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Closed-Tube Barcoding!
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Abstract: Here, we present a new approach for increasing the rate and lowering the cost of identifying, cataloging,
and monitoring global biodiversity. These advances, which we call Closed-Tube Barcoding, are one application of
a suite of proven PCR-based technologies invented in our laboratory. Closed-Tube Barcoding builds on and aims to
enhance the profoundly important efforts of the International Barcode of Life initiative. Closed-Tube Barcoding
promises to be particularly useful when large numbers of small or rare specimens need to be screened and
characterized at an affordable price. This approach is also well suited for automation and for use in portable
devices.
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Résumé : Les auteurs présentent une nouvelle approche pour augmenter le taux de succés et réduire le cotit pour
I'identification, le catalogage et le monitoring de la biodiversité globale. Ces avancées, que les auteurs ont nommé
« Closed-Tube Barcoding » (codage a barres en tube fermé), représentent une application d’une suite de technolo-
gies PCR éprouvées inventées au sein de leur laboratoire. Le codage a barres en tube fermé s’appuie sur, et vise a
étendre, les efforts extrémement importants découlant de I'initiative du International Barcode of Life. Le codage
a barres en tube fermé promet d’étre particulierement utile quand de grands nombres de spécimens rares ou de
petite taille doivent étre examinés et caractérisés a un prix raisonnable. Cette approche est également bien
adaptée pour I'automatisation et ’emploi avec des appareils portatifs. [Traduit par la Rédaction]

Mots-clés : sondes pan-spécifiques, LATE-PCR, Sondes noir et blanc (« Lights-On/Lights-Off probes »), codage a barres
en tube fermé (« Closed-Tube Barcoding »), signatures en fluorescence.

Introduction

This paper presents new ideas and new possibilities
for combining a large body of information with a proven
technology for amplification and analysis of single-
stranded DNA. The information comes from the exten-
sive and ever-growing database of barcoding sequences
that are being collected by the International Barcode of
Life project. The technology known as LATE-PCR is a
method for non-symmetrically amplifying and charac-
terizing single-stranded DNA targets in closed-tube
reactions. LATE-PCR can be combined with a suite of
synergistic methods and chemistries for the character-
ization of single-stranded DNA targets in closed-tube re-
actions. These technologies have been used extensively
to construct diagnostics assays for infectious diseases
(Carver-Brown et al. 2012; Pierce et al. 2013) and cancer
gene targets (Tetrault et al. 2014). We have demonstrated

the feasibility and reliability of these technologies for
analysis of barcoding sequences in a modest set of proof-
of-principle experiments (Rice et al. 2014), and we have
now decided to name this method “Closed-Tube Barcod-
ing”. The present paper describes in both experimental
terms and theoretical terms how Closed-Tube Barcoding
assays might be used to conveniently identify very large
numbers of species at various taxonomic levels. Closed-
Tube Barcoding is not a replacement for barcoding by
sequencing because the species-specific fluorescent sig-
nature generated by Closed-Tube Barcoding cannot be
read at the nucleotide level. Rather, Closed-Tube Barcod-
ing offers a way to increase the rate and lower the cost of
identifying, cataloguing, and monitoring global bio-
diversity by eliminating the need to sequence every spec-
imen. Closed-Tube Barcoding will be particularly cost
effective for rapid analysis of specimens whose barcode
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sequences are already in a database. Sequences that have
been observed before will have recognizable fluorescent
signatures and will therefore not have to be sequenced
again. When a novel signature is found, it will indicate
the presence of an unknown sequence that can then be
analyzed at the nucleotide level via our convenient and
cost-effective Dilute-‘N’-Go protocol (Rice et al. 2007; Jia
et al. 2010). As described in this paper, we envision that
Closed-Tube Barcoding will also reduce costs by permit-
ting the use of smaller samples with standardized sets of
reagents and, in the future, will also permit analysis of
samples in the field.

Materials and methods

This paper describes both actual Closed-Tube Barcod-
ing assays and thought-based assays determined by in
silico calculations of the melting temperatures (T,,s) of
probe/target hybrids generated by using published cyto-
chrome c oxidase 1(CO1) sequences as targets and sets of
probes that are short DNA sequences complementary
to contiguous segments of these target sequences. In
the case of the thought-based assays, no amplification
reactions were carried out to verify the temperature-
dependent patterns of the calculated probeftarget hy-
brids. Our confidence in the utility of these assays comes
from our extensive experience using LATE-PCR to
design actual Closed-Tube Barcoding assays, as well as
many assays in the field of human in vitro diagnostics
(Carver-Brown et al. 2012; Pierce et al. 2013; Tetrault et al.
2014).

LATE-PCR

Linear-After-The-Exponential (LATE) PCR is an ad-
vanced form of non-symmetric PCR (Sanchez et al. 2004;
Pierce et al. 2005). It is used to generate single-stranded
amplicons from one or more target genes of interest.
Over the course of 30-70 thermal cycles, the single-
stranded amplicons accumulate in 10-20 fold excess over
the double-stranded amplicons produced during the ini-
tial rounds of amplification. The single-strands are ana-
lyzed at end-point in the same closed-tube by simply
lowering the temperature, thereby allowing sets of fluo-
rescently labeled probes to coat each single-stranded tar-
get in a temperature-dependent manner. The probes of
choice for construction of closed-tube assays are Lights-
On/Lights-Off probes (Rice et al. 2012).

