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lonomics is the Study of the
Elemental Composition of Plants
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...and every other element in the periodic table available in the environment



Phylogenetics
Genetics at a Higher Level of Classification

Phylogenetics is the study of the relationships among
groups of organisms (e.g. families, species,
populations) based on DNA sequencing.

The result of phylogenetic studies are hypotheses
about the evolutionary history of taxonomic groups.

Angiosperms — flowering plants.

A definition of phylogenetics and its utility “I Hutton
il
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ABSTRACT

Reeent cladistic analyses are revealing the phylogeny of fowering planes in increasin
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An update of the Angiosperm Phylogeny Group
classification for the orders and families of flowering
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for the monophyly of many majer groups above the family level, With many el of 1
of phylogeny established, a revi p ilial el on of flowering plants hecome
Here we present u classification of 462 flowering plamt families in 40 putatively mon
number of monophyletic, informal higher groups. The latter are the monocols, commelin
rosuls including eurosids 1 and 11, and asterids including evasterids 1 and II. Under th
also listed a number of families without assignment to order. At the end of the system is
of uncerlain position for which no firm data exist regarding placement anywhere within @

A revised and updated clasgification for the families of the flowering plants is provided. Newly adopted orders include
Austrobaileyales, Canellales, Gunnerales, Crossosomatales and Celastrales. Pertinent literature published since the
first APG classification is included, such that many additional families are now placed in the phylogenetic scheme.
Among these are Hydnoraceae (Piperales), Nartheciaceae (Dioscoreales), Corsiaceae (Liliales), Triuridaceae (Pan-
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danales), Hanguanaceae (Commelinales), Bromeliacae, Mayacaceae and Rapateaceae (all Poales), Barbeui and
Gisekiaceae (both Caryophyllales), Geissolomataceae, Strasburgeriaceae and Vitaceae (unplaced to order, but
included in the rosids), Zygophyllaceae (unplaced to order, but included in eurosids I), Bonnetiaceae, Ctenolopho-
naceae, Elatinaceae, Ixonanthaceae, Lophopyxidaceae, Podostemaceae (Malpighiales), Paracryphiaceae (unplaced in
euasterid II), Sladeniaceae, Pentaphylacaceae (Ericales) and Cardiopteridaceae (Aquifoliales). Several major fami-
lies are recircumscribed. Salicaceae are expanded to include a large part of Flacourtiaceae, including the type genus
of that family; another portion of former Flacourtiaceae is assigned to an expanded circumscription of Achariaceae.
Euphorbiaceae are restricted to the uniovulate subfamilies; Phyllanthoideae are recognized as Phyllanthaceae and
Oldfieldioideae as Picrodendraceae. Scrophulariaceae are recircumseribed to include Buddlejaceae and Myoporaceae
and exclude several former members; these are assigned to Calceolariaceae, Orobanchaceae and Plantaginaceae. We
expand the use of bracketing families that could be included optionally in broader circumseriptions with other
related families; these include Agapanthaceae and Amaryllidaceae in Alliaceae s.i., Agavaceae, Hyacinthaceae and
Ruscaceae (among many other Asparagales) in Asparag &.1., Dichapetal in Chrysobalanaceae, Turner-
aceae in Passifloraceae, Erythroxylaceae in Rhizophoraceae, and Diervillaceae, Dipsacaceae, Linnaeaceae, Mori-
naceae and Valerianaceae in Caprifoliaceae 8. © 2003 The Linnean Society of London, Botanical Journal of the
Linnean Society, 2003, 141, 399-436.

ADDITIONAL KEYWORDS: angiosperms — gene sequences — phylogenetics.

ering plants i1s provided. Many recent studies have
wmerly unplaced families, resulting in a number of
les, Bruniales, Buxales, Chloranthales, Escalloniales,
ramniales, Trochodendrales, Vitales and Zypophylla-
included here in orders, greatly reduecing the number
haeales), Haptanthaceae (Buxales), Peridiscaceae
ifflesiaceae (both Malpighiales), Aphloiaceae, Geisso-

Picramniaceae (Picramniales), Dipentodontaceae
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nember of lamiid clade). Newly segregated families
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sae (both Brassicales), Schoepfiaceae (Santalales),
ae and Talinaceae {all Caryophyllales) and Linder-
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tained; these include Amaryllidaceae, Asparagaceace
pighiales), Primulacese (Ericales) and several other
with a new linear order for APG, subfamilial names
lidacese 5.0., Asparagaceace 5.0, and Xanthorrheaceas
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Angiosperms

