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Resumo

Em 2020, a OMS (Organização Mundial da Saúde) declarou o surto global de uma nova
doença causada pelo vı́rus SARS-CoV-2, a qual se tornou conhecida como COVID-19 (coro-

navirus disease 2019). A aplicação em ampla escala de testes de diagnóstico é uma das formas
de controle em surtos similares a esse, evitando a disseminação da doença. Dentre os testes
moleculares empregados estão os métodos baseados em PCR (reação em cadeia da polimerase)
e LAMP (amplificação isotérmica mediada por loop), principalmente os que envolvem a etapa
de transcrição reversa (RT), na qual o RNA viral é transcrito em DNA. Um dos elementos usa-
dos por essas técnicas são os primers, que são sequências curtas de DNA, em geral, dentro de
18–30 pares de bases. A função desses primers é reconhecer a região genômica do alvo para
a qual foram desenhados e hibridizarem a ela, conduzindo à detecção do vı́rus. A tempera-
tura de hibridização, ou melting, é um parâmetro crucial para o desenho de primers. Tanto
em PCR quanto em LAMP, esse parâmetro contribui para que ocorra uma hibridização consis-
tente entre primer e alvo, levando ao sucesso da técnica. Porém incompatibilidades, conhecidas
como mismatches, podem surgir desestabilizando o duplexo primer-alvo, o que pode impedir
a amplificação do alvo e, consequentemente, a não detecção do vı́rus. Contudo, a presença
de mismatches pode ter o efeito inverso contribuindo para a estabilidade do primer com o alvo.
Nesse trabalho, aplicamos um modelo de fı́sica estatı́stica para avaliarmos o impacto de mismat-

ches de DNA em primers de PCR e LAMP desenhados para a detecção de SARS-CoV-2. Nós
coletamos 19 e 18 conjuntos de primers publicados para PCR e LAMP, respectivamente, os ali-
nhamos com genomas de SARS-CoV-2 e calculamos a cobertura para hibridizações completas
(perfect match) e parciais (mismatch). Além disso, avaliamos reações cruzadas com genomas
de outros seis coronavı́rus (229E, OC43, HKU1, NL63, MERS-CoV e SARS-CoV-1). Devido
ao surgimento de novas variantes de SARS-CoV-2, incluı́mos a avaliação dos 42 conjuntos de
primers, de forma completa e parcial, para sete variantes (Alpha, Beta, Gamma, Delta, Lambda,
Mu e Omicron) e quatro subvariantes (BA.2, BA.3, BA.4 e BA.5). Nossos resultados mostra-
ram que a maioria dos primers avaliados têm alta cobertura para alinhamentos completos e um
número considerável obteve um aumento na cobertura considerando a presença de até três mis-

matches consecutivos, incluindo a avaliação para as variantes e subvariantes. Alguns primers,
entretanto, não cobrem nem completa nem parcialmente os genomas coletados. Em relação à
reação cruzada, um número pontual de primers cobrem alguns genomas de outros coronavı́rus
e, em alguns casos, somente considerando a presença de mismatches.

Palavras-chave: SARS-CoV-2, mismatches de DNA, primers de PCR, primers de LAMP,
modelos mesoscópicos.



Abstract

In 2020, WHO (World Health Organization) declared the global outbreak of a novel disease
caused by SARS-CoV-2 virus, which became known as COVID-19 (coronavirus disease 2019).
The large-scale application of diagnostic tests is a way of control in outbreaks similar to this,
avoiding the dissemination of the disease. Among the molecular tests used are the methods
based in PCR (polymerase chain reaction) and LAMP (loop-mediated isothermal amplifica-
tion), especially those involving the reverse transcription (RT) step, in which the viral RNA is
transcribed into DNA. One of the elements used by these techniques are the primers, which
are short sequences of DNA, usually within 18–30 base pairs. The function of these primers
is to recognize the genomic region of the target to which they were designed and hybridise to
it, carrying to the detection of the virus. The hybridisation temperature, or melting, is a crucial
parameter to the design of the primers. Both in PCR and LAMP, this parameter contributes to
a consistent hybridisation between primer and target, leading to the success of the technique.
However, incompatibilities, known as mismatches, may arise destabilising the primer-target du-
plex, which may prevent the amplification of the target and, consequently, the non-detection of
the virus. Notwithstanding, the presence of mismatches can have the reverse effect contributing
to the primer-target stability. In this work, we applied a statistical physics model to evaluate
the impact of DNA mismatches in PCR and LAMP primers designed to the detection of SARS-
CoV-2. We collected 19 and 18 sets of published primers to PCR and LAMP, respectively,
aligned them against genomes of SARS-CoV-2 and calculated the coverage to complete (per-
fect match) and partial (mismatch) hybridisations. In addition, we evaluated cross-reactivity
to genomes of other six coronaviruses (229E, OC43, HKU1, NL63, MERS-CoV and SARS-
CoV-1). Due to the emergence of new variants of SARS-CoV-2, we included the assessment of
the 42 sets of primers, in a complete and partial way, to seven variants (Alpha, Beta, Gamma,
Delta, Lambda, Mu and Omicron) and four subvariants (BA.2, BA.3, BA.4 and BA.5). Our
results showed that most of the evaluated primers have a high coverage for complete alignments
and a considerable number of them achieved an increase in the coverage when considering
the presence of up to three consecutive mismatches, including the evaluation to the variants
and subvariants. A few primers, however, neither completely or partially cover the collected
genomes. Regarding cross-reactivity, a punctual number of primers covers some genomes of
other coronaviruses and, in some cases, only when considering the presence of mismatches.

Keywords: SARS-CoV-2, DNA mismatches, PCR primers, LAMP primers, mesoscopic
models.



Used Abreviations

ACE2 angiotensin-converting enzyme 2

ASO antisense oligonucleotides

AuNR gold nanorod

BIP backward inner primer

BLOSUM BLOcks of Amino Acid SUbstitution Matrix

Bst Bacillus stearothermophilus

CDC U.S. Centers for Disease Control and Prevention

cDNA complementary DNA

COVID-19 coronavirus disease 2019

CRISPR clustered regularly interspaced short palindromic repeats

Ct cycle threshold

DNA deoxyribonucleic acid

dNTP deoxyribonucleotide triphosphate

DTU Technical University of Denmark

EGFR epidermal growth factor receptor

FIP forward inner primer

FRET fluorescence resonance energy transfer

GISAID Global Initiative on Sharing Avian Influenza Data

HIV human immunodeficiency virus

LAMP loop-mediated isothermal amplification

LNA locked nucleic acid

MD molecular dynamics

MERS-CoV Middle East Respiratory Syndrome Coronavirus

MM mismatch



NCBI National Center for Biotechnology Information

NIID National Institute of Infectious Diseases

NMR nuclear magnetic resonance

NN Nearest-Neighbour

PAM Point Accepted Mutation

PB Peyrard-Bishop

PCR polymerase chain reaction

POC point-of-care

RBD receptor-binding domain

RdRp RNA-dependent RNA polymerase

RNA ribonucleic acid

RT reverse transcription

RT-LAMP reverse transcription loop-mediated isothermal amplification

RT-PCR reverse transcription polymerase chain reaction

SARS-CoV-1 Severe Acute Respiratory Syndrome Coronavirus 1

SARS-CoV-2 Severe Acute Respiratory Syndrome Coronavirus 2

SBE single base extension

SNP single nucleotide polymorphism

STR short tandem repeat

UTR untranslated region

UV ultraviolet

VOC variant of concern

VOI variant of interest

VUM variant under monitoring

WHO World Health Organization
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1 Introduction

In the beginning of 2020, the World Health Organization (WHO) declared the pandemic of
coronavirus disease 2019 (COVID-19), which was caused by Severe Acute Respiratory Syn-
drome Coronavirus 2 (SARS-CoV-2). The drastic situation demanded several prevention and
protection measures, and sparked several emergency research initiatives, including in Brazil
such as the CAPES Emergency Program for Covid1. This thesis is the direct result of the
CAPES initiative and the fellowship granted for this project is gratefully acknowledged.

To be able to contribute with a meaningful project for the CAPES initiative on such a short
notice, we searched for potential projects involving our groups expertise in nucleic acids bio-
physics, especially hybridisation models. Polymerase chain reaction (PCR) was being the es-
sential tool for detection of SARS-CoV-2 coronavirus, and being a molecular diagnostic tech-
nique, which depends on nuclear acids hybridisation, it quickly became clear that we should be
concentrating our efforts on reverse transcription polymerase chain reaction (RT-PCR) and re-
verse transcription loop-mediated isothermal amplification (RT-LAMP). Each one is a variation
of the basic PCR and loop-mediated isothermal amplification (LAMP) techniques, respectively,
which use oligonucleotides (short DNA sequences), called primers, to identify the viral genome.
Although both methods have had a good performance, there are a few factors that may interfere
with the results. One such factor is the presence of one or more mismatches (MMs) between
primer and target (or template), which can potentially affect the detection results. It just so
happened that our group had concluded a major study on DNA MMs around the same time
which provided us with a completely new tool to evaluate these effects in PCR. In view of the
emergency, the importance of the PCR methods and the expertise of our group in DNA MMs
hybridisation properties that the main goal of this thesis was to assess if the presence of DNA
mismatches in both RT-PCR and RT-LAMP may influence the detection of SARS-CoV-2 virus.

This thesis is organized as follows: in chapter 2, we show a brief description about nucleic
acids (DNA and RNA), mismatched base pairs and thermal processes, essential in both men-
tioned molecular methods. In chapter 3, we give an overview of the SARS-CoV-2 coronavirus
and the main aspects of this virus pertaining to our discussion. The RT-PCR and RT-LAMP
techniques are described in chapter 4. After presenting the objectives in chapter 5, we describe
our methods to applied to the assessment of the primers in chapter 6 and the results and dis-
cussion are presented in chapter 7. In chapter 8, we also present some other projects that were
developed throughout the doctoral period. In section 8.1, mismatch analyses of different types
of primer sets and targets and in section 8.2, the studies of LNA-modified primers and devel-
oping thermodynamic parameters. The overall conclusion and perspectives are presented in
chapters 9 and 10, respectively.

The main methods for RT-PCR developed in this thesis were published in Molecular and

1Programa Estratégico Emergencial de Prevenção e Combate a Surtos, Endemias, Epidemias e Pandemias,
CAPES Edital 09/2020.
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Cellular Probes [1], and has received 15 citations according to Google Scholar. During the
first year of this project, we established a collaboration with Prof. Rubens L. do Monte-Neto
and Prof. Pedro A. Alves (Instituto René Rachou, Fundação Oswaldo Cruz, Belo Horizonte),
who were working with RT-LAMP. They gave us access to their primer sequences which we
analysed with the methods developed in this thesis and which resulted in a publication in Fron-

tiers in Microbiology [2] in 2021, having received 31 citations according to Google Scholar. An
extended analysis for the WHO RT-PCR primers for SARS-CoV-2 variants were published as
a bookchapter in Advances in Bioinformatics and Computational Biology [3] in 2021, with 2
citations according to Google Scholar. The application of our methods to RT-LAMP primers
was published in The Open COVID Journal [4] in 2024.

In 2022/23 I had the opportunity to spend 6 months at the Technical University of Denmark
(DTU), with my co-supervisor Prof. Kira Astakhova. This was made possible with a CAPES-
PrInt fellowship. During this internship, I pursued hybridisation studies in LNA which are
reported in section 8.2 and resulted in a co-authorship published this year [5].



19

2 Nucleic Acids

Here we describe the structural and thermodynamic properties of DNA and RNA molecules
that are necessary to understand the hybridisation models and results. Also we present the
mismatch effects on nucleic acid structure and primer-target hybridisation. Last, we discuss the
thermal processes of nucleic acids that are used in some molecular techniques.

2.1 DNA and RNA Molecules

Nucleic acids are essential molecules of living organisms. There are two types: deoxyri-
bonucleic acid (DNA), discovered in 1869 by Johann Friedrich Miescher, and ribonucleic acid
(RNA), classified in the 1920s [6]. Both are formed by polinucleotide chains, also called
strands, which are the combination of a phosphate group, a pentose and a nitrogenous base, see
Figure 1. The nucleotides are connected by phosphodiester bonds, which occurs between the
5′-phosphate group of the pentose of one nucleotide and the 3′-hydroxyl group of the pentose of
the next nucleotide [7–10]. They may contain one, two or three phosphate group, respectively,
mono-, di- or triphosphate [7, 11]. The nucleic acid strand is oriented (its polarity) in the di-
rection 5′ −→ 3′ terminal, that is, from 5′ end (free phosphate group) to 3′ end (free hydroxyl
group), see Figure 2. A characteristic difference between DNA and RNA is that the first has
a deoxyribose and the other a ribose sugar. The common nitrogenous bases are adenine (A),
cytosine (C), guanine (G), thymine (T) and uracil (U) [7, 9, 10, 12]. The latter is found in RNA
in place of thymine, although occasionally thymine may be found in RNA molecules [7]. Also
uracil may be found in DNA molecule, e.g. as a result of spontaneous deamination of cyto-
sine [13]. Those bases are divided in two groups: purines (adenine and guanine), and pyrim-
idines (cytosine, thymine and uracil). Purines are bases with two carbon-nitrogen aromatic rings
and pyrimidines are those with a single ring, see Figure 3.

Usually DNA and RNA are characterised as a double strand (ds), formed by two nucleotide
chains, and a single strand (ss), respectively [6], see Figure 4. However, both can be single
or double strand, sometimes even triple strand [14, 15], e.g. viral genomes, which are classi-
fied in different groups, such as ssRNA, dsRNA, ssDNA and dsDNA [16, 17]. The duplexes

Figure 1
Nucleotide structure. A phosphate group, a
pentose, here a deoxyribose, and a nitroge-
nous base, which can be a purine or pyrimi-
dine. Figure adapted from Ref. [7].
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Figure 2
Single-stranded DNA and RNA. A nucleotide chain
formed by a phosphate, a pentose and a nitrogenous
base. Each nucleotide is connected to the next by
a phosphodiester linkage (highlighted block). The
polarity of the single strands are 5′ end (or terminal)
to 3′ end. Figure taken from Ref. [7].

Figure 3
The five nitrogenous bases and DNA
and RNA sugars. Above (Bases), the
five bases: adenine (A) and guanine (G)
are purine bases, and cytosine (C),
thymine (T) and uracil (U) are pyrimi-
dine bases. Below (Sugars), the deoxyri-
bose sugar for DNA and the ribose sugar
for RNA. Figure adapted from Ref. [11].
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(a) DNA (b) RNA

Figure 4
(a) Double-stranded DNA (dsDNA) and (b) single-
stranded RNA (ssRNA) molecules. Both in a helix
conformation. Figure adapted from Ref. [7].

can be of three types: DNA/DNA, as human genome; RNA/RNA, as some viral genomes, or
DNA/RNA (hybrid), as the product of transcription process. For the three types, the double
strand is antiparallel, one strand is in the 5′ −→ 3′ direction and the other in 3′ −→ 5′, and
complementary, the nitrogenous bases in one strand bind to their counterparts on the other, see
Figure 5. The bases interact pair to pair with cytosine bonding to guanine and adenine bonding
to thymine (or uracil), which are called canonical base pairs or Watson-Crick (WC) base pairs,
that is, purine-pyrimidine pairs [7, 11]. The CG base pair (bp) has three hydrogen bonds and
AT and AU pairs have two hydrogen bonds [7, 8, 10, 12], see Figure 6. Due to the base pair
interaction along the direction of hydrogen bonds, according to Chargaff’s rules, the number of
residues of guanine in a double-stranded DNA is equal to the number of cytosine and the same
is valid to the number of residues of adenine and thymine [7–9, 12].

