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Why Analyze Species-level Diversity:
Species are Better Indicators

® Species provide more
iInformation to evaluate
nature of changes and
biological /

‘ environmental

B A mechanisms

p N responsible.

® Changes in species
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phenology show larger
changes than biomass.

40 zooplankton monitoring sites (white stars) and
7 Continuous Plankton Recorder standard areas.

From: O’Brien, Wiebe, and Falkenhaug (2013)

ICES Zooplankton Status Report Mackas and Beaugrand (2010)
J. Marine Systems 79: 286-304
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Why Analyze Species-level Diversity:

Species-Specific Impacts of Warming

Warm-temperate Temperate Cold-temperate Subarctic
pseudo-oceanic species pseudo-oceanic species mixed-water species species
1958-1981 1958-1981 1958-1981 1958-1981
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Mean number of species
per CPR sample

Beaugrand (2005) ICES J Marine Science 62: 333-338

Long-term changes
in species
abundances are
coincident with NE
Atlantic warming.

Abundances based
on Continuous
Plankton Recorder
(CPR) surveys.

Warm-water species
distributions
extended north by
>10° latitude.

Cold-water species
decreased in
abundance and
range.



Why Analyze Species-level Diversity:

Species-Specific Impacts of Warming

Multi-decadal northward shift in copepod biodiversity
coincide with increased SST at high latitudes.

Mean copepod biodiversity
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Beaugrand et al. (2010) PNAS 107: 10120-10124
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Why Analyze Species-level Diversity:

Species-Specific Impacts of Warming
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Dramatic shift in ratio of two Calanus
species in North Sea: C. helgolandicus
Increases, C. finmarchicus decreases.

Differences in species life history timing
and role in food web impact whole
ecosystem.

Mean spatial average for the last 50 years: Calanus
finmarchicus (left) and C. helgolandicus (right)

From: SAHFOS Marine Ecological Status Report 2010



Why Analyze Species-level Diversity:

Species-Specific Responses to Large-Scale Forcing

Dominant copepods on Georges i -
Calanus finmarchicus (N m™)

Bank show species-specific
patterns of decadal variability ""J L|"' I “"l""’

aSSOCIated Wlth ArCtIC Ocean 1950 1960 1970 1980 ;-nj 2000 2010
Oscillation (AOO) Pseudocalanus spp. (N m™2)

Calanus

finmarchicus
,1:‘._\ K,v.-;{:;;:.":'.".,.:‘ =

72\

/6 N oiidoa Centrogag . : . Al '
DR typicus hamatus s 1950 1960) 1970 1984 1K) 2000 2010
[£k AN e spp. Paracalanus

A\ -4 : 5 parvus i .

2 CAN At S d ithona N e b o Vo R ] -

il D i Centropages typicus (N m™)

4L \ pl \ TN hy, o it bidbdes < .

i { | f >

Pl i { 4 | )

it 50 35 y &
| - ) o
’7} 1950 1960 1970 1960 1990 2000 2010
M

Centropages hamatus (N m™2)

0 rir

1950 1960 1970 1960 1990 2000 2010

vy . - - '\l
Femora longicornis (N m™=) I
1950 1960 1970 1980 1990 2000 2010

L0
050

o

- 5

-1.00

1.0

050

- 0

0540
-1.00

2
11X
0.0

- =100

21X

1 )
050
000
050

200
1.00
0
1)

- =200

O’Brien, Wiebe, and Falkenhaug (2013)



Contributions of Integrative Taxonomy
to Biodiversity Science

Integrative taxonomy: science that aims to
delimit biodiversity from multiple and
complementary perspectives:
phylogeography, morphology, population
genetics, ecology, development, behavior, etc.
-- Dayrat (2005) Biol J Linnean Soc

Applications of integrative taxonomy:

1) Biodiversity assessments of marine
communities.

2) Detection and identification of invasive
non-indigenous species.

3) Trophic relationships and food web
structure.




| The Animal Mitochondrial Genome |

Most invertebrate
zooplankton groups

show non-
overlapping

distances within-
versus between-

species.

