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What are hyperaccumulators - the genetic
material for agromining?
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What are hyperaccumulators plants?

Hyperaccumulators are plants that can accumulate metal(loid) elements at
extremely high concentrations in their living shoots without suffering toxicity.

A wide range of different elements can be hyperaccumulated, including Co, Cu,
Tl, Se, Ce, Mn, Ni, Zn, etc.

The definition is based on 2—3 orders of magnitude higher foliar concentrations
than in normal plants growing on the same soils:

>100mg kgt Cd, Se or Tl
>300mg kgt Co or Cu
>1000 mg kg™ Ni, As, REEs
>3000 mgkg? Zn

>10,000 mg kgt Mn




Extreme hyperaccumulation of nickel

» Some hyperaccumulators can reach up to 4
wt% Ni in their leaves and up to 25 wt% Ni in
the sap.

» These are amongst the highest metal
concentration in any living tissue, and it
colors the sap literally green from Ni-ions.
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« A mature tree can contain approximately 5
kilograms of Ni metal.

The tree Phyllanthus balgooyi from Malaysia
has 20 wt% Ni in phloem sap.
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W hat are hyperaccumulator plants?

» The following criteria define a genuine hyperaccumulator species:

Meets the foliar threshold concentration whilst growing on
natural soilin nature

High shoot translocation (shoot to-root metal concentration
guotient >1)

Has extreme level of metal tolerance (‘hypertolerance’)
Non-linear response to soil metal with Bioconcentration
Factor >1 (often >50)

Completesthe life cycle from seed to seed whilst
hyperaccumulating

* Botanickel

Concentration of metal/metalloid in plant leaf/frond (ug/g) d.w.

excluder
-——/‘normal' plant

Plant available metal/metalloid concentration in soil
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Common misconceptions & caveats

» Plants grown on hydroponics alone cannot be used to establish
hyperaccumulation status, this must (also) be tested on soils or substrates.

 Nominal threshold concentrations are not sacrosanct and should be used
sensibly. For example, a plant with 999 mg kg vs. 1001 mg kg foliar Ni.

« The most important trait for successful agromining is a foliar concentration
>10,000 mg kg (>1 wt%) for ‘medium value’ elements Ni, Mn, Zn and lower
(>0.1 wt%) for ‘high value’ elements Se, Tl, REESs.

Plant Soil
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Common misconceptions & caveats

» The Bioconcentration Factor cannot be used to establish whether a species is a
hyperaccumulator, for example: 10 mg kg metal in the soil and 20 mg kg in the
root/shoot = BCF >1, but not a hyperaccumulator!

« Genuine hyperaccumulation: Noccaea caerulescens with >20,000 mg kgt Zn in
the shoot when growing in soil <100 mg kg Zn.

» No known graminoid/grass or aquatic macrophyte species meets the criteria for a
hyperaccumulator. Hyperaccumulation status of algae is unknown.
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Phytoremediation of Potentially Toxic
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How many hyperaccumulators are there?

« Todate, 721 hyperaccumulators have been identified globally (out of >350,000
known plant species), although many more likely await discovery.

» These are from 52 families and130 genera — families most strongly represented
are Brassicaceae (83 species) and Phyllanthaceae (59 species).

Element Threshold (ngg™")  Families Genera Species  Global records

Arsenic (As) >1000 1 2 5 Pteris vittata' (2.3%)

Cadmium (Cd) >100 6 7 7 Arabidopsis halleri® (0.36%)
Copper (Cu) >300 20 43 53 Aeolanthus biformifolius® (1.4%)
Cobalt (Co) >300 18 34 42 Haumaniastrum robertii* (1%)
Manganese (Mn) > 10000 16 24 42 Virotia neurophylla® (5.5%)
Nickel (Ni) >1000 52 130 532 Berkheya coddii® (7.6%)

Lead (Pb) >1000 6 8 8 Noccaea rotondifolia subsp. cepaeifolia’ (0.8%)
Rare earth elements (lanthanum, La; cerium, Ce) >1000 2 2 2 Dicranopteris linearis® (0.7 %)
Selenium (Se) >100 Z 15 41 Astragalus bisulcatus® (1.5%)
Thallium (T1) >100 1 2 2 Biscutella laevigata™ (1.9%)
Zinc (Zn) >3000 9 12 20 Noccaea caerulescens'” (5.4%)

Source: https:/nph.onlinelibrary.wiley.com/d0i/10.1111/nph.14907
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Where do hyperaccumulators occur?

* Nickel hyperaccumulators make up the greatest number of hyperaccumulators
globally (approx. 500 out of 700+ species).

» This reflects the fact that worldwide surface exposures

of naturally Ni ultramafic soils cover >3% of the =
Earth’s surface. -
mCo
» Most Ni hyperaccumulator species have been _;rn
documented in the following countries: 7n

_ =
» Cuba (130 species) ::S
» New Caledonia (65 species) B
> Turkey (59 species) m Cd
» Brazil 30 (species) mAs

» Malaysia (28 species)
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Zn-Cd hyperaccumulator Sedum Tl hyperaccumulator Biscutella laevigata Ni hyperaccumulator Odontarrhena
plumbizincola from China from France chalcidica from Europe
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Developing agromining - some considerations
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What is agromining (or metal farming)?

