
Uptake properties of some plants  species  in homogenous   Lead  (Pb) concentration - its  implication for phytoremediation.

1* Ogunlade- Anibasa G. O   and  2  Michael  .H. Ramsey
1 Department of Biological Sciences, University of Abuja  2  School of Life Sciences, University of Sussex,  UK
graoyiza@gmail.com

Uptake properties of four plant species ( Zea mays , Brassica  juncea, Brassica napus and  Thlaspi (Nocacae) caerulescens ) and their varieties   were investigated  in  a  greenhouse pre-phytoremediation  pot  trial.  Varieties’ abbreviations were derived either from their accession numbers or origin.  Zea mays and Brassica species were obtained gratis from the United States Department of Agriculture (USDA) , while Thlaspi species were obtained from field sites in Gang Mine and BlackRock – Derbyshire,  and the Royal Botanic Garden (KEW),  United Kingdom. This pot trial was done in two stages – the seed germination experiment and pot trials in 1000 mg/kg lead (Pb) added treatment    with 0 mg/kg Pb   added treatment as  control.   Standard analytical methods were used.  Lead concentration of plants and soil materials were determined using the Atomic Absorption Spectrometer Perkin Elmer 400 after acid digestion with nitric and perchloric acid. This pot experiment that assessed the effect of Pb in a fixed homogenous concentration (1000 mg/kg)) and found a significant effect(p<0.05) of the Pb added treatments, when compared to a control treatment (0 mg/kg Pb added). Biomass and uptake varied by 20 to 100% within and between sixteen (16) species/varieties. The concentration and translocation factors (CF and TF) were statistically significantly different (P< 0.05) between species and within varieties as well as other growth parameters, which showed the effects of the Pb added treatment.   Results enhanced the determination of the uptake potentials of the plants studied and   their selection for further phytoremediation pot trials.
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1. Introduction
1.0 INTRODUCTION 