(flowering plants)

250,000 species
462 families
47 orders

APG Il (2003)

Fagales
Cucurbitales
Rosales

Fabales
Oxalidales
Malpighiales
Celastrales
Zygophyllales
Myrtales
SETINEES
WEWEIES
Brassicales
Crossosomatales
Geraniales
Vitaceae
Saxifragales

Berberidopsidales
Dipsacales
Apiales

Asterales
Aquifoliales
Lamiales
SOIEREES
[CRIEREIES
Garryales
Cornales

Ericales
Caryophyllales
Dilleniaceae
SERERETES
Gunnerales
Trochodendraceae
Buxaceae/Didymeleaceae
Sabiaceae
Proteales
Ranunculales
Ceratophyllales
Winterales
Magnoliales
Laurales

Piperales
monocots
Chloranthales
llliciaceae
Schisandraceae
Austrobaileyaceae
Nymphaceae
Amborellaceae

eudicots

basal angiosperms

and magnoliids
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rosids




Plant Species Differ in Their lonome

Functional Foods

Fertiliser Use Efficiency

Contaminant Tra




Evolution of the Angiosperm lonome
Selected Examples

(1) Calcium, Strontium & Magnesium
(2) Silicon
(3) Sodium (in nonsaline environments)

(4) Rothamsted Park Grass Experiment

e B The James
FertBio2014, Araxa, Brazil, 18t September 2014 ml—' Hutton

Institute



Evolution of the Angiosperm lonome
Data Sources

Meta-Analyses of
Comparative Studies

Experiments ‘under

Controlled Conditions Botanical Surveys

Insights to the Angiosperm lonome — Sources of Data
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A Botanical Journey
Through The Periodic Table
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[Mg]shoot (%)

Magnesium : Calcium Ratios in Shoot Tissues
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[Mg]shoot (%)

Magnesium : Calcium Ratios in Shoot Tissues

Hydroponics Sampled from the field
2.0 ] ] ] ] 2.0 | | | | | | |
o
15F - 15k
S
10 e o o ©® E 1.0 |
=
2,

[Ca]

shoot (%) [Ca]shoot (%)

® All other taxa
® Caryophyllales (e.g. sugar beet, carnation)



Fagales

Shoot Mg / Ca Ratios Rosales

Oxalidales (n=1)

Of Anglosperm Orders Malpighiales

Myrtales

> 200 species
grown hydroponically

Dipsacales
Apiales
Asterales
hlgh 0.8 Lamiales
B «—Mean
= tricales
-
low 0
Proteales

RERIIIAEES

Magnoliales
Laurales



Shoot Mg / Ca Ratios in the Caryophyllales

51 species
grown hydroponically

Polygonaceae

Caryophyllaceae

Aizoaceae
/< Phytolaccaceae

Nyctaginaceae

Portulacaceae

high | 1.2

. <= Mean
low B 0




Ecological Implications - Serpentine Flora

name is derived from the mineral serpentine
((Mg,Fe);Si,05(0OH),)

high Mg and Fe; low Ca
high Ni, Cr and Co; low organic matter,; little water; low N, P and K

Edmonstons Chickweed - Cerastium nigrescens (Caryophyllaceae).
World distribution restricted to the serpentine debris on Unst

Proctor J (1999) Toxins, nutrient shortages and droughts: the serpentine challenge.
Trends in Ecology and Evolution, 14, 334-335


http://www.wildlife.shetland.co.uk/reserves/koh7.jpg
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Magnesium : Calcium Ratios in Shoot Tissues
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® Caryophyllales (e.g. sugar beet, carnation)
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Rosales

Shoot Ca Concentrations Fabales

of Angiosperm Orders Colbsirales
Zygophyllales
Sapindales
Brassicales
Geraniales

Eudicots > monocots

Saxifragales

Apiales
Asterales

Lamiales

h|gh 3 % Solanales
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Caryophyllales

low 0
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Shoot Calcium Concentrations of Monocot Orders

Zingiberales
high 1.5%
[ ]
= commelinoid
monocots
low 0]
Asparagales
non-
commelinoid
monocots

Dioscoreales

INTINELEES

shoot Ca concentrations of different monocot orders differ

non-commelinoid monocots > commelinoid monocots (Poales, Arecales)



Plant Calcium - Dietary Consequences

calcium deficiency disorders arise
when populations change from
bean-rich to cereal-rich diets

