN D1;1, 

CYCLIN D2;1, CYCLIN D3;1 CYCLIN D3;2, CYCLIN D3;3, CYCLIN D4;1, CYCLIN A3;4 and 

CYCLIN A1;2 leads to the activation of cell division and faster cell cycle progression in the roots 

whereas the loss of function mutants exhibited a significant delay in root protrusion. Further to 

these observations, they found other CYCLIN D and CYCLIN A genes as well as cyclin 

dependent kinases that exhibit peak expressions at late stages of cell cycle that are involved in 

the transition from G2 to M stage.  

Over thirty cyclin genes related to cell cycle have been identified in Arabidopsis, of which six 

out of the ten CLYCLIN D genes are conserved in rice  (Vandepoele et al. 2002). In Populus 

trichocarpa, a total of forty-five cyclin genes have been found (Dong et al., 2011). Of these, 

twenty-two are CYCLIN D and phylogenetic analysis across angiosperms, moss and algae 

reveals that CYCLIN D1, CYCLIN D2 / CYCLIN D4, CYCLIN D3, CYCLIN D5, CYCLIN D6, 

and CYCLIN D7 subgroups are conserved in higher plants (Menges et al., 2007). Thus is it 

possible that these subgroups share a common subgroup-specific function.  

Due to the possible involvement of CYCLIN D in morphogenetic changes, it can be expected that 

CYCLIN D may respond either partially or directly to hormonal controls that drives 

morphogenetic changes in plants. Cytokinins are plant hormones that play roles in mitotic cell 

divisions especially the transitions form G1 to S stage and that of G2 to M (Schaller et al., 2014). 



53 
 

Treating Arabidopsis with cytokinin revealed induction of three CYCLIN D3 genes that are vital 

to greening and formation of shoot from callus in vitro (Dewitte et al., 2007; Riou-Khamlichi et 

al., 1999; Scofield et al.,  2013). Evidence by Sanz et al., (2011) showed that treating 

Arabidopsis with the ‘master’ root hormone auxin did not directly influence the expression of 

CYCLIN D2;1. However, it reduced the expression of the inhibitor of CYCLIN D2; 1 and led to 

increase in the formation of lateral roots. In a study by Doerner et al., (1996) in Arabidopsis, 

auxin up-regulated several cyclin genes and cyclin dependent kinases of which some exhibited 

15 – 20 fold increase, yet there was no abnormal root growth nor neoplasia although growth was 

significantly accelerated. Likewise, a comparison between our rippled leaf mutant and the wild 

type did not show any abnormal structures such as nodules nor lesions. However, the roots of 

rippled leaf mutant had more root biomass and were markedly longer than the wild type (Figure 

5). Thus, considering the functional characterization of CYCLIN D1 in promoting cell division in 

Arabidopsis (Dewitte & Murray, 2003; Masubelele et al., 2005), the increased expression of 

CYCLIN D1 in the roots of rippled leaf mutant may have resulted in a similar increase in cell 

numbers as observed by Williams et al., (2015) in the leaf and petiole of poplars. This may be 

responsible for the altered root biomass of rippled leaf. Nonetheless, further studies are required 

to ascertain the involvement of CYCLIN D1 in root development of poplars. The use of 

histochemical staining assays and gene reporters such as β-glucuronidase (GUS) would show the 

location of expression of CYCLIN D1. Its location in the central zone or peripheral region of root 

apical meristem would reveal its potential role in cell division or maintenance of meristematic 

integrity. Using diamidinophenylindole (DAPI) stain will allow us to track the cell cycle phases 

and relate the activities of CYCLIN D1 to cell cycle. In addition, performing a comparative cross 
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sectional analysis of the roots of rippled leaf mutant and wild type will reveal the difference in 

cell sizes, number and structures in the cortical and vascular tissues.  

 

5.4.2 Up-regulation of AR2 (Potri.018G098400) could be responsible for increased root 

biomass in adventitious root mutant. 

The adventitious root mutant was previously identified by Trupiano et al., (2013) in a screen for 

adventitious root phenotype and was also identified in screen 3 of this study to have altered root 

biomass. In the quest of Trupiano et al., (2013) to identify the gene responsible for the 

phenotype, they located the T-DNA insert and tested several proximal genes using Populus 

trichocarpa genome version 2.2 (http://Phytozome.org) but were not unsuccessful in doing so. 