The “barcode gap”
allows species

identification

DNA Barcoding: COI

Barcodes are short DNA sequences that
enable species recognition and
discrimination.

For animals, usual barcode is 658 base-
pair fragment of mitochondrial
cytochrome oxidase | (COl).

n intraspecific/
coalescent

4 barcoding

llgapll
-]

71860

interspecific/
speciation

overlap

genetic distance

01232

Meyer and Pauley (2005)




Integrative Taxonomy in Practice

Identifying species at sea
A

B

eas e Buipoaleg

= Collection, identification, photography, DNA extraction, DNA sequencing.
= Carried out onboard the R/V RH BROWN in the Sargasso Sea (2006)

Scina crassicornis Mollicia tyloda Sapphirina metallina




Applications of COl Barcodes

Species identification: ‘Gold standard’ barcodes
based on specimen identified by taxonomic
expert, georeferenced, archived vouchers.

Discrimination of cryptic species: Barcodes can
reveal cryptic, rare and unexpected species
within known taxa.

Phylogeography: Barcodes used to describe
geographic distribution of genetic lineages;
large-scale population genetic structure,
connectivity, and migration.

Phylogeny: Barcodes contribute to multi-gene
phylogenetic analysis.

Diversity: Species diversity decoded by linking
species names, morphology, and DNA sequence
variation in reference database.



Barcoding Marine Copepods

COl barcodes
resolve species
with high
bootstrap support
100% (@)

COl does not
reliably resolve
relationships

among species,
genera, or families.

Accurate and
reliable — and
eventually
automated —
species
identification
requires match to
reference
sequence in
database.
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Barcoding Marine Copepods
Blanco-Bercial, Cornils, Copley, and Bucklin (2014) PLOS Currents - Tree of Life

Total of 1,381 sequences for 195 copepod species
Kimura-2-Paramater (K2P) distances between > within species (p<0.001)

Some overlap within / between species due to geographic variation,
cryptic species; no clear barcode gap.
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Barcoding Marine Copepods
Blanco-Bercial, Cornils, Copley, and Bucklin (2014) PLOS Currents - Tree of Life

Discrepancies between MOTUs (~220 at threshholds) and OTUs
(195 at line) due to geographic variation, cryptic species, etc
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MOTU discrimination as a percentage of mean length

Data analysis: 1,381 barcodes for 195 species. Number of MOTUs inferred in jMOTU based
on thresholds for species-recognition (% of mean barcode length) based on 3 alignments.



Barcoding Marine Ostracods
Nigro, Angel, Blachowiak-Samolyk, Hopcroft and Bucklin (2016) PLOS-One
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Cryptic Speciation in Paracalanus parvus (Copepoda)
Cornils and Held (2014) Frontiers in Zoology
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Cryptic Speciation within Pleuromamma (Copepoda)

Halbert, Goetze, Carlon (2013) PLOS-One 8: e77011

= Analysis of Pleuromamma

species complex in Atlantic,

Pacific and Indian Oceans.

= Cytochrome Oxidase Il
barcode gene

= Cryptic clades within
morphologically described
species
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Cryptic Diversity of Eucalanid Copepods - 16S rRNA
Goetze (2010) Molecular Ecology 19: 952-967

. subtenuis » Global sampling of 1,295
individuals of 22 described
species.

= 16S rRNA showed barcode gap
within and between evolutionarily
significant units (ESUSs).

= Relatively high phylogenetic
signal at species and generic
levels in the Eucalanidae
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DNA Barcoding of Hydrozoa: COIl versus 16S
Zheng, He, Lin, Cao and Zhang (2014) Acta Oceanol. Sin. 33: 55-76

- = Clear barcode gap for both
COl COl and 16S

0O interspecific

= Strong recommendation for
16S as barcode gene for
Hydrozoa.