Hydrogen bonds are very weak bonds formed by the sharing of a hydrogen atom between
two electronegative atoms, e.g. oxygen and nitrogen. Although they are very weak, a large
number of them offers a structural stability to a molecule [11]. In addition to the hydrogen
bonds interaction, the bases interact with each other on the same strand like a staircase, one
stacked on top of another. This interaction is called “stacking interaction” or “base stacking”,
see Figure 7. The planar configuration of bases leads to π–π electrostatic interactions between
their aromatic rings and they contribute to ultraviolet (UV) absorption around 260 nm [7, 18,
19]. Both hydrogen bonds and stacking interactions contribute to the thermodynamic stability of
DNA duplex with the base stacking contributing most [7, 9, 19]. Since the stacking interaction
eliminates any gaps between bases, the interior of molecule is hydrophobic, which provides a
driving force for DNA molecule to form a double helix [11]. Furthermore, RNA molecules are
stabilised by stacking interactions, as well as DNA molecules [7].

DNA and RNA are deeply related by the central dogma of molecular biology, see Figure 8.
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Figure 5
A double-stranded DNA show-
ing the polarity of both strands
(5′ −→ 3′ and 3′ −→ 5′), and two
and three hydrogen bonds of AT and
CG base pairs, respectively. Figure
taken from Ref. [7].

Figure 6
Hydrogen bonds of Watson-Crick base pairs. Above, the two
hydrogen bonds for AT pair and below the three hydrogen
bonds for CG pair. The hydrogen bonds of AU pair are not
shown here, but it is similar to the interaction of AT pair. Fig-
ure taken from Ref. [11].

Figure 7
The stacking interaction between nitroge-
nous bases. Each one is stacked on the
other like a staircase, while their hetero-
cyclic rings are interacting with each other.
Figure taken from Ref. [20].



23

Figure 8
The central dogma of molecular biology.
DNA is transcribed into RNA, which is
translated into protein. As well as RNA is
reverse transcribed into DNA. Figure taken
from Ref. [21].

In transcription step, DNA is used as a template to generate RNA molecule — the complement
to DNA template. One of the elements that mediates this process is the DNA polymerase. Next,
in translation step, the RNA template carries the information for designing the protein that folds
into a proper structure. There is a parallel step — the reverse transcription — which is exactly
what its name means. The RNA molecule is now the template to generate a DNA molecule and,
among other components, is mediated by reverse transcriptase [21–23]. This step revolutioned
molecular biology elucidating biology processes, and promoting new study tools, e.g. transcrip-
tome analysis, and molecular techniques like reverse transcription polymerase chain reaction
(RT-PCR) and reverse transcription loop-mediated isothermal amplification (RT-LAMP), based
in the reverse transcription (RT), see chapter 4.

2.2 Mismatched Base Pairs

Mutations and mismatches can interfere in the stability of nucleic acid molecules [24],
which can take place in both DNA and RNA. There is a subtle difference between mutations
and mismatches. Mutations occur when a base pair in a DNA, or RNA, molecule has been
changed to another base pair, e.g. CG −→ AT. Or in a simple way, the change of one base in
just one strand results in the complementary strand with the correct counterpart changed, as
well as occur with viral genome [16, 25]. In the case of mismatch (MM), an incorrect pairing
occurs when one base binds to a non-counterpart base, e.g. AA, CT, GU and GT [11, 25], which
is also called noncanonical or non-Watson-Crick base pair, see Figure 9. It can take place dur-
ing DNA replication [7], genetic recombination [26] or primer-template hybridisation in PCR
reactions [27], which may lead to false-negative results [28].

There are eight possible mismatched base pairs: AA, AC, AG, CC, CT, GG, GT and TT,
which may influence the stability and structural properties of DNA helix. Mismatches change
hydrogen bonds conformation in comparison to canonical base pairs, as well as the stacking
interactions. However, some of them show a similar overall shape to a canonical pair and a
relatively stable configuration, e.g. GT mismatched pair [11, 29], see Figures 10 and 11. DNA
Watson-Crick base pairs are in an anti-anti conformation, while MM base pairs can also be anti-
syn or syn-anti. Some molecular dynamics (MD) simulations and nuclear magnetic resonance
(NMR) experiments have shown that mismatches do not impact on the global conformation of
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Figure 9
Mutation × Mismatch. (a) A double-stranded wild type, which is the “original” sequence; (b) a muta-
tion in the sequence (AT −→ CG), when a base pair changes to another Watson-Crick base pair; (c) a
mismatch pair (AT −→ AC), a base binds to an incorrect base (non-Watson-Crick base pair), which may
destabilise the duplex. Figure adapted from Ref. [25].

the DNA duplex, such as for AA and TT pairs [30, 31]. For instance, a consecutive GG and CC
pairs showed a local distortion impacting only their AT neighbours [32]. Yet in a local confor-
mation the influence of mismatches varies from weakly bound (CC pair) to strongly bound (GG
pair) cases [30]. In addition, guanine (GT, GG, AG) and cytosine (AC, CC) mismatches are the
most and least stable base pairs, respectively [33–35].

Mismatches are commonly associated to primer/probe-target hybridisation, mainly for poly-
merase chain reaction (PCR), which will be discussed in section 4.1. Ideally, there should be
no mismatches between primer and target, however, this is unavoidable [37, 38], e.g. as result
from viral genome mutations [39, 40]. Primer-target mismatches can impact the PCR assay in
a few ways as disrupt PCR chemistry, impair detection of the target and produce false nega-
tive results [28, 41]. As well mismatches in loop-mediated isothermal amplification (LAMP)
primers may reduce the amplification efficiency [42], decrease the sensitivity of detection and
lead to false negative results [43]. Internal and terminal mismatches influence primer/probe hy-
bridisation in different ways [44], see Figure 12. Mismatches located far from 3′ end are not so
relevant and will have a moderate effect without influencing PCR performance [27]. Those near
3′ terminal are critical for PCR good performance interfering in its accuracy [45–47] and may
lead to non amplification of the target [44, 48], as well as a single mismatch at 3′ terminal may
results in the same impact [49]. According to Bru et al. [50], MMs in the direction of 3′ ter-
minal are more detrimental to the PCR reaction and a single internal mismatch has a variable
effect, probably due to the dependency on mismatch position and sequential environment of the
primer [50]. Notwithstanding, Mitsuhashi [46] suggests that mismatches either near or at 3′ ter-
minal may avoid false priming unlike 5′ terminal and internal mismatches. Kwok et al. [51]
show that mismatches in the three last termini positions have no effect and a thymine at 3′ ter-
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Figure 10
Chemical structures of
GC and AT canonical
and GT and GA mis-
matched base pairs.
Figure adapted from
Ref. [36].

Figure 11
Overlap of canonical
(grey) and mismatched
(blue) duplexes. A
close-up is shown in
the compared region:
canonical AT pair (grey)
and AA, AC, GA and GT
mismatched pairs (red).
Figure from Ref. [30].
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Figure 12
Example of terminal and internal mismatch
position. Figure adapted from Ref. [44].

minal hybridising to any base may improve the amplification efficiency and suggest that some
mismatched pairs may amplify efficiently as matched pairs. Furthermore, mismatch stability at
3′ terminal depends on the mismatched pair and the stability of neighbouring base pairs [52].

A large number of mismatches can destabilise primer-target duplex or even block the hy-
bridisation altogether, and the presence of just three mismatches in the primer would turn the
PCR non functional [53]. Four internal mismatches do not impact in PCR assay [51] in contrast
to other evidences [50, 54], and two mismatches show little impact on assay sensitivity [55].
Since PCR assays use at least a primer pair (forward and reverse primers), the MM impact may
be different in both. A single mismatch at 3′ terminal of a forward primer has little impact in
opposite to two or three mismatches in the last three positions of 3′ terminal. Up to five con-
secutive mismatches at 5′ terminal show no influence in the forward primer, however two to
three mismatches far from 3′ terminal, along the primer, affect the assay [56]. Mismatches may
also have an additive effect, that is, mismatches in both forward and reverse primers may add to
their effects [54, 56, 57]. Moreover, it is suggested that a single mismatch in the primers may
not influence the PCR performance, whereas in the probe it may lead to a false-negative [48].
In contrast, a few mismatches in the probe may have little impact [58]. In an assay to detect
HIV virus, the primers showed tolerance of up to four mismatches and the probe up to five [59].
Mismatches located near 3′ terminal in forward primers also show no obvious effect on sensi-
tivity assay. When located at the third base near 5′ terminal of the probe, mismatch presence
have a greater influence on sensitivity than those in the middle [55]. Also mismatches at both 3′

and 5′ terminals in the displacement LAMP primers do not interfere, whereas in both forward
inner primer (FIP) and backward inner primer (BIP) may hamper the amplification [60].

It is suggested that some types of mismatches are more stable than others and, in some
cases, than canonical AT pair [37, 61]. Some mismatches can contribute to the stability of RNA
duplexes [62], e.g. GU mismatched pair [11], and the sequential environment and their posi-
tion affect their behaviour in both nucleic acid types [63–65]. The stability of primer-target
hybridisation may be greater in presence of few MMs in comparison to AT-rich primers with
no mismatches [46]. A few Cas12 enzymes in CRISPR technique have shown mismatch toler-
ance [60]. LAMP assay may detect resistant mutants after an antibiotic administration incorpo-
rating a mismatch at 3′ terminal [66]. Unexpectedly findings showed that mismatches are able
to enhance the protein-DNA binding [24]. Furthermore, it is known that a few mismatches in
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PCR primers can contribute to the design of antisense oligonucleotides (ASO) [67], and allele-
specific [37] and single nucleotide polymorphism (SNP) [68] identification, as well as LAMP
based-methods for the latter [69]. The melting temperature analysis could be used to detect spe-
cific variants due to the difference in the temperature [70]. Recently, PCR based-methods have
used mismatches at or near 3′ terminal to identify Delta variant [71] and Omicron subvariants
(BA.1, BA.2, BA.4, and BA.5) [72].

It is known that mismatch presence may hamper the activity of DNA polymerases. However,
they are able to bind to a mismatched pair with about equal affinity to a matched pair [52]. The
ability of DNA polymerases to elongate the 3′ terminal mismatch depends on the concentration
of next nucleotide and affinity of primer-target [52, 73, 74]. In a study comparing the efficiency
of two polymerases [74], one was able to easily extend CT, TT and GT mismatched pairs,
the latter as efficiently as for canonical AT pair, whereas the other polymerase easily extended
AG and GG pairs. However, both polymerases were less efficient to elongate GG pair, in
comparison to canonical CG pair, and CC mismatched pair. A third DNA polymerase [52]
showed low efficiency to extend AC mismatched pair and high for the CT pair.

Finally, the effect of mismatches is not yet standardized as a few factors influence their
behaviour, such as pH values, salt concentration, mismatch type, number and position, melting
temperature, reaction condition, oligonucleotide length and sequential environment, especially
flanking base pairs, that is, MMs are context dependent [27, 37, 48, 50–52, 56, 61, 75–81].
Mismatch tolerance observed for some primers [51, 82] may be due to their longer length [57].
Two AG mismatched pairs at 5′ terminal failed the assay, whereas CT pair successful detected
the target [83], as well as previous evidences of AG pair is more detrimental than CT pair [37,
55]. Also lower annealing temperature may optimise the mismatch effect [54, 84, 85] and the
amplification conditions may support mismatch tolerance [55].

2.3 Thermal Processes of Nucleic Acids

When DNA molecule has its strands connected (double-stranded), it is in a “natural or native
state”, that is, the duplex is in a stable state. This state is found in an appropriate temperature
for the double strand stability. However, if the temperature changes, usually increases, the DNA
duplex destabilises. An increase in the temperature affects the hydrogen bonds between base
pairs leading to a separation of the strands, even to a completely dissociation [8, 9, 86, 87],
see Figure 13. This process is called “denaturation”, or “melting”, of double-stranded nucleic
acid [11, 22].

The main parameter of this process is the hybridisation or melting temperature Tm in which
50% of the strands in the solution are associated and the other 50% are dissociated — com-
pletely or partially denatured [7, 77, 88, 89]. This temperature characterises the denaturation
process and, in a proper environment, may describe the stability of DNA duplex as a physical
property [88, 90]. Melting temperature data can improve computational models to stability and
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Figure 13
The denaturation and renaturation (annealing)
processes. In the denaturation, increasing the
temperature, the double strands begin the disso-
ciation until a transition temperature is reached,
after which the duplex is totaly dissociated. De-
creasing the temperature, the single strands begin
to anneal and, after a certain time, they will be as-
sociated again — the renaturation. Figure taken
from Ref. [7].

hybridisation energies of DNA and RNA [90], and contribute to the experimental design of PCR
primers [91], silencing RNA [88] and single nucleotide polymorphism (SNP) [89]. The DNA
denaturation and, consequently, the melting temperature may be affected by several factors,
such as pH values, denaturants (e.g. urea and formamide), salt concentration, GC content and
sequence length [11, 23, 92]. The GC content is directly related to the hybridisation tempera-
ture. The higher the GC content in the duplex, the higher is the melting temperature of DNA,
see Figure 14. This is due to the extra hydrogen bond in comparison to AT base pair [7, 11, 23].
In addition, the stacking interactions between GC pair and neighbouring base pairs are more
favorable energetically than between AT pair and its neighbouring base pairs [11].

The dissociation of DNA double strand changes the absorption of UV light. Around 260 nm,
double-stranded state absorbes less UV light (about 40%) than in a single-stranded state [11,
22]. While DNA molecule denatures — temperature increases —, the UV absorption increases,
which is called “hyperchromicity”. It is due to nitrogenous bases are more exposed to envi-
ronment, which allows to absorve the maximum of light. Hence about 37% more UV light is
absorbed than in duplex state [19]. The temperature change is gradual and as the temperature
increases DNA becomes dissociated, that is, DNA becomes single-stranded. The melting tem-
perature is the middle point of the denaturation curve in which there are DNA molecules in
both states (double and single) and even partially associated, see Figure 15. The value of Tm
depends on conditions of the environment of the nucleic acid molecules as salt concentration
and pH value [7].
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Figure 14
The relation between melting temperature Tm and
GC content in different salt concentrations. The
green line (left) is a DNA solution at low salt con-
centration and the orange line (right) is at high salt
concentration. Figure taken from Ref. [11].