However, by using the recently updated and better-annotated P. trichocarpa genome version 3.0 

(https://phytozome.jgi.doe.gov/pz/portal.html), we were able to identify that AR2 

(Potri.018G098400) was upregulated by a 5.16 fold increase whereas AR4 (Potri.018G098600) 

was down regulated by a -0.022 fold reduction. In activation tagging, the affected gene often 

exhibits an upregulation (Memelink, 2003) and so we can suspect that the down-regulation of 

AR4 is likely an unintended effect of the T-DNA insert. Although some studies have proposed 

using a simple fold change cut-off limits usually between 1.8 to 3.0 in selecting differentially 

expressed genes, this approach has been heavily criticized for the bias it introduces into a study 

(Mutch et al., 2002). Using such selection criterion is more likely to exclude transcripts that have 

low expression or copy numbers. Thus, the generally acceptable selection criterion is using 

standardized statistical analysis tests (p value < 0.05) as used in this study. 

http://phytozome.org/
https://phytozome.jgi.doe.gov/pz/portal.html
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A search in P. trichocarpa genome version 3.0 (https://phytozome.jgi.doe.gov/pz/portal.html) 

reveals the functional annotation of AR2 (Potri.018G098400) as E3 ubiquitin-protein ligase 

XBAT32/33 and thus suggests a possible role in ubiquitination, one of the post-translational 

mechanism by which eukaryotic cells regulate the expressions of genes. Over 5% of the genome 

of Arabidopsis have been predicted to encode proteins that plays roles in ubiquitination, of which 

more than thousand are members of the E3 ubiquitin-protein ligase family (Mazzucotelli et al., 

2006). In the ubiquitination cascade, ubiquitin is first activated by E1 and then transferred to E2 

to form an E2-ubiquitin complex (Ciechanover, 1998). E3 ligase interacts with the formed 

complex and recruits targeted substrates for degradation by 26S proteasome or other proteolysis‐

independent processes and is therefore considered the most important factor in targeted protein 

degradation (Deshaies & Joazeiro, 2009; Lorick et al., 1999). This implies that the huge size of 

E3 ubiquitin-protein ligase family in Arabidopsis (Mazzucotelli et al., 2006) is a major factor 

that allows ubiquitin to perform its targeted cellular housekeeping of degrading defective 

proteins and also regulate the quantity of active proteins that relies on synthesis/degradation 

ratio. 

In an in vitro analysis to determine whether Arabidopsis XBAT32 has E3 ligase functions, 

Nodzon et al., (2004) demonstrated the formation of ubiquitinated products in the presence of E1 

and E2. They further observed the expression of XBAT32 in leaves, stems and root but 

remarkably, the expression in roots was confined to the lateral root initiation zone and absent in 

the apical meristems of both primary and lateral roots. Upon the treatment with the ‘master’ root 

hormone auxin, expression of XBAT32 increased in wild type and partially restored the null 

allele xbat32‐1 mutant phenotype that was deficient in the formation of lateral roots. Based on 

the suspicion of XBAT32 involvement in the formation of lateral root, they transformed both the 

https://phytozome.jgi.doe.gov/pz/portal.html
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wild type and xbat32‐1 mutant with a mitotic cyclin gene CYCB1;1 which is a known marker for 

lateral root initiation (DiDonato et al., 2004) and is expressed by cells only during the transition 

from G2 to M stage when actively dividing (Ferreira et al., 1994). They observed that the 

expression of the CYCB1;1 marker was reduced in the lateral root initiation zone of xbat32‐1 

mutant and not the root tips. Although their findings show that Arabidopsis XBAT32 has E3 

ligase functions and is involved in root formation, it failed to suggest potential substrates it 

recruits for degradation.  

In another study by Prasad et al., (2010), they observed similar lateral root development 

deficiency as observed by Nodzon et al., (2004) in Arabidopsis. However, based on evidence by 

Ivanchenko et al., (2008) which shows that elevated levels of ethylene inhibits lateral root 

development and exhibits similar phenotype, Prasad et al., (2010) investigated the role of 

XBAT32 in ethylene biosynthesis and signaling. Upon the application of increasing doses of 

silver nitrate (AgNO3), a known antagonist of the receptors of ethylene (Beyer, 1976), Prasad et 

al., (2010) observed xbat32 mutant developed significantly more lateral roots than the wild type 

especially at higher concentrations of AgNO3. If higher doses of AgNO3 translates to more or 

efficient blocking of ethylene receptors, then XBAT32 is less likely to be involved in ethylene 

perception or signaling but rather its biosynthesis since elevated ethylene levels inhibit lateral 

root development. Furthermore, plants treated with combined AgNO3 and auxin yielded more 

lateral roots than treatment with auxin or AgNO3 alone. In Adams & Yang, (1979) model 

ethylene pathway, methionine adenosyl transferase catalyzes the conversion of methionine into 