Barcode Gap

H H = Advantages of 16S:
TJ.m m; n.: n.? 020 024 JJ.EI n.:. n.: 41.: n.: 41.4: 1) B etter reSO | u tl O n Of
B COl K2P distance gen era and SometlmeS
16S families.
2) More 16S sequences:

1,566 16S sequences (596
species) versus 621 COI
sequences (169 species)

3) 16S more easily

N D oL amplified and sequenced

005 010 015 020 4].25llj;.?}fzpjl.:lznxﬂ.-l-ﬂ 045 030 055 060 065 aCrOSS hydrozoan taxa
(Moura et al., 2011).

Barcode Gap




Species Identification of Onceaidae (Copepoda)
Boettger-Schnack and Machida (2011) Hydrobiologia 666: 111-125

T UMBrus 1230, 1240 1+ MINULS 1245, 1248, 1247
5 T. elongata 1w

T. dentipes 1z
0. scotfodicariol 1z, 1225 oy,

T. conifera 1264, 1265
I

* |ntegrative taxonomy of
Oncaeidae in Mediterranean Sea.

= All morphospecies investigated s
were genetically distinct and no oo
cryptic species were found.

0.4

O, waldemari 1z3z, 1233

O. parabathyalis 1262

O. prendel 1260

Q. scottodicarloj 1224, 1225

= 12S rRNA
better
barcode
gene fOI’ : M. subtilis 1252, 1253, 1254
oncaeid T. conifera 12s, 1205
copepods T. furcula 11ss, 11es, 1150 1004

T. dentipes 1234 =
T. elongata 11e2, 1193’ £ oo
™ .99\ o6 Jf
Triconia sp.8 1242, 1244 5 /72700100
Ry

T. umerus 1239, 1240, 1241

O. venusta f. typica 1208, 1208 .
ypP O. waldemari 1232, 1233

0. venusta f. typica 120

BE/99/98/100

/ O. parabathyalis 1263

! Oncaea sp.7 1238, 1237, 1238
O. crypta 1267

O. ovalis 1200
99/100/93/100

/ 10?,—]1&0}3;-;'91:@/8. ivievi1z248
b /98
[}

S. humesi 1272

T. minuta 1245, 1246 )
O. prendeli 1259, 1260, 1261

12S rRNA

0.1 O. shmelevi 1258

O. ornata 12ss, 12586, 1257 O. tregoubovi 126, 1271




Barcoding Zooplankton Communities
Bucklin, Ortman, Jennings, Nigro, Sweetman, Copley, Sutton, Wiebe (2010) Deep-Sea Res. Il

Decapoda Copepoda

9 species **+.,. 34 species, 97%

Heteropoda - j
6 species,p99% Ty a=— ~mphipoda
. — : 10 species, 99%
Osteichthyes: Pteropoda
30 species .. 3 15 species

0.1
b K-2-P scale

@ Bootstrap value > 95%

. ... Ostracoda
. . % 27 species, 97%

Cnidaria .

51 species "..‘

*

3 N
* *
e *

ot
“

Data analysis: 327 COI barcodes for 207 species; Neighbor Joining tree,
Kimura-2-Parameter distances, 1000X bootstrapping



Zooplankton COIl Barcode Sweep-up

Total of 4,557 COIl sequences of zooplankton and fish collected 1992-2011
Specimens identified to species by taxonomic experts
Species are discriminated; major groups cluster, but not all are well-resolved.
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y & N Fish
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$
/ Cnidaria

Cephalopoda

100% bootstrap

Data analysis: MEGA Ver. 6; sequence alignment in MAFFT; Maximum Likelihood
(ML) tree in RAXML Ver. 7.2.8. - Bucklin et al. (2014) OSM Poster



Zooplankton COIl Barcode Sweep-up

Threshold indicates 2% COI sequence difference for MOTU differentiation

& All sequences (N=5,499)
- Sequences >500bp (N=4,557)

hreshhold

Number of MOTUs defined
=
=

| | [ | | | | | | |
0 9 10 15 20 25 30
Percentage of mean sequence length
Data analysis: Numbers of MOTUs (Molecular Operational Taxonomic Units) resolved

as a function of percentage of mean sequence length in J]MOTU. Diversity and species
identification using automated Basic Local Alignment Search Tool (BLAST).