Lights-On/Lights-Off probes

Each Lights-On probe is a low-temperature dual-labeled
Molecular Beacon (Rice et al. 2012), comprised of a target
binding sequence of ~20-35 nucleotides (nt) flanked by
1-2 nt on the two ends that can hybridize to each other to
stabilize the interaction of the fluorophore on one end
and the quencher on the other when the probe is not
bound to its target sequence. Thus the fluorescent signal
emitted by a Lights-On probe in solution is lower than
that emitted when the probe is bound to its target
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sequence because the fluorophore and the quencher are
rigidly separated by hybridization. Under these circum-
stances, the quencher on the Lights-Off probe com-
pletely turns off the fluorescence of the bound Lights-On
probe.

The analytical power of Lights-On/Lights-Off probes
rests in the fact that each probe within a set of probes is
mismatch tolerant, meaning that it can hybridize to its
fully complementary target sequence, as well as to in-
creasingly mismatched variants of that sequence, when
the detection temperature is lowered. Probe/target hy-
brids that differ by 1 °C or more can readily be distin-
guished. In the case of drug-sensitive versus drug-resistant
bacteria, the sequence of the drug-sensitive strains is
considered the wild-type sequence and sets of Lights-On/
Lights-Off probes that are perfectly complementary to
this sequence can be designed and used to look for se-
quence variations in other strains (see Fig. 1). In contrast,
in the case of Closed-Tube Barcoding for species identifi-
cation there is no wild-type sequence. Under this circum-
stance, all of the probes in a set can be designed as
consensus probes generated via statistical analysis of
equivalent regions in large numbers of CO1 target se-
quences. Although none of the probes in a set of consen-
sus probes is likely to be perfectly matched to any
particular target, sequence variations among different
targets nevertheless generate distinct patterns of probe/
target hybridization.

Each probe is mismatch tolerant and can be used to
distinguish >10 possible variants over a detection tem-
perature of at least 20 °C (Pierce and Wangh 2014). Since
each probe in a set has its own pattern of increasing or
decreasing T,,s to its own regional variants, sets of 2,
3, ...n Lights-On/Lights-Off probes can potentially distin-
guish >10" related target sequences. For instance, three
probes can theoretically distinguish >1000 sequence
variants and 15 probes (the number needed to coat an
entire CO1 amplicon of ~650 nt long) can theoretically
distinguish >10'> sequence variants.

Clearly, it is not possible to empirically test this pre-
diction, but the large magnitude of this number suggests
that it is plausible that a single set of probes could be
designed to uniquely identify each species of animals (or
plants) on earth that has a unique DNA barcode se-
quence. As discussed below, we have taken the first step
to designing such a set of probes in silico, and we have
used these probes to calculate the individual T, values
for each of 15 adjacent probes aligned on a wide range of
CO1 barcode sequences across many phyla. We have also
used the same in silico approach to design smaller sets of
probes that target portions of full-length CO1 barcodes
that are sufficiently informative to distinguish all of the
species in a smaller group of organisms.

Sequences and methods used for the in silico calculations
The species names and acquisition numbers for all of

the in silco assays were all downloaded from Barcode of
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Fig. 1. The rpoB gene target of Mycobacterium tuberculosis was amplified with a Limiting Primer and an Excess Primer to
generate a single-stranded DNA amplicon. Four different strains were used, each with a different drug-sensitive genotype due
to the presence or absence of a single neutral point mutation. Each product strand was analyzed at end-point by lowering the
temperature to coat the target strand with three pairs of Lights-On/Lights-Off probes. The Lights-On probes were all labeled
with Quasar 670. The probes were then melted off to generate four distinct fluorescent contours that were then converted

mathematically into four fluorescent signatures.
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Life Data System (BOLD) v.3 (Ratnasingham and Hebert
2007) and are provided in the supplementary data2. All of
the probeftarget T,,s in both constructed assays and the
in silico assay were calculated using Visual OMP software
version 7.8.42.0 (DNA Software, Inc. Ann Arbor, Mich.)
with the following parameters turned on: assay temper-
ature = 65 °C, monovalent = 0.05M, Mg* = 0.003M, du-
plex polymer salt correction = OFF.

In the case of the in silico assay of species of Naegleria,
we used sequences generated in our laboratory during
the course of a study aimed at comparing sequence-
relatedness of these species using two target sequences,
CO1 and the previously used ITS1region of the ribosomal
plasmid (DeJonckheere 2004). The purpose of this ongo-
ing study was to determine the extent to which these two
trees were in agreement or disagreement regarding the
relatedness of different strains of Naegleria collected all
over the world. A major conclusion from that study is
that the trees of sequence-relatedness using the two
sequences are similar. A manuscript describing our
analysis and providing all of the sequence data is now
in preparation (R.S. Kaufman, N.M. Sirianni, J.E. Rice,
B.S. Robinson, L.J. Wangh, and C. Fulton). For the pur-
pose of the present paper, the Naegleria tree of sequence-
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relatedness as shown below in Fig. 7 was constructed using
MEGAG6 (build #6140226) (Tamura et al. 2013).

Primer design

In the case of the rpoB gene of Mycobacterium tuberculosis, the
Limiting Primer, the Excess Primer, and the target sequence
are as described in Rice et al. 2012. In the case of the CO1 gene
of Ixodes scapularis there were three Limiting Primers
(5"-ACGACATAGTTATACCTGTAATAATTGGGGGTTTTGG-3/,
5'-CACGACATAGTTATACCAATTATAATCGGAGGATTTGG-3',
5'-CGACATAGTTATACCTGTTATGATTGGTGGGTTTGG-3')
and two Excess Primers (5-CTGTAATTAAAACTGATCATAC
AAATAAAGGTATTCG-3’, 5'-GCTATGACTGATCATACAAA
TAAAGGTATTCG-3') that were designed by comparison of
the CO1 sequences from the 20 species of ticks listed in
the supplementary data2. In addition, there were four
consensus probes having the sequences shown in Fig. 3.
The LATE-PCR primers referred to in the in silico assay
for the CO1 sequences of Naegleria, Wallardia, and Tetramitis
were Limiting Primer 5-AGTAATGCCAATCTTATTTGGAGG
ATTTGGTAAC-3' and Excess Primer 5-TACTGGGTCATAG
AAAGAAGTATTAAAATTAC-3'.

