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Barcoding Museum Specimens

]

Age Target Amplicons Final Method No.
Sequence Reactions
Length (PCR/SEQ)
Fresh — 658 bp 658 bp Sanger 1/1
15 yrs
15 - 60 yrs 307 bp, 407 bp 658 bp Sanger 214
60-240+ yrs | 15 amplicons ranging 658 bp Sanger 2/1
from 119 - 366 bp or
NGS

NN RN T



o Museum Harvesting
Y | selection + strategy . Ed
o Permits
¢ Eois burla  15-Jun-1937
% Eois burla  31-Aug-1995 = =
., [ P +
S Eois burla  28-Jun-2005 -
- . o —_— ©
0o Picklist Selection criteria Array Data + Image 8
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:CEU - | Plate CCDB | . e
issue sample magin
\1[ P record BMTA e Trace + Sequence (a1
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-— : '&E. = e =2 [N >
Tissue lysis 'S
DNA extraction Sanger Manual Sequences -
+ PCR 0 Auto validation
>
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O - = - User validation 2
_8 DNA Degraded DNA  Auto assembly e
— archiving NGS sequencing v g
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New Developments

Primers
PCR Protocols
Wl B)=TFz1efefln)e]
NGS Data Assembly and Analysis

NGS Platforms

T TN A AT T 0 R R A (A T VT VAN T YA T T



Primers

[ Barcoding Museum Specimens ]

TN AR R (A 1 D0 VACRCA (T R Y (T



Primers

[ Barcoding Museum Specimens ]

Manchuria, |
Dialanivn 1127 oce Tl

(Khir?gan) ’
suios TR

|
145 bp T 3
p' 139bp |148b |
p
133 bp

< COl (238 bp) > < COI (342 bp) >

o Older specimens — degraded DNA
T RRRT RTITR WVCE VD A A AREE R R VRO A R MY AT N R T (A T




PCR Protocols

- Single multiplex

R RR AR AT TR T A EE St S T MEEA RV AR A Y ECN CRET TR (I
|



PCR Protocols

[ Single Multiplex ]

o Preferential amplification/sequencing of overlap regions

- e -

- - 4@ ¢
P o — e
—» - 4
- = 4 ¢
=P e— <

< COl (658 bp) >

TN O A 0 A A (A 0T D0 VR T TREC YT (T



PCR Protocols

- Single multiplex

TR AR RV TR T A It S T REEA R R YR A N AR A YA ECN CRET TR (I
|



PCR Protocols

—Singte-multiptex—— Overlap Amplification

T T T M Y R A A AN YO YAREA A VAT (AT 0 i



PCR Protocols

—Singte-multiptex—— Overlap Amplification

+ Dual multiplex

R RR AR AT T A It S T RAEA R RV N AR A YA ECN CRET TR (0 it



PCR Protocols

[ Dual Multiplex ]

o Amplify several different DNA fragments simultaneously

N =

< \ Col (658 bpl”~" >

N AT

U

TN O A T 0 A AR A (A 0 D0 VCRCA T TREC AT (T [




PCR Protocols

[ Dual Multiplex ]

o Amplify several different DNA fragments simultaneously

\ : il
S~y 7 >

Y 7|

U

TN A T 0 A R (A T D0 VCRCH (T TRECH AT (T [




PCR Protocols

[ Dual Multiplex ]

o Amplification bias

|
|
< COlI (658 bp) >

EAS

TR AR AT TR T A EE St S S REEA R RV A TRCA A YA ECN CRET TR (e




PCR Protocols

—Singte-multiptex—— Overlap Amplification

+ Dual multiplex

R RRRTTR RV VAL TN A It 0 M RAEA R RV S A TRCA A YA ECN CRET TR (o



PCR Protocols

—Singlte-multiptex—— Overlap Amplification
—Buat-multiplex——— Amplification Bias

T A Y R A A AN YO YAREA A VTN (AT 0 it



PCR Protocols

—Singlte-multiptex—— Overlap Amplification
—Buat-multiplex——— Amplification Bias

- Adjust primer conc.