Normal spine

Lateral (side) view
of the skull and spine

o The |
Thacher (2006) Ann. Trop. Paediatrics 26, 1-16 Hf,tatn;ﬁ
White & Broadley (2009) New Phytol. 182, 49-84 Institute



Strontium : Calcium Ratios
In Shoots of 44 Plant Species
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Phylogenetic Variation in
Shoot Mineral Concentrations

Proportion of genetic variation

Ca Mg Sr

(der and above (%) 64 65 E

within order (%) 36 35 24

Ancient evolutionary origin of variation in Ca, Mg & Sr concentrations

“. The James

Broadley et al. (2004) J. Exp. Bot. 55, 321-336 i'ITﬁ lié'f.f&'l



A Botanical Journey
Through The Periodic Table

Silicon

“~ | The James
T —

Hodson et al. (2005) Ann. Bot. 96, 1027-1046 “III mlttlm



Silicon in Plants

Non-commelinoid monocots (onion)

Asterids (daisy)

% frequency of all observations

6 8 12 14

% Si in leaf tissue

"‘~ The James
T

Hodson et al. (2005) Ann. Bot. 96, 1027-1046 “III f.!é'f.:f.’t'l



Silicon in Plants

Commelinoid monocots (grass)

Non-commelinoid monocots (onion)

Asterids (daisy)

% frequency of all observations

0 2 4 6 8 10 12 14

% Si in leaf tissue
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Hodson et al. (2005) Ann. Bot. 96, 1027-1046 “III f.!é'f.:f.’t'l



Silicon in Plants

Proportion of genetic variation

Ca Mg Sr Si
<order and above (%) 64 65 76 80>
within order (%) 36 35 24 20

Ancient evolutionary origin of variation in Ca, Mg, Sr & Si concentrations

Ca, Mg, Sr : eudicots = non-commelinoid monocots > commelinoid monocots
Si : eudicots < non-commelinoid monocots < commelinoid monocots



Variation in lonomes of Angiosperm Species
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Distribution of Leaf Sodium Concentrations
Among Angiosperm Species
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Evolution of Sodium Accumulation in the Caryophyllales iw’ Hutton



Distribution of Leaf Sodium Concentrations
Among Angiosperm Species
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Fagales
Cucurbitales
Rosales

Shoot Sodium Concentrations rabales

Oxalidales
of Angiosperm Orders Colbatrales

Myrtales
Sapindales
Malvales

311 SpeCieS Brassicales
grown hydroponically Geraniales

Saxifragales

Dipsacales
Apiales
Asterales

hlgh 05 Lamiales
SIEREES
[CEEREIES

mean —“ericales

Proteales
Ranunculales

Magnoliales
Laurales

Piperales

Monocots (8 orders)



Phylogenetic Effects on the Plant lonome

<0.1
0.1-0.5
0.5-1.0
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Evolution of Sodium Accumulation in the Caryophyllales



Phylogenetic and Environmental

Effects on the Plant lonome
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Botanical Composition of Park Grass Plots
(Crawley et al., 1991-2000)
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Phylogenetic and Environmental

Effects on the Plant lonome
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Plant Species Differ in Their lonome
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Calcium : Magnesium Ratios
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Phylogenetic and Environmental
Effects on the Plant lonome

Mean Variance Species (%) Treatment (%) Residual (%)

Calcium 9.4 40.5 70.8 8.2 21.0
Zinc 315 1242 643 13.4 22.3
Manganese 68.9 2096.2 36.3 23.4 40.3
Magnesium 2.0 1.3 32.8 19.9 47.3
Copper 8.0 11.5 30.8 6.6 62.6
Nickel 0.5 0.09 29.6 12.6 57.8
Sodium 3.8 23.7 24.8 37.8 37.4
Sulphur 2.8 2.6 24.8 27.5 41.3
Potassium 30.9 326.0 19.6 53.9 26.5
Phosphorus 3.1 2.6 10.7 77.0 12.3
lron 79.4 3097.0 23 —-0.7 98.4
e B The James

White et al. (2012) New Phytologist 196, 101-109 iﬁl—l ::;lttlzfl)tg



Evolution of the Angiosperm
lonome

Plant Species Differ in their lonome

Differences Attributed to
Ancient and Recent Evolutionary Events

Commelinoid monocots - low Calcium, Magnesium, Strontium
Commelinoid monocots - high Silicon
Caryophyllales - high Magnesium / Calcium Ratios
Some Caryophyllales (hyper)accumulate Sodium

(Phylo)genetic Variation exceeds Environmental Variation
For some Elements
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