As used in this paper, the term Folmer primers means
any pair of primers that target the relatively conserved

2Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/gen-

2016-0026.
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Fig. 2. The work flow for Closed-Tube Barcoding. Sample preparation can either be carried out in a separate tube or directly
in the same tube in which PCR amplification is carried out. In either case, the enzymes or chaotropic salts used for sample
preparation are simply diluted away by combining a small sample volume and a larger volume of the PCR mix. The tube is
then closed, LATE-PCR amplification takes place at annealing and extension temperatures above that of the probe melting

temperature (T,,). Product detection takes place at end-point by simply dropping the temperature down to coat it with probes
and then melting them off to create a fluorescent contour that is then converted mathematically into a fluorescent signature.

Not shown here are the downstream steps of data entry into BOLD, including the fluorescent signature for each species.
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sequences that are typically used to amplify the full-
length CO1 sequence used for conventional barcoding-
by-sequencing experiment (Folmer et al. 1994), except
that these primers have been converted into a Limiting
Primer and an Excess Primer for LATE-PCR in agreement
with the formula Tmm]L - me]x =0, as explained in Sanchez
et al. 2004. The pan-phylum in silico assay described here
will likely require use of several pairs of Folmer primers.

Results

Figure 2 is a workflow diagram that shows how a spec-
imen collected in the field is processed in the laboratory
and is then amplified and analyzed in a closed-tube reac-
tion in about 3.5 h. These assays can be run in several
real-time PCR devices. We prefer the Stratagene 3005Mx
Pro (Agilent, Santa Clara, Calif) and the soon-to-be-released,
Fluorocycler96® from Hain Lifescience. Both of these
machines carry out 10-25 pL reactions in 250 wL conical
PCR tubes or 96-well plates.

Once the specimen reaches the laboratory and its
metadata are recorded in the database, the entire speci-
men or a fragment of it (even as small as a single cell) is
lysed in appropriate lysis buffer with or without mechan-
ical disruption as needed. We have shown, for instance,
that samples containing 1 — 10 000 eukaryotic cells can
readily be disrupted using either protease K (Pierce et al.
2002) or chaotropic salts (Hartshorn et al. 2005) in buffers
that are compatible with subsequent PCR amplification

if they are diluted sufficiently. No clean-up is required
because mitochondrial genomes are present in high
copy number per cell and because separation of DNA
from its bound proteins is sufficient to permit amplifica-
tion. The advantage of this approach is that preparation
is quick and sensitive down to single molecules (Osborne
etal. 2009). The ease of this approach is further enhanced
by use of LATE-PCR and Lights-On/Lights-Off probes be-
cause probe/target hybridization is measured at the end
of the reaction, rather than in real-time. This means that
partial inhibition of amplification due to the presence of
PCR inhibitors can usually be overcome by use of more
cycles of single-strand DNA synthesis. Highly reproduc-
ible fluorescent signatures are obtained as long as about
10 cycles of singled-stranded amplification have taken
place during LATE-PCR (Rice et al. 2012).

Once the specimen and the LATE-PCR mix are com-
bined in the PCR tube, the lid is closed and amplification
is carried out by thermal cycling for 30-70 cycles depend-
ing on the starting concentration of the target. Our LATE-
PCR reaction mixtures typically contain ThermaStop™,
ThermaGo™, and ThermaMark™, which are three types
of modified oligonucleotides developed in our labora-
tory to suppress mis-priming before, during, and after
amplification, as well as to rule out evaporation in every
reaction (see Fig. 3).
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Fig. 3. DNA was prepared from six deer ticks, Ixodes scapularis, collected in New England and was amplified using a set of
three Limiting Primers and two Excess Primers designed to amplify many species of North American ticks (see supplementary
data?). Five replicate reactions for each sample were analyzed at end-point using four Lights-On/Lights-Off probes that were
designed as consensus probes. All Light-On probes in the set were labelled with FAM. Each reaction also contained ThermaMark™,
a non-amplifiable double-Quasar labelled oligonucleotide that has a defined melting temperature (T,,) of 80 °C and therefore
serves as an internal control for reaction fidelity. The results show that these reactions generated four different Closed-Tube
Barcodes, and samples of each of these reactions had four different sequences. In silico analysis of the T,,, of each probe/target
hybrids established that each Closed-Tube Barcode had its own pattern of pseudo-colors, even though consensus probe 4 was
too mis-matched to its target sequence to hybridize at a high enough temperature for melt curve analysis.
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235 - TTCATCTCTAATTGAATGAGGGGCAGGAACAGGAT -269
CTB1 - TTCTTCTTTAGTAGAAAGGGGGGCAGGAACAGGCT
CTB2 - TTCTTCTTTAGTAGAAAGGGGGGCAGGAACAGGCT
CTB3 - TTCTTCTTTAGTAGAAAGGGGAGCAGGAACAGGTT | 52.6