Metagenetic Analy5|s of Zooplankton Diversity

Maohtda et ah (2009) BMC Genomics
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Zooplankton 18S rRNA Barcode Sweep-up

Consistent divergence across taxa
Accurate classification of novel sequences
Resolution of most groups, not species
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Data analaysis:136 species; 8 phyla; ML tree; GTR+G distances 1000X boot-strapping; 18S
primers: Fonseca et al. (2010). - Bucklin et al. (2014) OSM Poster



Zooplankton 18S rRNA Barcode Sweep-up

Threshold indicates <1% 18S sequence difference for MOTU differentiation

120

Threshhold

8

@ Al sequences (N=135)

o
il

N
L=

Number of MOTUs defined
(1))
o

20

0 T T T T T T
0 5 10 15 20 25 30

Percentage of mean sequence length

Data analysis: Numbers of MOTUs (Molecular Operational Taxonomic Units) resolved
as a function of percentage of mean sequence length in j]MOTU



Metabarcoding Analysis of Zooplankton Diversity
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3 ample SIS A etagenetics: large-scale
Single species Mxi’xed hlgh‘throughput DNA
B ﬂ sequencing of target genes

from environmental
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Figure: Corell and Rodriguez-Ezpeleta (2014)



Prospects and Pitfalls of Metabarcoding
Bucklin, Lindeque, Rodriguez-Ezpeleta, Albaina, Lehtiniemi (2016) J. Plankton Res

= Rapid monitoring and assessment of biodiversity,
Including hidden diversity associated with cryptic, rare,
and invasive species.

= Coordinated analysis across broad array of taxa: holo-
and mero-zooplankton, microbes to metazoans.

= Multiple genetic markers can be used to characterize
diversity across arange of systematic levels.

= Conserved genes for higher PCR success rates,
may underestimate species diversity.

= Variable genes may cause PCR artefacts, allow
detailed assessment of species diversity.




Percentage of OTUs

Metagenetic Analysis of Zooplankton Diversity
Lindeque, Parry, Harmer, Somerfield, Atkinson (2013) PLoS ONE 8: e81327.
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Marphalogical

Amphipoda
Anthozoa
Appendicularia
Bivalvia
Branchiostoma
Bryazoa

# Chaetogantha

u Chromista

u Cirripaedia

= Cladocsra

® Copepoda

® Ctenophora

® Decapoda

= Echinodermata

® Euphausiidae

u Fungi
Gastropoda
Hydromedusa

® [sopoda

u Mysidas

u Nematoda
Memeartina

u Pisces

u Platyhalminthes

" Polychasta

Siphonophorae

Metagenetic analysis
reveals “hidden
diversity” of marine
plankton.

- nuclear 18S rRNA

- 419,041 sequences
- 205 OTUs (clusters)
- 58 taxa

Need complete
reference libraries of
sequences for
accurately-identified
individuals.



Metagenetic Analysis of Copepod Community Structure
Hirai, Kuriyama, Ichikawa, Hidaka, Tsuda (2014) Molecular Ecology Resources

= Calanoid MOTUs (97%

similarity) showed
significant correlation
between metagenetic
and morphological
analyses.

Family-level
composition of
molecular operational
taxonomic units
(MOTUs) and
morphological
species.

Family-level
composition of
sequence reads and
dry weight.
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B Aetideidae
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OCandacndae

@ Centropagidae
B Clausocalanidze
B Eucalanidae

O Euchaetidae

B Fosshagenndae

MOTUs Morphology MOTUs Morphology MOTUs Morphology B Heterorhabdidae

Slope Kuroshio Subtropical OLucicutudae

OMecynocendae
B Metndimdae

@ Paracalamdae

@ Phaenmidae
OPontellidze

@ Rhuncalanidae
& Scolecitrichidae

Sequence reads/Dry weight
* x

*

Reads Morphology  Reads Morphology  Reads Morphology

Spinocalamidae
& Temonidae
O Unclassified

Slope Kuroshio Subtropical



L. Madin

Barcoding and Metabarcoding

Species-level analysis of pelagic
biodiversity is critical for understanding
Impacts of climate change, detecting
Invasive species, and management and
assessment objectives.

