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DNA Barcodes

A short universal  gene sequence taken
from a standardized portion of the
genome used to identify species



Uses of DNA Barcodes

1. Research tool for taxonomists:
To aid identification of species

To expand species diagnoses to all life history
stages, including fruits, seeds, dimorphic sexes,
damaged specimens, gut contents, scats

A To test consistency of species definitions with a
DNA measure of variability

A
A

2. Applied tool for users of taxonomy:
A To identify regulated species, including invasives
A To test purity and identity of biological products

A  To assist ecologists in field studies of poorly
known organisms

3. Discovery tool

A  To flag potentially new species, especially
undescribed and cryptic species



The Barcoding Process

Distribution Map
Vouchered Specimen Details
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The Primary Choice for Barcoding In
Animals: the Mitochondrial Genome

D-Loop Small ribosomal RNA
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A Finding the right gene

A Mobilizing a consensus in

. A Moving ahead
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Use of DNA barcodes to identify flowering plants

W. John Kress**, Kenneth J. Wurdack*?*, Elizabeth A. Zimmer*, Lee A. Weigt®, and Daniel H. Janzen®

Z the diff 5 *Department of Botany and *Laboratories of Analytical Biology, National Museum of Natural Histery, Smithsonian Institution, P.Q. Box 37012, Washington,
Eg Spot rence: DC 20013-7012; and SDepartment of Biclogy, University of Pennsyhvania, Philadelphia, PA 19104
8l orchids can be {
Bl distinguished . Contributed by Daniel H. Janzen, April 15, 2005
with a singleDNA h
sequence. i Methods for identifying species by using short orthologous DNA  paper is not to debate the validity of using barcodes for plant
sequences, known as “DNA barcodes,” have been proposed and  identification, but rather to determine appropriate DNA regions
initiated to facilitate biodiversity studies, identify juveniles, asso-  for use in flowering plants.
ciate sexes, and enhance forensic analyses. The cytochrome ¢ A portion of the mitochondrial CO1 gene was deliberately
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DNA barcodes: Genes, genomics, and bioinformatics

TAXONOMY

Wanted: A Barcode for Plants

W. John Kress* and David L. Erickson
Department of Botany, MRC-166, National Museurn of Natural History, Smithsonian Institution, P.O. Box 37012,
Washington, DC 20013-7012
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tis not a coincidence that DINA s
barcoding has developed in concert
with genomicsbased investigations. DNA Génomics
DNA barcoding (a tool for rapid Barcoding K f
species identification based on DNA -




Criteria for DNA Barcoding




Three Genomes of Plant Cells

for Barcode Candidates

Chloroplast

IMitochondrial

Nuclear




Atropa vs. Nicotiana Chloroplast Genomes

Deadly Nightshade

(Atropa belladonna)
Chloroplast DNA

156,688 bp /

Complete &/

Schmitz -
Linneweber
et al. 2002




Atropa vs. Nicotiana Chloroplast Genomes

Deadly Nightshade

(Atropa belladonna)
Chloroplast DNA
156,688 bp

1% divergence




Atropa vs. Nicotiana Chloroplast Genomes

trnL -F
trnV -atpE psbM -trD
G » ~ E

;. ycf6 -psbM
atpB -rbcL H, L tnC -ycf6
N

Deadly Nightshade

[

= ( (Atropa belladonna)
PI36 -IPEa Chloroplast DNA

o

A
156,688 bp trnH - psbA

2% divergence
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Top Plant Barcode Candidate:
Intergenic Spacer

trnH -psbA =450 bp

trnH -psbA =93 -100% success

trnH -psbA =1.17%




A SINGLE -LOCUS PLANT BARCODE

trnH -psbA

Use of DNA barcodes to identify flowering plants

W. John Kress*t, Kenneth J. Wurdack**, Elizabeth A. Zimmer*, Lee A. Weigt*, and Daniel H. Janzen?

“Department of Botany and *Laboratories of Analytical Biology, National Museum of Natural History, Smithsonian Institution, P.0. Box 37012, Washington,
DC 20013-7012; and SDepartment of Biology, | y of Pe iladelphia, PA 19104