CTB4 - TTCTTCTTTAGTAGAAAGGGGGGTAGGAACAGGCT | 47.3

Probe
binding
T, range

Q- Probe 2 - OFF I-Q

270 - GAACAGTATATCCTCCTCTATCATCAAATTTATCA -304
CTB1 - GAACAGTATACCCCCCACTTTCATCTAACATTTCC m
CTB2 - GAACAGTATACCCACCACTTTCATCTAACATTTCC .
CTB3 - GAACAGTATACCCCCCACTTTCATCTAACATTTCC | 47.5
CTB4 - GAACAGTATACCCCCCACTTTCATCTAACATTTCC | 47.5

F- Probe 3-ON I-Q

305 - CATTATGGACCATCAGTAGATATAGCAATTTTCTC -339
CTB1 - CACTCTGGTGCTTCTGTTGATATAGCAATTTTTTC
CTB2 - CACTCTGGTGCTTCTGTTGATATAGCAATTTTTTC
CTB3 - CACTCTGGTGCTTCTGTTGATATAGCAATTTTTTC
CTB4 - CACTCTGGTGCTTCTGTTGATATAGCAATTTTTTC

F- Probe 4 - ON -Q

340 - ACTACATTTAGCTGGTGCATCATCTATTTTAGGTT -374
CTB1 - CCTTCATTTAGCAGGTATTTCTTCAATTTTAGGGG
CTB2 - CCTCCATTTAGCAGGTATTTCTTCAATTTTAGGAG
CTB3 - CCTTCATTTAGCAGGTATTTCTTCAATTTTAGGGG
CTB4 - CCTTCATTTAGCAGGTATTTCTTCAATTTTAGGGG

At the end of LATE-PCR amplification, the tempera-
ture of the reaction is lowered to about 25 °C to allow all
of the Lights-On/Lights-Off probes to hybridize to their
respective adjacent regions of the target sequence. The
bound probes are then melted off by heating the reaction
slowly. Total fluorescence in the system is comprised of
background signals as well as increases and decreases
over background, all of which are condition and temper-
ature dependent. The fluorescent contour of a sample is
its total fluorescence as a function of temperature and is
characteristic of that sample. We transform this contour
into a fluorescent signature by calculating the rate at
which fluorescence changes as a function of tempera-
ture. Fluorescent signatures are easier to “read” than
fluorescent contours, as their high and low values are

more dramatic and are independent of signal strengths
(see Fig. 1; Rice et al. 2012).

The primary goal of this paper is to illustrate some of
the ways in which Closed-Tube Barcoding could be used
to enhance the goals of iBOL. Since the method of Closed-
Tube Barcoding is largely unknown to investigators
familiar with barcoding-by-sequencing, we begin by illus-
trating how LATE-PCR and Lights-On/Lights-Off probes can
be combined to build highly informative close-tube as-
says. Figure 1shows a 150 nt-long sequence from the rpoB
gene of M. tuberculosis and the Limiting Primer and the
Excess Primer used to amplify this sequence. The central
portion of this target is known as the RRDR sequence
because almost 100 mutations in this region are known
to cause resistance to rifampicin, a first line antibiotic.
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By convention, the wild-type sequence of this gene
comes from H37Rv, a drug sensitive laboratory strain.
Figure 1 also shows the positions of three single nucleo-
tide polymorphisms that are rare neutral mutations at
the protein level (F514F, L5211, and R528R) and are there-
fore also drug sensitive. In the realm of in vitro diagnos-
tics, itis important not to confuse these variants with the
many mutations that cause drug resistance. To accom-
plish this objective, we coat the target strand with three
pairs of Lights-On/Lights-Off probes (for details see Rice
etal. 2012). All of these Lights-On probes are labelled with
Quasar 670. Figure 1 shows that the three variants fall
under three different probes. The replicate reactions for
these sequences generated four easily distinguished, highly
reproducible fluorescent contours and their corresponding
fluorescent signatures. These results are consistent with
our extensive experience that >95% of single nucleotide
polymorphisms in several M. tuberculosis gene targets gen-
erate distinct fluorescent signatures compared to the wild-
type sequences.

Figure 3 demonstrates that informative sets of Lights-
On/Lights-Off probes can be designed in the absence of a
“wild-type” sequence and that Closed-Tube Barcoding
can be designed as consensus probes derived by statisti-
cal analysis of many CO1 sequences. In this preliminary
analysis, we used deer tick, I scapularis, collected in the
woods of New England. A 140 nt-long portion of I scapularis
CO1 gene sequence was amplified using a set of primers
that has the capacity to amplify the same target in any one
of 20 different species of North American ticks (see Materi-
als and methods and the supplementary data?). The ampli-
con was probed using four consensus probes whose
sequences were chosen on the basis of the nucleotide
frequency at each position in the 20 target sequences.

The results in Fig. 3 illustrate the power of the Closed-
Tube Barcoding approach. Six ticks were examined using
five replicate reactions of each. Four different fluores-
cent signatures were observed, and all of the replicates
were highly reproducible except for one replicate from
the adult tick in CTB-1. The fluorescent signature in this
specimen is shifted to the right. This artifact is due to
evaporation of a sample during PCR thermal cycling. The
T,,s of all probeftarget hybrids in such samples shift to
the right because of the increase in the salt concentra-
tion. This fact is borne out by examination of the Ther-
maMark™ “valley” in this same sample. ThermaMark™
is labeled using Quasar 670, while the three Lights-On
probes used to analyze the CO1 target sequence are all
labelled with FAM. ThermaMark™ fidelity in all of the
other samples serves to validate the differences in the
four signatures. In the case of CTB-1, our specimen col-
lection included a larva, a nymph, and an adult. All three
specimens had identical fluorescent signatures.