Soil is a medium of interaction between the atmosphere, biosphere, and the lithosphere. The presence of toxic elements in soils can be harmful to plants, animals and humans via this interaction (Kelerpteris et al., 2006; Anibasa and Ejeikwu, 2017. Soil plays a very complex and important roles as filter, buffer, storage and transformation systems, thus helping to protect the global ecosystem against the effects of pollution. However, the efficiency of these functions depends on the preservation of soil properties (Sharm and Dubey, 2005; Kabata-Pendias, 2010). 
According to Jeana, (2000) since the dawn of industrial revolution, mankind has been introducing numerous hazardous compounds into the environment at an exponential rate. These hazardous pollutants consist of variety of organic compounds and heavy metals, which can pose serious risks to human (Fahr et al., 2013). One of the most serious and long-term outcomes of environmental pollution is heavy metal contamination of soils (Kabata-Pendias, 2010). Kitashi and Yamane, (1981); Greener and Kochen, (1983); Strubelt et al., (1996)   Huang and Cunningham, 1997; Johnson, 1998; Jeana, (2000) Bhuiyan et al., (2010) ; Udeigwe  et al.,  ( 2011)  reported that heavy metals in the environment are sources of concern because of their potential reactivity, toxicity, mobility and non-biodegradable nature in the soil.
The term heavy metals have been widely used to refer to a group of metals and semi-metals that have been associated with contamination and potential toxicity (Duffus, 2002). High concentrations of heavy metals in some soils have been widely reported. Heavy metals such as lead (Pb), zinc (Zn), cadmium (Cd), nickel (Ni) and chromium (Cr) are released into the environment by many processes (23). For example, United States Environmental Protection Agency {USEPA} USEPA, (1997) and USGS (2008 ), reported the presence of Cd, Ni, Pb, Zn, copper (Cu), chromium (Cr) and mercury (Hg) in soils at some hazardous waste sites previously used for mining and smelting activities in the United States. There is an estimate of over half a million heavy metal contaminated sites throughout the world (USEPA, 1997; USGS, 2013). 
The main threats to human health from heavy metals are associated with exposure to Pb, Cd, Hg and Arsenic (As) (Lars, 2003; ASTDR, 2007; Fahr et al., ,2013). Lead (Pb) is one of the most widely distributed heavy metals. It is a bluish–grey metal, also known as plumbum or pigment metal, which occurs naturally within the earth crust (Environment Writer, 2000). Lead pollution of soil especially in mining areas is a widespread and significant problem globally. Lead has been ranked second hazardous substances next to arsenic because of its toxicity (1). It exhibits extreme persistence and accumulation in soils, sediments, and water (Traunfield and Clement, 2001; ASTDR, 2007; Lee et al., 2013). 
Lead has been made ubiquitous in the environment by anthropogenic activity (Griffith, 2002) . It has been used by man for at least 5000 years and its early applications include its use as building materials, pigments, paints, ceramics, and pipes for transporting water (Lars, 2003). Variety of industrial processes involve the use of Pb such as mining, smelting, manufacture of pesticides, dumping of municipal waste and burning of leaded fuels containing lead additives (Jeana, 2000; Seul-Ji et al., 2013). Other anthropogenic sources of Pb include the use of industrial emissions, landfill, and sewage sludge (Jeana, 2000). An estimated 5.2 million tonnes of Pb are released into the environment annually from lead mining sites ( Vamerali et al., 2010). Crustal abundance of Pb is much lower than the Pb produced by anthropogenic influences. The estimated value of Pb crustal abundance is between 10 and 14 mg/kg (47; 41; 39).
Lead contamination of soil can cause variety of environmental problems, including loss of vegetation, ground water contamination and toxicity to plants, animals and humans (Bauchauer, 1993; Body et al., 1991; Huang and Cunningham , 1996; Yusuf et al., 2011).  It has no known biological function in living organisms and is toxic at low concentrations (USEPA, 1997; Kabata-Pendias, 2010). Lead is toxic to humans and may be implicated in systemic poisons, building up in the body over an extended period and exposure (Bakerly, 1978; Hill and Petrucci, 1999).  Purefoy (2010)  reported that 30,000 people have been poisoned by Pb and estimated that 400 children have died due to Pb poisoning because of Pb contamination of residential soils in Zamfara, Northern Nigeria. 
Due to anthropogenic use of Pb, most soils are likely to be enriched in Pb, especially within the top horizon (Kabata -Pendias, 2010). The steadily increasing amounts of Pb in surface soils in both arable and cultivated lands have been reported for various terrestrial ecosystems and anthropogenic Pb deposition extending back at least to Greek and Roman times has been traced in peat cores of European countries ( Kabata-Pendias, 2010) . Peat soils are regarded as a sink of Pb deposited by the atmosphere and might be a significant source of the metal to the fluvial system due to peat erosion processes (Rothwell et al., 2008). In Europe, areas around metal smelting complexes have been found to be heavily contaminated by Pb, Cd, Cu and Zn (Alloway, 1991; Fent, 2004; Panagos et al., 2013).
Soil Pb concentration values are different for every region.  A similar value (100 mg/kg) was established in China for tea garden soils (Jin et al., 1987). However, there are no established values of Pb for soils in most developing nations. American Blacksmith Institute recorded 11000 mg/kg Pb in residential soils of Pb contaminated villages in Zamfara, Northern Nigeria (BI, 2011). This high Pb concentration resulted in a widespread Pb poisoning triggered by illegal artisan gold mining activities. Lead can be released into the environment through gold mining activities as a result of the association of the primary Pb mineral (galena or PbS) with the gold ore nagyágite {Pb5Au (Te, Sb)4S5-8} (Effenbenger et al., 1999).  Galena may become associated with other secondary Pb minerals through weathering processes, oxidation, and anthropogenic deposition (Richard et al., 2007). Lead contamination of soils and plants in gold mining areas of China and Nigeria are higher than in unmined areas (Zabowski et al., 2001; Salami et al., 2001).  Lead concentrations of household dust of children sleeping areas in Zamfara was 2.5 times higher than the USEPA residential soil limit of 400 mg/kg (Taylor et al., 2013). The number of reported cases of Pb pollution in developing nations is an indication that Pb pollution is still an environmental issue to reckon with in developing parts of the world.
Davies (1977) ,  stated that the upper limit for Pb content of an unpolluted soil in the United Kingdom should be established as 70 mg/kg. However, a recent survey (3) reported 180 mg/kg as the normal background concentrations (NBC) of Pb in English soils. That study (Ander et al., 2013) also reported Pb concentrations of 2400 and 820 mg/kg for non-ferrous metalliferous mineralized areas associated with mining activities and urbanised areas respectively. Previous studies by (Alloway, 1990); Baker et al., (1994); Safae et al., (2008) in the United Kingdom have shown significant Pb contamination of some sites. One survey of soils in England and Wales reported Pb concentrations ranging from 30-1638 mg/kg with a median value of 40 mg/kg (). Data supplied by the Geochemical Baseline Survey of the environment (G-Base) project run by the British Geological Survey, reported a topsoil (0-150 mm depth) Pb concentrations in Derbyshire Dales of 996 mg/kg and the subsoil (300-450 mm/depth) Pb concentrations of 470 mg/kg (DEFRA, 2007). The highest recorded concentrations for some top and sub soils in Derbyshire were 35930 mg/kg and 24700 mg/kg respectively (DEFRA, 2007).
The high concentration of heavy metals in some soils is reflected in the higher concentrations in some plants and which can be biomagnified through the food chain ending up with animals and humans (Buszewski et al., 2000; Vamerali et al., 2010). The Pb levels of soils that are toxic to plants are not easy to evaluate, as it is not easy to predict how much of soil Pb is bioavailable to plants (Davies, 1977). Although Pb is not an essential element, a small number of plants species proliferate in Pb contaminated areas and can potentially accumulate it in different parts of the plants depending on the species. 
This ability of some plants to absorb heavy metals make them useful indicators of environmental pollution (Farago, 1994). Lead, like any other heavy metal, enters plants’ cells and tissues through various uptake mechanisms. The roots are usually the first plant organ of contact with contaminated soil. One of the potential exposure routes of Pb into the human food chain is via the consumption of plants grown on contaminated soils (Anibasa and Oladele, 2019). However, ingestion of Pb contaminated soil is a primary route of human exposure to Pb (Anibasa and Balogun, 2018). The generic assessment criteria used to estimate the risk of contaminant to human from consumption of contaminated food crops as a concentration factor is based on the soil and plant contaminant concentrations. 
Increasing public concerns over the presence of certain chemical pollutants in the environment have led to a search for suitable technologies for clean-up of contaminated environments (Chaudry, et al, 2005; Fahr et al., 2013). In recent decades, phytoremediation has emerged as a low cost, low–maintenance, environmentally friendly and renewable technology for in situ clean up, stabilization and removal of organic and inorganic contaminants from the environment, which is considered more cost effective than ex situ decontamination methods (Chaudry, et al, 2005; Vamerali et al., 2010; Thanh et al., 2013 ). Plant uptake of Pb poses a potential health risk to both animals and humans and at the same time may provide possible solutions for remediation of contaminated land. 
Plants which accumulate heavy metals are known as metallophytes. Metallophytes can differ largely in their heavy metal contents (18). Several plants show potential for Pb accumulation from the soil (89). All plants could accumulate “essential” metals (e.g., Ca, Co, Cu, Fe, K, Mg, Mn, Mo, Na, Se, V and Zn) from the soil, although different concentrations are required for growth and development (Chotu and Fulekar, 2009). This ability also allows them to accumulate some other “non-essential” metals (Al, As, Au, Cd, Hg, Pb, Pt, Sb, Te, Ti and U), which have no known biological function (Djingova and Kullef, 2000). Some have evolved tolerance to large amounts of metals in their environment through exclusion, inclusion and bioaccumulation (Baker, 1981).
Safae et al., (2008) reported that Pb is accumulated in roots of two ecotypes of Thlaspi caerulescens in West Morocco. Potential hyperaccumulator species such as Armeria maritime (sea pink), Arabidopsis halleri (rockcress), Ambrosia artemisiifolia (ragweed), Brassica napus (oil seed rape), Brassica juncea (Indian mustard), Brassica oleracea (including common cultivars such as cauliflower, broccoli, cabbage, kale, Brussel sprout), Festuca ovina (sheep fescue), Helianthus annus (sunflower), Thlaspi rotundifolium (round leaved pennycress), Triticum aestivum (bread wheat)  , Vernonia  amydalina ( bitter leaf) ,  Occimum gratissum ( Scent leaves) and Zea mays (maize or corn) have been reported (Baker et al., 1994;  Deram and Petit, 1997 ; Reeves and Brooks, 1983; Bert et al., 2000; Solomon-Wisdom et al., 2015 ; Anibasa and Oladele, 2019) . The most frequently cited Pb hyperaccumulator is the cultivar Thlaspi rotundifolium (L). Gaud–Beaup (round leaved pennycress) which can accumulate a shoot Pb concentration of 8500mg/kg (Reeves and Brooks, 1983). However, Thlaspi rotundifolium has a small biomass and slow growth rate. Brassica juncea (L) Czern also demonstrated an ability to accumulate Pb to a higher degree when grown in a nutrient solution that had high concentration of soluble Pb as Pb (NO3)2 as much as 1.5% (m/v) of Pb (Kumar et al., 1995). It showed little ability to translocate Pb to its shoots when grown on soils where Pb2+ bioavailability was limited.
 Bauchauer, (1993) reported a Pb accumulation of 130-8200 mg/kg shoot dry weight of Thlaspi rotundifolium. Bary and Clark, (1978) recorded shoot lead values of 13 to 11,750 mg/kg in Festuca ovina.  Simwell and Laurie, (1972) also recorded a value of 2740 mg/Kg in the roots of Thlaspi caerulescens colonizing a lead mine district in the Pennines, England.  Tanhan et al., (2007) reported Pb concentration of over 1000 mg/kg in the shoot and 30453 mg/kg in the roots in Siam weed (Chromolaena odorata (L.) (Siam weed) growing in an ore dressing plant in Bo Ngam, Thailand. Thanh et al., (2013) reported 898 to 2,850 mg/kg in shoots compared to 65 to 90 mg/kg in the roots of Biden pilosa {L} (Spanish needle) and Ludwigia adscendens {L} (water primrose) respectively growing on contaminated soils in Vietnam.
Accumulation of potentially toxic elements is one attribute of plants that can be explored   to provide potential solutions to many environmental problems.  The rising reports of   contamination of different environmental matrices, coupled with the potential   consequential health hazards of some remediation techniques have forced the drive for   more effective, economical, and environmentally friendly methods of remediation of contaminated. Heavy metal contamination is one of the most common forms of environmental contamination globally. Several studies have reported heavy metal contamination of   soil, water, air and food. The general picture painted is the obvious health risk posed to human by direct and indirect contact with contaminants.   Using plants and biological materials to clean up the environment is beginning to gain increasing attention.  Some studies have explored phytoremediation and phyto extraction in various terrestrial decontamination processes.  The choice of plants to use poses enormous challenge to   phytoremediation. This is because not all plants can accumulate heavy metals and those who take up heavy metals from the soil or hydroponically do so in varying amount.  The success of phytoremediation depends greatly on the ability of selected plants to accumulate the target heavy metal.
[bookmark: _Toc404612679][bookmark: _Toc417318732][bookmark: _Toc403634589] Earlier studies  by  (Solomon-Wisdom et al., 2015; Anibasa, 2016)  showed that  selection of plant species for  phytoremediation are often based  on  (i)   ability to accumulate Pb in their shoots and roots with specific reference to their concentration factor (CF) expressed as the ratio of Pb concentration of the shoot and roots   that in the soil, and translocation factor (TF) as the ratio of Pb in the shoot to that in the roots, (ii) root mass, lateral size, depth and morphology in comparison with scales of heterogeneity to be investigated, (iii)  whether species is native to field areas  phytoremediation  is to be carried out. However, some non-native plant species may be useful in pot trials and field phytoremediation (iv) practicability of obtaining seed and growing species or varieties in pot and field trials.   To identify the key characteristics of each plant species and to develop strategies to sustain actual field trials, it is very important to conduct controlled pot trials, hence the essence of this study. 
[bookmark: _Toc376722714][bookmark: _Toc376380323][bookmark: _Toc376550526][bookmark: _Toc376753386][bookmark: _Toc376380324][bookmark: _Toc376547668][bookmark: _Toc376550527][bookmark: _Toc376722715][bookmark: _Toc376753387]This pot trial aimed to: (i) quantify and compare Pb concentration in plant shoots, and hence potential for Pb uptake, (ii) assess plant growth and morphology in relation to uptake of Pb in pot trial, (ii) assess the viability of the seeds of these plant species for germination, (iv) Select most suitable species/varieties that can tolerate high Pb in soil for subsequent pot and field trials.  This pot trial hypothesizes that (i) the 1000 mg/kg Pb in growth media influences plant performance (ii) that species/varieties differ in their tolerance to Pb in the growth media at this concentration. 

2.0 METHODOLOGY 
[bookmark: _Toc398969179][bookmark: _Toc404682083][bookmark: _Toc403647709][bookmark: _Toc417499874]
2.1 Seed Germination Experiment.