Contributed aniel H. Janzen, April 15,

Methods for identifying species by usinq short orthologe paper is 1 ) deb: e validity o 1g barcodes for plant
. known as es, identificat U her to determine ap : DNA 1
to facilitate biodiversity \T.U(\Ii—s‘ identify juv HI\IP\. asso-
ciate sexes, and enhance forensic analyses. The cytochrome ¢

accD , matK , ndhJd , rbcL , rpoC1l , rpoB2,
trnL , YCF5, UPA, ITS, COl1




Mosses/Liverworts
Monilophytes

Pinales
ri-

L Cycadales

Austrobaileyales

Piperales

Laurales
SAM P L I N G Magnoliales
Alismatales

AND PCR Sl

Liliales

SUCCESS: e

Poales
Commelinales
Zingiberales

39 O rders Ranunculales
Of Lan d B trnH-psbA Caryophyllales
Plants o1

matK
B rpoB2 Myrtales

1
;F;Zg Malpighiales

Oxalidales
igﬁj — Fabales
co1 S— Rosales‘

Cucurbitales

'E Fagales
Brassicales
Malvales
Sapindales
Cornales
Ericales
Gentianales
Lamiales
Solanales
— Aquifoliales
Dipsacales
Asterales
Apiales




A SINGLE -LOCUS PLANT BARCODE:
Comparative Results

PROPERTIES OF PUTATIVE BARCODES

trnH-psbA rbclLa rpoC1 ITS1 rpoB2 accD Cco1 ycf5 ndhd matK

LOCUS

[dpcr success only [Jability to discriminate only [llpcr success & ability to discriminate




A TWO -LOCUS PLANT BARCODE

Hierarchical and
Complementary

he NANCNAh

Deadly Nightshade

(Atropa belladonna)
Chloroplast DNA
156,688 bp

OPEN () ACCESS Freely available online o5 one

A Two-Locus Global DNA Barcode for Land Plants: The
Coding rbclL Gene Complements the Non-Coding trnH-
psbA Spacer Region

W. John Kress*, David L. Erickson

Department of Botany, National Museurn of Natural History, Smithsonian Institution, Washingten, D. C, United States of America



INTERGENIC SPACERS T Indels,

Alignment, and Repeats:
Problems or Assets?

]D 196 200 25 210 215 20 25 220 23 240 245 20 =5} 260 265 20 275)

R R R R RN R R R RN RN R RN

Vib_acer4043 === A CCRTRGGTCT TR =AG TG TATACGAGE S T T T T TGAAATAAAAAARSSS =S s e GGAGCAATAR==
¥ib_prun?7022 ACCRTHGGTCTT AGTGTATACGAG TTTTTGAAATAARARAARAS GGAGCAATA | aCe rS O r
Lonicera_maa2631 SSACCHCGGTCTTESSSAGTGTATACGAG TTT T 1
Asclepias_inc7129 ATCGTCAGTCTT AGTGTATAGGAG TTTTTGAAARAAT
Apocy_can?0312 ACCCCCGGTCTT GGTGTATAGGA TTTTTGARARAT

Sam G EL s |dentification and local -
Amp_alb6988 NG CAGTCTTES=A TATA! N 1 T T TTGAARAAT
Lobel _siph7098 ——ATCHTTAGTCTGE==AGTGTATATACCES=========TTTTTGAAATAARA 1

I hylogenetics

ACTRTTGGTGTT AGTGTATATGAG STTCTTGAAAGTAAS SRAGTARAGGAGCAATA
ACCRCCGGTCTTESSAGTGTATAGGAG =TTTTTGRAAARTAAS == =AGGAGCAATA
ACTTCAGTCTTATTTTTTATTGTATARTARGCATAGG TTTTT 1AAI TAARARGTAGCH)
-4l STGTTESSSATTGTATAGGACESSSSS= N T TAT TGARAARA T A e —— AARTA:
STTATTGARARATAS SAAGTAGCAATA!