« Agromining uses hyperaccumulator plants to take up metal in biomass.

» Harvesting and (pyro/hydro-metallurgical) processing of the biomass generates a
high-grade bio-ore.

« Agromining may in principle be undertaken to produce Se, Cd, Co, REEs, Mn,
Ni, Tl, and Zn, as hyperaccumulator plants are known for these elements.

 However, Cu and Pb hyperaccumulators have poor accumulation characteristics
and are therefore not suitable for agromining.
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W hat kinds of agromining may be economical?

Current market prices per metric ton are high for:
> Ni (US$21,000)
> Se (US$52,000)
> TI(US$60,000)
» REEs (US$10,0000n REO basis)
.... but market prices are much lower for:
> Mn (US $2350)
> Zn (US$2100)

Agromining may therefore be feasible for Ni, Se, T, but of these elements, large
surface areas with natural geogenic enrichment exist only for Ni and Se.

Only for Ni is there a sufficiently large global market for industrial off-take of agromined
product.

Price volatility in REE prices and new R&D efforts could enable REE agromining.




What is agromining (or metal farming)?

« Ultramafic soils have developed over ultramafic
rocks which are naturally enriched in Ni (usually
0.2-1 wt% Ni).

 These are abundant all around the world,
especially in the Mediterranean region.

..;gi"‘ :

“Metal crop” Pure nickel salt
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« Ultramafic soils are very infertile and unsuitable
for conventional agriculture of food crops... but
can be agromined!

Ultramafic soil Nickel metal

« Strip-mined land in conventional Ni mining as
well as mine wastes sites (‘second mining’) are
potential targets for agromining too.
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Agromining operations

» Key ‘metal crops’ in temperate and Mediterranean climate regions include
Odontarrhena chalcidica (formerly Alyssum murale) and other species of the
genus Odontarrhena.

» QOdontarrhena chalcidica is a biannual species that requires re-sowing every
other year.

» Sustained yield over 20—-30 years of 150-250 kg of nickel-metal per hectare per
year for Odontarrhena spp.

« At the base nickel value of $15 kg (5-year average price), this is worth $2250—
3750 per hectare per year (excluding production and processing costs of bio-
ore).




Life time of an agromining operation

The commercial returns from an agromining venture will be finite due to the
diminishing concentrations of the target metal in the substrate.

For 1 ha with total Ni with 2000 mg kg to a depth of 1 m, this is 30 t of contained
Ni. Crops with 5t hat at 2 wt% Ni yield 100 kg Ni ha™’.

If 10—20% of the total amount of soil Ni is part of the plant available-pool, the
agromining operation could be sustainable over at least 30 years.

Compared to conventional mining, the time to first production is much shorter for
agromining and the average life of a conventional Ni mine also suffers from
degrading ores over time.




Target areas and metal crop criteria
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Target areas for nickel agromining

» Notall areas and types of ultramafic soils are suitable for agromining.

» Some of the key factors to consider for site selection include:

i.  Occurrence of >100 km? contiguous ultramafic soil to establish a local industry
ii. Ferralsols common in the tropics are not useable for agromining

iii. Ultramafic soils >2000 mg kg™ total Ni and >200 mg kg DTPA-extractable Ni
Iv. Suitable native hyperaccumulator species are available

v. Soils capable of being easily cropped with local agricultural methods

vi. Local infrastructure and ‘social license to operate’ are important
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Target areas for nickel agromining

Extensive field trials have been conducted across Europe, firstin Albania and as
part of the EU-funded LIFE AGROMINE Project in Spain, Greece and Austria.

The field trials involved Odontarrhena species and established agronomic
practises, including sowing, optimum density, fertilisation, harvesting, etc.

Post-harvesting processing of the bio-ore, including extensive hydrometallurgical
process routes, were developed.

Life Cycle Assessments and Techno-Economical Assessments were performed
for Ni agromining in the European context.




A

Main metal crop in Mediterranean climate are species of Odontarrhena that are cultivated in annual
cycles. Each crop is 20 metric tonnes biomass hectare/year yielding up to 300 kg nickel metal.

¢, Botanickel

w



Target criteria for nickel metal crops

Only hyperaccumulator species that can accumulate >1 wt% (10,000 mg kgt) of
of Ni in dry shoot biomass are suitable.

Target is an annual yield of >80 kg Ni/ha/year (optimum >200 kg Ni/ha/year)

Desirable properties include fast growth rates, easy mass propagation, high
biomass production and adaptation to local edaphic and climate conditions.

Where the climate does not change drastically from one season to another,
perennial hyperaccumulator plants do not need to be re-sown on an annual
basis.




What is agromining (or metal farming)?

Odontarrhena are naturally dominant ‘weeds’ of agricultural fields on ultramafic soils
in the Mediterranean Region, especially across the Balkans.