Prior to seed germination experiment, 18 seed trays (3 each for 6 plant species) were washed and sterilized with household bleach (one part to nine parts of water), thoroughly rinsed with tap water and finally with reverse osmosis water and air dried to ensure they are sterile for seed sowing. Trays were labelled with names of plants to be sown and date sown on them. Seed trays had drain holes to prevent water-logged conditions after seeds had been sown.
 A light density fine grade, Sinclair® vermiculite of (grain size 2.0-5.0 mm) with neutral pH 7 (which is lighter and easier for seeds to breakthrough it) was used for sowing seeds. It was watered with tap water until evenly moist before sowing seeds and then placed in seed trays about 1cm below the rim. Small seeds were sprinkled thinly on the vermiculite, while large seeds were sown to a depth of about 1cm or according to supplier’s instruction if present and covered thinly with vermiculite. After sowing, large trays with drain holes were used to cover trays to let in light and air, prevent medium from drying out and becoming damp as well. They were left to germinate in a glasshouse under a photoperiod of 16 hours natural light and maintained at a temperature of 20 C ± 5°C.
Trays were removed once germination occurred. Watering was done carefully when the top of the seed trays appeared dry using a fine spray watering can, and water sprinkled gently to avoid resetting or disturbing the seeds.  The surface was kept evenly moist and never dried out. The record of seeds sown is shown in Table 1 on the result section.

[bookmark: _Toc338064849][bookmark: _Toc403647711][bookmark: _Toc417499876][bookmark: _Toc404682085][bookmark: _Toc398969181]2.2 Growth Medium for Pot Trial.

The growth medium was a mixture of silver sand of grain size 0.063 - 0.2 mm and compost in the proportion (by volume) of 7 parts sand to 3 parts compost, which was spiked with total Pb concentrations of 1000 mg/kg (pot trial 1) and 100 to 10,000 mg/kg dry weight of Pb in the form of PbO for the second pot trial. Sand was used to allow for proper aeration. The ratio of sand to compost was as described in previous work (Thomas, 2010). Potting growth medium was chosen to best meet the needs of plant roots of all species for air, water, nutrients, and plant support. The nutrient rich compost combined with sand made an excellent growth medium for these plant species.
[bookmark: _Toc398969182][bookmark: _Toc417499877][bookmark: _Toc403647712][bookmark: _Toc404682086]2.2.1 Moisture Determination
 John Innes Compost No. 2 was used. Determination of moisture content of growth medium was done using 100 ml of both compost and sand from several lots placed into clear plastic bags. Fresh weights of compost and sand were recorded and then dried at 600 C in a fan oven overnight.  These were useful in determination of the moisture content and estimation of the amount of sand and compost required for growth media in each experimental pot. The mean percentage moisture for sand and compost were 0.12% and 31% respectively.
[bookmark: _Toc403647713][bookmark: _Toc417499878][bookmark: _Toc398969183][bookmark: _Toc404682087]2.2.2 Preparation of Growth Media for pot trial.

 A mass of 38.4 kg of silver grade sand was transferred into a concrete mixer to prepare a batch of growth medium (1000 mg/kg Pb). A volume of 13.5 L of John Innes Compost 2 was weighed and added to the concrete mixer (containing the silver grade sand).The content was thoroughly mixed using the concrete mixer to obtain a sufficiently homogeneous growth medium. Thirty-nine pots (3 replicates for 13 species/varieties) of 1000 mg/kg Pb added treatment were maintained in the first pot trial.
Five lots each of about 10 g of the mixed spiked growth media was sampled to check the Pb concentration of growth media. These portions were taken from randomly selected pots, dried in the oven at 110oC and milled using the tema mill. A mass of 0.25 g of the milled sample was used to determine Pb concentration and (homogeneity) of the contaminant at each Pb concentration level using the Atomic Absorption Spectrometer (AAS) after acid digestion by nitric and perchloric acids. Certified reference materials (CRMS), duplicates and reagent blanks were used for quality control. Growth media actual Pb concentration for the pot trial is shown in Table 1

[bookmark: _Toc417318738]Table 1 Growth media Pb concentration check for pot trial 1.
	Nos of replicates
	Measured Pb concentration mg/kg
	Nominal Pb concentration mg/kg

	1
	907
	1000

	           2
	943
	 

	3
	927
	 

	4
	940
	 

	5
	836
	 

	     6
	914
	 

	Mean
	911
	 

	STDEV
	39.27
	 

	SEM
	16.03
	 



[bookmark: _Toc338064850][bookmark: _Toc398969184][bookmark: _Toc403647714][bookmark: _Toc404682088][bookmark: _Toc417499879] 2.2.3 Transplanting of seedlings for pot trial.

After germination and the development of the first true leaves, plants of approximately equal size were selected and transplanted into the centre of separate circular 1- litre pots (15 cm deep and 12 cm wide) pots for each species containing unspiked growth medium (washed silver sand, John Innes compost II, 7 parts sand to 3-part compost). Forty seedlings per plant species were transplanted into pots (making a total of 240 seedlings) of unspiked growth medium first for two weeks and watered daily using a fine rose watering can. This was maintained under 16 hours of natural light at 20 ± 5 o C in the glasshouse. At two weeks after the first transplanting, three seedlings of each species were transplanted into the 39 pots containing growth medium spiked with Pb contaminant at concentration of 1000 mg/kg Pb added and another 39 in the 0 mg/kg Pb added. 
A total of 78 pots were maintained (1000 mg/kg and 0 mg/kg added treatment and control of 4 species and 13 varieties) for 3 weeks under a photoperiod of 16 hours natural sunlight at 20 ± 5°C in the glasshouse. These were maintained in 3.5-litre square pots (dimensions 17 cm x 24 cm) in a simple randomized block design both in 1000 mg/kg Pb and 0 mg/kg added Pb as control (Figure 1). Pots were rotated clockwise by 90o weekly to reduce the effect of uneven environmental conditions within the glass house. 
Randomized blocks were between species/varieties, because of the number of varieties and the available space/m2 of greenhouse benches. 
[image: 690]50 mm

[bookmark: _Toc402462602][bookmark: _Toc418008232]Figure  1: Randomized Block design for the pot trial. Scale bar: 17 mm represents 50 mm

[bookmark: _Toc398969185][bookmark: _Toc403647715][bookmark: _Toc417499880][bookmark: _Toc404682089] 2.3 Data collection and analysis.

Growth data such as plant height, number of true leaves, number of dead leaves and the longest leaf length were taken at initial transplant (week 1) and at harvest (week 3). Stem height, leaf length and stem width of the different varieties were measured to the nearest ± 0.1 mm using a tape rule and caliper.
For this experiment, growth rate was expressed in terms of Growth index (GI) (Keever, 1994) and (Melannie et al., 2006), who estimated growth index in terms of measured plant height and width. However, GI was not a key variable in this experiment but merely an additional means of assessing growth rate during the growing period. Growth index was mathematically expressed as GI= height (mm) +width at widest point + width 900 to first width/3 (Keever, 1994). Growth index values are stated with 1 standard error on the mean.  
Data were analyzed using IBM SPSS version 19 and Minitab 16 for windows. The student’s t-test was used to test for between treatment effects for measured variables. Analysis of variance (ANOVA) and the Tukey HSD Post-hoc test were used to compare biomass and Pb concentration of shoots, roots and total plant Pb between species/varieties. This was used to study plants uptake and behaviour to Pb contaminant at the concentration applied. Results were applied in selecting plant species and Pb concentrations in further experiments.
At harvest, other observable effects such as leaf chlorosis were recorded when it occurred, which indicated a severe effect of the Pb added treatment on the species/varieties affected. Plants were harvested after three weeks of growth in the 1000 mg/kg Pb spiked growth medium. Dried and milled plant samples were analysed for shoot and root Pb concentration using the AAS (PerkinElmer AA Analyst 400) after acid digestion by nitric and perchloric acids.
[bookmark: _Toc338064851][bookmark: _Toc398969186][bookmark: _Toc417499881][bookmark: _Toc404682090][bookmark: _Toc403647716]2.3.1 Harvesting.
Plant stems were cut 0.01 mm above the soil surface for shoot harvest and soil removed from the roots using a sieve. Soil was removed from harvested plant materials by repeated washing using tap water and dried at 60oC for 48 hours (Subramanian, 2011). This was milled (using an herbage mill) for acid digestion using nitric and perchloric acids (Thompson and Walsh, 1983; Subramanian, 2010) and analysed for Pb using the AAS.
[bookmark: _Toc398969180][bookmark: _Toc403647710][bookmark: _Toc404682084][bookmark: _Toc417499875]3.0 RESULTS
3.1 Result of the seed germination experiment (prior to pot trial).