Samples from each of the four fluorescent signatures
in Fig. 3 were further analyzed by Dilute-‘N’-Go protocol
sequencing (Rice et al. 2007). The results show that the
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sequence for each fluorescent signature is different and
that even a single point mutation is sufficient to dramat-
ically alter the fluorescent signature (compare probe 1
target sequences for CTB-1 and CTB-4). The fact that this
small set of data for only six specimens of I. scapularis
revealed several different fluorescent signatures is fully
consistent with reports in the literature that there are
55 haplotypes of L scapularis based on variations within
this 140-nt stretch to CO1 and its flanking regions
(Mechai et al. 2013; Sakamoto et al. 2014). Indeed, each of
the sequences we obtained is perfectly matched to one or
more haplotype in the data base (BOLDSYSTEMS, http://
www.boldsystems.org/index.php/Public_SearchTerms?
query=%22Ixodes%20scapularis%22[tax]).

Figure 3 also serves to explain the approach used in
the other experiments in this paper for in silico analysis
of probeftarget hybrids. The T,, of each probeftarget
hybrid was calculated using Visual OMP software (see
Material and methods). A pseudo-color scale comprised
of 10 steps was then created and each calculated T,, was
assigned a corresponding pseudo-color. The seven pseudo-
colors in the middle of the scale span steps of 5 °C each,
while the steps at the top and the bottom of the scale are
wider because T,;s in these ranges are inherently unin-
formative, see below. Probe 4 in Fig. 3 is an example of an
uninformative probe, as its T, is too low to bind to any of
the I. scapularis sequences. Thus, probe 4 cannot cur-
rently distinguish the two mutations in CTB-2 that are
different from the target sequences of CTB-1, CTB-3, and
CTB-4. As discussed below, we call this phenomenon
probe dropout. This limitation of probe 4 is due to the
fact that it is a consensus probe rather than an I scapularis
specific probe. Probe 4 will be redesigned and addi-
tional primers and probes covering more of the CO1
sequence will be included in the reaction for future
studies that focus on detecting all of the haplotypes of
L scapularis.

All of the Lights-On probes in Figs. 1 and 3 are labeled
using a single-colored fluorophore. In our experience,
this approach works well when there are up to four
Lights-On probes in a set. The advantage of using just one
color for all Lights-On probes in a set is that the other
colors in a four to five color PCR machine can be used to
analyze additional target sequences. The disadvantage of
using just one color is that it is not as informative as
using more colors. For instance, a full-length CO1 target
sequence of about 650 nt can be analyzed by coating it
with 15 probes, see Fig. 4. If the probe set is subdivided
into three subsets, each labeled with a different color
and each covering a portion of the long target sequence,
the T,,, range is used three times; this makes it possible to
observe sequence differences and similarities of contig-
uous regions of the long target sequence in closely re-
lated Closed-Tube Barcodes. Examples of using both one
color and three colors in the same set of 10 probes are
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Fig. 4. Pseudo-color map of the approximate melting temperature (T,,) calculated for each probe in an initial set of 15 pan-phylum
probes hybridized to 25 CO1 sequences for each of seven classes of animals.

Probes

Probe
binding
T, range

Twenty Five Species

Nematodes 'Earthworms Spiders

Mammals

Insects

: Amphibia i

shown in our proof-of-principle closed-tube analysis of
five species of nematodes (Rice et al. 2014).

Big picture thought-based Closed-Tube Barcoding assays

Can a single set of pan-phylum Closed-Tube Barcoding probes
be designed for identification of all animal species?
A single set of probes for identification of any animal

species on earth would be very useful. Such a pan-phylum
set of probes would greatly reduce the cost of analysis, as
the mass-produced reagents could be mixed and dried in
a reaction vessel for analysis of any specimen. Such an
approach would be ideal for Closed-Tube Barcoding anal-
ysis because all that would be required to start the reac-
tion is the addition of the mitochondrial DNA template
prepared as described above.

A unique strategy for designing a set of pan-phylum
Closed-Tube Barcoding probes is summarized in Table 1.
Fifteen probes were chosen from adjacent regions of
15 different CO1 sequences drawn from different species
in multiple taxa. This strategy insures that this set of
probes will not be perfectly complementary to any par-
ticular species in the animal kingdom, but at least some
probes in the set would probably bind to every species,
regardless of its taxonomic identity. The T,, of each
probe/target hybrid was assigned a pseudo-color as de-
scribed in pseudo-color map Fig. 3 to obtain the colored
barcodes shown in Fig. 4. The results are consistent with
our basic expectation that at least one of the 15 mismatch-
tolerant probes in the set would hybridize at some tem-
perature above 25 °C to all of the species tested (see the
supplementary data? for genus and species names, as
well as their CO1 sequence identifiers in BOLD, for each
group). In fact, all 25 species in each of seven different
types of animals bound several probes at various temper-
atures above 25 °C. Thus, all animals within the same

group could be distinguished from each other. The data
in Fig. 4 also demonstrate that T,;s of many probes varied
widely both within one group of animals and among
different groups of animals. For instance, probe 12 failed
to bind to almost all of the nematode species, but it
bound at mid-to-high T, s to all of the birds. This obser-
vation is in accord with the fact that the probes used here
are mismatch tolerant, plus the fact that each region of a
CO1 sequences is mutable.