At least 30 taxa of Odontarrhena are Ni hyperaccumulators.

However, the genus Odontarrhena (Alyssum) is by no means the only with suitable
metal crops, others include Bornmuellera/Leptoplax, Noccaea, etc.

Other species from Mediterranean-type climate may also be used, such as
Berkheya coddii from South Africa.




Nickel hyperaccumulator Odontarrhena
chalcidica from the Mediterranean region
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Berkheya coddii from South Arica




Target criteria for nickel metal crops

Even though >500 Ni hyperaccumulator species are now known globally, very
few meet the essential criteria foruse a metal crop.

Currently, at the most 50 ‘hypernickelophores’ (hyperaccumulators >1 wt% Ni)
with sufficient biomass yield are globally part of the agromining toolkit.

The metal crop species to be used should always be carefully; matched to the
local climatic and edaphic conditions.

Preferably local native species are used in any agromining operation.




Discovery of novel hyperaccumulator plants
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Discovery of hyperaccumulators

Although numerous Ni hyperaccumulator plant species are known, the hunt is out

to discover the next target metal crop species with just the right characteristics for
agromining.

In particular, perennial species with high biomass are desirable. Other optimal
traits include drought/heat and pest resistance.

Herbaria represent the greatest repositories of biological information in the world.

Portable X-ray Fluorescence (XRF) spectroscopy is a time- and cost-effective
method to measure elemental concentrations in herbarium specimens.




Global herbaria for hyperaccumulator discovery

 Elements such as Ni, Mn, Co, Zn in herbarium
specimens can be measured with XRF at a rate of 300
specimens/day (translating to 6000 specimens/month).

Primary X-rays
(50 KeV)

* Herbarium XRF surveying is game-changing for the
discovery of new hyperaccumulators.

« Highly probable that numerous hyperaccumulators,
including new metal crops with desirable s
characteristics, will be discovered in this way. - . .
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Conclusions and outlook
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R&D directions for Ni agromining

« To date, no specific crop breeding and improvement has taken place on any metal
crop, but there is tremendous potential for advanced breeding programmes to
dramatically improve the attainable Ni yield.

« There is scope for at least a two-fold improvement of Ni yield in Odontarrhena based
on genotypic variability in shoot Ni accumulation.

» Nickel transport pathways in hyperaccumulator plants have not yet been identified, but
if known offer tangible options for genetic improvement, for example by over-
expressing Ni transporters in the roots.




Rare Earth Element (REE) hyperaccumulation
& potential for REE agromining
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Rare Earth Element hyperaccumulation

« Rare Earth Elements (REEs) have no physiological role and no plant takes REE
up specifically — uptake and translocation via Al/Si-pathways.

* REE hyperaccumulation is principally known from the tropical fern Dicranopteris
linearis from China with up to 7000 mg kg! REEs.

* Inthe USA, trees of the genus Carya (Juglandaceae) with C. tomentosa and C.
glabra with a remarkable ability to accumulate REEs up to 2300 mg kg?... but
they are all very slow growing.

* Phytolacca americana (Phytolaccaceae) can also accumulate REEs with up to
1040 mg kg™ .... but are fast-growing and have high biomass.




Rare Earth Element hyperaccumulation

Areas with surface outcropping geogenic REE-enrichment (100-1000s mg kg?), are
abundant around the world, for example, rhyolites at Trans-Pecos, Texas.

Depending on the specific mineralogy (e.g., easily weatherable phases — bastnasite),
some of these deposits have highly plant-available REES.

Plants with carboxylate-exuding cluster roots, such as Phytolacca spp. can lixiviate
REESs from soil mineral phases.

Potential for REE agromining is likely very substrate-specific and needs to be tested
under realistic conditions (not hydroponics).
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Phytolacca americana grown on REE-enriched tailings Helicia glabriflora growing naturally on a soil with 60 mg kgt

accumulating up to 3000 mg kg REEs. REEs and accumulating up to 965 mg kg* REEs.
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Rare earth elements (REE) concentrations of Heliciaaustralasica and H. glabriflora (determined by ICP-AES) and the
well-known REE (hyper)accumulator plant species Caryatomentosa (Wood and Grauke 2011) and Dicranopteris linearis
(Liu et al. 2020).
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Using plants to extract nickel from soil and then
turning that nickel into stainless steel may
sound like science fiction, but that’s exactly
what Botanickel is doing.

£ Botanickel
=



Our Approach
Bio-Sourced Nickel Done Right

Botanickel's activity is designed to meet the needs and
challenges of a world well-aware of the limits of its planetary
resources, around a value chain that is innovative, is
environmentally friendly and creates shared values over the
long-term.

Remediation and improvement of land with low
agricultural yields due to the presence of nickel
Production of renewable energy from the harvested
biomass

Recovery and upgrading of extracted nickel for use in
the production of stainless steel

Production of bio-based fertilisers

The development and deployment of this activity will be
carried out in close collaboration with local populations and
communities.

‘., Botanickel

A value chain adapted to the local context, needs, and constraints..
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