TCGTGTTTGTTATTGTATAGGA TTATTGAARARARATAS SAARGTAGCAATA!
GCCTTTGTGTTS STGTATAGGAG) TTATTGAARARATAS RAATAAARGTAGCH

Psy_car5235 GCCTTTGTGTTES==ATTGTATAGGAGES TTATTGARRARTAS '
Grat_neg9913 GACTTGGTCTTE===AGTGTATAGGAG TTTTTGAARATAG l l e S aS a e
Phyt_amer2606 ATTTCOGTTCTTE===AGEGTTAGTGTATACGAG =TTATTGARAATAAS: |

Lud_alter2698 S ACTTCCGTCTTESSSAGTGTAARGTGTATACGAGTTTTTGATT TGAARARTARSSSSSSSSSSs====AGAAGCART ASESS

Oenoth_bie9930 S ACTTTGGTCTTES==AGTGTAAGTGTATACGACEESEE T TTTTGATTTG!
SEE e characters for ID
ACCHCGATCTTES==AGTGTATAGGAGTTATT T
S=ACTTTGATCTTE===AGTGTATATGAGES BESEE T TTTTGARAGTAA

RTTTCGATCTTESSSCGTGTATACGAGES S===TTTTTGARARTARS=:
SSACTTC CT T A TATA ====TTTTTGAAARATARS
Lysim_cil2604 SSSACTTTGGTCTTESSSGGTGTATATGAG === == TTTTTGAAATTAARS

| 0

Rob_pseud8396 TTTTGGTTTT GATACGAG TTTTTGARAAGTAAARS |

Erys_cheir8781 TCCTTAGTGTTS AGAGTGTTAGTCTESSAGATCTAGTTTAGTAARAARAS | ar I a Se l I el l ‘ eS are
AGTCTAGACCT TTTAGTARAF |

Arabis_laev47047 S=ETCTTTAGTGTTE
Prunus_serot8386 ACTTTGGTCTTE===AGTATATACGAG! =TTCTTGARAGTAARS:
Hum_lup_2600 == ACTTCGGTATTE===AGTCTATATGAG TTATTG G
Poly_res2691 S ATTTTGGTCTTESSSAGTGTAGTCOAGESSS S s e T TT TAAAAAC GAAASSSSE=ss s === s s GGAGCAATASSS
ATTTTGGTCTTHS AGTGTAARTTGAG TTTTT |
ACTTCGGTTTTHS AGTATATATGAGES R T TAT TGARRAAT A A A
Plantago_rug9935 ==ACTETGTTCTTS
Just_maer 7040 ACTETGGTCTTE SAGGAGE=====TTTTTGARARTAGAREEEES T CACEATARGGAGCARTA
Teuc_can2607 ==ACTETGGTCTTE===RATGTAT ==== == TTTTTGARRARTAGAATAGATARATATARGGAGCAAT A== .
Verb_urt ===ACTETGGTCTTE===AGTGTAT! TTTTTGAARATAG TATAACTATAAGGAGCARTAS== m
Glech_hed6975 SSACTRTGTTCTTESSSAGTGTGTS TTTTTGAARARTAGAARTAGASTAARTATARGGAGCARGH | eW n Or a ICS OO S
Art_ann2642 ACTTTGGTCTGHE ATTGTATE SAGGAGTESSAGTTTTTGARCTARAARRS |
ACTTTGGTCTGHE ATTGTATE AGGAGE TTTTTGARCTAARARARS

= | 0
26 ACTTTGGTCTGE ATTGTATS RGGAGHE STTTTTGAACTAARARAAS 1
Bidens_poly2656 S ACTTTGGTCTG RS EAT TG TATESSSSAGCACESSSSS TTTTTGAARC TARARARSESSSSSSSS=S== GCAGCARTASSS O r e ar‘ I n e
Chry_virg7431 ACTTTGGT! ===ATTGTAT G| TTTTTGAACT GGAGCAARTASSS