Figure 15
Denaturation curve. Temperature (◦C) values to DNA molecule in absorbance at 260 nm (A260). In the
beginning, DNA is a double strand. Increasing temperature, the duplex denatures and the molecule is a
single strand in the end. The middle point is the melting temperature (Tm) of the duplex, half molecules
double-stranded and half single-stranded. Figure taken from Ref. [11].
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The denaturation process is a reversible process. The DNA strands dissociated can be as-
sociated again by gradually decreasing the temperature. It contributes to a proper environment
to bases in different strands interact and anneal over again [11, 91]. This reverse process is
called “renaturation” or “annealing”, see Figure 13. In this case, the stacked bases are getting
closer due to the duplex renaturation, decreasing the absorption of UV light, which is called
“hypochromic effect” [7]. It is applied, for example, in molecular techniques which require the
hybridisation (or annealing) of the primers and/or probes to target sequences [11], such as in
PCR- and LAMP-based methods.
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3 SARS-CoV-2 Coronavirus

The first human coronavirus was confirmed in 1965 by June Almeida from St Thomas’s Hos-
pital Medical School, see Figure 16. In a collaboration with David Tyrrell from Common Cold
Research Unit, they published a work about uncharacterized human respiratory viruses [93].
Tyrrell and his team collected samples of flu-like virus, but they were unable to cultivate it in
the laboratory. Then Tyrrell contacted June Almeida to analyse these samples by electron mi-
croscopy. She realised that the samples contained the same viruses which she identified in 1964
watching at bronchitis in chickens and hepatitis liver inflammation in mice. However, her work
about this remark had been rejected by the reviewers at the time, who said her pictures probably
were poor quality pictures of influenza virus particles [94, 95]. Due to the crown-like structure,
the virus was called as coronavirus (from latin, corona means crown).

Since the identification of the first coronavirus, the number of coronaviruses has grown, in-
cluding human and non human viruses. These viruses are classified in the Nidovirales order,
Coronaviridae family, Coronavirinae subfamily, which is subdivided in four genera (Alpha-,
Beta-, Gamma- and Deltacoronavirus). Alpha- (229E and NL63) and Betacoronavirus (OC43,
HKU1, SARS-CoV-1, MERS-CoV and SARS-CoV-2) are the coronaviruses that are able to
infect human and the last three are the most pathogenics [97–101]. Human coronavirus (hCoV)
causes broad range of pulmonary conditions ranging from mild to severe conditions, such as a
common cold to pneumonia [99, 102]. Until the beginning of 2000’s, only four human coro-
naviruses were known — hCoV-229E, hCoV-NL63, hCoV-OC43, hCoV-HKU1 — , which
are seasonal and have not caused concern [99, 103]. However, in 2003, a novel coronavirus
emerged spreading all around the world and causing a high mortality rate. It was the first
SARS coronavirus, known as SARS-CoV (Severe Acute Respiratory Syndrome Coronavirus),
or SARS-CoV-1. In 2012, another coronavirus emerged in Saudi Arabia spreading in the Middle
East. It was the time to the discovery of the sixth coronavirus — the Middle East Respiratory
Syndrome Coronavirus (MERS-CoV) [98–100]. In March 2020, World Health Organization
(WHO) declared the pandemic of the disease COVID-19 (coronavirus disease 2019), arising
from a new coronavirus. The seventh human coronavirus known until now is genetically simi-
lar to SARS-CoV-1 and was called SARS-CoV-2 (Severe Acute Respiratory Syndrome Coron-
avirus 2), see Figure 17.

SARS-CoV-2 coronavirus is an enveloped virus with positive-sense, single strand RNA
(+ssRNA), that is, the genetic code can be translated directly into protein. It has a diameter
ranging 60–140 nm and its genome is non-segmented and approximately 30000 bases (30 kb)
in size, which encodes about 27 proteins, which are structural and non-structural. In general,
the SARS-CoV-2 genome is divided as 5′-UTR, open reading frame (ORF), spike (S), envelope
(E), membrane (M), nucleocapsid (N) and 3′-UTR-poly A [98, 101, 103–105], see Figure 18.
Typically, it causes respiratory, digestive and nervous system diseases [106].

Coronaviruses have a high mutation rate [98, 105], usually 10−4 nucleotide substitutions per
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Figure 16
The first human coronaviruses. In 1965, June
Almeida identified this virus in flu-like virus
samples by electron microscopy. Its name is
due to its crown appearance. Figure adapted
from Ref. [93].

Figure 17
SARS-CoV-2 (Severe Acute Respiratory Syn-
drome Coronavirus 2) coronaviruses showed
by transmission electron microscopy (TEM).
Figure adapted from Ref. [96].

Figure 18
SARS-CoV-2 structure and genome. In the center, a conceptual design of coronavirus. Around of it, its
divided genome. The colors in the conceptual design correspond to the part of virus encoded by its color
counterpart in the genome. Figure taken from Ref. [107].
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site per year [108]. It is likely that the novel coronavirus emerged from genetic mutations due
to similarities between SARS-CoV-1 and SARS-CoV-2 genomes [109], which shares approx-
imately 80% of similarity with the first one [110, 111]. SARS-CoV-2 genome is susceptible
to frequent mutations [112, 113], around 10−3 mutations per site per year [114–116], and is
highly transmissible [117, 118]. They may occur naturally or through interaction with the host
immune system surveillance [119]. Sometimes mutations have no effect on the virus, on the
other hand, they may lead to changes in virulence, infectivity and transmissibility [120].

Since the beginning of the pandemic, several SARS-CoV-2 variants and subvariants have
emerged. Different genes have undergone mutations, such as ORF1A, RdRp, N and M genes,
which may affect the infectivity and antigenicity. The most mutated gene, with approximately
4000 mutations, and the target of therapies and vaccines is the S gene that encodes the S (spike)
protein [121]. Mutations in the S protein, especially in the receptor-binding domain (RBD),
have shown a great impact in the transmissibility and infectivity [122, 123], see Figure 19.
The S protein is subdivided in the S1 and S2 subunits. The S1 subunit has the RBD encode
region and is the bridge to the virus entrance in the host cells through the angiotensin-converting
enzyme 2 (ACE2). The fusion between the viral and cellular membrane is mediated by the S2
subunit [124]. Note in Figure 19 that the greatest variability between the variant genomes is in
the S1 subunit, especially in the RBD region for Omicron subvariants.

Commonly mutations in SARS-CoV-2 strains are substitutions and indels (insertion/dele-
tion). Errors during the viral genome replication and repair may induce single base substitu-
tions. Deletion or insertion are a loss or an addition of one or more bases, respectively, and is the
largest occurrence in SARS-CoV-2 mutation. Omicron variant is characterized due to a great
amount of deletions [126, 127], which may have led this variant to become extremely trans-
missible. For instance, Alpha variant had undergone some deletions and the N501Y mutation
increases the receptor binding affinity which may have caused its rapid spread [128]. Lambda
variant shows several deletions which may resulted in an increased infectivity and immune eva-
sion from antibodies [129].

Mutations in the viral genome also affect the dianostic tests. The emergence of variants
have promoted mismatched hybridisations between primers and targets, which may hamper the
amplification and lead to a no-detection of the virus, see section 2.2. Also mismatch (MM)
presence may produce false negative results, reduce the amplification efficiency and sensitivity
of detection [28, 41–43]. However, mismatches may be applied to identify a specific variant
as the case of diagnostic assays developed to detect Delta variant [71] and Omicron subvari-
ants [72]. The following examples of primer-target hybridisations show a canonical hybridis-
ation for wild-type SARS-CoV-2 and the occurrence of mismatches in different variants. All
3′ −→ 5′ sequences are the same primer hybridised to five different genomes. Note the large
number of mismatches (red) in Beta variant hybridisation.

5′ – CCATAACATGACCATGAGGT – 3′ −→ SARS-CoV-2 wild type
3′ – GGTATTGTACTGGTACTCCA – 5′
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Figure 19
SARS-CoV-2 variants and subvariants. S protein mutations along the Alpha, Beta, Gamma and Delta
variants and Omicron subvariants. At the top, the S protein domains and in front of each variant, the
mutations indicated by black arrows. Figure taken from Ref. [125].
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5′ – CAACAACATGACCATGAGGT – 3′ −→ Alpha variant
3′ – GGTATTGTACTGGTACTCCA – 5′

5′ – ATATACCTGCACCAATGGGT – 3′ −→ Beta variant
3′ – GGTATTGTACTGGTACTCCA – 5′

5′ – CCATAACGTGACCATGAGGT – 3′ −→ Gamma variant
3′ – GGTATTGTACTGGTACTCCA – 5′

5′ – GCTCAACATGACCATGAGGT – 3′ −→ Delta variant
3′ – GGTATTGTACTGGTACTCCA – 5′

SARS-CoV-2 variants and subvariants have been classified as variants of concern (VOCs),
variants of interest (VOIs) and variants under monitoring (VUMs). Their classification has
been constantly updated and the previously VOCs were de-escalated, including Omicron parent
variant (B.1.1.529), since 15 March 2023 [130, 131]. In this work, we used a considerable set of
SARS-CoV-2 genomes collected in the first 9 months of the pandemic, and seven variants and
four subvariants sets, which were VOCs at the time, see section 7.1.3. The variants are Alpha
(B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), Lambda (C.37), Mu (B.1.621) and
Omicron (B.1.1.529), and the subvariants BA.2, BA.3, BA.4 and BA.5.
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4 Molecular Techniques

Here we show a short review about two techniques — PCR and LAMP — to the ampli-
fication of nucleic acids and, consequently, the detection of SARS-CoV-2 virus. The work
described in chapter 7 used data from both methods. Both have some variations with a few
peculiarities. We will briefly describe the standard process within the reverse transcription
polymerase chain reaction (RT-PCR) and reverse transcription loop-mediated isothermal am-
plification (RT-LAMP) versions.

4.1 Polymerase Chain Reaction (PCR)

The polymerase chain reaction (PCR) is an important molecule technique that allows a small
number of molecules in a sample be amplified to a considerable amount of molecules [44]. It
contributes to the detection in samples with a low viral load and point mutations in genes [23].
There are several PCR-based methods such as RT-PCR [59], multiplex PCR [132], digital
PCR [133], real-time PCR [134] and quantitative PCR (qPCR) [44]. The PCR method was
first developed to detect the DNA nucleic acid. Later, it was introduced a short step to detect
RNA nucleic acid. Prior to the standard process of PCR, the step of reverse transcription (RT) is
carried out, in which the RNA template is transcribed into complementary DNA (cDNA). The
main version of the technique that uses this step is the RT-PCR, which is widely applied, e.g. in
assays and diagnosis of viral genomes. It has been the gold standard technique to the detection
of SARS-CoV-2 virus [135, 136] and has been applied to oncogenes [137], allele-specific [138]
and SNP identification [37], hepatitis [139] and forensic analysis [11].

Each PCR-based method has a particular characteristic in its process and achievement of
results. However, all of them varies from the standard process, which will be described here
inside the RT-PCR method. In the RT-PCR, the first stage is the reverse transcription of the RNA
template into cDNA, which is the complementary strand of RNA as a DNA strand [136]. It is
similar to the process of reverse transcription mentioned in section 2.1, see Figure 8. After RNA
is converted into DNA, the standard process of PCR begins. The sample is heated, usually at a
temperature of 94 ◦C for 30 seconds to 5 minutes [23]. It is the “denaturation stage” in which
double strands in the sample are dissociated into single strands [44], as described in section 2.3.
The next stage is the “annealing stage”, the primer pair — two short DNA sequences (usually
18–24 bp in length) — hybridises to the target [140]. These primers are designed to hybridise
to a specific region flanking the target region of the DNA template [141]. The temperature is
lowered to the annealing temperature Ta, commonly 5 ◦C below the melting temperature Tm.
Usually the annealing temperature is in a range 40–65 ◦C. It depends on the design of the
primers, which will be discussed ahead. Finally, the products are amplified, which are called
amplicons, by the action of a thermostable DNA polymerase enzyme (usually Taq polymerase)
and a probe at an approximate temperature of 72 ◦C [23]. This is the “extension stage”, the last
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Figure 20
RT-PCR process. The viral RNA template is reverse transcribed into cDNA. Then the duplex is heated
and dissociated. Primer and probe hybridise to the cDNA and it is amplified by DNA polymerase as its
complementary strand. This newly DNA duplex is denatured, the single strands resulted are annealed by
primers and probe, DNA polymerase amplifies them and a new cycle begins. In the figure, “Denature
and Annealling” corresponds to denaturation and annealing stages and “Polymerization & Strand dis-
placement/Probe cleavage” to extension stage. Figure taken from Ref. [106].

one. The probe is a short DNA sequence with fluorescent dyes in each terminal and designed to
a specific region of the target, as well as the primers. The difference is its melting temperature
(about 70 ◦C) is higher than the primers and its length is longer. From this step, the cycle is
repeated (denaturation, annealing and extension stage) for a specific number of times, typically
30–50 cycles [23, 44]. Figure 20 summarizes the RT-PCR process. The temperatures described
to each stage are not standard. They vary due to the conditions of the assay, e.g. GC content and
primer length [23, 142–144]. The detection of the amplicons can be made by several methods,
usually agarose gel electrophoresis, intercalating chemical dyes and silver ions, DNA-binding
dyes and melt curve analysis [23, 136, 143].

PCR reaction requires a few components, such as buffer, primers, probe, DNA polymerase
and deoxyribonucleotide triphosphates (dNTPs) [23]. The primers have a particular importance
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(a) (b)

Figure 21
Secondary structure (a) and primer-dimer (b). Two primers hybridise in a complementary region and are
amplified resulting in a non-specific product of PCR reaction. Figures adapted from Ref. [44] and [23],
respectively.

due to their role in the amplification of the target. After they hybridise to the target, the DNA
polymerase begins the extension of the DNA copy from the 3′ end of each primer. For this hy-
bridisation to proceed correctly, the primers must be well designed to promote a high specificity
and efficiency. This is what characterizes the PCR method as a gold standard for molecular
diagnosis and other applications. Specificity is related to the frequency with a mispriming event
takes place, as primers are designed for specific regions, whereas efficiency is how close the
primers are able to amplify the target in order to double the product in each cycle [145]. Usu-
ally it uses two primers (a primer pair) — forward and reverse or sense and antisense —, which
will hybridise in a specific region of the DNA molecule. If the conditions for primers are dif-
ferent, errors can occur, e.g. only one of them to hybridise [78]. Poor primer design can lead
to undesirable effects, such as secondary structures [37] and primer-dimers [40, 146], which
are two primers hybridised to each other completely or partially, leading to a non-specific am-
plification, see Figure 21. There are several factors that influence the efficiency of primers,
leading to a loss in the target-specificity and, consequently, in the amplification of the target. A
few factors are association and dissociation kinetics of primer-target duplex [37, 51, 147], the
presence of one or more mismatches between primer and target [147], see section 2.2, DNA
polymerase functionality due to mismatch presence in the 3′ terminal [47, 51] and the concen-
tration of primers [148]. When the latter is larger than optimal, primer-dimers can be formed
and interfere with the target-specificity of PCR [148].