On average, the distribution of colors in Fig. 4 shifts
from the dark blue and blues for nematodes to the or-
anges and reds for the birds (left to right in Fig. 4). This
shows that on average these 15 probes are more perfectly
matched to bird CO1 sequences than they are to nema-
tode CO1 sequences. This conclusion is borne out by cal-
culating the average T,, value per probes across these
species (Table 2). The results in Table 2 are highly instruc-
tive because they point the way forward to the design of
an ideal set of pan-phylum probes. Specifically, we esti-
mate that the average T,, of all probes in the ideal set of
pan-phylum probes would have an average of about 45—
55 °C. Fortunately, designing such an ideal set of probes
should be relatively easy since any nucleotide in any
probe can be altered to increase or decrease the T,, of a
particular probe, and probes can also be built using non-
natural nucleotides. Further design work on an optimal
set of pan-phylum probes is underway in our laboratory.

Smaller picture thought-based Closed-Tube Barcoding
assays

Closed-Tube Barcoding of mosquitoes and malaria
Plasmodium — an example of medical interest
When a probe fails to bind to a target at a temperature

above 25 °C we call it a probe dropout. Multiple probe
dropouts in a target, such as the nematode targets in
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Table 1. Full length CO1 sequences from different, randomly chosen species (see supplementary data?) aligned and divided into

contiguous segments 40 nucleotides long.

Strategy for initial design of 15 universal CO1 probes for pan-phylum analysis

Nucleotide

position Phylum Class Genus and species Probe sequence

20-60 Chordata Amphibia Atelopus limosus GGGGCATGGGCTGGCATAGTGGGCACAGCTCTAAGTCTATT
61-100 Annelida Clitellata Eunicida TATTCGAGTAGAATTAGGGCAACCTGGGTCTTTTCTCGGA
101-140 Nematoda  Enoplea Enoplida TCGGATCAAATTTATAATGTTCTTGTTACGGCGCATGCCT
141-180 Nematoda  Adenophorea Xiphinema breviocolle =~ GGTTGTGGCGCTGGAACTGGATGAACTATTTATCCTCCGCTT
181-220 Chordata Reptillia Homopus signatus ATACCAATCATAATTGGTGGATTTGGAAACTGACTCACACC
221-260 Chordata Reptillia Strongylidae ACCAGATATAAGTTTTCCTCGTTTAAATAATTTAAGGTTT
261-300 Chordata Reptillia Orlitia borneensis AGACATGGCATTCCCACGCATAAATAATATGAGCTTTTGA
301-340 Arthropoda Insecta Argia moesta GCTTAGTAGAAAGAGGGGCAGGGACTGGGTGAACTGTTITACC
341-380 Nematoda  Secementea  Caenorhabditis elegans TTGTAGATATAGGTTGTGGGACTAGGTGAACAGTCTACCCA
381-420 Chordata Mammalia Schistonchus caprificic  TGAATACTTCTTTTTTTGATCCTAGGATAGGGGGTAATCCT
421-460 Chordata Aves Tadarida teniotis CTCAATCCTTGGTGCCATTAATTTTATTACTACTATTATTA
461-500 Chordata Amphibia Centrolene sp. AACATAAAACCCCCATCAATAACTCAATATCAAACCCCAC
501-540 Chordata Mammalia Molossus molossus ATACCAAACACCACTATTTGTATGATCTGTATTAATTACA
541-580 Nematoda  Secementea  Spauligodon GCTITCTITGCCGGTGTTAGCTGGTGCTCTGACTATACTTA
581-620 Arthropoda Arachnida Hermania reticulata TTAACCGATCGTAATTTTAACACTTCTTTTTTTGATCCTA

Note: One segment from each sequence was used to design a complementary probe.

Table 2. Average melting tempera-
ture (T,,,) value of pan-phylum probes
across tested species.

Average

T, (°C) SD
Nematodes 36 3.2
Earthworms 37 3.6
Spiders 37 4.4
Insects 41 4.9
Amphibia 43 21
Mammals 42 2.6
Birds 57 1.3

Note: Each animal type was com-
prised of 25 representative species (see
Fig. 4; supplementary data?). The T,,
value for each of the 15 universal probes
was calculated for each probe/target
hybrid in each of the 25 species, and these
15 values were summed to generate a total
T, value for each of the 25 species. These
total T,,, values were then divided by 15
to give an average probe T, value for
each of the representative species. The
average probe T, value and standard de-
viation of that value among the 25 spe-
cies in each set was then calculated.

Fig. 4, detract from the usefulness of that probe set, as
there is a risk that the sequence differences between
closely related species might go undetected using such a
set of probes. In contrast, rare cases of probe dropout do
not detract from the usefulness of a probe set, as they
simply contribute to the unique fluorescent signature
for that species. Figure 5 illustrates this point by focusing
on a portion of the CO1 sequences in 216 species of mos-
quitoes from 14 genera. A unique fluorescent signature
for each of these species is generated using just five con-
sensus probes. The average T, of each probe in this set

for each genus is within the range for an ideal set of
probes, Table 3.

The mosquito Closed-Tube Barcoding assay shown in
Fig. 5 could be used for rapid and accurate, one-by-one
identification of mosquitoes. Analysis would not require
expertise in mosquito morphology and, as demonstrated
in the case of ticks, the species-specific virtual barcode
would be the same for eggs, larvae, and adult mosquitoes
in the same haplotype. The mosquito assay could be re-
fined in two ways to make it even more informative.
First, it could be combined with a malaria Plasmodium
Closed-Tube Barcoding assay. All that is required is to
add a second pair of primers and a second set of five
probes to amplify and identify each of the CO1 sequences
of the species of malaria Plasmodium, Fig. 6. The malaria
probes and the mosquito probes would be labelled in
different fluorescent colors so the reactions could be
completed in the same well. In silico analysis reveals that
the five probes for mosquito CO1 sequences do not cross-
hybridize to the Plasmodium CO1 sequences, and vice
versa. This is a case of extreme, yet a very useful example
of, probe dropout. A single tube assay can thus be built
for identification of mosquito species, as well as detec-
tion and identification of malaria species that may be
present in each mosquito.