Eclip_pro2644 ACTTTGGTCTTGE==ATTGTATE====AAGAGE=====TTTTTGAAC TARARAASS========c = SGGAGCAATAS==
Eup_coel 7133 ACTTTGGTCTABSS=ATTGTATE === =TTTTTGAACTARARARS GGRAGCAATASSS
Solid_flex S ACTTTGGTCTGESS=ATTGTATTCTATAGGAGES====TTTTTGAAC TAARRAF
Aster_div2129 ACTTTGGTCTGR===ATTGTATTGTATAGGAGE STTTTTGAACT
Aster_div2596 S=ACTTCGGTCTGE===ATTGTATTGTATAGGAGS =TTTTTGAACT
Aster_cord9336 == —ACTTCGGTCTGE===ATTGTATTGTATAGGAGE=====TTTTTGAACT
Solid_jund7041 = SACTTTGGTCTGESS=ATTGTATTCTATAGGAGESS===TTTTTGAACT G
Solid_simp7062 ACTTTGGTCTGES==ATTGTATTCTATAGGAGESSSSSTTTTTGAACT c n

Solid_gig2590 ACTTTGGTCTGRESSSATTGTATTCTATAGGAGES TTTTTGAACT C

i rizecd | ew tecnnologies 1or
ida_spi GTATACGAGT, TTTTGAAAAT GGAGCAATARSS

Abut_theo262. e ACTTTGGTTTTES==AGTGTATACGAGT] TTTTGAAAAT! GGAGCARTACTAI

ISR ecocoreTreTreofgggenannaann SOlVing prOblemS
Do we need a coding gene??




An Alternative Two - Locus Plant Barcode
CBOL Plant Working Group - 2009

A = atpF-atpH; B = rpoB; C = rpoC1; K = psbK-psbl;
M = matK; P = trnH-psbA; R = rbcL
[C]Angiosperm [l Gymnosperm [l Crypto

Conclusion:

A

rbocL + matK

with
trnH -psbA &
other spacers
as alternative

barcodes
|

A DNA barcode for land plants

CBOL Plant Working Group'
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Communicated by Daniel H. Janzen, University of Pennsylvania, Philadelphia, PA, May 27, 2009 R

DNA barcoding involves sequencing a standard region of DNA as intergenic sp

T T v a tool for species identification. However, there has been no  to a high fre

20 40 60 agreement on which region(s) should be used for barcoding land vidual seque
Percent Sequences obta " plants. To provide a community recommendation on a standard

plant barcode, we have compared the performance of 7 leading Species Disc

quenced for

candidatePIastid DNA_r:egions (atpllF:aip:H" spacer, maif(.ge?'e, rl:lucl..
156 Cryptogams 40 50 60 70 80
81 Gymnosperms Percent discrimination success
170 Angiosperms

Rank among
1-locus barcodes




A THREE -LOCUS PLANT BARCODE

Hierarchical and
Complementary

= the AANnCch

(Atropa belladonna)

Chloroplast DNA
156,688 bp

= the
Nl denti fi1 e

matK




Major Medicinal Plants of the World:

An Applied Test of DNA Barcoding

What is a medicinal plant?
We used a consensus of four

sources that list medicinal plants,

primarily:

m SAFER, CREAPER, lumnnwmumms

Proven Ephedra Formula
Maximum Strength

T0 PRESCRIPTION AND OVER-THE-COUNTER DRDGS

5 e
I o

JAMES A. DUKE, Ph. Il

“THE GREEN PRARMACY is full of helplul, mﬂu



Major Medicinal Plants of the World:

An Applied Test of DNA Barcoding

A How we assembled our set:
I Selected ~1150 species
I Requested

AUSDA germplasm
AUSBG living collection
ALocal gardens
ANMNH herbarium
I What we have:
A768 species
A>168 Genera
A 113 Plant Families
A4 accessions per species