The primer design depends on a proper length, base composition, GC content, possible
primer-dimers, secondary structure and melting temperature Tm [23, 78, 149]. The latter is re-
lated to the annealing temperature Ta, as we mentioned earlier, which is the ideal temperature
to hybridise to the target. If Ta is too low, non-specific DNA fragments can be amplified or sec-
ondary structure formed [44, 146], whereas if Ta is too high, the amount of product is reduced
due to the poor annealing of primers [146]. The melting temperature of the primers must be
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designed in a such way to lead a good performance and, consequently, the PCR amplification.
For this goal, the Tm of primers should be ideally the same or quite similar [44, 78, 141, 145],
which would avoid false hybridisation [78], since both primers should hybridise to the target
in the same PCR stage, that is, at same temperature. Depending on the author, a difference of
temperatures within 1–5 ◦C is considered acceptable [23, 140, 142]. Here we have treated only
one primer pair, however, more than one can be used to detect other targets in the same reac-
tion, e.g. multiplex PCR [23, 141]. In this case, more than one specific region can be detected
and each primer pair should be follow the same primer design guidelines. Moreover, the per-
formance of PCR may be affected by several factors, such as non-specific amplification [40],
sample collection and contamination [39], substance interference [39], reactivity with other
non-target [40, 150], manual errors [39], less precision in low concentration samples [151] and
proper collection of specimens [152].

4.2 Loop-mediated Isothermal Amplification (LAMP)

In 2000, Notomi et al. [42] reported a new nucleic acid amplification technique called loop-
mediated isothermal amplification (LAMP). This method uses a DNA polymerase and four
primers — two outer, or displacement, (F3 and B3) and two inner (FIP and BIP) primers —,
these latter are called forward inner primer and backward inner primer, respectively. The in-
ner primers are formed by two different sequences — F1c and F2 for FIP, and B1c and B2 for
BIP —, which correspond to sense and antisense sequences of the DNA target. The outer and
inner primers act at the beginning of the reaction, but just the inner primers act in later cycles.
The LAMP reaction occurs in an isothermal condition, that is, at a constant temperature, which
makes the use of thermal cyclers unnecessary. It runs in a temperature at 60–65 ◦C [42]. Two
years later of LAMP report, Nagamine et al. [153] optimised the technique including two loop
primers — LF and LB, respectively, Loop F (forward) and Loop B (backward) — to accelerate
LAMP reaction. The presence of loop primers decreases the time to run the reaction and in-
creases the sensitivity [153]. Thereafter, LAMP technique can use from four to six primers and
is able to recognize between six and eight different regions in the DNA target [154].

As well as PCR method, there is a LAMP-based technique that applies the reverse transcrip-
tion, which is the reverse transcription loop-mediated isothermal amplification (RT-LAMP).
Here the briefly description of LAMP method will be within this version, which is widely ap-
plied to the detection of viral RNA, e.g. human coronaviruses [99, 136, 155–158]. The previous
step of RT-LAMP is the transcription of RNA template into cDNA. From this point, the stan-
dard LAMP process is carried out. The first step is the convertion of the RNA/DNA double
strand into RNA and DNA single strands. Now, the DNA molecule is the template used to the
amplification. The F3 and FIP primers hybridise to the template and are amplified by Bst DNA
polymerase, similar to PCR extension stage. F3 primer dissociates the newly strand (amplicon)
from the template in a zip-like behaviour. Then this newly strand is hybridised to B3 and BIP
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Figure 22
LAMP method. The markers in the template (F3c, F2c etc) show the target regions. The c’s in regions
and primers mean “complementary” (for instance, B3 primer hybridises to B3c region). F3 and FIP
primers hybridise to the template and a newly strand is generated. B3 and BIP primers hybridise to it
(the white one) and the amplification goes on. The newly formed strand folds into a loop-shaped form
and Loop B (LB), Loop F (LF), FIP and BIP primers hybridise to the products proceeding to exponential
amplification. Figure taken from Ref. [160].

primers and the process is similar to the previous one. DNA polymerase amplifies the BIP
primer and B3 primer dissociates this newly strand. For both new strands, in each one, the two
ends are hybridised by the inner regions forming loop-shaped strands. Thereafter, the amplifi-
cation runs in an exponential behaviour [136, 154], see Figure 22. The entire process is carried
out at a constant temperature (isothermal) [42, 153, 154] and the amplicons can be detected by
precipitation of magnesium pyrophosphate, gel electrophoresis, real-time fluorescence, among
other methods [99, 136, 159].

The LAMP method is very robust, fast, simple, high sensitive and specific, cost effec-
tive [154, 155, 161] and its performance is similar to conventional PCR-based methods[162,
163]. It can work at various pH values and be stable at room temperature, reagents are rela-
tively inexpensive and it is carried out in less than an hour [164–166]. Furthermore, not using a
thermal cycler contributes to a portable equipment, unlike to PCR [136, 161, 167], which is use-
ful to LAMP method as a point-of-care (POC) [168–170]. Another difference between LAMP
and PCR is the first is less sensitive to inhibitor substances than the second [154, 161, 171]. As
LAMP is highly specific, it usually does not produce non-specific products [42, 153]. In par-
ticular, when loop primers are used, non-specific products are harder to be generated due to the
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DNA final products include sequences that are recognized by these specific primers [153]. This
feature of LAMP cooperates to a distinct recognition of multiple targets simultaneously, which
is called one-pot multiplexing, and applied in LAMP-based techniques [154, 172, 173]. Also
LAMP primer design depends on a few factors, such as concentration, location of primer pair,
distance between target regions, temperature at 60-65◦C and not form primer-dimers [174].

Until 2008, in Japan, only LAMP reagents were approved for in vitro diagnosis of SARS-
CoV-1 [175]. Since its development, LAMP technique has been applied as molecular diagnostic
method for several diseases, such as malaria [176], zika [177], salmonella [178], dengue [179],
ebola [180] and HIV [181]. In addition, the human coronaviruses SARS-CoV-1 [157, 175],
MERS-CoV [182], hCoV-NL63 [156] and SARS-CoV-2 [162, 166, 183], the responsible virus
of the pandemic of 2020. For the latter, LAMP has also been applied in a combination to
CRISPR-Cas12a [184–189] and nanopore sequencing technology [190].
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5 Objectives

5.1 General Objective

Assessment of the impact of DNA mismatched base pairs in polymerase chain reaction
(PCR) and loop-mediated isothermal amplification (LAMP) primers hybridised to genomes of
SARS-CoV-2 coronavirus and primer effectiveness to variants.

5.2 Specific Objectives

1. Predicting the melting temperatures for matched and mismatched hybridisations between
PCR/LAMP primers and SARS-CoV-2 and its variants;

2. Evaluating the influence of DNA mismatches through a coverage calculation of melting
temperatures of the alignments;

3. Assessing the effectiveness of PCR/LAMP primers to SARS-CoV-2 variants;

4. Checking a possible cross-reactivity of primers to SARS-CoV-1 and other coronaviruses
genomes.
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6 Methods

In this chapter, we describe the main theoretical models used in this work. We show the
Smith-Waterman algorithm used to align sequences; the two-state model, which is a theoretical
analysis of denaturation and renaturation processes; the mesoscopic model applied to evaluate
the thermodynamic properties of DNA duplexes; the calculation of melting temperature, and
the parameters for mismatched base pairs.

6.1 Sequence Alignment

Sequence alignment is a method for searching similarities and differences between nu-
cleotide or amino acid sequences. This comparison is made between two or more sequences
to deduce structural and/or functional analogies and evolutionary relationships, e.g. homology
(both have a common ancestor, and may show the same function or not). The aim of a sequence
alignment is to reach a maximum number of associations between the bases in each sequence,
that is, an optimal alignment [19].

The alignment is quantified by assigning scores to each type of base association: match,
mismatch and gap. Matches (blue) are the perfect alignment when both bases are compatible;
mismatches (red) are distinct bases; and gaps (green) are bases not aligned, that is, deletions or
insertions:

ACACGAA-GG
ACACTAACGG

The scores used for the three types of association vary according to each alignment algo-
rithm. A conventional scoring set is +1 for a match, −1 for a mismatch and −2 for a gap. See
the score for the previous example alignment

A C A C G A A - G G
A C A C T A A C G G
+1 +1 +1 +1 -1 +1 +1 -2 +1 +1 = +5

An important point regarding sequence alignment is understanding the meaning of the score
obtained. A high score may show an optimal alignment, but it does not determine a biological
significance. To achieve a good agreement between score and biological significance, substi-
tution matrices have been developed to take into account the substitution rates of nucleotides
or amino acids throughout evolution. Two common substitution matrices are Point Accepted
Mutation (PAM), developed by Margaret Dayhoff, and BLOcks of Amino Acid SUbstitution
Matrix (BLOSUM), both applied to protein sequences [19].

It is possible to align sequences in a global or local way. Global alignments take an end-to-
end alignment to find the sequence similarity. On the other hand, local alignments are sequence
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regions of similarity. An advantage of the local alignment is the localisation of functional sites,
amino acid residues that perform functional roles in proteins, in short regions of sequences.
This may produce alignment results with great biological significance.

AC- -CGAATGG
ACTCCTAA-GA

Global alignment

ACCTGAGTAC- -CGAATGGAGGTACCTC
ACTCCTAA-GA

Local alignment

There are different sequence alignment algorithms. Two famous are the Needleman-Wunsch [191]
and Smith-Waterman [192] algorithms. The first is a pioneer algorithm for global alignments of
nucleotide and amino acid sequences. The second is a variation from the first which takes local
alignments. In this work, we applied the Smith-Waterman algorithm to align primers/probes to
genomes, since we can consider the short length of primers and probes as a short target region
in the genome sequence, that is, a local alignment.

6.1.1 Smith-Waterman Algorithm

The Smith-Waterman algorithm [192] is used to align two sequences of nucleic acids or
proteins. It performances local alignments to achieve the optimal alignment and is based on
dynamic programming, which finds the solution of subproblems to reach the general solution
of the problem. It compares two sequences

A = a1, a2 . . . an (1)

and
B = b1, b2 . . . bm (2)

from which s(a, b) is a similarity between sequence elements a and b. A gap of lenght k is given
a weight Wk and a scoring matrix H is set up

Hk0 = H0l = 0 (3)

where 0 ≤ k ≤ n and 0 ≤ l ≤ m. The scoring matrix is filled

Hij =



max{Hi−1,j−1 + s(ai, bj)},

maxk≥1{Hi−k,j −Wk},

maxl≥1{Hi,j−l −Wl},

0

(4)
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Figure 23
Smith-Waterman alignment traceback. From −1
(CC) in the inferior right space to 0 in the supe-
rior left space. The result alignment is AAA-C/-
-AGC. Figure adapted from Ref. [19].

where 1 ≤ i ≤ n and 1 ≤ j ≤ m. Hij is interpreted as the maximum similarity between two
subsequences ending in ai and bj .

A traceback procedure is carried out that identifies the aligned subsequence and set up the
best alignment. By locating the first maximum element of H , the subsequence with maximum
similarity is found. Next, the elements with maximum value is sequentially determined until
the element equal to zero, see Figure 23. Consider the sequences g = AAAC e p = AGC with
m = 4 and n = 3. The score for a match is +1, a mismatch −1 and a gap −2. Given g[i] and
p[j], and H[i,j] the optimal alignment between them, the score for the subsequences ending in ai
and bj is given by equation 4. The maximum score determined is the score of H[i,j]. Figure 23
shows a (m + 1)× (n + 1) matrix for the alignment, where the element (i, j) is the alignment
between subsequences g[i] and p[j]. The result of this example alignment is

A A A - C
- - A G C

where blue is a match and green is a gap.
In this work, the Smith-Waterman algorithm was adapted to consider a match as a canonical

base pair (AT and CG) and a mismatch a non-canonical base pair. We take a score 2 for matching
base pairs, a score -1 for mismatched base pairs and no gaps are taken into account.

6.2 Two-State Model

The main idea of two-state model is DNA double strands in solution are either completely
hybridised (double helical state) or completely dissociated (denatured state) [193]. It is due to
the temperature of transition between full hybridisation and dissociation that occurs over a very
short temperature interval. Considering a DNA duplex formed by a strand X and a strand Y ,
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the process of denaturation in solution can be interpreted as

X · Y ⇐⇒ X + Y (5)

Both in hybridisation and dissociation processes, there are strands connected and dissociated in
the solution. It is called total strand concentration or “species concentration”

Ct = [X] + [Y ] = [X] + [Y ] + 2[X·Y ] , (6)

where [X] and [Y ] are the concentration of strands dissociated and [X · Y ] is the concentration
of strands associated. The equilibrium constant Keq characterises the species concentration

Keq =
[X][Y ]

[X·Y ]
(7)

The hybridisation temperature related to the concentrations of the states of DNA molecule

[X·Y ] = [X]m = [Y ]m (8)

If all DNA sequences of a dataset are non-self-complementary (both strands of the duplex
are distinct when they are read from 5′ −→ 3′), the equilibrium constant is Keq = Ct

4
from

equation 7. In the equation of Gibbs free energy ∆G

∆G = −RTm lnKeq = ∆H − Tm∆S , (9)

whereR is the universal constant of the gases, ∆H and ∆S are enthalpy and entropy variations,
respectively, and Tm is the melting temperature. Rearranging the equation 9, the straight relation
to Tm is

Tm =
∆H

∆S −R lnCt/4
(10)

Usually ∆H < 0 and ∆S < 0 for canonical sequences (only AT and CG bonds) and the
equation 10 is applied to non-self-complementary sequences.

For self-complementary sequences (both strands are identical from 5′ −→ 3′), Keq = Ct

and the relation of concentrations of dissociated and associated strands

[X·X]m = [Xm] (11)

From this, the equation 10 related to melting temperature changes to

Tm =
∆H

∆S −R lnCt
(12)

Up to now, our discussion was in relation to the denaturation process. For the reverse process
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(renaturation or hybridisation), the equilibrium constant Keq is

Kdesn =
1

Khibr
, (13)

where Kdesn is the equilibrium constant to the denaturation and Khibr is the equilibrium constant
to the hybridisation. From equation 13, the equation 10 is now

Tm =
∆H

∆S +R lnCt/4
(14)

Usually ∆H > 0 and ∆S > 0 for canonical pairs. For non-self-complementary, equation 14 is
valid, while for self-complementary

Tm =
∆H

∆S +R lnCt
(15)

The equation 13 can be rearranged similar to the equation of a straight line (x = a+ by)

Tm
−1 =

∆S

∆H
− R

∆H
lnCt/4 , (16)

where Tm−1 is x and lnCt/4 is y from the equation of a straight line. The melting temperature
can be measured from different concentrations and ∆H and ∆S can be obtained fitting data in
equation 16. From experiments, we can design the relation between melting temperature Tm−1

and concentration Ct as in Figure 24.

Figure 24
Melting temperature Tm−1 can be
measured from different concentra-
tions Ct. In the graph, each straight
line is a distinct sequence. Figure
taken from Ref. [194].

6.3 Peyrard-Bishop (PB) Mesoscopic Model

Mesoscopic models work at a size scale between microscopic and macroscopic — the
mesoscale, see Figure 25. In 1989, Peyrard and Bishop [195] proposed a statistical model
to describe the physical properties of DNA molecule, particularly, the thermal denaturation.
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Figure 25
The mesoscale is a size scale be-
tween micro- and macroscale. Fig-
ure taken from Ref. [197].

Figure 26
Degrees of freedom, un and vn, of a displacement
between two nitrogenous bases. The dark pair is
the new position of the base pair, that is, it is its dis-
placement from an equilibrium point. Figure taken
from Ref. [198].