S-adenosylmethionine (SAM) in the presence of ATP and is subsequently broken into 

aminocyclopropane carboxylic acid (ACC) and methylthioadenosine (MTA) by ACC synthase 

(ACS). MTA gives rise to methylthioribose through hydrolysis while ACC serves as the 
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precursor for ethylene under the activities of ACC oxidase. To confirm the role of XBAT32 in 

ethylene synthesis, Prasad et al., (2010) treated both the Arabidopsis wild type and xbat32 

mutant with increasing doses of ACC, ACC oxidase inhibitor cobalt chloride (CoCl2) and ACS 

inhibitor aminoethoxyvinylglycine (AVG). They observed that both enzyme inhibitors restored 

xbat32 mutant whereas ACC exacerbated the symptoms of elevated ethylene. Thus, suggesting 

that the xbat32 mutant could be producing more ethylene than the wild type, possibly due to an 

increased concentration or activities of ethylene synthesis enzymes. To identify the enzyme with 

altered concentration or activity, they tested a broad range of ACS enzymes in a yeast two hybrid 

screen using a nonfunctional XBAT32-AA and found strong interactions between AC4 and AC7. 

They further demonstrated that XBAT32 is capable of ubiquitination of AC4 and AC7 using 

glutathione S-transferase assays. Their findings are similar to Lyzenga et al., (2012) who also 

showed that E3 ligase XBAT32 mediates the degradation of AC4 and AC7 in regulating ethylene 

levels in Arabidopsis. 

In most developmental stages, the concentration of ethylene is low and high concentrations have 

been found to be inhibitory (Chae & Kieber, 2005). In many plant species, the increase in 

ethylene synthesis has been strongly correlated with the increase in expression of ethylene 

synthesis enzymes such as ACC oxidase in white clover (Hunter et al., 1999) and ACS as 

observed in poplars (Plett et al., 2014). In studies by Alarcón et al., (2009), root elongation of 

Zea mays decreased with increasing levels of endogenous ethylene. However, upon treatment 

with low concentration (0.5 μM) of ethylene precursor ACC, root growth was stimulated by 

8.5% for a brief moment within 24 – 48 post treatment hours and reduced with subsequent 

accumulation of ethylene. They further observed that the application of the ethylene synthesis 

inhibitors (cobalt ions and AVG) drastically reduced ethylene production and exhibited 
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diminished rate of root elongation. Thus, their findings suggest a gradient concentration of 

ethylene that is capable of supporting normal root growth in Zea mays since both low and high 

concentrations was shown to reduce the rate of root elongation. Others have proposed that plant 

maintain appropriate ethylene levels in response to environmental cue using a 

synthesis/degradation ratio mechanism (Chae & Kieber, 2005). More specially, the response of 

ethylene can be regulated at its biosynthesis, perception or transcription (McClellan & Chang, 

2008). However, since XBAT32 is an E3 ubiquitin-protein ligase, its suspected role is 

ubiquitination of a component of the ethylene biosynthesis pathway in response to environmental 

cues. A protein similarity analysis by Prasad & Stone (2010) showed that the Arabidopsis 

XBAT32 shares similar domain architecture with other plant species such as lily (Lilium 

longiflorum), rice (Oryza sativa), and poplar (Populus trichocarpa). XBAT32 is the only RING 

ankyrin repeat proteins that has been found to be involved in the ethylene biosynthesis pathway 

(Prasad & Stone, 2010). Other XBAT and related proteins have been shown to be involved in 

drought tolerance (Yang et al., 2008), fertilization (Huang et al., 2006), disease resistance (Wang 

et al., 2006) and senescence (Xu et al.,  2007). Although no studies has specifically investigated 

the role of poplar’s XBAT32 on the ethylene pathway and subsequent effect on root phenotype, 

based on the evidence gathered, we can expect that the upregulation of XBAT32 may have led to 

a reduction in ethylene levels and consequently the adventitious root phenotype. Furthermore, 

since AtACS7 is closely related to PtACS5 and PtACS6 (Lyzenga et al., 2012), it is likely the 

PtACS5 and PtACS6 are the target of XBAT32 in poplar. This can be confirmed following 

similar approached used by Prasad et al., (2010) including treatment with ethylene biosynthesis 

inhibitors and precursors as well as yeast two hybrid to identify the substrates of XBAT32. 