Major Medicinal Plants of the World:
An Applied Test of DNA Barcoding

Two -locus
approach

create
backbone of
tree with rbcL
as the

then separate
individuals
species in
smaller

groups with
trnH -psbA as
the

Results:
>94%
success with
rbcL/
trnH -psbA

Fraxinus ehinensis
Fraxinus ornus 5

Ligustrum vulgare
Chiganthus virginicus

Olea europaea

Crescentia cujete
_[% Parmentiera aculeata 2
Macfadyena unguis cati
Pyrostigia venusta @
Plantagao afra 4 rbela far
' Plantago arenaria 4
Plantago arenaria 15

_ﬁ Marrubium vulgare
Callicarpa dichotoma

l— Ocimum basilicum
Qcimum basilicum 2

Prunella vulgaris

Nepeta cataria
- Hyssopus officinalis 5

Qcimum americanum 5

Ocimum tenuiflorum 4
Dcimum gratissimum 15
Collinsania canadensis
Lavandula stoechas

Hyptis suavanlens 3

r Salvia officinalis 4

 Salvia scalera 15
Manarda fistulosa
Monarda didyma

* Monarda punctata 5
- Saturaja hortensis 10
Satureja hartensis 4
Mantha spicata 1
' Mentha xgraeilis 10
Thymus vulgaris 9
' Thymus vulgaris 12
Mentha pulegoides 1
Mantha langifalia

Origanum vulgare

— 0,005 substitutions/site

Hyssopus officinalis 17
Dracocephalum moldavica

Plantago lancealata
|— Plantago depressa 4

rbocL Anchor

Lamiales:
Mentha

Mentha_aquatica_tmH_14
Mentha_Xgracilis_tmH_18
Mentha_canadensis_14h2_tmH
Mentha_piperita_trnH_8

Ientha_pulegioi_tmH_8

Mentha_spicata_1

Mentha_spicata_tinH_11

HWentha_longifolia_tmH_10

Mentha_longifola_tmH_8

Mentha,

trnH - psbA
|dentifier




50 - ha Forest Dynamics Plot on

Barro Colorado Island, Panama

Vital statistics of BCI

A Island in Panama Canal
I Premier Ecological Plot
A 296 tree species

I 1035 specimens (~3
accession/species)

A 180 Genera
A 49 Families

A ~50% of genera have
one species = easy test
of barcoding

Why DNA Barcoding
on BCI?

Species identification
*forensic/ecological

Phylogenetic applications
*species/community
phylogenies
*functional trait mapping



50 - ha Forest Dynamics Plots
Field Information Management
System

Collection Data Tab

Tt Tt L ] St [ Doy LA iy Pt g Ciolecnor el i Lodiscgon doecle Faara iy g
e i e Sipec bl Bark | Sceches [pidet L Tolitirs i s F ke T e
Tai tacd T s Tharc ) LTS T i (R Teorek Tapr = o [l g Y jur T ey
LD SaTALTE [Engicdun s [y 1 Bearg W o B um ] Al Y] e ] =l ekl e
i) SaTALTE [Engicdun s [y ] Bearg W o B um ] Al Y] e ] =l ekl e

Mot Crvalior | Pl LEBEa Mol gl Trosirca Coarkry Plal Lo Mol Longluds Lo=alyl
aaloal Lecimall SRt ot
- 140 1T 2 36 W 1 7.0402 T2 30
- 140 1T 2 36 N 17.0402 =]
BE-1400 TIEEN 1T T2 380
BE-140 TIC 3N 1T =]
[-HET] TIC 3N 1T =]
o [}
] o
] o
] o
] o
] o
] 1]
Tissue Data Tab
Tree Tag MoUArcession Moo Spechkes Cioliechor Mo, B Viouoher 3psolmen? | Flate Ko, | Row Latter | Column Mo, | Teous Type | Thous Sampls Nodsc
1915036 Shorea guisa 0Z-2684 L 15 D 0= Li=af
FEFS1 Demscarpus angiolus O&-SBAT H 15 E 05 Li=af
40759 Demscarpus angiolus O&-SBAT L 15 B 03 Fruit
40msl S Arpus ongiiolus Oe-SBLT Y 1& L 02 pef )
0000 Lixtthaea heferophyla |DE-SBLT H 15 [ ¥] 08 Foood