The result of the seed germination experiment is shown in Table 2 Sixteen varieties made of six species were sown. Four different varieties of Brassica juncea, two of Brassica napus, one of Gentianna pennelianna and Biden alba, four of Zea mays and four of Thlaspi caerulescens.  
The following varieties had the highest germination rates, Brassica juncea (BJ 18) 88% among the Brassica juncea varieties, ZM OH43 95% among the Zea mays, BN SW 97% among Brassica napus, TC HS 95% among the Thlaspi caerulenscens (Table 2).
 Gentianna pennelianna and Biden alba had low germination rates of 2% and 1% respectively. As a result of this poor germination rate and non-availability of an alternative source of seed of these species, they were dropped from the initial experiment. 
Thlaspi caerulescens (003045) supplied by KEW was also dropped due to its poor germination rate (5%).
 Four species (Brassica juncea, Brassica napus, Thlaspi caerulescens and Zea mays) and 13 different varieties were considered for initial transplanting into unspiked growth medium after 7 days of germination to ensure proper growth and establishment before the actual transplant into the Pb spiked growth medium. Some of the varieties/species germinated before the initial transplant into unspiked growth medium are shown in Figure 2.
[bookmark: _Toc417318737]Table  2 : Result of the seed germination experiment.  Note: Thlaspi caerulescens recently renamed Noccaea caerulescens 
	Seed type (Species)
	Accession No/Abbreviation
	Origin
	Plant name/ common nane
	Date sown
	Estimated quantity sown
	Supplier
	No germinated
	% Germination

	Brassica juncea(BJ)
	P1 426308/ BJ 42
	Pakistan
	K-100/ Indian  mustard
	1/8/2012
	2.3 g ( 60 seeds)
	USDA
	40
	67

	 
	PI 173874/ BJ 17
	India, Delhi
	 NA/Indian mustard
	   1/8/2012
	2.3 g ( 60 seeds)
	USDA
	45
	75

	 
	PI 182921/ BJ 18
	India, Gujarat
	 NA/Indian mustard
	  1/8/2012
	2.1 g (60 seeds)
	USDA
	53
	88

	 
	PI 211000/ BJ 21
	Afganistan, Badakhshan
	 NA/Indian mustard
	 1/8/2012
	2.4 g (60 seeds)
	USDA
	25
	42

	Brassica napus (BN
	PI 601261/ BN SW
	Sweden, Malmohus
	Crystal/ oil seed rape
	1/8/2012
	2.7 g (60 seeds)
	USDA
	58
	97

	 
	3045/ BN K
	Algeria
	 NA/oil seed rape
	 
	2.3 g ( 60 seeds)
	KEW
	52
	87

	Zea mays (ZM) subs mays
	Ames 19288/  ZM OH 43
	USA, Ohio
	OH43/ corn
	1/8/2012
	15.6 g (40 seeds)
	USDA
	38
	95

	 
	PI 550467/ ZM B 37
	USA, Iowa
	B 37/corn
	 1/8/2012
	14.6 (40 seeds)
	USDA
	35
	88

	 
	PI 550473/ ZM B 73
	USA, Iowa
	B 73/corn
	 1/8/2012
	15 g (40 seeds)
	USDA
	36
	90

	 
	PI 644101/ ZM 64
	USA, Iowa
	LH1/corn
	  1/8/2012
	15.4 g (40 seeds)
	USDA
	33
	83

	Gentianna pennelianna (GP)
	Not applicable/GP
	 
	 
	     1/8/2012
	3.5 g (200 seeds)
	Herbiseed
	3
	2

	Biden alba (BA)
	Not applicable/BA
	 
	 
	    1/8/2012
	6.3 g (200 seeds)
	Herbiseed
	2
	1

	Thlaspi caerulescens (TC)  
	Not applicable/ TC HS
	Not applicable
	 NA/Alpine pennycress
	 1/8/ 2012
	9.2 g (80 seeds)
	Herbiseed
	76
	95

	 
	 Not applicable/ TC BR
	Black rocks
	 NA/Alpine pennycress
	   1/8/2012
	3.8 g (60 seeds)
	 Claudia Harflett
	54
	90

	 
	 Not applicable/ TC GM
	Gang Mine
	 NA/Alpine pennycress
	    1/8/2012
	2.5 g (60 seeds)
	 Claudia Harflett
	42
	70

	 
	8035/ TC  KEW
	Cameroun
	 
	     1/8/2012
	2.3 g ( 60 seeds)
	KEW
	3
	5


                USDA-United States Department of Agriculture.  KEW—Royal Botanic Garden at KEW.   Abbreviations representing species/varieties used in the first pot trial and subsequent pot trials in red.      N/A—Not applicable 
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                                  Scale bar--- 6 mm represents 5 mm
[bookmark: _Toc402462601][bookmark: _Toc418008231]Figure 2  Some of the varieties of Brassica napus, Brassica juncea, Zea mays and Thlaspi caerulescens germinated (Species/varieties abbreviations are given in Table 2  above).

[bookmark: _Toc398969187][bookmark: _Toc403647717][bookmark: _Toc404682091][bookmark: _Toc417499882] 3.2 Results of the Pot Trial.

Visible significant differences within and between varieties and species were detected during the growth period. Adequate aboveground plant biomass (i.e. > 1 g FW) had been produced from 21 day growth in the spiked growth medium by most varieties when they were harvested. Survival rate was 100% for most species, except Thlaspi caerulescens (TC GM and TC BR). At harvest, a reduced root size was observed for all the Brassica juncea varieties in the 1000 mg/kg. Plants conditions at harvest in control and Pb added treatments are shown in Figures 3. 1 to  3. 4. 
[image: 258]  [image: 258]   [image: 156]    [image: 156]     [image: 277]     [image: 277]  
[bookmark: _Toc402462603](a) BJ 42   ----------------               (b) BJ 21---------------------              (c) BJ 17--------------------------  
 [image: 163]   [image: 163]
(d) BJ 18------------------------
[bookmark: _Toc418008233]Figure  3 .1: Brassica juncea BJ 42, 21,17 and 18 (from left to right) in the control (Left) and Pb added (right) treatments at harvest respectively.  BJ 42, BJ 21 and BJ 18 showed chlorosis, reduced height and wilting of leavest. Arrow represents scale bar. See scale bar information on key below.
[image: 562] [image: 561] [image: 551] [image: 557][image: 577]    [image: 577]
(a)  ZM 64------------------------------------   (b) ZM B73---------------------------------   (c) ZM OH43---------------------------                         
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(d) ZM B37----------------------------
[bookmark: _Toc402462604][bookmark: _Toc418008234]Figure 3.22: Zea mays ZM 64, B37, OH43 and B73 varieties (from left to right) in the control and Pb added treatments at harvest respectively. Arrows represents scale bars. See scale bar information on key below.
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(a)  BN K -------------------------------------------------     (b) BN SW----------------------------------------
[bookmark: _Toc402462605][bookmark: _Toc418008235]Figure  3.3:  Brassica napus varieties, BN K and BN SW (from left to right) in the control and Pb added treatments at harvest respectively. Arrows represents scale bars.See scale bar information on key below.
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(a) TC HS ----------------------------------------------      (b) TC BR----------------------------------------------------------------------                                                       
      [image: 518]       [image: 517]
(c) TC GM----------------------------------------------------------------------------------------------
[bookmark: _Toc402462606][bookmark: _Toc418008236]Figure 3.4: Thlaspi caerulescens (TC) varieties TCHS, TCBR, TCGM (from left to right) in the control and Pb added treatments at harvest respectively. Arrows represent scale bars. See scale bar information in key below.

Key: Scale bar information for Figures 3.1 to 3.4.
	 
	 
	Scale bar information
	 

	Variety abbreviation
	Species name
	Control
	1000 mg/kg Pb added

	BJ 42
	Brassica juncea
	4 mm represents 20 mm
	4 mm represents 20 mm

	BJ 21
	Brassica juncea
	3 mm represents 20 mm
	5  mm represents 20 mm

	BJ 17
	Brassica juncea
	4  mm represent 20 mm
	3  mm represents 20 mm

	BJ 18
	Brassica juncea
	2  mm represents 20 mm
	2 mm represents 20 mm

	ZM 64
	Zea mays
	5  mm represents 20 mm
	9 mm represents 20 mm

	ZM B73
	Zea mays
	5 mm represents 20 mm
	5 mm represents 20 mm

	ZM OH43
	Zea mays
	3  mm represents 20 mm
	3 mm represents 20 mm

	ZM B37
	Zea mays
	4  mm represents 20 mm
	5 mm represents 20 mm

	BN K
	Brassica napus
	12 mm represents 20 mm
	15 mm represents 20 mm

	BN SW
	Brassica napus
	8  mm represents 20 mm
	13 mm represents 20 mm

	TC HS
	Thlaspi caerulescens
	   15 mm represents 10 mm
	50 mm represents 10 mm

	TC BR
	Thlaspi caerulescens
	50  mm represents 5 mm
	6 mm represents 5 mm

	TC GM
	Thlaspi caerulescens
	50 mm represents 5 mm
	19 mm represents 5 mm




[bookmark: _Toc417499883][bookmark: _Toc403647718][bookmark: _Toc404682092][bookmark: _Toc398969188]3.2.1 Shoot, root, and total dry biomass.