R RR T RTTR AT YRT T A EE St S M RAEA MR YA AR A YA ECN CRET TR



PCR Protocols

—Singlte-multiptex—— Overlap Amplification
—Buat-multiplex——— Amplification Bias
—Adjastprimereere— No Effect

TR RR AR AT YL T A It S N REEA R R YR S AR A YA ECN CRET TR (o



PCR Protocols

—Singlte-multiptex—— Overlap Amplification
—Buat-multiplex——— Amplification Bias
—Adjastprimereere— No Effect

- Re-Design Primers

R RR AT RV T A EE St S A REEA MR YA AR A Y ECN CHET T (ot



PCR Protocols

—Single-multiptex—— Overlap Amplification
—Buat-multiplex——— Amplification Bias
—Adjustprimerecone— No Effect
~RE=DESIgN Fiiimers No Effect

R R AR AT TR T A EE St S N MEEA R RV N AR A YA ECN CRET TR (O ot
|



PCR Protocols

—Singlte-multiptex—— Overlap Amplification
—Buat-multiplex——— Amplification Bias
—Adjustprimerecone— No Effect
~RE=DESIgN Fiiimers No Effect

- Two-Round PCR

R RR AR AT T A It S T RAEA R RV AR A YA ECN CRET TR (D ok



PCR Protocols

[ Two-Round PCR ]

o 2 PCR to help reduce amplification bias — insufficient

PCR1 PCR 2

TN O A T 0 A AR (A 0T 0T VACRCH (T TRECH AT (AT [




PCR Protocols

—Singlte-multiptex—— Overlap Amplification
—Buat-multiplex——— Amplification Bias
—Adjustprimerecone— No Effect
~RE=DESIgN Fiiimers No Effect

- Two-Round PCR

R RR AR R T A It S 0 M RAEA R R YA N AR A YA ECN VRET TR (D o



PCR Protocols

—Single-multiptex—— Overlap Amplification
—Buat-multiplex——— Amplification Bias
—Adjustprimerecone— No Effect
~RE=DESIgN Fiiimers No Effect

—Pwe-RedrdPER Insufficient

TR RTR YAV T A It S S RAEA R R YA S A TRCA A (A ECN VAET TR (D et



PCR Protocols

—Singlte-multiptex—— Overlap Amplification
—Buat-multiplex——— Amplification Bias
—Adjustprimerecone— No Effect
~RE=DESIgN Fiiimers No Effect

—TFrra-Reaied-pcn Insufficient
- Multiplex + Nested PCR

R RR AT RV YR T A It S N REEA R RV A AT A YA ECN CAET TR (D o



PCR Protocols

[ Multiplex + Nested PCR ]

- ———— . — [ — o + + +
[ e— l [ T - R2+R3 R4+R5 R6
3 [ — [ — F1 F3 F5

— R1+R2 R3+R4 R5+R6
5 U‘Z‘ U U U
\ J \ J

PCR1 PCR2

TN O T 0 A A R (A 0T D0 VCRCH (T RO AT (T [




PCR Protocols

[ Multiplex + Nested PCR ]

» Redundancy to increase chances of recovery

| 658 bp Barcode

[T T[T r
I

[ rs ]

[ e 1 [ rs ]
[ e 1 [ re ]
[re T T re]

R RR AR AT YR T A It S N REEA R R YR AR A YA ECN CRETH TR (0 o




PCR Protocols

—Singlte-multiptex—— Overlap Amplification
—Buat-multiplex——— Amplification Bias
—Adjustprimerecone— No Effect
~RE=DESIgN Fiiimers No Effect

—TFrra-Reaied-pcn Insufficient
- Multiplex + Nested PCR




PCR Protocols

—Single-multiptex—— Overlap Amplification
—Buat-multiplex——— Amplification Bias
—Adjustprimerecone— No Effect
~RE=DESIgN Fiiimers No Effect

~Two-Rouiia rCR Insufficient
“Viuitipiex + Nested PCR— Primer Incorporation

R RRRTTR RV VAL T A EE St N RAEA R R YR N A RCA A YA ECN CRET TR (D o



PCR Protocols

[ Multiplex + Nested PCR ]
F1, F3 F5
| N SN\ _658bp ode |
+— +— +— +—
R1 i R2 R3 R4 RS R6
(B [ [rF----- 5 Overlap acts as a primer, inserts primer

I seguence into target amplicons.