This model is simple and increases the computational efficiency. It considers the DNA du-
plex as a two-dimensional planar structure formed by homogeneous bases (similar base pairs),
which are concerned as particles. Then each base, as a particle, has a mass m [195, 196].
The Peyrard-Bishop (PB) model considers independently the hydrogen bonds in base pairs and
stacking interaction between neighbouring bases [195, 196]. In addition, it can predict melting
temperatures from given sequences.

The dissociation of the DNA strands are determined by the method of transfer integral [195,
196]. There are two degrees of freedom (un and vn) to the base pair, which are the base dis-
placements along the hydrogen bond direction from the equilibrium point [195], see Figure 26.
In Figure 27, the two degrees of freedom are shown in a representation of the model and their
equations are

un =
xn + yn√

2
, vn =

xn − yn√
2

(17)

The PB model approximates the hydrogen bonds potential of the base pair to the Morse
potential, which represents two or three bonds [195]. The Morse potential V (y) [199] is shown
in Figure 28 and

V (y) = D
(
e−y/λa − 1

)2
, (18)

where D is the dissociation energy of the base pair and λa is the parameter which defines the
reach of the potential [200]. The stacking interaction is approached to an harmonic coupling,
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Figure 27
Representation of the degrees of freedom,
un e vn, in the PB model. From top to
bottom, in the second base pair, the base
displacements along the hydrogen bonds
direction from the equilibrium point.

Figure 28
Representation of PB model. In relation to a
base n: Morse potential, as the hydrogen bonds,
is V (yn), base stacking along the strands is
w(yn, yn1) and the base displacement in the di-
rection of hydrogen bonds is 〈yn〉.

see Figure 28. The elastic constant k is the same to all base interactions along the strand [195]

w(yn, yn−1) =
k

2
(yn − yn−1)2 (19)

A Hamiltonian combines the potential to the hydrogen bonds (Morse potential) and the
stacking interactions (harmonic potential)

H =
∑
n

1

2
m
[
u̇2n + v̇2n

]
+

1

2
ku (un − un−1)2+

1

2
kv (vn − vn−1)2+D

[
e
− a√

2
(un−vn) − 1

]2
(20)

The first term is the kinetic energy of DNA molecule, the second and third terms describe the
stacking interactions as coupled harmonic oscillators and the fourth term describes the hydrogen
bonds as the Morse potential. The motion of the double-stranded DNA can be described by a
coordinate transformation by xn and yn

xn =
un + vn√

2
, yn =

un − vn√
2

, (21)

where yn is the displacement along the hydrogen bond direction [195]. Then, the new Hamilto-
nian is obtained from these variables

H =
∑
n

[
1

2m
p2n +

1

2m
q2n + w(xn, xn−1) + w(yn, yn−1) + V (yn)

]
, (22)

where pn = mẋn and qn = mẏn are the momenta to xn and yn. From equation 22 comes the
classical partition function Z calculated at a fixed temperature for a DNA molecule withN base
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pairs

Z =

∫ ∏
n

e−βHdpndqndxndyn = ZpZqZxZy , (23)

where β = 1/(kBT ), in which kB is the Boltzmann constant. From the integrals of momenta
pn and qn

Zp = Zq = (2πmkBT )N/2 (24)

The follow equation characterizes the contribution of the potential energy in an “harmonic
strand” Zx

Zx =

(
2π

βk

)N/2
(25)

The stacking interaction considers only the interaction between neighbouring bases Zy [195,
200]

Zy =

∫
dy1

∫
dy2 . . .

∫
dyN

∏
n

e−βw(yn,yn−1)e−βV (yn) (26)

Finally, the PB model is able to calculate the average opening 〈ym〉, or average displacement
between the bases, of DNA strands [195, 201]. The value of average opening indicates that
DNA molecule is denatured or not. The average displacement between the hydrogen bonds can
be calculated from Morse and harmonic potentials

〈ym〉 =
1

Z

∫ ∏
n

yme
−βHdyn =

1

Zy

∫
dy1

∫
dy2 . . .

∫
dyNym

∏
n

e−βw(yn,yn−1)e−βV (yn) (27)

As we mentioned earlier, Peyrard and Bishop considered the DNA molecule as homoge-
neous (similar base pairs) in their model [195]. This means that Morse potential and stacking
parameters are the same for all base pairs. However, a review of the model led to new versions
in which the DNA molecule is considered as heterogeneous [202] — the base pairs are distinct
(AT and CG pairs). This is the configuration that we used in this work. We considered all
sequences analysed as heterogeneous DNA.

6.4 Calculation of Melting Temperature

The PB model is able to predict melting, or hybridisation, temperature Tm. It takes the
thermal equivalence of DNA sequences applying a index τ , which clusters these sequences
by similar melting temperatures [203]. The indexes of experimental melting temperatures are
fitted, then new temperatures can be calculated by a linear regression of the indexes. It is
also the way that the model refines the parametrization predicting melting temperatures from
experimental data.

The classical partition function Z is calculated only once and expanded in non-diagonal
terms of the integral transfer matrix. The index τ i to each sequence i is the largest expansion
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term and the expansion of partition function is

Z = Tr(C(1,2)C(2,3)...C(N,1)) , (28)

where C(n,n+1) is the interaction matrix between neighbouring base pairs and C(N,1) is the
boundary condition (the first and last base pair bound) [203]. The boundary condition consid-
ers two situations: (1) the DNA sequence as a ring in which the first and last base pairs are
connected, and (2) this last bonding does not exist.

Considering the hydrogen bonds to AT and CG base pairs as weak (w) and strong (s),
respectively. There are four types of neighbours and the corresponding matrices are C(w,w),
C(w,s), C(s,w) and C(s,s) [203]. The matrix C(s,s) uses, as the orthonormal base, the matrices
of CG pair to convert to a diagonal matrix Λ, which keeps the eigenvalues λi of homogeneous
sequence of CG. The matrix ∆(a,b) to the interaction difference between neighbouring bases of
type (a,b) and type (s,s)

C(a,b) = Λ + ∆(a,b) (29)

From equation 29, rearranging the partition function

Z = Tr[(Λ + ∆(1,2))(Λ + ∆(2,3))...(Λ + ∆(N,1))] (30)

When trace properties are applied, the partition function is

Z =
N∑
ω=0

Zω(Λ) =
N∑
ω=0

Tr[M(Λω)] , (31)

where M(Λω) are all terms which have ω multiplications of matrix Λ. As it was considered the
CG homogeneous sequence, we have ∆(s,s) = 0 and only the ΛN terms.

Figure 29a shows four sequences of 10 base pairs, from 40% to 60% of GC content, and
a normal distribution to each sequence, calculated at 370 K, which is a “temperature of cal-
culation”. Figure 29b shows the maximum point ωmax of each curve, which is dependent on
the sequence content, but it is not strongly dependent on temperature [203]. As an example,
Figure 29c shows sequences of different lengths that were fitted by linear regression to each
set of the same length. We can observe the relation between the parameter (ωmax)

1/2 and the
experimental melting temperature. From this, (ωmax)

1/2 can be used as a dimensionless value
to the thermal equivalence, which is called melting index τ [204]. In addition, the regression is
dependent on N1/2.

As shown in Figure 29b, the melting indexes τ i are correlated to experimental melting tem-
peratures. Then the linear regression is applied for each set of sequences of the same length

T ′i = a0(N) + a1(N)τ i , (32)
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(a) (b)

(c)

Figure 29
(a) Normal distribution to four different sequences formed by 10 base pairs. The GC content of each
sequence is between 40% and 60% and was calculated at the temperature of 370 K. (b) Relation be-
tween parameter ωmax and temperature. Four different sequences formed by 10 base pairs. (c) Param-
eter (ωmax)1/2 versus experimental temperature Tm. The sequences are 10–30 base pairs in size. The
lines are the linear regression to each group of sequences in the same length, except to two points of data
from sequences of 11 base pairs. Figures taken from Ref. [203].
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where T ′i is the temperature predicted to sequence i, N is the sequence length and a0(N) and
a1(N) are the linear regression coefficients to each setN . If there is not a reference in the dataset
for a sequence of different length, due to the dependency with N1/2, a new linear regression is
applied

ak(N) = b0,k + b1,kN
1/2 (33)

6.5 Parameters to Mismatched Base Pairs

In this work, we used parameters for up to three consecutive mismatched base pairs obtained
from Ref. [61]. From equation 32, the authors modeled an experimental melting temperatures
set of 4096 sequences of which 4032 containing single, double and triple consecutive mis-
matches. The buffer conditions of sequences melting were of 50 mM sodium chloride, 10 mM
sodium phosphate, pH 7.4 and total strand concentration 1.0 µM. They analysed the sequences
in nearest-neighbour and next-nearest neighbour contexts and compared with 64 sequences con-
taining only canonical base pairs under the same conditions. The parameters obtained were
shared in two groups: (1) context independent, which considers all mismatches as indepen-
dent from the flanking pairs, and (2) context dependent, which considers the flanking pairs of
mismatches, see Figure 30.

Figure 30
A central mismatch in three differ-
ent context: canonical, mismatch/-
canonical and mismatch contexts, in
other words, single, double and triple
mismatches. Note that first two hy-
bridisations show the same 3′ −→ 5′

primer.

Oliveira et al. [61] found most of the Morse potentials to mismatched base pairs are small,
which is expected considering the role of mismatches in the destabilisation of DNA duplex.
However, almost all the largest Morse potentials were found in the case the mismatch (MM)
pair is flanked on both sides by other mismatches, except the GT base pair, see Figure 31.
Morse potentials for AA mismatches in CAC/GAG and AAC/TAG trimers suggest a single hy-
drogen bond to mismatched pair, which is comparable to previous works [31, 79]. For TT pair
flanked by CG pair, nuclear magnetic resonance (NMR) experiments have shown none or a sin-
gle hydrogen bond [79, 205], which is consistent with the results found for this configuration.
AG pair in AAC/TGG trimer were reported to be in both anti-syn and syn-anti conformations
with two hydrogen bonds by X-ray diffraction [206]. Morse potential found to AG pair is con-
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Figure 31
Morse potentials (Dα) for (a) AC, (b) CT, (c) AG and (d) GT mismatched base pairs in a context de-
pendent (α). Shown are the Morse potentials that deviate by more than 30% (a–c) and 50% (d) from
the seed context independent potentials (dashed grey lines). T represents AT and CG base pairs; v a
transversion (purine −→ pyrimidine or pyrimidine −→ purine) and t a transition (purine −→ purine or
pyrimidine −→ pyrimidine). Figure taken from Ref. [61].

sistent to a double hydrogen bond as well. Tandem GA-AG mismatches have been reported
to have a strong stacking interaction [207–209], which was shown by X-ray diffraction exper-
iments [207]. A large stacking potential was found for GA-AG mismatches in comparison to
canonical base pairs, 17.3 eV nm−2 and 2–4 eV nm−2, respectively.

Melting temperatures obtained to single, double and triple contiguous mismatches showed
different situations. Oliveira et al. [61] found that GG mismatched pair in GGC/CGG trimer
has a melting temperature Tm = 65.9 ◦C lower than the canonical trimer GGC/CCG with
Tm = 68.9 ◦C. It is the case of most mismatched pairs, however, they found double mis-
matches with a melting temperature above a single one. For instance, the double mismatched
ACT/GGG with melting temperature Tm = 54.4 ◦C, while the single mismatched ACT/TTA
has Tm = 51.5 ◦C. A considerable number of mismatched pairs obtained low melting tempera-
tures, such as the trimers ACC/GAA and AGC/TGC with melting temperature Tm = 44.1 ◦C.
Mismatched pairs with a melting temperature similar to canonical trimers were also found. In
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particular, the triple mismatched trimers GAA/AGG and GTA/AGG with Tm = 60.7 ◦C, the
same temperature as the canonical ATT/TAA. In addition, their results show that 15% of sin-
gle mismatches have higher melting temperature than canonical AT base pair, which suggest
that MM may contribute to some applications, such as single nucleotide polymorphism (SNP)
identification and primer/probe design [37].
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7 Evaluation of PCR/LAMP Primers for SARS-CoV-2

In this chapter, we describe the work developed to evaluate the presence of DNA mismatches
in polymerase chain reaction (PCR) and loop-mediated isothermal amplification (LAMP) primers,
which have been applied to the detection of SARS-CoV-2 virus. We show the data collected;
the workflow carried out to analyse the primers and probes; the results that we found and the
discussion about them.

As the tables of Appendix are too large to be viewed here, by clicking on their coloured
names you will be redirected to a web page of our group where the referenced material is
stored.

7.1 Dataset

7.1.1 PCR Primers/Probes

We collected 19 primer/probe sets from Refs. 40, 132, 148, 210–225, representing a total
of 340 oligonucleotides (297 primers and 43 probes). A few of these sets included primers
from earlier published sets. For instance, primers from U.S. Centers for Disease Control and
Prevention (CDC) [210] have been used in several publications. Therefore, we considered only
primers were not repeated in earlier works. The sequences of all PCR primers and probes are
shown in Table 10 in Appendix A.1.

7.1.2 LAMP Primers

We collected 18 LAMP primer sets designed to wild-type SARS-CoV-2 genomes that un-
derwent clinical validation from Refs. 2, 118, 168, 169, 173, 183, 185, 226–236. Primers from
earlier published sets were not considered. FIP and BIP primers were divided in F1c and F2,
and B1c and B2 primers, respectively, except those from three sets [2, 227, 233], which indi-
cated the division of primers, see section 4.2. We found all possible combinations of primers
and selected those according to the temperatures of the same primer pair type from the three
sets just mentioned. All the sets include 436 primers in total and their sequences are shown in
Table 11 in Appendix A.2.

7.1.3 Viral Genomes

From the National Center for Biotechnology Information (NCBI) page [237] dedicated to
SARS-CoV-2 coronavirus, we collected 21665 wild-type genomes on 8 October 2020. Con-
sidering some possible cross-reactivity, we collected 10 genomes of SARS-CoV-1 and 313
genomes of five other coronaviruses (229E, NL63, OC43, HKU1 and MERS-CoV) from NCBI
main page [238]. Together with Vivianne Bası́lio Barbosa, an undergraduate student I co-
supervised, we collected genomes of four variants: 7247 genomes of Alpha variant, 7497 of

https://bioinf.fisica.ufmg.br/pamella/table10-thesis.pdf
https://bioinf.fisica.ufmg.br/pamella/table11-thesis.pdf
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Beta variant, 2308 of Gamma variant and 7943 of Delta variant. Alpha, Beta and Gamma
genomes were collected on 7 April 2021 and Delta genomes on 5 June 2021 from GISAID
page dedicated to the tracking of variants [239]. In addition, 7029 of Omicron variant on 16
December 2021; 6610 of Mu variant, 9340 of Lambda variant, 7393 and 348 of Omicron sub-
variants BA.2 and BA.3 on 11 February 2022; 629 and 1231 of Omicron subvariants BA.4 and
BA.5 on 19 September 2022, at GISAID [239]. The accession codes of all groups of genomes
are shown in Table 12–Table 25 in Appendix B.