Metabarcoding analysis of zooplankton
samples allows rapid characterization of
zooplankton diversity; usual marker gene
regions do not discriminate species.

Species identification by barcoding or
metabarcoding requires matching DNA
seqguence to barcode for morphologically-
Identified specimen in a reference database.



R. Hopcroft

R. Hopcroft

Call to Action

Comprehensive reference databases
are needed for all barcode genes.

Coordinate taxon- and region-specific
barcoding efforts.

Collaborate with morphological
taxonomic experts, share archived
DNA and specimens from previous
field programs, and sequence multiple
barcode regions for identified
specimens.

Species-level protocols for
metagenetic analysis of zooplankton
diversity.



ICES
CIEM ICES WGIMT

Working Group on Integrated Morphological and Molecular Taxonomy

WGIMT Goals

= Promote and provide new tools for species-level taxonomic
analysis of the pelagic ecosystem.

» Focus on species recognition, discrimination, and identification of
marine metazoan zooplankton, detection of cryptic species,
evolutionary / systematic relationships of species.

= Contribute to the ICES mission to analyze, recognize, and
understand changes in community structure, species diversity,
and species phenology and productivity.

See: http:/Iwww.ices.dk/community/groups/Pages/WGIMT.aspx



http://www.ices.dk/community/groups/Pages/WGIMT.aspx

WGIMT Web Portal: Resources to Support Integrative Taxonomy of Zooplankton

Morphological Methods Photo Gallery

Links to taxonomic resources High-quality images of living zooplankton. Software will allow posting and organizing images

for species identification of WGIMT. net for easy access and viewing. Left: Photos from the Census of Marine Zooplankton (CMarZ)
and other participating programs will be reproduced. Right: Images will be cross-linked to
WGIMT/WGZE taxonomic database entries, with alternate access via the NOAA Copepod
website and Copepedia (now in development by Todd O’Brien, NOAA).

marine zooplankton
ICES Zooplankton Identification Leaflets

ICES Plankton Identification Leaflets, 1939-2001
(Including Fiches d'ldentijication du Zooplancton and

ICES Identijication Leaflets for Plankton, 1-187. and \ I a ] n \ Ien u
Fiches d’ldentijication des Oeufs et Larves de Poissons, 1-6)

COPEPEDIA

Tomporaturo

> About WGIMT

Sainty

photosfroesthis taxa group

Tomporaturo

* Morphological Methods

Identification Keys

‘7‘1%;"/ ‘{'f‘\ )

v

Wy

Phot"\‘" http://www.cmarz.org/ http://www.st.nmfs.noaa.gov/copepod/index.html/
Vo
) Optical Methods
Optical Methods Molecular Methods
_ - Literature — —
* Promote integrated optical, = Listing of PCR and sequencing primers for zooplankton.
molecular, and morphological = Various marker genes: mitochondrial (COI, 16S rRNA) T omme TS
approaches to zooplankton and nuclear (18S rRNA) "‘ﬂ”‘ M
species identification. * Molecular Methods = Universal (conserved), group-specific and species-
= Resource for training of image P % Prot { specific primers. @ GenomicONA ?‘%
agn 2 y ») COIS
l’ecognltlon software. NMEMs ¢ TOR0COIS GENE TAXON PRIMER PRIMER SEQUENCE [REFERENCE p,‘m_,,p..,ﬂ' PCRampiification ﬂ Primer pair
» Similar portal for phytoplankton 1 itraine e s "
operated by ICES WGPME. MOl | Copepods | Crus-COI-2428R[ R |TTAATHCCI CVGCAAT Bucklin et al. 2010a — et
MCol Copepods HCO-C0-2358 | R |CCHACDGTAAAYATRTGRTG Bucklin etal. 2010b ———
MCOI Calanoida LCO-1708 F_|CTATTTGATTGGAGGATITGG Hill et al. 2001 ﬂ Sequencing. ﬂ
MCol Calanoida 1C0-1719 F_|GGATTTGGTAACTGATTAGTGCC Hill et al. 2001
- MCOI CaWanuida H2612-COI R_|AGGCCTAGGAAATGTATAGGGAAA F?gueruaZOll aTe Sequéncas
> Topics of Interest o Tt e s e .
MCOl [C ChelgCOI-R_| R |CGGGACTCAGTATAATTATTCGTCTA etal. 2005 =
Workshops & Events o
- Species A /vlmnumiN Shocn &
News
= Potential and promise of
metabarcoding for rapid detection
. of climate change, biotic indices,
* Related Links food webs, NIS. Figure from Corel
& Rodriguez (2014)