Read Length Histogram
00000 T T T

000000

42 40000 [
.
:
[Fs T Tre ] T Rs] Tl
00000 t
I 00000 ,
> 00 100 200

SEQUENCING L'J Read Length
X (chimeric reads)

1
600

TN A 0 A R (A T D0 VCRCA (T TREC AT (T



PCR Protocols

—Single-multiptex—— Overlap Amplification
—Buat-multiplex——— Amplification Bias
—Adjustprimerecone— No Effect
~RE=DESIgN Fiiimers No Effect

~Two-Rouiia rCR Insufficient
“Viuitipiex + Nested PCR— Primer Incorporation

TR RTTR AT TRT T A At S T RAEA R R YR S AR A YA ECN CRET TR (D et



PCR Protocols

—Singlte-multiptex—— Overlap Amplification
—Buat-multiplex——— Amplification Bias
—Adjustprimerecone— No Effect
~RE=DESIgN Fiiimers No Effect

—Pwe-RedrdPER Insufficient

“Viuitipiex + Nested PCR— Primer Incorporation
- Tail PCR1 primers

TR RTTR AT T A EE T S T REEA RV S A TRCA A YA ECN CAET TR (D e



PCR Protocols

[ Tall PCR1 Primers ]

\li> ey ks,

658 bp Barcode |
< <—
R1 R2 R3 R4 RS R6

\-:-AG— % Elongation is blocked

ppe=—

Read Length Histogram
00000 T T T

000000

\—l il
I > 0(; 100 200 300 200
SEQUENC'NG L'J Read Length
‘/(good reads)

-

TN 0 A R (A 1T D0 VACRCH (T TRECH AT (T



PCR Protocols

—Singlte-multiptex—— Overlap Amplification
—Buat-multiplex——— Amplification Bias
—Adjustprimerecone— No Effect
~RE=DESIgN Fiiimers No Effect

—Pwe-RedrdPER Insufficient

« Multiptex+Nested PCR— Primer Incorporation

- Tail PCR1 primers
e —————

R RR T RTTR RV YRT T A It S A RAEA R RV N A TRCA A (A ECNR CRETH TR (D et



PCR Protocols

[ Reads Assembled into a Full-Length Barcode ]

MWHM”M”N lMlHM\WI.]m i

Status: Holotype

R RR AR ATV TN A EE St O M RAEA R R YR A AR 0 YA ECNR CRET TR (D s
|



Multiplex IDentifier tags

TN T A S R A A A AT YO YARER A VAT (AT D s



- Unigue sequence fragment added before the primers
for each sample

- Fragment not usually found in nature

A

[ |
MID1 CTAAGGTAACATTCAACCAATCATAAAGATATTGG

MID2 TAAGGAGAACATTCAACCAATCATAAAGATATTGG

MID3 AAGAGGATTCATTCAACCAATCATAAAGATATTGG
Etc...

VO T APV VWEA R RE AR S Y A VRO VT R HCR VA TEOMTH (A AT AR e



Can add unique tag for each well (samples)

Y, s ity st
/O/Oe 0,2, 0570, 202, 0, Etc...

2233333 BSBBH000 #

1000000000090 *

2000000000000 A
»000000000000 |
:000000000000 |
£7000000000000Q ~
s000000000000" .
1000000000000 ;

-

R

TN A S R A A AN YO YAREA A VAT (AT D s



[ Duel MID-Tagging ]
Unique tag for rows BBl e e
and one for columns « Forward MID 1-12

Cost effective —— T n;
o 1:32325325528%
B
oM s | 1000000000000 »
P Q00000000000 |
Q00000000000 t»,
£*OQ00000000000
Reverse MID 1-8 GOQOOOOQQQQQO
HOOOOOOOOOOQO