A second refinement that could be applied to the
above assays would be to make them mosquito-species
specific. This can be achieved by replacing the primers
for the CO1 Folmer sequences with one or more pairs
of LATE-PCR primers to species-specific sequences within
the fulllength CO1 sequences. Under these circum-
stances, DNA could be prepared from all of the insects
collected in a trap. Stringent amplification conditions
that make use of ThermaStop™, ThermaGo™, and care-
fully designed primers would make it possible to amplify
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Fig. 5. Pseudo-color map of the approximate melting temperature (T,,) calculated for each probe in a set of five consensus
probes hybridized to the CO1 sequences from each of 216 species of mosquitoes across 14 genera.

Species of Aedes

Probe
binding
T, range

Species of Anopheles

i

Species of Culex et al.

a particular target of interest despite the background of
other genomes. For instance, we routinely detect five
copies of the rpoB gene target of M. tuberculosis (a small
bacterial genome) in reactions that also contain 50 000 copies
of human genomic DNA (a large eukaryotic genome). If
the genome of interest is present it will be amplified and
its single-stranded amplicons will be recognized by the
mosquito probes. Addition of the malaria primers and
probes will likewise “pick-out” and amplify any Plasmodium

CO1sequence that may be present in the sample, and the
fluorescent signature of this amplicon will identify its
species. Selective amplification and characterization of
particular species of mosquito would be useful for many
mosquito control programs that are tasked with moni-
toring for invasive species. Clearly, the proposed logic
could also be applied to improve monitoring of many
other unwanted invasive species that could be present in
a background of otherwise benign insects.
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Table 3. Average melting tempera-
ture (T,,,) value of mosquito probes
across tested species among differ-

ent genera.
Average
T, (°C)
Aedes 46.2+4.9
Anopheles 45.8%5.0
Culex et al. 47.1+4.3

Note: See Fig. 5 and the supplemen-
tary data? for representative species in
each group. See Table 2 for method of
analysis.

Fig. 6. Pseudo-color map of the approximate melting
temperature (T,,) calculated for each probe in a set five
probes hybridized to a portion of the CO1 sequences from
each of five species of malaria Plasmodium.

probe 1 | probe 2 | probe 3 | probe 4 | probe 5

P. falciparum
P. knowlesi
P. malariae
P. ovale

P. vivax

Closed-Tube Barcoding of Naegleria could allow the
identification of all species within a diverse protist genus
The fact that mosquito primers and probes do not

cross-hybridize with the CO1 sequences of malarial
Plasmodium, and vice versa, is very useful, but it is not
surprising in light of the enormous evolutionary dis-
tance between mosquitoes (multicellular Metazoans)
and malaria Plasmodium (parasitic protists). Indeed, even
though the distant connections between the major
branches of Eucarya remains unclear, it appears that the
major supergroups of protists became separated from
each other billions of years ago (Fritz-Laylin et al. 2010).
One branch includes the Heterolobosea, and specifically
the amoeboflagellate genus Naegleria, which are unicel-
lular protists that can differentiate their morphology
from amoebae, their reproductive form, into temporary
swimming flagellates (Fulton 1970, 1993; De Jonckeere
2002). Members of the genus Naegleria are abundant in
freshwater and permanently wet soil all over the earth
(Fulton 1970, 1993). Originally, all Naegleria were grouped
in the species N. gruberi, but then an opportunistic hu-
man pathogenic species was found and named N. fowleri
(Fulton 1970). Studies quickly showed that the genus is
extremely diverse (Fulton 1993), a conclusion confirmed
by the marked differences in gene sequences and gene
order between the genomes of N. gruberi (Fritz-Laylin
et al. 2010) and N. fowleri (Zysset-Burri et al. 2014). Studies
by several methods, but mostly using sequences of the
ITS1 region of the ribosomal plasmid present in all
species, have indicated that there are about 40 species in
the genus Naegleria (De Jonckheere 2004, 2008). Many
of the species tend to look very similar, but also differ in

Genome Vol. 59, 2016

the temperature conditions favoring their growth and in
their enzymes (Robinson et al. 1992).

To further characterize members of this genus we
decided to examine the same strains and species using
the CO1 sequence and the ITS1 sequence (R.S. Kaufman,
N.M. Sirianni, J.E. Rice, B.S. Robinson, L.J. Wangh, and
C. Fulton, in preparation). Here, we use a sample of that
data to demonstrate in silico that Closed-Tube Barcoding
would provide an ideal technology for identifying spe-
cies of Naegleria, as well as for distinguishing Naegleria
from other protist genera. Figure 7 shows a tree of se-
quence relatedness constructed from the CO1 sequences
of 52 stains of Naegleria that we sequenced using one pair
of primers that originated with N. gruberi and using the
same PCR conditions for all Naegleria samples (see Mate-
rials and methods). The species of the tested strains were
initially determined comparing their ITS1 sequences
with published results (De Jonckheere 2004). The tree
also shows one strain of each of two related genera of
amoeboflagellates, Willaertia and Tetramitus. Naegleria is
quite distant from most studied organisms, but Willaertia
and Tetramitus are known to be relatives (Fulton 1993;
De Jonckheere 2002). The CO1 sequence of Willaertia
magna was amplified using the Naegleria primers and
same PCR conditions for primer annealing and exten-
sion. In contrast, amplification of Tetramitus rostratus CO1
required a reduction in PCR stringency. Both of these
observations are consistent with the relative proximities
of these two genera to Naegleria.