Call to Action: Reference Barcode Database

Barcoding / Metabarcoding Studies at ZPS 2016

TAXONOMIC FOCUS
Astrid Cornils: Copepods
Tone Falkenhaug: Copepods / cladocerans (Norwegian Sea)
Sergio Hernandez Trujillo: Calanoid copepods (Gulf of California)
Junya Hirai: Copepods (Pacific Ocean)
Aino Hosia: Hydrozoans (Norwegian Sea)
Panagiotis Kasapidis: Copepods (Mediterranean / Black Seas)
Glafira Kolbasova: Scyphozoa
Sanna Majaneva: Ctenophores
Mary Mar Noblezada: Copepods
Stephanie Bush: Pteropod molluscs
Jasmin Renz: Copepods (benthopelagic)



Call to Action: Reference Barcode Database
Barcoding and Metabarcoding Studies at ZPS 2016

REGIONAL FOCUS
Paola Batta-Lona: Gulf of Mexico
Leocadio Blanco-Bercial and Samiah Alam: Sargasso Sea
Ann Bucklin: NW Atlantic continental shelf
Erica Goetze: North Pacific
Silke Laakmann: North Sea
Penelope Lindeque: North Atlantic
Ryuji Machida: Pacific
Inga Mohrbeck: North Sea
Naiara Rodriguez-Ezpeleta: Malaspina circumnavigation
Sergio Stefanni: Adriatic / Mediterranean Seas
Lidia Yebra: Alboran Sea

ENVIRONMENT / HABITAT FOCUS
Holger Auel: Midwater / deep sea
David Abad: Estuaries
Oliver Kersten: Abyss



Call to Action: Census of Marine Life Projects

= Census of Marine Life (CoML) ocean realm field projects sampled
throughout global ocean environments
» Barcoding in partnership with Consortium for Barcode of Life (CBoL)

Coastal Polar Pelagic
Regional Ecosystems (GoMA) M Arctic Ocean (ArcOD) Top Predators (TOPP)
“ Near Shore (NaGISA) B Antarctic Ocean (CAML) Continental Shelves (POST)
Ml Coral Reefs (CReefs) Zooplankton (CMarz)
Deep Sea

Global Information and Anaylsis
Vents and Seeps (ChEss)

3 | | Oceans Future (FMAP)
M Abyssal Plains (CeDAMar) | Information Systems (OBIS)
% Seamounts (CenSeam) @® Microbes (ICOMM)
Bl Continental Margins (COMARGE) Oceans Past (HMAP)
B Mid-Ocean Ridges (MAR-ECO)
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Call to Action

Comprehensive reference databases
are needed for all barcode genes.

Coordinate taxon- and region-specific
barcoding efforts.

Collaborate with morphological
taxonomic experts, share archived
DNA and specimens from previous
field programs, and sequence multiple
barcode regions for identified
specimens.

Species-level protocols for
metagenetic analysis of zooplankton
diversity.
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Census of Marine Zooplankton (CMarZ) 2004 - 2010

Project Lead Scientists

Ann Bucklin — University of Connecticut, USA
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Peter Wiebe — Woods Hole Oceanographic Institution, USA
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