Comparison of the shoot, root and total dry biomass showed significant differences between treatments in these parameters for some species/varieties (Figures 4.1-4.3). Only those differences with statistical significance (P < 0.05) are discussed in detail.
The shoot dry biomass of Zea mays varieties ZM B73 and ZM 64 were significantly different (P = 0.007 and 0.036 < 0.05) between treatments respectively. Similar trend of significant differences in shoot biomass between treatment were observed where P =0.012 and 0.006 < 0.05) respectively in BJ 18 and BJ 42 among the Brassica juncea varieties and P=0.012 and 0.002 for BN K and BN SW respectively among the Brassica napus varieties. It implied that these differences were not random occurrences, but as result of the Pb treatment. The variety BJ 17 did not show chlorosis, while chlorosis and wilting of leaves were observed in BJ 42 (Figure 3.1.). 

*
*
*
*
*
*

[bookmark: _Toc402462607][bookmark: _Toc418008237]Figure 4.1:  Mean shoot biomass DW between treatments for each species and variety in the 1st pot trial. Error bars represent 1 standard error on the mean where n=3. *--------Significant at P<0.05.

Root dry biomass was also significantly different P=0.001, 0.004, 0.002 and 0.03 < 0.05) between treatments for BJ 18, ZM B73, ZM OH43, BN SW and TC HS respectively (Figure 4.2).

[bookmark: _Toc402462608][bookmark: _Toc418008238]Figure 4.2: : Root biomass DW between treatments for each species and variety in the 1st pot trial. Error bars represent 1 standard error on the mean where n=3. *--------Significant at P<0.05.


Similarly, the total dry biomass differed significantly between treatments for BJ 18, BJ 42, ZM B73, ZM 64, BN SW and BNK (Figure 4. 3).
The difference between the two treatments is an indication of the significant effect of Pb in the soil on biomass and plant performance. However, significant effect was not detected on the total dry biomass of some of the varieties and species, which suggest that not all species/varieties were negatively impacted by Pb, or the experiment did not have sufficient power to detect such an impact. 

*
*
*
*

[bookmark: _Toc402462609][bookmark: _Toc418008239]Figure 4.3: Mean total dry biomass DW between treatments for each species and variety in the 1st pot trial. Error bars represent 1 standard error on the mean where n=3. *--------Significant.
[bookmark: _Toc403647720][bookmark: _Toc398969190][bookmark: _Toc404682094][bookmark: _Toc417499885]3.2.2 Comparison of the shoot, root and total plant Pb between species/varieties of plants grown in the Pb added treatment (pot trial).


Comparison of the shoot, root and total plant Pb (mg/kg) DW between species/varieties are shown in Figures 5.1 to 5.4 below.  Shoot, root, and total plant Pb concentrations (mg/kg) dry weight showed that the Pb added treatment had a significant effect (P = 0.000) on most of the plant species. However, the shoot, root, and total plant Pb concentrations of some of the species were not significantly different (Figures 5.1 to 5.4). 
Brassica juncea variety BJ 21 differ significantly (P < 0.05) from the others in its shoot, root and total plant Pb concentration with the highest mean shoot of 905 mg/kg and the lowest root Pb concentration of 38 mg/kg. 
 
[bookmark: _Toc418008244][bookmark: _Toc402462614]Figure 5.1 :Shoot Pb concentration (mg/kg) across species and varieties in the 1000 mg/kg Pb added treatment. Tukey post-hoc test, sharing letters means not significantly different. Error bars represent 1 standard error on the mean where n=3).


Generally, more Pb was accumulated in the roots than shoots (by a factor of 2.5). Root Pb concentrations ranged from 114 to 642 mg/kg apart from the variety BJ 21 which had about 17 times lower root Pb than the highest root Pb concentration in this range (Figure 5. 3). More Pb was accumulated in the shoot of same variety (BJ 21) (by a factor of 23.8) when compared to its root Pb concentration (Figure 5.1). Seed supplier’s note on this plant suggest that BJ 21 seeds were collected from heavily Pb contaminated sites in Afghanistan. The exceptional Pb accumulating trait of this variety could be linked to its adaptation to Pb resulting in enhanced metal uptake and translocation to the shoot.



[bookmark: _Toc418008245][bookmark: _Toc402462615]Figure 5.3:  Root Pb concentration (mg/kg) across species and varieties in the Pb added treatment. Tukey post-hoc test, sharing letters means not significantly different. Error bars represent 1 standard error on the mean where n=3.

[bookmark: _Toc402462616][bookmark: _Toc418008246]Figure 5.1: Total plant Pb concentration (mg/kg) dry weight across species and varieties in the Pb added treatment. Tukey post-hoc test, sharing letters means not significantly different. Error bars represent 1 standard error on the mean where n=3.


In contrast low shoot Pb concentrations were recorded for most species. Shoot Pb ranged from 42 to 263 mg/kg for most species/varieties. However, BJ 21 had shoot Pb concentration of 905 mg/kg, three times higher than the highest concentration and 21.5-fold higher compared to the lowest concentration in this range. Some of the varieties and species were not significantly different (P > 0.05) in their shoot, root and total plant Pb as judged by the Tukey HSD test (Figures 5.1 to 5.4 ). Varieties/species such as BJ 21, BJ 42, ZM B37, ZM 64, BN SW, BN K showed observable effects of Pb in the form of mild to severe leaf chlorosis and wilting of leaves (Figures 4.1 to 4.4).  
[bookmark: _Toc398969191][bookmark: _Toc403647721][bookmark: _Toc404682095][bookmark: _Toc417499886] 
3.2.3  Comparison of Concentration Factor between species and varieties.

Plant capacity to accumulate metals from the soils can be estimated by a Concentration factor (CF) (Safae et al., 2008) expressed as the ratio of the concentration of metal in shoots and roots mg/kg DW and the soil Pb concentration mg/kg DW. The shoot concentration factor was within the range of 0.05 to 0.99 (Figure 6.1). while the root concentration factor (CFroot) ranged from 0.04 to 0.70 (Figure 6.2). All species/varieties had CFshoot less than 1, although it was very variable with 80% differences between the highest and lowest. Those of Thlaspi caerulescens TC HS and BJ 21 were significantly higher than most species/varieties (Figure 6). The differences between some of the species were not significant. Shoot concentration factors for most species/ varieties were generally lower than the accumulator threshold of 1. It is an indication that most of these species/varieties do not easily translocate Pb to the aboveground part of the plant from the root as a tolerance mechanism. 

b

[bookmark: _Toc418008247][bookmark: _Toc402462617]Figure 6.1 :  Mean Shoot Concentration factor (CFshoot) between species and varieties in the Pb added treatment. Error bars represent 1 standard error on the mean where n=3. Means sharing letters are not significantly different as judged by the Tukey post-hoc test.
The CFroot of most species were generally higher than the CFshoot, which was 73 to 75% higher (Figure 6) when compared to the CFshoot for most species. There was an exceptional decrease (25-fold decrease) in CFroot of BJ 21. These values of CFshoot and CFroot are similar to those of Pb accumulating species/varieties previously reviewed in literature.
a

[bookmark: _Toc402462618][bookmark: _Toc418008248]Figure 6.2: Root Concentration factor (CFroot) across species and varieties in the Pb added treatment. Error bars represent 1 standard error on the mean where n=3. Mean sharing letters means are not significantly different as judged by the Tukey post-hoc test.
[bookmark: _Toc417499887]

3.2.4 Translocation factor of species/varieties in the pot trial.

 A general trend of low translocation factor (TF) was observed across species/varieties except for the Brassica juncea variety BJ 21 (Figures 7a, 7b and 8). The TF of most species/variety ranged from 0.1 to 0.7, which were well below 1. This supports the evidence of poor translocation of Pb from root to the shoot suggested by the CFshoot (Figure 6.1). The histogram of TF (Figure 7b) and the Log10 transformation of TF (Figure 8) divides these species into two main group, which could be seen as hyperaccumulator and accumulators. The variety (BJ 21) was clearly distinct from the other varieties/species as a Pb hyperaccumulator with TF varying by + 40 to 217 % from the other species/variety. 


(a)
[image: ](b)

[bookmark: _Toc418008249]Figure 7:  (a) Translocaton factor (TF) across species and varieties in the Pb added treatment. (Shoot Pb DW mg/kg/ root Pb concentration mg/kg) (b) Histogram of translocation factor.

[bookmark: _Toc418008250]Figure 8 :  Log10 transformation of the translocation factor (TF) across species and varieties in the Pb added treatment.

[bookmark: _Toc402462780][bookmark: _Toc417318739]




Table 3: Mean values of variables for each species/variety compared in the pot trial.