Using the Naegleria CO1 sequences (GenBank submis-
sion ID: 1928341), we designed nine consensus probes
that would hybridize with similar T,,s to all species re-
gardless of their distribution within the Naegleria tree.
Figure 7 displays the T,, pseudo-color map for the nine
consensus probes to the CO1 sequences for all 52 strains
of Naegleria plus Willaertia and Tetramitis. Only those
strains that have identical sequences also have identical
pseudo-color maps, whereas strains that have nearly
identical sequences have distinguishable probe pseudo-
color maps. The average T,,, for the nine probes hybrid-
ized to each of the different species of Naegleria listed in
Table 4 is optimal for such a probe set. The same probes
have a similar, but lower, average T,, for Willaertia magna
and a suboptimal average T,, for Tetramitus rostratus.
These results are also consistent with their apparent evo-
lutionary distance from the genus Naegleria.

Taken together, these results suggest that a Closed-
Tube Barcoding assay containing one pair of primers and
nine probes can be used to rapidly screen large numbers
of amoeboflagellates that meet the morphological defi-
nition of Naegleria. Such an assay would be constructed
using three subsets of Lights-On probes in three fluores-
cent colors. Each subset would be comprised of two
Lights-On probes of the same color flanking a double-
quencher Lights-Off probe (Fig. 7). The proposed assay
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Fig. 7. Pseudo-color map of the approximate melting temperature (T,,) calculated for each probe in a set of nine consensus
probes hybridized to the CO1 sequences for each of 52 strains of Naegleria, plus two strains of Willaertia and one strain of

Tetramitis.
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very large numbers of species of Naegleria from samples
of diverse environments all over the earth, without the
need for DNA sequencing. We hope to test this approach
experimentally using the Naegleria data set. Similar
Closed-Tube Barcoding assays could be designed for
rapid screening of new species in other major protist
genera, simply by designing the optimal pan-genus prim-
ers and probes.

The future of Closed-Tube Barcoding

This paper describes strategies, methods, and criteria
for construction of Closed-Tube Barcoding assays using
LATE-PCR and Lights-On/Lights-Off probes. Most signifi-
cantly this paper illustrates that sets of probes can be
designed to generate unique fluorescent signatures for
many species, whose amplification is determined using
sequence discriminating primers and conditions. Clear
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Table 4. Average melting tempera-
ture (T,,) value of Naegleria specific
probes across tested strains/species
and nearest protists.

Average

T, (°C)
Naegleria spp. 5512.7
Wallaertia magna 50
Tetramitus rostratus 41

Note: See Fig. 7 for representative strains
and species of Naegleria. See Table 2 for
method of analysis.

benefits are accrued from using standardized sets of
primers and probes for analysis of many species. These
include a substantial reduction in reagent costs, as well
as a significant improvement in reagent quality due to
economies of scale. Further reductions in costs and time
can be achieved by improved instrumentation. Conven-
tional real-time PCR instruments use 96-well plates with
reaction volumes of 10-25 pL per well and take 3-4 h to
run. We have already shown, however, that the simple
LATE-PCR assays can be run in 10 nL volumes in under an
hour and that all of the required reagents (including
primers, probes, and Taq polymerase) can be dried down
in advance; all that is needed to start the reaction is
addition of a DNA template in water (Jia et al. 2010). More
recently, Jia and her colleagues have used electrode-
based digital microfluidics to build chips that use
mismatch-tolerant Molecular Beacons for high resolu-
tion melt curve analysis of single nucleotide polymor-
phisms in 1.2 pL droplets, in an astoundingly short
period of 7 s (Chen et al. 2016). This is 300x faster than
melt curve analysis of the same targets in 25 pL reactions
in standard real-time machines.

We foresee a future for Closed-Tube Barcoding that
combines automated preparation of extremely small
samples with chaotropic salts followed by dilution and
then rapid amplification and analysis in very small vol-
umes, using portable instruments that include algorithms
for rapid comparison of the fluorescent signature of the
specimen with those of already known specimens. Closed-
Tube Barcoding will significantly reduce the cost, and the
time of many barcoding projects that currently depend on
sequencing.

In the hands of a trained naturalist, a Closed-Tube Bar-
coding platform will make it possible to screen many
specimens on location, such as insects in the tropics. This
in turn will make it possible to choose which specimens
should be collected and which are not needed for repos-
itories back home. Moreover, specimens having novel
fluorescent signatures in the field can be flagged and
stored for follow-up analysis using Dilute-‘N’-Go se-
quencing as soon as they reach the laboratory. In addi-
tion, rapid and inexpensive analysis of many small
samples, even single cell samples, will open up the field

Genome Vol. 59, 2016

of barcoding to analysis of unicellular eukaryotes and
even microbes.

Most immediately, we propose that Closed-Tube Bar-
coding should be used to pre-screen many samples now
processed in standard barcoding pipelines, to distin-
guish novel specimens from those that have been previ-
ously observed. Both classes of samples are interesting
for an in-depth understanding of biodiversity that de-
pends on knowing both “what is out there” and “how
often it is out there”. Finally, Closed-Tube Barcoding in a
hand held device can be used for rapid, inexpensive, on-
sight monitoring of natural products all over the world
and at all points of transition from collection, through
processing, to marketing.
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