7.2 Workflow

Here we describe in details the workflow developed to assess PCR and LAMP primers to
the detection of SARS-CoV-2 virus. A software package to carry it out is available in Ref. 240
and the guidelines are in the documentation (analyse-user-manual.pdf), which is located
in analyse_mismatch_primers.tar.gz in the same web page. Also step-by-step instructions
on how to download, install, run and perform the analysis are described in the supplementary
material in Ref. 1.

7.2.1 Primer/Genome Alignment

All genome sets mentioned in the last section 7.1 were aligned against each oligonucleotide
of all 37 sets applying the Smith-Waterman algorithm [192], see section 6.1.1. There are
two strand configurations in the alignment of primers/genomes. The first one is the genome
sequence in the direction 5′ −→ 3′ as in the FASTA file collected from the database, and
primer/probe in the direction 3′ −→ 5′ as a complementary strand

5′ – (genome sequence) – 3′

3′ – (primer/probe sequence) – 5′

The other strand configuration is the alignment of the complementary genome sequence in the
direction 5′ −→ 3′ and primer/probe in the direction 3′ −→ 5′ as a complementary strand

5′ – (complementary genome sequence) – 3′

3′ – (primer/probe sequence) – 5′

We called “strictly matched” the completely alignments between genome and primer/probe,
while “partially matched” was for up to three contiguous mismatches in the alignments. The
limit of this maximum number is due to the available parameter only covering up to three
consecutive mismatches [61]. Here four or more mismatches in the alignment is considered
as not aligned, since it is known that four or more mismatches in a single primer may prevent
the amplification [54, 241]. Also deletions in the viral genome, e.g. Omicron variant [126,
127], may lead to no alignment of the primers. An example of partial alignment is nCoV IP2-
12759Rv primer (bottom strand) to MW065008.1 genome

https://bioinf.fisica.ufmg.br/pamella/table12-thesis.pdf
https://bioinf.fisica.ufmg.br/pamella/table25-thesis.pdf
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5′ – ACAACACGACAAAGGGAG – 3′

3′ – TGTTGTGTTGTTTCCCTC – 5′

where the mismatched base pair is underlined in red.

7.2.2 Hybridisation Temperature Prediction

Given all alignments, we predicted the hybridisation temperature Tm to each alignment
found in the conditions of strictly matched and single, double and triple consecutive mis-
matches. We applied the method described in section 6.4. We used parameters for DNA
Watson-Crick base pairs and DNA mismatched base pairs at Na+ 60 mM concentration.

For reference, the melting temperatures of primers and probes as a perfectly matched duplex
were also predicted with the same method. We generated the complementary strand of each
primer and then calculated the Tm as a double perfect strand. Their melting temperatures were
called reference temperature Tref., which will perform an essential role in the next section 7.2.3.
All melting temperatures of PCR primers/probes and LAMP primers are shown in Table 10 and
Table 11, respectively, in Appendices A.1 and A.2.

7.2.3 Coverage Calculation

We analysed how perfect matched and mismatched hybridisations cover or not the genomes
collected. We selected the alignments in the conditions mentioned earlier and calculated the
coverage for strict and partial alignments. First, for strictly alignment

Cstrict =
NG −Nn.a. −NMM

NG

(34)

where NG is the total number of genomes, considered only those above 25000 bp in size, Nn.a.

is the number of genomes not aligned to any primer/probe and NMM is the number of genomes
aligned with single, double and triple consecutive mismatches. The limit for genome size is
arbitrary to consider only complete genomes. Considering the melting temperature TMM for
mismatched alignments, the difference to the reference temperature Tref.

∆TMM = Tref. − TMM (35)

In general, TMM is lower than Tref. [61]. Given a melting temperature range ∆Tlim., we
calculated the coverage for partial alignments

Cpart. =
NG −Nn.a. −Nlow(∆Tlim.)

NG

(36)

where Nlow is the number of mismatched alignments according to

∆TMM ≤ ∆Tlim. (37)

https://bioinf.fisica.ufmg.br/pamella/table10-thesis.pdf
https://bioinf.fisica.ufmg.br/pamella/table11-thesis.pdf
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where we used ∆Tlim. = 5 ◦C, that is, we considered only mismatched alignments with TMM no
more than 5 ◦C below the reference temperature Tref.. All calculated coverages for both PCR
and LAMP sets are shown in Appendices C and D, respectively.

The workflow described in this section 7.2 was performed by Vivianne Barbosa to the first
four variants (Alpha, Beta, Gamma and Delta) regarding PCR primer/probe sets. The results
found are shown in Table 26 and for SARS-CoV-1 and non-SARS genomes in Table 27, both in
Appendix C. All genome sets, including seven variants and four subvariants, were evaluated in
the same way to the LAMP sets and the results are shown in Table 28–Table 31 in Appendix D.

7.3 Results and Discussion

7.3.1 PCR Evaluation

We collected 19 PCR primer/probe sets and aligned them to genomes of SARS-CoV-2,
Alpha, Beta, Gamma and Delta variants, SARS-CoV-1 and five other coronaviruses (229E,
NL63, OC43, HKU1 and MERS-CoV). Given the alignments, the hybridisation temperatures
of double strand of primers and probes and all alignments found for perfect matched and up
to three consecutive mismatched alignments were calculated. In Table 1, we show the range
of reference melting temperature of primers/probes and both strict and partial coverages for
SARS-CoV-2 and its variants.

Table 1
Summary of results for 19 PCR primer/probe sets. Shown are the number of primers/probes Npp and
the range of reference temperatures Tref. for each set, and the range of strict and partial coverages for
SARS-CoV-2 and Alpha, Beta, Gamma and Delta variants, respectively.

SARS-CoV-2 Alpha Variant Beta Variant Gamma Variant Delta Variant
Name of Set Npp Tref. (◦C) Cstrict (%) Cpart. (%) Cstrict (%) Cpart. (%) Cstrict (%) Cpart. (%) Cstrict (%) Cpart. (%) Cstrict (%) Cpart. (%)
CDC [210] 6 61.1–75.5 98.4–99.3 99.1–99.4 98.4–99.8 98.7–99.9 92.7–98.5 98.0–99.3 98.7–99.8 98.8–99.9 98.6–100 99.7–100
WHO [211] 21 51.3–70.3 97.9–99.4 97.9–99.5 90.1–99.9 90.1–99.9 98.1–99.5 98.1–99.5 98.9–100 98.9–100 98.0–100 98.0–100
Luminex [212] 6 59.4–81.0 64.9–99.5 65.1–99.5 0.152–99.5 0.152–99.5 0.120–99.5 0.120–99.5 0.563–99.7 0.563–99.7 0.0–100 0.0–100
Corman et al. [213] 21 61.7–81.7 0.0–99.4 0.0–99.4 0.0–99.9 0.0–99.9 0.0–99.4 0.0–99.6 0.0–99.9 0.0–100 0.0–100 0.0–100
Davda et al. [214] 16 56.5–70.3 95.3–99.4 95.3–99.4 97.6–99.8 97.6–99.8 95.4–99.3 95.4–99.3 96.3–99.8 97.0–99.8 98.1–99.9 98.1–99.9
Grant et al. [215] 2 62.4–79.9 97.5–99.3 97.5–99.5 0.138–99.7 0.138–99.7 96.0–98.2 96.0–98.4 99.3–99.6 99.3–99.6 99.4–99.9 99.4–100
Hirotsu et al. [216] 3 60.6–68.8 0.0–99.4 0.0–99.4 0.0–99.7 0.0–99.8 0.0–98.3 0.0–98.3 0.0–99.8 0.0–99.8 0.0126–99.8 0.0126–99.8
Jalali et al. [217] 6 61.3–64.2 98.7–99.4 98.7–99.4 99.5–99.8 99.5–99.8 98.6–99.8 98.6–99.8 99.7–100 99.7–100 99.8–100 99.8–100
Lanza et al. [218] 27 60.5–75.0 98.5–99.4 98.8–99.5 0.787–99.8 98.9–99.9 97.7–99.7 97.7–99.7 80.5–100 80.5–100 73.2–100 97.7–100
Li et al. [132] 2 67.5–70.4 98.2–99.2 98.3–99.2 99.7–99.8 99.8 97.9–99.3 97.9–99.3 99.0–99.2 99.1–99.2 99.7–99.9 99.7–100
Lu et al. [219] 3 64.0–74.7 98.6–99.4 99.3–99.4 99.6–99.7 99.7–99.8 99.2–99.4 99.3–99.4 99.8–99.9 99.8–99.9 99.9–100 99.9–100
Munnink et al. [220] 171 65.4–74.9 45.9–99.5 46.0–99.7 1.28–4.10 1.32–22.5 0.0934–99.7 0.0934–99.7 0.997–100 40.6–100 0.0378–100 0.0755-100
Nalla et al. [221] 4 51.7–68.0 0.0–99.5 0.0–99.5 0.0–99.8 0.0–99.8 0.0–99.1 0.0–99.1 0.0–99.5 0.0–99.5 0.0–100 0.0–100
Niu et al. [40] 6 59.2–84.2 0.0–99.4 0.0–99.4 0.0–99.9 0.0–99.9 0.0–99.4 0.0–99.4 0.0–99.8 0.0–99.9 0.0–100 0.0–100
Park et al. [148] 20 59.3–65.4 94.9–99.5 94.9–99.5 80.4–99.7 96.2–99.7 40.3–99.8 40.3–99.8 94.2–100 94.2–100 98.2–100 98.2–100
Rahman et al. [222] 6 64.2–76.1 97.6–99.4 97.6–99.4 96.7–99.8 96.7–99.8 98.2–91.7 98.5–91.7 93.9–99.8 93.9–99.8 98.8–99.9 98.8–100
Toptan et al. [223] 6 62.2–65.4 98.8–99.5 98.8–99.5 99.2–99.9 99.2–99.9 98.1–99.7 98.1–99.7 99.4–100 99.4–100 98.8–100 98.8–100
Vogels et al. [224] 11 58.6–65.5 0.0–99.3 0.0–99.3 0.0–99.9 0.0–99.9 0.0–99.4 0.0–99.4 0.0–99.9 0.0–99.9 0.0–100 0.0–100
Yip et al. [225] 2 61.4–63.4 99.1–99.2 99.1–99.3 99.3–99.5 99.3–99.5 97.9–98.7 97.9–98.7 98.6–99.7 98.6–99.7 99.7–99.9 99.7–99.9

Several authors recommend a PCR primer design in which the range between hybridisation
temperatures of the primer pair should be no more than 5 ◦C [23, 142], whereas others suggest a
difference less than 1 ◦C [140]. Despite this, we observed that primer pairs from a few sets have
a Tm range a little larger than the recommendation. The primer pair of Institute Pasteur [211],
nCoV IP4-14059Fw and nCoV IP4-14146Rv, has the same Tm = 54.8 ◦C, and nsp2f and
nsp2r pair from Yip et al. [225] set has 2 ◦C in difference. However, SARS-CoV-2-84 LEFT
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and SARS-CoV-2-84 RIGHT pair from Munnink et al. [220] set has a difference in the melting
temperature of 7.7 ◦C. We show in detail the temperature ranges pair to pair in Table 10 in
Appendix A.1.

The strict coverage Cstrict for SARS-CoV-2 is generally greater than 90%, which is expected
since the primers and probes were designed specifically to this virus. However, a few oligonu-
cleotides do not show strict coverage to SARS-CoV-2 at all, even when mismatches are taken
into account. The exception are a few primers and probes from Corman et al. [213] set. For
instance, RdRp SARSr-FG primer shows a strict coverage Cstrict = 0%, while considering the
presence of mismatches the partial coverage is Cpart. = 99.3%. It is consistent with the point
of Pillonel et al. [242] that several probes of Corman et al. [213] do not match completely to
SARS-CoV-2 genomes available at the time. As Corman and Drosten [243] explained, the mis-
match presence within their set was due to the incomplete genomes available at the time when
their primers/probes were designed. Moreover, RdRp primers/probes from Corman et al. [213]
set were designed to detect both SARS-CoV-2 and SARS-CoV-1, only RdRp SARSr-P2 probe
is specific to SARS-CoV-2. Also experiments have shown that mismatches in RdRp primer-
s/probes did not affect their ability to bind to the target [58, 241, 244]. When mismatches are
taken into account for this subset, there are also an increase in the partial coverages for variants,
SARS-CoV-1 and non-SARS genomes, see Table 26 and Table 27 in Appendix C. In particular,
a few RdRp primers/probes have a partial coverage of 100% to the Delta variant.

In a few cases, the presence of mismatches leads to a substantially decrease of melting tem-
perature, which reflects in an absence of coverage. An example is the four primers from Vogels
et al. [224] set that do not completely align to any wild-type SARS-CoV-2 genomes. Both strict
and partial coverages are absent, since the mismatched alignments show a hybridisation temper-
ature too low in comparison to reference temperature Tref.. Otherwise, several cases show that
the mismatch presence increases the partial coverage. For instance, 2019-nCoV N1-P probe
from CDC [210] set has 223 further partial alignments, which increases the strict coverage of
98.4% to partial coverage of 99.4%. Similar cases are shown for SARS-CoV-2 6 LEFT primer
from Munnink et al. [220] set and NIID WH-1 F501 primer from WHO [211] set. Furthermore,
the Hirotsu et al. [216] set includes NIID-N2 primers from National Institute of Infectious Dis-
eases (NIID) from Japan, which were evaluated by Shirato et al. [245] concerning the mismatch
presence in the detection of variants of concern at the time (Alpha, Beta, Gamma and Delta
variants). The authors showed that single mismatches do not prevent the amplification and the
primers are able to detect the variants, which is in agreement with our results of high partial cov-
erages for SARS-CoV-2 and its variants for this set, except to NIID-N2-R primer that showed
null coverages. Regarding all sets evaluated here, a considerable number of primers achieved
strict and partial coverages of 100% for both Gamma and Delta variants, especially to the latter.

The primer-target mismatches may affect the hybridisation temperatures decreasing or in-
creasing it. In Figure 32a, we can see a displacement profile for a single AC mismatch in
2019-nCoV N2-F primer from CDC [210] set. It shows a disorder in the surrounding AT

https://bioinf.fisica.ufmg.br/pamella/table10-thesis.pdf
https://bioinf.fisica.ufmg.br/pamella/table26-thesis.pdf
https://bioinf.fisica.ufmg.br/pamella/table27-thesis.pdf
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base pairs and its melting temperature is TMM = 48.5 ◦C, while the reference temperature is
Tref. = 61.1 ◦C. Considering the fact that AC pair is a weak mismatch and AT pair is weaker
than CG pair due to its two hydrogen bonds, the high perturbation in this sequence region
makes sense. However, in Figure 32b, SARS-CoV-2 89 RIGHT primer from Munnink et al.
[220] set has two consecutive mismatches around the 5′ terminal. Although these mismatches
induce a small end fraying, its hybridisation temperature TMM = 68.7 ◦C is similar to its ref-
erence temperature Tref. = 68.3 ◦C. Figure 32c shows also a small end fraying from an AG
mismatched pair near 5′ terminal. Even so the temperature decreases from Tref. = 67.1 ◦C to
TMM = 59.8 ◦C. Note the end fraying driven by AG pair is smaller in comparison to AT pair at
last three positions of 3′ terminal, which may hamper the DNA polymerase activity. Also the
AG pair is one of the strongest mismatched pair due to its double hydrogen bonds [61, 206].
In contrast, GT pair at second position of 3′ terminal shows a small end fraying and a fairly
low difference in temperatures, Tref. = 65.6 ◦C and TMM = 62.0 ◦C, see Figure 32d. Fig-
ures 32e and 32f show two internal mismatches that induce an increase in both temperatures:
Tref. = 79.2 ◦C to TMM = 81.7 ◦C and Tref. = 72.3 ◦C to TMM = 73.4 ◦C, respectively. GG and
GT mismatched pairs show a slight shift what is consistent with evidences that these pairs are
some of the strongest mismatches [26, 30, 34, 61, 246]. Also TT pair shows a destabilising be-
haviour in both cases, probably due to its weak stability [61, 246], especially because when it is
flanked in both sides by canonical CG pairs it may have none or single hydrogen bond [79, 205].
Yet the mismatch behaviour is not straightforward since it is context dependent [26, 246, 247].
Additional average displacement profiles are shown in Figure 46 in Appendix E.1.