	Variables
	BJ 17
	BJ 18
	BJ 21
	BJ 42
	ZM 64
	ZM B37
	ZM B73
	ZM  OH43
	BN K
	BN SW
	TC BR
	TC HS
	TC GM

	Shoot biomass DW (g)
	1.48
	0.58
	0.29
	0.57
	0.94
	1.88
	1.94
	1.88
	0.98
	0.46
	0.002
	0.15
	0.0017

	Root biomass DW (g)
	0.06
	0.02
	0.01
	0.05
	0.31
	0.57
	0.62
	0.39
	0.03
	0.04
	0.001
	0.001
	0.0010

	Total plant biomass DW  (g)
	1.53
	0.61
	0.30
	0.61
	1.25
	2.45
	2.55
	2.27
	1.02
	0.50
	0.003
	0.15
	0.0027

	Shoot  Pb (mg/kg)
	118
	83
	905
	144
	126
	52
	83
	45
	66
	48
	120
	264
	43

	Root Pb (mg/kg)
	197
	643
	38
	451
	418
	375
	578
	244
	385
	305
	631
	358
	114

	Total plant Pb (mg/kg) DW
	121
	105
	839
	167
	197
	128
	203
	79
	77
	69
	358
	264
	70

	Shoot Pb (µg)
	174
	48
	270
	81
	117
	97
	161
	84
	66
	22
	0.20
	41
	0.07

	Root Pb (µg)
	11
	15
	0.46
	21
	127
	213
	355
	95
	13
	13
	0.85
	0.36
	0.11

	CFshoot
	0.13
	0.09
	0.99
	0.16
	0.14
	0.06
	0.09
	0.05
	0.07
	0.05
	0.13
	0.29
	0.05

	CFroot
	0.22
	0.71
	0.042
	0.50
	0.46
	0.41
	0.18
	0.27
	0.42
	0.33
	0.69
	0.39
	0.13



















Key:  Shoot, root and total biomass DW in blue, Shoot and root Pb (mg/kg) in purple, Shoot and root Concentration factors in green and species/varieties selected for  further  pot trial  are highlighted in red.                
[bookmark: _Toc398969192][bookmark: _Toc404682096][bookmark: _Toc403647722][bookmark: _Toc417499889]4.0 DISCUSSION

Shoots, roots and total plant Pb (mg/kg) DW concentrations provided quantification of the effects of the Pb added treatment on these plants. The Pb added treatment at the concentration applied had a significant effect on growth and biomass of the most species/varieties with observed decrease in biomass in Pb added treatment, compared to the control.  Biomass, uptake and growth in contaminated media are key qualities that can influence phytoremediation.  However, a few did not show significant change in biomass in the Pb added treatment with substantial Pb accumulation in shoots and roots. It is an indication that the presence of Pb in the soil may not necessarily cause poor plant growth. This is supported by earlier work on Cd (Millis et al., 2004) and on a range of toxic metals in soils (Anyanwu et al., 2008).
For most of the plant species, more Pb was accumulated in the root than in the shoot. This is in line with findings of Reeves and Brooks, (1989); Baker et al., (1994; Nabulo et al., (2008). Two of these plant species (BJ 21 and TC HS) were exceptions to this trend with more Pb accumulated in the shoot than in the root.  Brassica juncea variety BJ 21 had a mean CFshoot and TF of 0.99 and 28 respectively and this suggests potential Pb hyperaccumulation by these varieties.  This ability to accumulate more Pb in the shoot is an advantage in terms of phytoremediation. 
 Moradi et al., (2010) stated that hyperaccumulators have potential roles in the mining industry where they may be found useful in phytoremediation/Phyto management and Phyto mining.  A few plant species such as Parthenium hysterophorus {L} (Whitetop weed or Santa Maria feverfew) and Amaranthus viridis {L} (Green or slender amaranth) have been shown to translocate high amount of Pb from their roots to shoots (Malik et al. 2010). Some of the plants studied showed potentials for Pb accumulation to varying extent. Low CFshoot values between 0.05 and 0.29 were recorded for most varieties.
Comparisons within and between species/varieties suggest that the effect of the added Pb and uptake of Pb from the soil varied both within and between varieties/species of plants, though similarities in Pb concentrations were observed. However, observable effects of Pb on plant growth ranged from mild to severe chlorosis or none across species/varieties.   (Baker, 1981 and (Baker et al., 1994; Anibasa and Udeze, 2019) reported that plant species could respond to the presence of contaminant in the soil either by excluding or accumulating the contaminant. 
Some of the species with Concentration factor (CF) < 1 might be excluders, indicators, or tolerant species whilst CF ≥ 1 might be classified as accumulators supported by literature discussed criteria for classifying plant species as excluders, accumulators or hyperaccumulators. However, there are no clear boundaries between these groups. 
Current findings showed that significant amount of Pb was accumulated in roots of most plant species studied. This is an indication that classification of plants as excluders, accumulators or hyperaccumulators exclusively based on translocation and concentration factors might not be conclusive. Further experiments are required to investigate plants based on both in situ and pot trials as uptake of Pb may be influenced by bioavailable Pb in soil to plants.   However, uptake and bioavailability of Pb in soil-plant system remains poorly understood (Robinson, 1998). 
There was no significant effect of the Pb-added treatment on any of the biomass data of BJ 17 and no observable effect of the added Pb on that plant. This variety seemed to be unaffected by the Pb added treatment. 
There was a significant effect of the added Pb on shoot dry biomass, total dry biomass of BJ 18. However, BJ 18 showed tolerance to high Pb in the soil. The Brassica juncea varieties BJ 18 and BJ 17 can be selected for phytoremediation because of their abilities to survive and thrive in high Pb in the soil without obvious stress compared to BJ 21 and BJ 42. Although, the total plant Pb of BJ 21 and BJ 42 were 70 to 80% and 14 to16 % higher, when compared to BJ 18 and BJ 17 respectively. Severe chlorosis, wilting of leaves and nearly plant death was observed in both BJ 21 and BJ 42 at the Pb concentration applied, which is an indication that plant death might be recorded with higher Pb concentration (Figure 2).
Identification of suitable plant species for pre phytoremediation trial also considered plants which can concentrate metal contaminant without completely inhibiting growth.  Gregoria, (2011)  noted that prolific growth produces the necessary biomass to extract large amounts of metals per hectare that are commonly encountered in most contaminated sites. This fpot experiment showed that the amount of biomass these species/varieties produced affected the shoot and root Pb mass (µg) (Table 4), which was generally low (ranged from 0.11 to 95 µg), apart from BJ 17, BJ 21, ZM B37, ZM B73 and ZM 64.  The duration of growth might have partially contributed to the generally lower biomass of most species/varieties in the control and Pb added treatments. This is supported by findings in pot trials (Anibasa, 2016), where some selected species with low biomass in this first experiment produced 30 to 60% bigger biomass in both control and Pb added treatments. However, TC BR consistently produced low biomass in the second pot experiment irrespective of the longer growth period. 
Selection of plant varieties for further investigation was based initially on their ability to survive or tolerate high Pb in the soil.  Biomass and growth data such as height, shoot, root, and total dry biomass, number of true and dead leaves and growth index were used to evaluate their performance and their ability to thrive in soil with high Pb. 
The danger of losing replicates of those plant species (adversely affected by the added Pb in the initial pot trial) due to adverse effect of increased Pb concentration in further pot trials were also considered and so plant varieties that did not thrive well in high soil Pb or showed severe effect to added Pb were dropped from the first pot trial. This is an important consideration, as greater number of replicates will allow more reliable detection of statistically significant differences in the further experiments that simulate in situ heterogeneity. However, two replicates of Thlaspi caerulescens varieties TC GM and TC BR in the control treatment were lost in the first pot trial.
Similarly, ZM OH43 and ZM B 37 were also selected for the next stage. Though, the added Pb had a significant effect on the root dry biomass, shoot, root and the total dry biomass of ZM B73, it showed tolerance to high Pb in the soil. Their survival and growth in the Pb added treatment was not affected. 
The varieties ZM B73 and ZM 64 had 56% and 50% higher total plant Pb (mg/kg) dry weight than the lowest concentration within the range respectively. These varieties ZM B37 and ZM 64 were dropped as result of the observable effects of added Pb such as chlorosis in ZM 64 and severe wilting of leaves in ZM B37. The Pb treatment also had an effect on their growth index, height and total dry biomass. This suggested that severer effect on these varieties might be seen at higher Pb concentrations in further experiments.
Brassica napus, BN K seemed less affected by the high Pb in the soil than BN SW, but BN K was not selected due to non-availability of its seeds for further experiments. However, both showed chlorosis and wilting of leaves, but to a greater extent in BN SW.  Results showed no statistically significant differences (P > 0.05) in some of the growth data and Pb concentrations in roots and total plant between these varieties.
Thlaspi caerulescens TC BR seemed unaffected by the added Pb treatment. Thlaspi caerulescens variety TC BR had 50% and 35% higher total plant Pb (mg/kg) DW, when compared to TC GM and TC HS. Severe chlorosis and wilting of leaf was observed in TC HS as result of the added Pb. There was no significant effect of Pb on all the biomass data of TC BR in the Pb added treatments. It grew well on the Pb added treatment when compared to the control. 
The variety TC GM showed similar tolerance to high Pb in the soil, but TC GM was not selected due to non-availability of seedlings for the next experiment as most seedlings grown on unspiked growth medium, prior to transplanting into the spiked growth medium, died before they were transplanted. The few which survived grew better in the Pb added treatment than in the control. 
[bookmark: _Toc398969193][bookmark: _Toc404682097][bookmark: _Toc403647723][bookmark: _Toc417499890] 
When a statistically significant difference (P < 0.05) is found in measured plant variables such as shoot, root and total dry biomass of the plant species between treatments, then the hypothesis that the 1000 mg/kg Pb added treatment had a significant effect on such plant species was accepted. 
Similarly, when a statistically significant difference (P < 0.05) in metal uptake is found within and between species/varieties, the hypothesis that these plants can take up Pb is accepted.  The summary of hypothesis testing for each species and varieties is shown in Table 3.
From the results of this pot trial and in line with stated objectives i.e to select plant species/varieties for a further pre phytoremediation pot trial in a range of Pb-concentration, and field trials, 4 species made up of 6 varieties could be selected for further experiment. 
The Four species made up of six varieties selected were BJ 18, BJ 17 (Brassica juncea), ZM OH43, ZM B73 (Zea mays), BN SW (Brassca napus) and TC BR (nocacae caerulescens).
These species/varieties were selected based on their ability to survive and tolerate high Pb in the soil and substantiated by the results of the biomass, growth rate and actual Pb concentrations in the above, below ground parts and whole plant.  This is in line with the study by (Gregoria, 2011) who reported that the success of phytoextraction effort depends to a large degree on the identification of suitable plants that not only concentrate metals to levels that would inhibit growth of most species but demonstrate prolific growth in response to an established agronomic or horticultural practice. 
[bookmark: _Toc417318740]