'; /

e

T T O A T R A A AN YO YAREA {REA VAT (AT D s



NGS Data Assembly and Analysis

(b Align to reference

OR

(2) De novo assembly 1

T e >

TR RTR AT AT T T Tt S 0 N REEA M VR YA L A AT O VA N T VR (A0 [ |




NGS Data Assembly and Analysis

Problems with Reference-Based Assembly

Dalopius tristis (Coleoptera) *

Identification Percent Divergent identification Percent Divergent Notes
Dalopius tristis Same species Drosaphila melanogaster 20.1% Fly 459
Dalopius asellus Sarme genus Gryllus campestris 20.3% Dragonfly 330
Dalopius marginatus Same genus Danaus plexippus 23.4% Monarch butterfly 150
Dalopius vagus Sarme genus Mulsanteus arizonensis 14.2% Same family B7
Dalopius naormii Sarme genus Tettigonia viridissima 25.7% Cricket 149
Dalopius asellus Sarme genus Acanthosoma haemorrhoidale 27.6% Shield bug 106
Dalopius pallidus Sarme genus Xyleborinus saxeseni 28.2% Same order 98
Agriotes avulsus 143 Sarme family 561 Hamarus americanus 29.1% Lobster 119
Agriotes sordidus 14% Sarme family 432 Rana sylvatica 38.3% Frog 1}
Agriotes aobscurus 15% Same family 527 Apis mellifera 38.T% Haney bee a
Agriotes proximus 15% Sarme family 523 Opistophthalmus macer 39.6% Scorpion 1}
Agriotes lineatus 15% Sarme family 427 Castor canadensis 39.8% Beaver 1}
Agriotes acutus 153 Sarme family 613 Oncorhynchus mykiss 40.1% Rainbow trout a
Agriotes brevis 15% Same family 501 Larus delawarensis 40.1% Sea gull 1}
Agriotes tardus 15% Sarme family 352 Cyanea capillata 43.7% Lion"s mane jellyfish 1}
Agriotes limosus 16% Sarne family 395 Thamnophis sirtalis 46.3% Garter snake b
Agriotes ustulatus 163 Sarme family 589
Agriotes quebecensis 163 Same family 356 )
Agriotes pilosellus 16% Sarme family 534 ""’
Agriotes stabilis 163 Sarme family 484 -
Agriotes pubescens 16% Sarme family [
Agriotes acuminatus 17% Same family 355 .
Agriotes mancus 17% Sarme family 489 3
Agriotes apicalis 17% Sarne family 513 T
Agriotes insanus 17% Sarme family 435 E
Agriates gallicus 17% Same family 210 g »
Agriotes sputator 17% Same family 452 oo
Agriotes pallidulus 18% Sarme family 4E5
Agriotes fucosus 19% Sarme family 508 100
Agriotes collaris 19% Sarme family 438
Podeanius acuticornis 19.8% Same family 370 e 3 7 e s s s 15 15 15 16 16 16 16 6 16 17 0 0 0 7 17 18 1 1 1 2 m w2 2 w9 a0 Ao d0 40 46
Agriotes oblongicallis 2056 Same family 395 % divergence




NGS Data Assembly and Analysis

[ Problems with de novo Assembly ]

» If a fragment is not recovered — Obtained 2 short seq

(] e B R
o > (ooemm >

TR RTTR A TR TN AT Pt S O T RA A MR S AR YR HER VLT TR0 e




NGS Data Assemply anad AnalysIs
Primer Guided de novo Assembly

Looking for the bp location where the primer starts to
assemble the different fragments together

< COI (658 bp)

N

IEENEEEONIIE TN R



NGS Data Assembly and Analysis

[ Primer Guided de novo Assembly ]

(1) Assign reads to samples

9 Assign reads to a fragment based on primers

() Insert N’s in front of reads to force into alignment
Q Take majority consensus of entire assemblage

= N
\o/ —

TN A Y A R A A A AT YO YARER A VAT (AT Dt



NGS Data Assembly and Analysis

- Primers are often not
visible in reads
produced by second
generation platforms:

o Unidirectional
sequencing

» Seqguencing errors

» Quality trimming S———
R BEEE B OBEEE BT

T TN A A R A A T V1T YACRCA {1 AT YA (O [t



NGS Platforms

[ Single Molecule Real Time Sequencing ]

» Addition of SMRT bell adapters at each end of the DNA
fragment to turn it into a circular form