We also considered cross-reactivity of PCR primers/probes with SARS-CoV-1 and non-
SARS genomes. We aligned all sets against genomes of other coronaviruses separating SARS-
CoV-1 from others, as described in section 7.1. In case a primer or probe binds to other target
not that SARS-CoV-2, it is not a specific oligonucleotide [142], which may affect the detection
of the target virus. It could affect the results of PCR leading to false conclusions [40]. In this
work, when mismatches are taken into account, most of primer/probe sets show a considerable
coverage. From all 19 primer/probe sets, only 5 sets do not show any cross-reactivity at all, see
Table 2.

The outcomes to the evaluation of PCR primer/probe sets for SARS-CoV-2, SARS-CoV-1
and non-SARS, and those concerning to the variants of concern at the time were published in
Molecular and Cellular Probes and Advances in Bioinformatics and Computational Biology in
February and November 2021, respectively, see Appendix K.

7.3.2 LAMP Evaluation

We collected 18 LAMP primer sets that underwent clinical validation and aligned them
to the genomes described earlier. The hybridisation temperature of the primers as a double
strand and the alignments found were predicted. Next, we calculated the strict and partial
coverages following the considerations mentioned in section 7.2.3. The range of temperatures
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Figure 32
Displacement profiles for PCR primers. The blue line shows the displacement for matched alignment and
the red one for mismatched alignment. The genome/primer hybridisation direction is 5′ −→ 3′/3′ −→ 5′.
(a) 2019-nCoV N2-F primer [210] aligned to MT576057.1 genome at position 659 and an AC mis-
matched pair; (b) SARS-CoV-2 89 RIGHT primer [220] aligned to MT259228.1 genome at position
2909 and consecutive GA and AA mismatched pairs; (c) China N F primer [212] aligned to MT614523.1
genome at position 934 and an AG mismatched pair; (d) China N R primer [212] aligned to LR881897.1
genome at position 28957 and a GT mismatched pair; (e) RdRp SARSr-P1-1 primer [213] aligned to
LC542976.1 genome at position 14409 and TT and GG mismatched pairs; (f) SARS-CoV-2 44 LEFT
primer [220] aligned to MT375449.1 genome at position 15457 and GT and TT mismatched pairs.
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Table 2
Summary of results for 19 PCR primer/probe sets. Shown are the number of primers/probes Npp and the
range of reference temperature Tref. for each set and the range of strict and partial coverages for SARS-
CoV-1 and non-SARS genomes.

SARS-CoV-1 non-SARS
Name of Set Npp Tref. (◦C) Cstrict (%) Cpart. (%) Cstrict (%) Cpart. (%)
CDC [210] 6 61.1–75.5 0.0–80.0 0.0–80.0 0.0 0.0
WHO [211] 21 51.3–70.3 0.0 0.0 0.0 0.0
Luminex [212] 6 59.4–81.0 0.0 0.0–100 0.0 0.0
Corman et al. [213] 21 61.7–81.7 0.0–100 0.0–100 0.0 0.0–19.2
Davda et al. [214] 16 56.5–70.3 0.0–80.0 0.0–90 0.0 0.0
Grant et al. [215] 2 62.4–79.9 0.0–100 0.0–100 0.0 0.0
Hirotsu et al. [216] 3 60.6–68.8 0.0 0.0 0.0 0.0
Jalali et al. [217] 6 61.3–64.2 0.0–100 0.0–100 0.0 0.0
Lanza et al. [218] 27 60.5–75.0 0.0 0.0–90.0 0.0 0.0
Li et al. [132] 2 67.5–70.4 0.0 0.0–100 0.0 0.0
Lu et al. [219] 3 64.0–74.7 0.0 0.0 0.0 0.0
Munnink et al. [220] 171 65.4–74.9 0.0–100 0.0–100 0.0 0.0–0.639
Nalla et al. [221] 4 51.7–68.0 0.0–90.0 0.0–100 0.0–68.7 0.0–68.7
Niu et al. [40] 6 59.2–84.2 0.0–100 0.0–100 0.0 0.0
Park et al. [148] 20 59.3–65.4 0.0–100 0.0–100 0.0 0.0
Rahman et al. [222] 6 64.2–76.1 0.0 0.0–100 0.0 0.0
Toptan et al. [223] 6 62.2–65.4 0.0 0.0 0.0 0.0
Vogels et al. [224] 11 58.6–65.5 0.0–100 0.0–100 0.0 0.0
Yip et al. [225] 2 61.4–63.4 0.0 0.0 0.0 0.0

and coverages for each primer set are shown in Tables 3 and 4, respectively. All coverages for
SARS-CoV-2, its variants, SARS-CoV-1 and non-SARS genomes are shown in Table 28–Table
31 in Appendix D.

According to Yang et al. [248] and a common protocol for LAMP primer design [249], the
hybridisation temperature of primers should be in the range 60–65 ◦C, since the LAMP process
is carried out usually at 65 ◦C [183]. Here there is a variation in the primer melting temperature,
or reference temperature Tref.. Most are around 55–67 ◦C, but a few show a high temperature
around 70 ◦C. The primers N15-B1c from Huang et al. [183] set and N2-F1c from Ji et al. [228]
set show Tref. = 76.6 ◦C and 75.6 ◦C, respectively. In particular, the two lowest hybridisation
temperatures found are Tref. = 48.4 ◦C for NEB E1-LF primer from Lalli et al. [169] set and
Tref. = 49.2 ◦C for S447-B2 primer from Diego et al. [226] set. The reference temperature Tref.

for each primer are shown in Table 11 in Appendix A.2.
LAMP primers showed high strict and partial coverages for SARS-CoV-2 and its variants. A

high number of primers obtained coverages greater than 90% considering only complete align-
ments. For instance, nCoV-N-F1c primer from Jiang et al. [118] set with 99.8% and RdRp LF
primer from Alves et al. [2] set with 99.5% for wild-type SARS-CoV-2. For variants, we found
a considerable number of 100% strict coverages, mainly for subvariants. S3-F2 primer from
Mohon et al. [232] set completely covered all subvariant sets. However, a few primers showed
no coverages for matched alignments, including for SARS-CoV-2 genomes. Only Alves et al.
[2], Garcia-Venzor et al. [185], Jang et al. [173], Lau et al. [229], Luo et al. [230], Mautner
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Table 3
Summary of all 18 LAMP primer sets. Shown are the number of primers Npp and the range of reference
temperature Tref. for each set.

Name of Set Npp Tref. (◦C)
Alekseenko et al. [168] 20 54.8–72.3
Alves et al. [2] 32 56.6–70.6
Diego et al. [226] 40 49.2–72.5
Ganguli et al. [227] 81 55.2–73.4
Garcia-Venzor et al. [185] 8 53.8–66.7
Huang et al. [183] 32 55.2–76.6
Jang et al. [173] 15 57.8–69.3
Ji et al. [228] 32 55.2–75.6
Jiang et al. [118] 8 59.9–69.8
Lalli et al. [169] 32 48.4–69.2
Lau et al. [229] 10 52.7–69.7
Luo et al. [230] 48 59.9–73.3
Mautner et al. [231] 8 57.2–66.4
Mohon et al. [232] 16 57.0–67.0
Rodriguez-Manzano et al. [233] 8 60.5–68.8
Yan et al. [234] 15 56.1–71.0
Yang et al. [235] 15 57.6–69.5
Yoshikawa et al. [236] 16 58.2–69.9

Table 4
Summary of the results for all 18 LAMP primer sets. Shown is the range of strict and partial coverages
for SARS-CoV-2 and Alpha, Beta, Gamma, Delta, Lambda, Mu, Omicron, BA.2, BA.3, BA.4 and BA.5
variants.

Name of Set Cstrict (%) Cpart. (%) Cstrict (%) Cpart. (%) Cstrict (%) Cpart. (%) Cstrict (%) Cpart. (%) Cstrict (%) Cpart. (%) Cstrict (%) Cpart. (%)
SARS-CoV-2 Alpha Variant Beta Variant Gamma Variant Delta Variant Lambda Variant

Alekseenko et al. [168] 0.0–99.5 96.0–99.5 0.0–99.8 98.9–99.8 0.0–99.2 97.9–99.2 0.0–99.8 99.4–99.8 0.0–100 98.7–100 0.0–100 99.1–100
Alves et al. [2] 97.9–99.5 97.9–99.5 96.1–99.9 96.1–99.9 92.6–99.4 92.6–99.5 0.737–99.9 1.08–99.9 97.4–100 98.0–100 0.664–99.9 0.664–100
Diego et al. [226] 0.0–99.6 83.8–99.6 0.0–99.9 0.911–100 0.0–99.8 0.293–99.8 0.0–100 0.780–100 0.0–100 0.0126–100 0.0–99.9 95.0–99.9
Ganguli et al. [227] 0.0–99.5 0.0–99.5 0.0–99.8 0.0–99.8 0.0–99.3 0.0–99.4 0.0–100 0.0–100 0.0–100 0.0–100 0.0–99.9 0.0–99.9
Garcia-Venzor et al. [185] 98.8–99.3 98.8–99.3 96.8–99.7 96.8–99.7 97.3–98.6 97.3–98.6 99.0–99.9 99.1–99.9 98.8–100 98.8–100 1.04–99.5 1.04–99.5
Huang et al. [183] 0.0–99.5 97.3–99.5 0.0–99.9 97.0–99.9 0.0–99.3 92.6–99.4 0.0–99.7 0.563–99.9 0.0–100 38.0–100 0.0107–99.8 0.0107–99.9
Jang et al. [173] 0.0–99.4 98.6–99.4 0.0–99.8 99.1–99.9 0.0–99.8 0.293–99.8 0.0–100 97.8–100 0.0–100 98.8–100 0.0–99.9 98.4–99.9
Ji et al. [228] 0.0–99.5 0.0–99.5 0.0–99.9 0.0–99.9 0.0–99.8 0.0–99.8 0.0–100 0.0–100 0.0–100 0.0–100 0.0–99.9 0.0–99.9
Jiang et al. [118] 97.9–99.6 98.4–99.6 99.4–99.9 99.4–100 97.1–99.4 97.1–99.5 0.780–99.8 98.7–99.8 99.5–99.9 99.7–100 94.8–99.9 95.0–99.9
Lalli et al. [169] 0.0–99.5 97.7–99.5 0.0–99.8 96.1–99.9 0.0–99.7 97.2–99.7 0.0–100 98.2–100 0.0–100 98.0–100 0.0–100 1.03–100
Lau et al. [229] 98.5–99.4 98.5–99.4 0.221–99.8 0.235–99.8 0.814–99.3 0.814–99.3 96.7–99.2 96.7–99.2 0.768–100 0.768–100 0.0535–99.5 0.664–99.5
Luo et al. [230] 98.5–99.4 98.5–99.4 0.221–99.8 0.235–99.8 0.814–99.3 0.814–99.3 96.7–99.2 96.7–99.2 0.768–100 0.768–100 0.107–99.9 0.107–99.9
Mautner et al. [231] 93.7–99.3 93.7–99.3 0.0552–99.8 0.0552–99.8 97.4–99.1 97.4–99.1 2.21–93.1 2.21–93.1 28.8–99.9 28.8–99.9 92.9–99.0 93.9–99.0
Mohon et al. [232] 96.0–99.5 96.0–99.5 0.110–99.8 0.110–99.9 1.99–99.1 1.99–99.1 93.4–99.5 93.4–99.5 2.19–100 2.19–100 2.74–100 2.87–100
Rodriguez-Manzano et al. [233] 0.0–99.4 0.0–99.5 0.0–99.8 0.0–99.9 0.0–98.2 0.0–98.3 0.0–99.7 0.0–99.7 0.0–99.9 0.0–100 0.0–99.8 0.0–100
Yan et al. [234] 98.6–99.5 98.6–99.5 0.138–99.9 0.138–99.9 94.0–99.6 94.0–99.6 99.0–100 99.0–100 97.9–100 97.9–100 0.642–99.9 0.642–100
Yang et al. [235] 0.0–99.3 66.6–99.3 0.0–99.7 0.0690–99.7 0.0–98.8 96.4–98.8 0.0–99.8 0.563–100 0.0–99.9 0.0–100 0.0–99.7 0.107–99.8
Yoshikawa et al. [236] 98.7–99.4 98.8–99.5 96.1–99.8 96.1–99.9 96.9–98.3 97.2–98.3 98.1–99.7 98.2–99.7 99.4–99.9 99.5–99.9 0.0–99.8 0.0–99.8