6.0 Conclusion & Recommendations 
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Altogether, seven mutants exhibited altered root biomass and fifteen mutants had altered 

response to heavy metal. Of the seven mutants with altered root biomass, the upregulation of 

CYCLIND1;2 was suspected to be responsible for rippled leaf mutant whereas the upregulation 

of AR2 (Potri.018G098400/ E3 ubiquitin-protein ligase XBAT32/33 ) is likely responsible for 

the adventitious root mutant. Due to root plasticity, a more accurate analysis such as using 

WinRHIZO™ is necessary to confirm the root phenotypes. WinRHIZO™ (Regent Instruments 

Inc., USA) is an image based root analysis that can detect differences in root morphology 

(length, volume, and surface area), root architecture (frequency of root branching and root hairs) 

and topology (angle of branching) of roots. Thus, using a system such as this can potentially 

reveal minute differences such as root hairs that would have gone unnoticed in a biomass only 

screen. In addition, a secondary heavy metal response analysis should be performed on selected 

candidates using various concentrations of single and multiple/mixed metal solutions. This will 

allow the identification of both concentration and metal specific responses in poplars. The use of 

overexpression and knockout mutant lines of CYCLIND1;2 and AR2 will confirm or rule out the 

roles of these genes in their respective mutants. Thereafter, molecular assays such as β-

glucuronidase (GUS) reporter gene assays can be used to detect the location of expression and 

yeast two hybrid assays can be used to determine the binding partners to further characterize the 

functions of these genes. In addition, the impact of altered root biomass on the uptake, 

translocation and accumulation of heavy metals particularly in rippled leaf and adventitious 

mutants should be assessed. Heavy metal content analysis of tissues from roots, stems and leaves 

will reveal storage tissues and possibly lead to the discovery of specific cellular structures that 

store the metals. In addition, a more specific experiment such as measuring the expression of 
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CYCLIND1;2 and AR2 in overexpressed and knockout mutants under heavy metal stress will 

suggest the relationship between these genes and the stress.  

In conclusion, the discovery and subsequent characterization of these genes will help develop 

biomarkers by which we can screen natural populations through association mapping to select 

genotypes that closely resemble or are superior to these desired phenotypes for phytoremediation 

applications. Furthermore, this information can be exploited in genetically engineering poplars to 

achieve the said goals.  
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Appendix A: Heavy metal concentration charts 

The Canadian Council of Ministers of the Environment (CCME) sets the guidelines for the 

classification of contaminated site based on the concentration and risk the contaminant poses 

both to human health and the environment. Thus, all concentration beyond the naturally 

occurring concentrations are deemed as unsafe and contaminated. 

Canadian Soil Quality Guidelines for the SUMMARY TABLES 

Protection of Environmental and Human Health 

Substance 

Year 

releaseda 

 Land use (mg·kg-1)  

Agricultural 

Residential/ 

parkland Commercial Industrial 

General Parameters 

Conductivity [dS/m] 1991 2 2 4 4 

pH 1991 6 to 8 6 to 8 6 to 8 6 to 8 

Sodium adsorption ratio 1991 5 5 12 12 

Inorganic Parameters 

Antimony 1991 20 20 40 40 

Arsenic (inorganic) 1997 12 12 12 12 

Barium 1999 750 500 2000 2000 

Beryllium 1991 4 4 8 8 

Boron (hot water soluble) 1991 2 — — — 

Cadmium 1997 1.4 10 27 27 

Cadmium 1999 1.4 10 22 22 

Chromium 

Total chromium 1997 64 64 87 87 

Hexavalent chromium (VI) 1991 8 8 — — 

Hexavalent chromium (VI) 1999 0.4 0.4 1.4 1.4 

Cobalt 1991 40 50 300 300 

Copper 1997 63 63 100 100 

Copper 1999 63 63 91 91 

Cyanide (free) 1997 0.9 0.9 8.0 8.0 

Fluoride (total) 1991 200 400 2000 2000 

Lead 1997 70 140 260 400 

Lead 1999 70 140 260 600 

Mercury (inorganic) 1997 6.6 6.6 24 30 

Mercury (inorganic) 1999 6.6 6.6 24 50 

Molybdenum 1991 5 10 40 40 

Nickel 1991 150 100 500 500 
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Nickel 1999 50 50 50 50 