Table 3:  Summary of hypotheses tested in  the pot trial for each species/variety based upon independent sample t-test for (i) and Tukey H.S.D  for (ii) comparison of means where p<0.05.  Varieties  that could be potentially  elected for further  pot  trials  are highlighted in red.

	Hypothesis
	BJ 18
	BJ 42
	BJ 17
	BJ 21
	ZM B73
	ZM B37
	ZM OH43
	ZM 64
	BN SW
	BNK
	TC BR
	TC GM
	TC HS

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	(ia)Biomass
	Accept
	Accept
	Accept
	Accept
	Accept
	Accept
	Accept
	Accept
	Accept
	Accept
	Accept
	Accept
	Accept

	(ib)Pb uptake
(ii)Variation
	Accept

Accept

	Accept

Accept
	Accept

Accept
	Accept

Accept
	Accept

Accept
	Accept

Accept
	Accept

Accept
	Accept

Accept
	Accept

Reject
	Accept

Reject
	Accept

Accept
	Accept

Accept
	Accept

Accept




[bookmark: _Toc417499969][bookmark: _Toc403647796][bookmark: _Toc404682170]5.0 CONCLUSION 
This pot trial showed that specific differences between plants influences their ability to take up metals from the soil and that the presence of heavy metals in the soil could trigger accumulative responses of  varying degrees in plants.  The plant-soil interaction is key to the success of in situ phytoremediation.  However, little is known about the molecular and genetic basis of such responses in plants.  The overall result of this pot experiment informed the selection of species/varieties that could be used for further pot trials to ensure suitable species are used for   phytoremediation.  
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 Shoot (g) DW (0 mg/kg)	0.40624294865675298	0.32005207909547101	0.265392790658178	0.28360771028541099	0.37000000000000099	0.280416357107307	0.14843629385474699	0.365923489270643	0.34239353576452602	0.299054064231426	1E-3	5.7735026918962601E-4	4.1633319989322397E-2	0.40624294865675298	0.32005207909547101	0.265392790658178	0.28360771028541099	0.37000000000000099	0.280416357107307	0.14843629385474699	0.365923489270643	0.34239353576452602	0.299054064231426	1E-3	5.7735026918962601E-4	4.1633319989322397E-2	BJ 18	BJ 42	BJ 17	BJ 21	ZM B73	ZM B37	ZM OH43	ZM 64	BN SW	BN K	TC BR	TC GM	TC HS	1.64333333333333	1.59666666666667	1.95333333333333	0.61666666666666703	2.72	1.5266666666666699	2.0133333333333301	2.48	2.1733333333333298	1.9166666666666701	2E-3	1.33333333333333E-3	0.20333333333333301	 Shoot (g) DW (1000 mg/kg)	9.8149545762236598E-2	0.120554275466834	0.28360771028541198	0.210713075057055	0.23180451534284899	0.33560889936551502	0.153731367434669	0.38591881702416803	0.18734993995195201	0.22368132093076801	1.1547005383792501E-3	5.7735026918962601E-4	2.8867513459481301E-2	9.8149545762236598E-2	0.120554275466834	0.28360771028541198	0.210713075057055	0.23180451534284899	0.33560889936551502	0.153731367434669	0.38591881702416803	0.18734993995195201	0.22368132093076801	1.1547005383792501E-3	5.7735026918962601E-4	2.8867513459481301E-2	BJ 18	BJ 42	BJ 17	BJ 21	ZM B73	ZM B37	ZM OH43	ZM 64	BN SW	BN K	TC BR	TC GM	TC HS	0.58333333333333304	0.56666666666666698	1.4766666666666699	0.28999999999999998	1.9366666666666701	1.87666666666667	1.88333333333333	0.93666666666666698	0.46	0.98333333333333295	1.66666666666667E-3	1.66666666666667E-3	0.15333333333333299	Species/variety


Mean shoot dry weight (g)




  Root  DW (g) (0 mg/kg added)	9.8488578017961501E-2	4.5092497528228997E-2	4.5092497528228997E-2	5.7735026918962597E-3	0.14468356276140501	7.23417813807022E-2	7.0237691685685E-2	7.2341781380703005E-2	6.5574385243018105E-2	2.5166114784235898E-2	1.1547005383792501E-3	5.7735026918962601E-4	0.01	9.8488578017961501E-2	4.5092497528228997E-2	4.5092497528228997E-2	5.7735026918962597E-3	0.14468356276140501	7.23417813807022E-2	7.0237691685685E-2	7.2341781380703005E-2	6.5574385243018105E-2	2.5166114784235898E-2	1.1547005383792501E-3	5.7735026918962601E-4	0.01	BJ 18	BJ 42	BJ 17	BJ 21	ZM B73	ZM B37	ZM OH43	ZM 64	BN SW	BN K	TC BR	TC GM	TC HS	0.48	6.6666666666666693E-2	7.3333333333333306E-2	1.3333333333333299E-2	1.13666666666667	0.50333333333333297	0.70333333333333303	0.43333333333333302	0.99	7.6666666666666702E-2	1.66666666666667E-3	1.33333333333333E-3	0.02	 Root  DW (g) (Pb  added)	1.15470053837925E-2	1.15470053837925E-2	3.0550504633038902E-2	5.7735026918962597E-3	5.0332229568472199E-2	5.2915026221292003E-2	2.30940107675844E-2	0.14933184523068099	0.02	1.5275252316519499E-2	5.7735026918962601E-4	0	0	1.15470053837925E-2	1.15470053837925E-2	3.0550504633038902E-2	5.7735026918962597E-3	5.0332229568472199E-2	5.2915026221292003E-2	2.30940107675844E-2	0.14933184523068099	0.02	1.5275252316519499E-2	5.7735026918962601E-4	0	0	BJ 18	BJ 42	BJ 17	BJ 21	ZM B73	ZM B37	ZM OH43	ZM 64	BN SW	BN K	TC BR	TC GM	TC HS	2.33333333333333E-2	4.6666666666666697E-2	5.6666666666666698E-2	1.3333333333333299E-2	0.61666666666666703	0.56999999999999995	0.38666666666666699	0.31	0.04	3.3333333333333298E-2	1.33333333333333E-3	1E-3	1E-3	Species/variety


Root dry weight (g)