C————=

R RRRTTR AT TR TN AP TPt S O R R S AR YR A CR VT T




NGS Platforms

[ SMRT Sequencing ]

» Multiple passes of DNA polymerase

T TN O A AT T R A A T VT VANCA T AT YA (O e



NGS Platforms

[ SMRT Sequencing ]

» Results in several short DNA fragments of low quality
for the same section

X > 4
N P
N _-
N
N Pag

Concatemer - 60 kb S N -
-

T AL A AT T 0 A A (A T VT VANCA (T (AT YA ([ |




NGS Platforms

[ SMRT Sequencing ]

» After removing all the SMR bell adapters:

» Create a consensus to obtain the final DNA sequence of high
quality -

~— Low quality

|1 |
|
!
AT

I 4 —

High quality
consensus

T TN O A AT 0 R A A T VT VANCA T AT YA ([ |



NGS Platforms

[ Advantages of SMRT Sequencing ]

- High quality, full-length reads
- More confidence in low coverage areas
- Reference free “de novo” assembly

+  Can use MID-Tags at each end of amplicon
* Increase throughput at almost no cost (asymmetrical tagging)

+ Can de-multiplex using either end of read (symmetrical tagging)

ION TORRENT MRT




NGS Platforms

lon Torrent with
reference sequence

PacBio without
reference sequence

NNNN !U!!g:ﬂ! NNNNNNNNNRNNNNNNENNNNNENN NN

LLLCELLLELELELLELLEEEEEL L]
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NGS Platforms

[ Disadvantages of SMRT Sequencing ]

» Lower throughput
» Effects of amplification bias will be more pronounced

lon Torrent PGM - 5M reads PacBio Sequel - 250K reads

% of total samples analyzed

T TN A T T 0 A A A T VT VANCA T (AT YT (T [




NGS Platforms

[ Disadvantages of SMRT Sequencing ]

» Need to invent custom “de novo” assembly software

» De novo assembly is not smart
» No alignments
» Will create chimeric sequences if input data is not clean

TN M Y R A A AN YO YARER A VO (AT s



NGS Platforms

30+
28+
26
24
22+
8 20
£ 184
» 16
=z 14
12+
10+

bl wl L

0 100 200 300 400 500 600 658
Sequence Length (bp)

TR RTR AT TR T A TPt S O T RA A R A S AR YR A HER VT TR st




NGS Platforms

Sanger-based sequencing

700

A O o
o O o
o O o

R2 =0.3059

w
o
o

=N
o
o

Recovered Sequence (bp)
o
o

o

o

20 40 60 80 100 120 140 160 180 200
Specimen Age (years)

NGS-based method

700

o o
o O
—

o o
o O

R2=0.0076

P N W A OO O
o
o

Recovered Sequence (bp)
o
o

o

0 20 40 60 80 100 120 140 160 180 200
Specimen Age (years)

T TN A AR R (A T D0 VACRCA (A REEO YA (T [t



NGS Platforms

Sanger |NGS-based

recovery recovery

(%) (%)
Moths (old) 7 87
Beetles (old) 13 67
Spiders (ethanol) 14 95
Spiders (formalin) 0 86
Reptiles & amphibians 1 22
(formalin)
Mammals (formalin) 0 24

R RR T RTTR YAV T A At S S REEA R RV AR A YA ECN CRET TR ([



« Full-length barcodes can be recovered from
musuem specimens even when Sanger fails

« Advantages:

« DNA damage due to age and/or preservation method can be
circumvented with this method

 Currently works across major insect and arachnid orders
« Primer can be customized for any taxa

« Mammals, fish, birds

« Marine inverterates

Data analysis can be highly automated

« Disadvantages
 Risk of chimeric sequences — sequences need to be validated

« Throughput is mediocre — currently 95 samples per sequencing
reaction but expected to increase with improved sequencing
efficiency

NN RN T 57




Resources

MOLECULAR ECOLOGY

Molecular Ecology Resources (2016) 16, 487-497 doi: 10.1111/1755-0998.12474

DNA barcodes from century-old type specimens using
next-generation sequencing
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*Biodiversity Institute of Ontario, University of Guelph, Guelph, ON, Canada, tNational Museum of Natural History,
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