Selenium 1991 2 3 10 10 

Silver 1991 20 20 40 40 

Sulphur (elemental) 1991 500 — — — 

Thallium 1999 1 1 1 1 

Tin 1991 5 50 300 300 

Vanadium 1997 130 130 130 130 

Zinc 1997 200 200 380 380 

Zinc (erratum) 1997 200 200 360b 360b 

Zinc 1999 200 200 360 360 

 

 

Heavy metal analysis was conducted by the Analytical Service Unit (Queen’s University, 

Kingston ON) using Inductively Coupled Plasma Atomic Emission spectroscopy (ICP-OES) and 

generated the report below. A comparison between this report and that of the Canadian Soil 

Quality Guidelines on HMs shows only Zinc to be above the recommend concentration for 

agricultural soils. (NB: ug/g = mg/kg) 

 

Report of Analysis Metals in Soil by ICP-OES; all results in ug/g 

Metal Soil Sample Soil Sample Duplicate 

Ag <0.25 <0.25 

Al 3300    3600    

As 12    11    

B <40 <40 

Ba 20    21    

Be 0.089 0.10 

Ca 13000    12000    

Cd 0.63 1.1  

Co 7.8  8.2  

Cr 9.6  9.7  

Cu 110    120    

Fe 21000    21000    

K 570    590    

Mg 5400    5200    

Mn 95    98    

Mo <0.50 <0.50 

Na 530    470    

Ni 7.1  5.6  

P 180    190    
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Pb 5.2  5.3  

S 8900    8300    

Sb <5.0 <5.0 

Se <1.0 <1.0 

Sn <2.0 <2.0 

Sr 20    19    

Ti 220    260    

Tl <1.0 <1.0 

U <5.0 <5.0 

V 8.9  10    

Zn 240    250    
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Appendix B: Description of proximal genes identified in adventitious root 

mutant.  

Potri.018G098300 (AR1) 

Functional annotations for this locus 

ID Type Description 

PTHR32468 PANTHER FAMILY NOT NAMED 

PTHR32468:SF17 PANTHER CATION/H(+) ANTIPORTER 10-RELATED 

PF00999 PFAM Sodium/hydrogen exchanger family 

Data generated from https://phytozome.jgi.doe.gov/pz/portal.html on Populus trichocarpa v3.0. 

Date: April 10, 2020.  

 

Sequences producing significant alignments 

Description Max 

Score 

Total 

Score 

Query 

Cover 

E 

value 

Per. 

Ident 

Accession 

cation/H(+) antiporter 3 

[Populus trichocarpa] 

1567 1567 99% 0.0 100.00% 
XP_002324499.3  

hypothetical protein 

DKX38_028350 [Salix 

brachista] 

1454 1454 99% 0.0 92.33% 

KAB5514444.1  

PREDICTED: cation/H(+) 

antiporter 4-like [Populus 

euphratica] 

1416 1416 93% 0.0 97.54% 

XP_011018120.1  

cation/hydrogen exchanger 

family protein [Populus 

alba] 

1238 1238 82% 0.0 96.75% 

TKR97329.1 

cation/H(+) antiporter 4 

[Populus trichocarpa] 

1022 1022 98% 0.0 65.80% 
XP_002309384.3  

PREDICTED: cation/H(+) 

antiporter 4-like [Populus 

euphratica] 

979 979 93% 0.0 66.21% 

XP_011009945.1  

cation/H(+) antiporter 3 

[Citrus clementina] 

692 692 97% 0.0 48.90% 
XP_006453481.1  

hypothetical protein 

CUMW_111860 [Citrus 

unshiu] 

691 691 97% 0.0 48.90% 

GAY48468.1  

Cation/H(+) antiporter 3 

[Morella rubra] 

691 691 98% 0.0 45.49% 
KAB1204179.1  

hypothetical protein 

CISIN_1g047130mg 

[Citrus sinensis] 