 Total dry biomass  (g)(0 mg/kg added)	0.29690089804394998	0.21479092742570599	0.18263840481553401	0.17022424292782801	0.302755036918474	0.20750478734588801	0.12863175620025399	0.25780310038314502	0.23998113000443799	0.19071775236215399	1.26747090492897E-3	6.7923561081132495E-4	3.0372541170189699E-2	0.29690089804394998	0.21479092742570599	0.18263840481553401	0.17022424292782801	0.302755036918474	0.20750478734588801	0.12863175620025399	0.25780310038314502	0.23998113000443799	0.19071775236215399	1.26747090492897E-3	6.7923561081132495E-4	3.0372541170189699E-2	BJ 18	BJ 42	BJ 17	BJ 21	ZM B73	ZM B37	ZM OH43	ZM 64	BN SW	BN K	TC BR	TC GM	TC HS	2.12333333333333	1.66333333333333	2.0266666666666699	0.63	3.85666666666667	2.0299999999999998	2.7166666666666699	2.91333333333333	3.16333333333333	1.9933333333333301	3.6666666666666701E-3	2.66666666666667E-3	0.223333333333333	 Total dry biomass (g) (Pb added)	6.4527383027076002E-2	7.7706635794486306E-2	0.18479894995203	0.127345045734677	0.16596279112430701	0.22854348563929799	0.104014928354267	0.31485333073814598	0.12197055291291301	0.14056269014546299	1.01885341621699E-3	3.3961780540566199E-4	1.69808902702831E-2	6.4527383027076002E-2	7.7706635794486306E-2	0.18479894995203	0.127345045734677	0.16596279112430701	0.22854348563929799	0.104014928354267	0.31485333073814598	0.12197055291291301	0.14056269014546299	1.01885341621699E-3	3.3961780540566199E-4	1.69808902702831E-2	BJ 18	BJ 42	BJ 17	BJ 21	ZM B73	ZM B37	ZM OH43	ZM 64	BN SW	BN K	TC BR	TC GM	TC HS	0.60666666666666702	0.61333333333333295	1.5333333333333301	0.30333333333333301	2.5533333333333301	2.4466666666666699	2.27	1.2466666666666699	0.5	1.0166666666666699	3.0000000000000001E-3	2.66666666666667E-3	0.15433333333333299	
Mean total dry biomass (g)




Shoot Pb	2.1504366286583401	3.3044175555970701	33.1376793820193	3.4538362306652002	4.4270777805641899	3.0882058514363502	7.0470180286412303	2.2100310267068402	6.50966976932337	2.4827268109547198	24.702268035080401	0.33372847930044602	3.1835667903387201	2.1504366286583401	3.3044175555970701	33.1376793820193	3.4538362306652002	4.4270777805641899	3.0882058514363502	7.0470180286412303	2.2100310267068402	6.50966976932337	2.4827268109547198	24.702268035080401	0.33372847930044602	3.1835667903387201	BJ 18	BJ 17	BJ 21	BJ 42	BNK	BN SW	ZM 64	B37	B73	OH43	TC HS	TC GM	TC BR	82.93	118.051666666667	905.08333333334303	143.6	65.92	48.266666666666097	125.84	52.096666666666003	82.546666666666695	44.556666666665798	263.81111111110903	42.666666666666003	120.333333333333	Species/varieties

Shoot Pb concentration (mg/kg)


Root Pb	11.090184517567801	9.59016561199115	13.0073696310057	25.093069109896	50.999870390260298	46.177612446441401	20.392400832033601	3.89980684578827	24.068586079054601	23.3180998595431	10.811772654095799	16.439371397316901	8.6686574749205008	11.090184517567801	9.59016561199115	13.0073696310057	25.093069109896	50.999870390260298	46.177612446441401	20.392400832033601	3.89980684578827	24.068586079054601	23.3180998595431	10.811772654095799	16.439371397316901	8.6686574749205008	BJ 18	BJ 17	BJ 21	BJ 42	BNK	BN SW	ZM 64	B37	B73	OH43	TC HS	TC GM	TC BR	642.83333333333405	196.78333333333401	38.233333333333398	451.368518518516	384.66666666666703	304.68333333333402	418.35	374.8	577.54999999999905	244.43333333333399	358.46666666666698	114	630.63333333333401	Species/varieties

Root Pb concentration (mg/kg)


Total plant Pb (mg/kg dry weight)	9.5211134017452199	3.0222448251246599	74.691140299893505	5.59258993632496	4.8576460784795801	7.5137515985641299	4.2423972552501699	6.0544847369879298	4.8802597371530103	7.4530175309141899	24.477961314362801	5.50409225710521	14.6017617041213	9.5211134017452199	3.0222448251246599	74.691140299893505	5.59258993632496	4.8576460784795801	7.5137515985641299	4.2423972552501699	6.0544847369879298	4.8802597371530103	7.4530175309141899	24.477961314362801	5.50409225710521	14.6017617041213	BJ 18	BJ 17	BJ 21	BJ 42	BNK	BN SW	ZM 64	B37	B73	OH43	TC HS	TC GM	TC BR	105.46030952927801	120.76564937660299	839.20669497169899	167.274189814815	76.580591233860801	68.785256258390604	197.34824348285699	127.94863451699899	202.68941624895601	78.935587529819401	264.47742281937002	69.900000000000006	357.98666666666702	Species/varieties

Total plant Pb (mg/kg) DW


Cfshoot	2.0494912800243302E-3	3.7895942842494802E-3	3.6359095218366999E-2	3.6256501597507901E-3	4.8574476416108504E-3	3.3884198501605901E-3	7.7320803474228497E-3	2.4248749470120799E-3	7.1424948094396803E-3	2.7240803280170101E-3	2.7103651563617E-2	3.6617125224968402E-4	3.4930511195290699E-3	2.0494912800243302E-3	3.7895942842494802E-3	3.6359095218366999E-2	3.6256501597507901E-3	4.8574476416108504E-3	3.3884198501605901E-3	7.7320803474228497E-3	2.4248749470120799E-3	7.1424948094396803E-3	2.7240803280170101E-3	2.7103651563617E-2	3.6617125224968402E-4	3.4930511195290699E-3	BJ 18	BJ 17	BJ 21	BJ 42	BNK	BN SW	ZM 64	B37	B73	OH43	TC HS	TC GM	TC BR	8.9132104454685099E-2	0.12952783263843201	0.99306927071904005	0.157559798112793	7.2328286153170995E-2	5.2958817935776503E-2	0.13807329383366301	5.7161144027503497E-2	9.0571282276351403E-2	4.8888157413502997E-2	0.28945700143856801	4.6814424694609003E-2	0.13203130714651501	Species/varieties


Shoot Concentration Factor (CFshoot)



Cfroot	1.2168295498756599E-2	1.05224551371416E-2	1.42718560796639E-2	2.7532443614105499E-2	5.59577248082734E-2	5.0666680323064997E-2	2.23748089006299E-2	4.2789190759149097E-3	2.6408367433677801E-2	2.5584924138186201E-2	1.18628183608693E-2	1.80374933040564E-2	9.5113643569461892E-3	1.2168295498756599E-2	1.05224551371416E-2	1.42718560796639E-2	2.7532443614105499E-2	5.59577248082734E-2	5.0666680323064997E-2	2.23748089006299E-2	4.2789190759149097E-3	2.6408367433677801E-2	2.5584924138186201E-2	1.18628183608693E-2	1.80374933040564E-2	9.5113643569461892E-3	BJ 18	BJ 17	BJ 21	BJ 42	BNK	BN SW	ZM 64	B37	B73	OH43	TC HS	TC GM	TC BR	0.70532514080901199	0.215913247019238	4.1950113378684803E-2	0.49524744186802599	0.42206129763733502	0.334302538219589	0.45901909150757098	0.41123546192670601	0.63369541364933102	0.26819545022309998	0.39331431497330099	0.12508229098090801	0.69193914124789702	Species/varieties


Root Cocentration Factor (CFroot)



TF	
BJ 18	BJ 21	BJ 42	BJ 17	ZM 64	ZM B37	ZM B73	ZM OH43	BN SW	BN K	TC HS	TC GM	TC BR	0.129022506013899	28.321459988156899	0.32070178004656902	0.60191038542031905	0.30287561214584502	0.138909527673413	0.14433110198844601	0.18357643973578799	0.16333339661533999	0.17436767251152999	0.735769658912938	0.389779521099054	0.190811439682435	Species/varieties


Translocation factor (TF)


TF	BJ 18	BJ 21	BJ 42	BJ 17	ZM 64	ZM B37	ZM B73	ZM OH43	BN SW	BN K	TC HS	TC GM	TC BR	-0.88933452702545901	1.45211563773442	-0.49389862952507702	-0.220468163251343	-0.51873569509531503	-0.85726796539211103	-0.84064007246511396	-0.73618305706346099	-0.78692500642775398	-0.75853402944496695	-0.133258125227877	-0.409180982322844	-0.71939559167581901	
Log10 (Translocation factor {TF})
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