ER R = Rl i | Bl i |k




50 - ha Forest Dynamics Plot on

Barro Colorado Island, Panama

Barcode Success

trnH-psbA* matK rbcLa
08% 95%  85% 69%  94% 94%
7 95% 99% 75%

e
\‘}‘g

*Note: ~8% of sequences are partial

‘ |
CTES



50 - ha Forest Dynamics Plot on

Barro Colorado Island, Panama

Species ldentification = BLAST

(Basic Local Alignment Search Tool)

A Designed to search for similarity among sequences
A Can quantify rates of resolution
A Use 281 barcode sequences as both library and query

RESULTS
A rbcLa + trnH -psbA + matK :
I 98% of all samples could be assigned to correct Species
i All ambiguity was in 4 genera: Psychotria , Ficus , Inga , Piper
I 100% of sequences were assigned to correct Genus
I Partial sequences were assigned correctly



Barcodes and
Forensic Ecology

Identifying Roots Using ITS

Barcode
> see G ATTACA-:...

3> oooTTGTGAC ooo*
y oooTTGTG‘ﬁ‘}_\Cooo

>
\n\ DNA Extraction

Unkhown Root

ITS = the internal transcribed spacer region of the 18S-26S nuclear ribosomal DNA repeat.
Image from Jackson et al. 2000. For more information, see Linder et al. 2000 and Jackson et al. 1999.




Barcodes and Community

Ecology

Species
Diversity
a|n The Components of
Biodiversity

Functional o _ _ _ _ _ _ 5 Phylogenetic

Diversity Diversity

Swenson 2009



Building a Community
Phylogeny with Phylomatic

STEVEN W. KEMBEL AND STEPHEN P. HUBEELL Ecology Special Issue

Asterid

Habitat
High Plateau
Low Plateau
Mixed

aope. Phylogenetically.
swamp | clustered = High Plateau,
Young

Low Plateau and Young

Habitats

Phylogenetically Over -
dispersed = Swamp and
Slope Habitats

l I . Phylogenetically Random =

400 300 200 Stream and Mixed Habitats
Millions of years

Fig. 1. Hvpothesized phylogenetic relationships among woody plant species occurring in the 50-ha Forest Dyvnamics Plot on
Barro Colorado Island, Panama. Circles indicate nodes dated based on divergence dates reported by Wikstrém et al (2001).
Undated nodes were spaced evenly between dated nodes to mimimize vanation in branch length.




Building a Community Phylogeny with

Barcodes : A Supermatrix of rbcL , matK , and
trnH -psbA

rbcLa
Sequence Matrix Tree Topology *aligns unambiguously
trnH-psbA matkK
T lauri
e st +aligned with
Trigw pobilis backtranslation (AA)
Inga oerstediana
Casearia aculeata trn H _ pS bA
Casearia guianensis
Casearia arborea *a_“g ned W|th|n
Casearia sylvestris ORDERS (Muscle)’ then
Casearia commersoniana Ol‘derS placed Wlthln
Solanum circinatum rbcLa a“gnment W|th
Solanum hayesii ﬁ m | S S | n g d a t a (‘)
Selapumacponin for other Orders
Solanum lepidotum ( MaCCIade )
Bactris coloniata
Bactris barronis Tr ees
Bactris major ~ 0
Ginkgo biloba constructed with

Parsimony (PAUP) and
ML(Garli: GTR+1 +T)



50 - ha Forest
Dynamics Plot
on BCI, Panama
(281 species):
Community
Phylogeny
using a
Supermatrix
Approach with
rocL / trnH -
psbA / matK