690 690 97% 0.0 49.03% 

KDO62376.1  

https://phytozome.jgi.doe.gov/pz/portal.html
https://www.ncbi.nlm.nih.gov/protein/XP_002324499.3?report=genbank&log$=prottop&blast_rank=1&RID=9250AVE3016
https://www.ncbi.nlm.nih.gov/protein/KAB5514444.1?report=genbank&log$=prottop&blast_rank=2&RID=9250AVE3016
https://www.ncbi.nlm.nih.gov/protein/XP_011018120.1?report=genbank&log$=prottop&blast_rank=3&RID=9250AVE3016
https://www.ncbi.nlm.nih.gov/protein/TKR97329.1?report=genbank&log$=prottop&blast_rank=4&RID=9250AVE3016
https://www.ncbi.nlm.nih.gov/protein/XP_002309384.3?report=genbank&log$=prottop&blast_rank=5&RID=9250AVE3016
https://www.ncbi.nlm.nih.gov/protein/XP_011009945.1?report=genbank&log$=prottop&blast_rank=6&RID=9250AVE3016
https://www.ncbi.nlm.nih.gov/protein/XP_006453481.1?report=genbank&log$=prottop&blast_rank=7&RID=9250AVE3016
https://www.ncbi.nlm.nih.gov/protein/GAY48468.1?report=genbank&log$=prottop&blast_rank=8&RID=9250AVE3016
https://www.ncbi.nlm.nih.gov/protein/KAB1204179.1?report=genbank&log$=prottop&blast_rank=9&RID=9250AVE3016
https://www.ncbi.nlm.nih.gov/protein/KDO62376.1?report=genbank&log$=prottop&blast_rank=10&RID=9250AVE3016
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Data generated using BLASTx of https://blast.ncbi.nlm.nih.gov/Blast.cgi  Date: April 10, 2020.  

  

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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Potri.018G098400 (AR2) 

Functional annotations for this locus 

ID Type Description 

PTHR24128:SF13 PANTHER E3 UBIQUITIN-PROTEIN LIGASE XBAT33 

PTHR24128:SF22 PANTHER SUBFAMILY NOT NAMED 

PF12796 PFAM Ankyrin repeats (3 copies) 

Data generated from https://phytozome.jgi.doe.gov/pz/portal.html on Populus trichocarpa v3.0. 

Date: April 10, 2020.  

 

Sequences producing significant alignments 

Description Max 

Score 

Total 

Score 

Query 

Cover 

E 

value 

Per. 

Ident 

Accession 

probable E3 ubiquitin-

protein ligase XBOS32 

isoform X1 [Populus 

trichocarpa] 

1024 1024 99% 0.0 100.00% 

XP_002325092.2  

PREDICTED: probable E3 

ubiquitin-protein ligase 

XBOS32 isoform X1 

[Populus euphratica] 

1010 1010 99% 0.0 99.02% 

XP_011018117.1  

putative E3 ubiquitin-

protein ligase XBOS32 

isoform X1 [Populus alba] 

999 999 99% 0.0 97.84% 

TKR97328.1 

hypothetical protein 

DKX38_028352 [Salix 

brachista] 

914 914 99% 0.0 91.14% 

KAB5514446.1  

hypothetical protein 

D5086_0000129060 

[Populus alba] 

889 889 99% 0.0 89.43% 

TKS05857.1 

probable E3 ubiquitin-

protein ligase XBOS32 

isoform X1 [Populus 

trichocarpa] 

889 889 99% 0.0 89.78% 

XP_002308433.1  

PREDICTED: probable E3 

ubiquitin-protein ligase 

XBOS32 isoform X1 

[Populus euphratica] 

867 867 99% 0.0 87.43% 

XP_011009950.1  

E3 ubiquitin-protein ligase 

XBAT32 isoform X1 

[Ricinus communis] 

851 851 99% 0.0 83.14% 

XP_002533218.1  

probable E3 ubiquitin-

protein ligase XBOS32 

isoform X1 [Hevea 

brasiliensis] 

847 847 99% 0.0 84.15% 

XP_021679852.1 

https://phytozome.jgi.doe.gov/pz/portal.html
https://www.ncbi.nlm.nih.gov/protein/XP_002325092.2?report=genbank&log$=prottop&blast_rank=1&RID=928E437Y016
https://www.ncbi.nlm.nih.gov/protein/XP_011018117.1?report=genbank&log$=prottop&blast_rank=2&RID=928E437Y016
https://www.ncbi.nlm.nih.gov/protein/TKR97328.1?report=genbank&log$=prottop&blast_rank=3&RID=928E437Y016
https://www.ncbi.nlm.nih.gov/protein/KAB5514446.1?report=genbank&log$=prottop&blast_rank=4&RID=928E437Y016
https://www.ncbi.nlm.nih.gov/protein/TKS05857.1?report=genbank&log$=prottop&blast_rank=5&RID=928E437Y016
https://www.ncbi.nlm.nih.gov/protein/XP_002308433.1?report=genbank&log$=prottop&blast_rank=6&RID=928E437Y016
https://www.ncbi.nlm.nih.gov/protein/XP_011009950.1?report=genbank&log$=prottop&blast_rank=7&RID=928E437Y016
https://www.ncbi.nlm.nih.gov/protein/XP_002533218.1?report=genbank&log$=prottop&blast_rank=8&RID=928E437Y016
https://www.ncbi.nlm.nih.gov/protein/XP_021679852.1?report=genbank&log$=prottop&blast_rank=9&RID=928E437Y016
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probable E3 ubiquitin-

protein ligase XBOS32 

isoform X2 [Hevea 

brasiliensis] 

847 847 99% 0.0 83.92% 

XP_021679853.1  

Data generated using BLASTx of https://blast.ncbi.nlm.nih.gov/Blast.cgi  Date: April 10, 2020.  

 

Potri.018G098500 (AR3) 

Functional annotations for this locus 

ID Type Description 

PTHR14155 PANTHER RING FINGER DOMAIN-CONTAINING 

PTHR14155:SF80 PANTHER RING-H2 FINGER PROTEIN ATL13-RELATED 

PF12796 PFAM Ring finger domain 

Data generated from https://phytozome.jgi.doe.gov/pz/portal.html on Populus trichocarpa v3.0. 

Date: April 10, 2020.  

 

Sequences producing significant alignments 

Description Max 

Score 

Total 

Score 

Query 

Cover 

E 

value 

Per. 

Ident 

Accession 

hypothetical protein 

POPTR_018G098500 

[Populus trichocarpa] 

882 882 99% 0.0 94.52% 

PNS93629.2 

RING-H2 finger protein 

ATL13 [Populus 

trichocarpa] 

862 862 97% 0.0 94.41% 

XP_024445731.1  

RING-H2 finger protein 

ATL13 isoform X1 

[Populus alba] 

858 858 99% 0.0 92.29% 

TKR97327.1 

PREDICTED: RING-H2 

finger protein ATL13 

isoform X1 [Populus 

euphratica] 

832 832 98% 0.0 91.34% 

XP_011018113.1  

PREDICTED: RING-H2 

finger protein ATL13 

isoform X3 [Populus 

euphratica] 

828 828 97% 0.0 91.30% 

XP_011018116.1  

PREDICTED: RING-H2 

finger protein ATL13 

isoform X2 [Populus 

euphratica] 

828 828 97% 0.0 91.30% 

XP_011018114.1  

hypothetical protein 

DKX38_028353 [Salix 

brachista] 

826 826 99% 0.0 88.84% 

KAB5514447.1  

https://www.ncbi.nlm.nih.gov/protein/XP_021679853.1?report=genbank&log$=prottop&blast_rank=10&RID=928E437Y016
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://phytozome.jgi.doe.gov/pz/portal.html
https://www.ncbi.nlm.nih.gov/protein/PNS93629.2?report=genbank&log$=prottop&blast_rank=1&RID=92BWBHPR01R
https://www.ncbi.nlm.nih.gov/protein/XP_024445731.1?report=genbank&log$=prottop&blast_rank=2&RID=92BWBHPR01R
https://www.ncbi.nlm.nih.gov/protein/TKR97327.1?report=genbank&log$=prottop&blast_rank=3&RID=92BWBHPR01R
https://www.ncbi.nlm.nih.gov/protein/XP_011018113.1?report=genbank&log$=prottop&blast_rank=4&RID=92BWBHPR01R
https://www.ncbi.nlm.nih.gov/protein/XP_011018116.1?report=genbank&log$=prottop&blast_rank=5&RID=92BWBHPR01R
https://www.ncbi.nlm.nih.gov/protein/XP_011018114.1?report=genbank&log$=prottop&blast_rank=6&RID=92BWBHPR01R
https://www.ncbi.nlm.nih.gov/protein/KAB5514447.1?report=genbank&log$=prottop&blast_rank=7&RID=92BWBHPR01R
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RING-H2 finger protein 

ATL13 [Populus 

trichocarpa] 

715 715 99% 0.0 81.01% 

XP_024459128.1  

PREDICTED: RING-H2 

finger protein ATL13-like 

[Populus euphratica] 

709 709 99% 0.0 79.80% 

XP_011005178.1  

hypothetical protein 

DKX38_010040 [Salix 

brachista] 

678 678 99% 0.0 77.33% 

KAB5552729.1  

Data generated using BLASTx of https://blast.ncbi.nlm.nih.gov/Blast.cgi  Date: April 10, 2020.  

 

 

Potri.018G098600 (AR4) 

Functional annotations for this locus 

ID Type Description 

PTHR32468 PANTHER FAMILY NOT NAMED 

PTHR32468:SF17 PANTHER CATION/H(+) ANTIPORTER 10-RELATED 

PF00999 PFAM Sodium/hydrogen exchanger family 

Data generated from https://phytozome.jgi.doe.gov/pz/portal.html on Populus trichocarpa v3.0. 

Date: April 10, 2020.  

 

Sequences producing significant alignments 

Description Max 

Score 

Total 

Score 

Query 

Cover 

E 

value 

Per. 

Ident 

Accession 

hypothetical protein 

POPTR_018G098600 

[Populus trichocarpa] 

1566 1566 97% 0.0 100.00% 

PNS93630.1 

cation/H(+) antiporter 4 

[Populus trichocarpa] 

1466 1466 92% 0.0 100.00% 
XP_002325093.1  

hypothetical protein 

D5086_0000215490 

[Populus alba] 

1402 1402 92% 0.0 96.34% 

TKR97326.1 

PREDICTED: cation/H(+) 

antiporter 4-like [Populus 

euphratica] 

1400 1400 92% 0.0 96.08% 

XP_011018221.1  

cation/H(+) antiporter 3 

[Populus trichocarpa] 

817 817 92% 0.0 54.68% 
XP_024459519.1  

hypothetical protein 

DKX38_010041 [Salix 

brachista] 

813 813 92% 0.0 55.13% 

KAB5552730.1  

https://www.ncbi.nlm.nih.gov/protein/XP_024459128.1?report=genbank&log$=prottop&blast_rank=8&RID=92BWBHPR01R
https://www.ncbi.nlm.nih.gov/protein/XP_011005178.1?report=genbank&log$=prottop&blast_rank=9&RID=92BWBHPR01R
https://www.ncbi.nlm.nih.gov/protein/KAB5552729.1?report=genbank&log$=prottop&blast_rank=10&RID=92BWBHPR01R
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://phytozome.jgi.doe.gov/pz/portal.html
https://www.ncbi.nlm.nih.gov/protein/PNS93630.1?report=genbank&log$=prottop&blast_rank=1&RID=92F9E3XY01R
https://www.ncbi.nlm.nih.gov/protein/XP_002325093.1?report=genbank&log$=prottop&blast_rank=2&RID=92F9E3XY01R
https://www.ncbi.nlm.nih.gov/protein/TKR97326.1?report=genbank&log$=prottop&blast_rank=3&RID=92F9E3XY01R
https://www.ncbi.nlm.nih.gov/protein/XP_011018221.1?report=genbank&log$=prottop&blast_rank=4&RID=92F9E3XY01R
https://www.ncbi.nlm.nih.gov/protein/XP_024459519.1?report=genbank&log$=prottop&blast_rank=5&RID=92F9E3XY01R
https://www.ncbi.nlm.nih.gov/protein/KAB5552730.1?report=genbank&log$=prottop&blast_rank=6&RID=92F9E3XY01R


84 
 

hypothetical protein 

D5086_0000228640 

[Populus alba] 

723 723 78% 0.0 57.21% 

TKR90913.1 

hypothetical protein 

D5086_0000129040 

[Populus alba] 

721 721 78% 0.0 57.06% 

TKS05855.1 

PREDICTED: cation/H(+) 

antiporter 3-like [Populus 

euphratica] 

707 707 78% 0.0 55.80% 

XP_011005186.1  

hypothetical protein 

POPTR_006G176800 

[Populus trichocarpa] 

697 697 72% 0.0 57.63% 

PNT32240.1 

Data generated using BLASTx of https://blast.ncbi.nlm.nih.gov/Blast.cgi  Date: April 10, 2020.  

 

 

https://www.ncbi.nlm.nih.gov/protein/TKR90913.1?report=genbank&log$=prottop&blast_rank=7&RID=92F9E3XY01R
https://www.ncbi.nlm.nih.gov/protein/TKS05855.1?report=genbank&log$=prottop&blast_rank=8&RID=92F9E3XY01R
https://www.ncbi.nlm.nih.gov/protein/XP_011005186.1?report=genbank&log$=prottop&blast_rank=9&RID=92F9E3XY01R
https://www.ncbi.nlm.nih.gov/protein/PNT32240.1?report=genbank&log$=prottop&blast_rank=10&RID=92F9E3XY01R
https://blast.ncbi.nlm.nih.gov/Blast.cgi