Mu Variant Omicron Variant BA.2 Subvariant BA.3 Subvariant BA.4 Subvariant BA.5 Subvariant
Alekseenko et al. [168] 0.0–100 90.2–100 0.0–99.6 90.3–99.6 0.0–100 99.7–100 0.0–100 98.6–100 0.0–100 99.2–100 0.0–100 95.0–100
Alves et al. [2] 0.756–100 0.953–100 0.199–99.8 0.199–99.9 0.0–100 0.0–100 0.0–100 0.0–100 0.159–100 0.159–100 0.162–100 0.162–100
Diego et al. [226] 0.0–100 88.8–100 0.0–99.9 0.341–99.9 0.0–100 0.0–100 0.0–100 0.0–100 0.0–100 0.0–100 0.0–100 0.0–100
Ganguli et al. [227] 0.0–99.9 0.0–99.9 0.0–99.7 0.0–99.7 0.0–100 0.0–100 0.0–100 0.0–100 0.0–100 0.0–100 0.0–99.8 0.0–99.9
Garcia-Venzor et al. [185] 98.9–99.8 98.9–99.9 86.5–99.6 86.5–99.6 99.2–100 99.2–100 18.8–100 18.7–100 97.6–99.8 97.6–99.8 98.1–100 98.1–100
Huang et al. [183] 0.0–99.8 0.877–99.9 0.0–99.5 0.341–99.5 0.0–100 0.0–100 0.0–100 0.862–100 0.0–100 0.318–100 0.0–99.9 0.569–100
Jang et al. [173] 0.0–99.9 99.4–99.9 0.0–99.9 0.185–99.9 0.0–100 0.0–100 0.0–100 0.0–100 0.0–100 0.0–100 0.0–99.9 0.0812–100
Ji et al. [228] 0.0–99.9 0.0–99.9 0.0–99.8 0.0–99.8 0.0–100 0.0–100 0.0–100 0.0–100 0.0–100 0.0–100 0.0–100 0.0–100
Jiang et al. [118] 88.8–99.7 88.8–99.8 0.555–94.9 0.555–94.9 1.31–100 1.31–100 0.862–96.0 0.862–96.0 0.318–99.7 0.318–99.7 0.975–99.4 0.975–99.4
Lalli et al. [169] 0.0–99.9 85.7–99.9 0.0142–99.7 0.199–99.7 0.0–100 0.0–100 0.0–100 0.0–100 0.0–100 0.159–100 0.0–100 0.162–100
Lau et al. [229] 0.197–99.7 88.8–99.7 0.142–94.9 0.555–94.9 0.0–99.9 0.0–99.9 0.0–96.0 0.862–96.0 0.318–99.8 0.318–99.8 0.569–99.4 0.569–99.5
Luo et al. [230] 88.7–99.8 88.8–99.9 0.0854–99.3 0.0854–99.3 0.0–100 0.0–100 0.0–100 0.0–100 0.0–100 0.0–100 0.0–99.9 0.0–100
Mautner et al. [231] 0.0908–99.4 0.0908–99.4 81.7–91.9 81.7–91.9 99.4–99.8 99.4–99.8 82.8–95.4 87.1–95.4 97.1–99.8 97.1–99.8 15.5–99.4 15.5–99.6
Mohon et al. [232] 90.0–100 90.0–100 0.512–99.6 0.512–99.6 0.0–100 0.0–100 0.0–100 0.0–100 0.318–100 0.318–100 0.325–100 0.325–100
Rodriguez-Manzano et al. [233] 0.0–99.6 0.0–99.8 0.0–99.2 0.0–99.2 0.0–100 0.0–100 0.0–99.7 0.0–99.7 0.0–100 0.0–100 0.0–99.6 0.0–99.7
Yan et al. [234] 98.6–100 98.6–100 0.726–99.9 0.726–99.9 0.135–100 0.135–100 0.0–100 0.0–100 0.636–100 0.795–100 0.569–100 0.569–100
Yang et al. [235] 0.0–99.8 97.9–99.8 0.0–99.7 0.0854–99.7 0.0–100 0.0947–100 0.0–100 0.0–100 0.0–100 0.0–100 0.0–99.8 0.0–99.9
Yoshikawa et al. [236] 0.0–99.8 0.0–99.8 0.0–99.9 0.0–99.9 0.0–100 0.0–100 0.0–99.1 0.0–99.1 0.0–100 0.0–100 0.0–100 0.0–100
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et al. [231], Mohon et al. [232] and Yan et al. [234] sets showed strict coverage from all primers
for SARS-CoV-2. They achieved coverages greater than 90%, except three primers from Luo
et al. [230] set (around 65%). Considering the presence of up to three contiguous mismatches
the coverage increased to around 90% or more for some cases. For example, E-B2 and As1 F1c
primers from Jang et al. [173] and Alekseenko et al. [168] sets, respectively, showed a coverage
from 0% to 99.0% or more for all genome sets. Another example is the Yang et al. [235] set
which showed ORF1e-B1c primer with a coverage from 0% for complete matched to 100% for
mismatched alignments in the evaluation of Gamma and Delta variants and BA.2 subvariant.
In contrast, in some cases, the mismatch presence either did not change or little increased the
coverage. Only one primer from Garcia-Venzor et al. [185] set slightly increased the coverage
for SARS-CoV-2 genomes. M-B1c and S555-B2 primers from Diego et al. [226] set covered
no subvariant sets. CU-N2-F1c primer from Yang et al. [235] set did not cover subvariant sets,
while its CU-N2-F2 pair covered 100%, except for BA.5 subvariant (99.4%). Furthermore,
a few primers showed no coverage at all for both matched and mismatched aligments. For in-
stance, ORF1ab-1-LB and F2-N primers from Ji et al. [228] and Rodriguez-Manzano et al. [233]
sets, respectively, and three primers from Ganguli et al. [227] set did not cover any genome set.
In addition, only one set did not show both strict and partial coverages of 100% and Lau et al.
[229] and Mohon et al. [232] sets showed 100% for strict coverage.

We previously evaluated the primers from Alves et al. [2] set using a smaller set of SARS-
CoV-2 genomes (3364), see Ref. 2. These primers were developed by the Fiocruz group led by
Rubens Monte-Neto, which performed the clinical validation. In their experiments, RT-LAMP
assay showed a good performance of primers in the detection of SARS-CoV-2 virus, which
showed herein coverages greater than 90% for both strict and partial alignments. In addition,
they carried out the assay for the Gamma variant, also known as P.1 variant, and achieved suc-
cess detecting it. Our results for their primers against the Gamma variant also showed high
coverages, see Table 28 in Appendix D. E Set1 LF primer increased its coverage from 0% to
97.8% for Gamma variant and E Set1 B2 primer showed no coverage at all for subvariant sets.
Also a few primers covered 100% of Delta and Mu variants and the entire subvariant set. Fur-
thermore, Almeida et al. [250] showed E1 and N2 primer subsets did not prevent the target
amplification of Omicron variant, despite the presence of a single mismatch. In our assess-
ment, those primer subsets covered Omicron variant set in more than 90%. Only N Set2 F1c,
N Set2 F2 and E Set1 B2 primers did not achieve both strict and partial coverages for this
variant.

We also investigated the cross-reactivity to SARS-CoV-1 and non-SARS genomes. A sub-
stantial number of primers showed a high coverage for SARS-CoV-1, while only one primer
from Alekseenko et al. [168] set showed a non-zero coverage for both strict and partial align-
ments for the five other coronaviruses. In particular to SARS-CoV-1 alignments, a couple of
primers covered the complete alignments around 90-100% and only two sets showed no cover-
ages at all [231, 234]. The summary of the cross-reactivity is showed in Table 5.

https://bioinf.fisica.ufmg.br/pamella/table28-thesis.pdf
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Table 5
Summary of the results for all 18 LAMP primer sets. Shown are the number of primersNpp and the range
of reference temperature Tref. for each set and the range of strict and partial coverages for SARS-CoV-1
and non-SARS genomes, respectively.

SARS-CoV-1 non-SARS
Name of Set Npp Tref. (◦C) Cstrict (%) Cpart. (%) Cstrict (%) Cpart. (%)
Alekseenko et al. [168] 20 54.8–72.3 0.0–10 0.0–100 0.0–12.8 0.0–94.2
Alves et al. [2] 32 56.6–70.6 0.0–100 0.0–100 0.0 0.0
Diego et al. [226] 40 49.2–72.5 0.0–100 0.0–100 0.0 0.0
Ganguli et al. [227] 81 55.2–73.4 0.0–100 0.0–100 0.0 0.0
Garcia-Venzor et al. [185] 8 53.8–66.7 0.0–90 0.0–90 0.0 0.0
Huang et al. [183] 32 55.2–76.6 0.0–100 0.0–100 0.0 0.0
Jang et al. [173] 15 57.8–69.3 0.0–100 0.0–100 0.0 0.0
Ji et al. [228] 32 55.2–75.6 0.0–100 0.0–100 0.0 0.0
Jiang et al. [118] 8 59.9–69.8 0.0–90.0 0.0–90.0 0.0 0.0
Lalli et al. [169] 32 48.4–69.2 0.0–100 0.0–100 0.0 0.0
Lau et al. [229] 10 52.7–69.7 0.0–100 0.0–100 0.0 0.0
Luo et al. [230] 48 59.9–73.3 0.0–100 0.0–100 0.0 0.0
Mautner et al. [231] 8 57.2–66.4 0.0 0.0 0.0 0.0
Mohon et al. [232] 16 57.0–67.0 0.0–90 0.0–90 0.0 0.0
Rodriguez-Manzano et al. [233] 8 60.5–68.8 0.0–90 0.0–90 0.0 0.0
Yan et al. [234] 15 56.1–71.0 0.0 0.0 0.0 0.0
Yang et al. [235] 15 57.6–69.5 0.0–90 0.0–100 0.0 0.0
Yoshikawa et al. [236] 16 58.2–69.9 0.0–90 0.0–100 0.0 0.0

The average opening along the direction of hydrogen bonds can illustrate qualitatively the
behaviour of the base pairs. In Figure 33a, the AC mismatched pair in N Set2 F2 primer from
Alves et al. [2] set shows a small destabilisation, probably due to surrounding GC base pairs
since AC is not a strong mismatched pair. However, its presence decreases the reference tem-
perature Tref. = 62.8 ◦C to melting temperature of mismatched pair TMM = 48.1 ◦C, which
removes a feasible coverage to this alignment, once the TMM is lower than the ideal range,
i.e. 60–65 ◦C, according to LAMP primer design guidelines. On the other hand, a GA mismatch
in S17-B1c primer from Huang et al. [183] set increases the temperature from Tref. = 68.7 ◦C to
TMM = 70.2 ◦C. Figure 33b shows a slight shift for this mismatched pair which may not hamper
the amplification. In Figure 33c, a CC mismatched pair shows a large shift as well as decreases
the temperature from Tref. = 68.5 ◦C to TMM = 58.9 ◦C. Perhaps due to the CC pair to be the
weakest mismatched pair [30, 34, 61, 246] and show a severe impact to primer-target duplex
stability [37, 51, 82]. In Figure 33d, double consecutive mismatched pairs at 3′ terminal show a
large end fraying in comparison to the canonical pairs, although the temperature increases from
Tref. = 72.3 ◦C to TMM = 74.5 ◦C. Note that the vertical scale of the figures is adapted accord-
ing to the value of sequence average opening. Additional displacement profiles are shown in
Figure 47 in Appendix E.2.

It is expected that over time mismatches should increasingly occur within the primer regions
due to the continuous mutation of the SARS-CoV-2 genomes, see section 3. The decreasing
coverage as variants appear are shown in Figure 34. In comparison to the wild type (ws) cov-
erage, all variants decrease their coverage. Considering partial coverages with ∆Tlim = 0◦C,
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Figure 33
Displacement profiles for LAMP primers. The blue line shows the displacement for matched alig-
ment and the red one for mismatched alignment. The genome/primer hybridisation direction is
5′ −→ 3′/3′ −→ 5′. (a) N Set2 F2 primer [2] aligned to LR794408.1 genome at position 1420 and an
AC mismatched pair; (b) S17-B1c primer [183] aligned to EPI ISL 1678079 genome at position 8068
and a GA mismatched pair near to 3′ terminal; (c) E-Fic primer [226] aligned to EPI ISL 12749471
genome at position 26253 and a CC mismatched pair at 3′ terminal; (d) As1e F1c primer [168] aligned
to EPI ISL 9569632 genome at position 2256 and GT and TT consecutive mismatched pairs at 3′ termi-
nal.
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Figure 34
Coverage averaged over all primers for wild-type SARS-CoV-2 (ws), Alpha (α), Beta (β), Gamma (γ),
Delta (δ), Lambda (λ), Mu (µ), Omicron (o) variants and BA.2 (b2), BA.3 (b3), BA.4 (b4) and BA.5 (b5)
subvariants. Black bullet are for Cstrict, red (filled) boxes are for ∆Tlim = 0◦C and blue (unfilled) boxes
are for (5◦C). The dashed line connecting the data point is only intended as a guide to the eye.

that is, primers with TMM = Tref., the curve is uniformly shifted upwards. For ∆Tlim = 5◦C,
partial coverage of Beta, Gamma, Delta and Mu variants becomes slightly higher than the ws
strict coverage. However, the rate of decrease is not uniform and some variants have higher
coverage than their presumed predecessor variants, such as Beta, Delta, Mu, BA.2, BA.4 and
BA.5 variants. For Omicron variant, which has a larger number of mutations [251], we observe
a sharp drop in the coverage. BA.3 subvariant shows a low coverage similar to Omicron variant,
while BA.2, BA.4 and BA.5 subvariants have a higher coverage. The reason for this oscillation
for Omicron variant and its subvariants is not clear.

In some cases, the presence of mismatches does not destabilise the duplex, that is, when we
consider ∆Tlim = 0◦C. In Table 6 are shown a few examples of primers that show zero strict
coverage, but achieve a greater than 90% coverage if stabilising mismatches are considered. A
curious case is N1 F1c primer from Ji et al. [228] set which shows only partial coverages for
Omicron variant and two of its subvariants (BA.2 and BA.3), since all primers were designed
to wild-type SARS-CoV-2. Although it suggests to be an opposite trend to the overall decline
of Omicron variant, note that higher coverage for Omicron is quite exceptional and only occurs
for very few primers. On the other hand, it clearly highlights that the assessment of mismatch
impact is far from trivial.

The continuous mutation of SARS-CoV-2 has impacted the diagnostic assays. Nucleotide
substitutions in different gene regions, especially S gene, have produced false negative re-
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Table 6
Examples of primer coverages with stabilising mismatches, Tlim. = 0◦C, which have Cpart.(0

◦C) > 90%
while having Cstrict = 0. Only those primers which have stabilising mismatches for given variant shown.

Cpart.(0◦C) (%)
Primer ws Alpha Beta Gamma Delta Lambda Mu Omicron BA.2 BA.3 BA.4 BA.5
As1e F1c [168] 99.2 99.4 98.7 99.7 99.2 99.0 99.7 98.5 100 98.6 99.5 99.7
iLACO-F1c [168] 99.2 — 99.1 99.5 99.3 99.8 99.8 99.5 99.8 99.7 100 99.9
N15-B1c [183] 97.7 98.8 96.5 98.4 99.9 99.4 99.6 99.2 99.9 99.7 98.9 98.9
N1-B1c [228] 98.4 99.5 97.1 99.6 99.6 99.7 99.3 93.8 99.8 94.3 99.0 98.7
N1-F1c [228] — — — — — — — 92.7 97.5 94.0 — —
N2-F1c [228] 99.1 99.1 96.6 99.1 99.9 98.7 99.7 99.3 99.9 99.7 99.0 99.0
NEB orf1a-A-F1c [169] 98.9 99.5 99.2 99.5 99.8 99.6 99.1 99.4 99.7 99.1 99.2 96.9
F1c [229] — — — — — 98.9 99.2 93.9 99.5 93.1 — —

sults [252–255]. Although most primers have achieved high coverages, some primers fail to
achieve significant coverage for at least one variant and may represent a potential dropout. A
summary of the number of primers found that could potential represent dropouts are shown in
Table 7. Here we are considering a very stringent threshold of 5% at ∆Tlim = 5◦C, that is,
even considering a maximal 5◦C melting temperature below the reference temperature, those
primers covered less than 5% of each genome set. Only Alekseenko et al. [168] set had no
potential drop-out primers at all. To avoid the dropout is suggested the use of at least two gene
targets [252, 255], which could be evaluated by applying the workflow presented here. The
complete list of potential drop-out primers for each genome set is shown in Table 32–Table 43
in Appendix F.

Table 7
Sets that have at least one potential drop-out primer for any of the variants. Only the reference number
is shown for each set. Drop-out primers are considered as those with a partial coverage Cpart. below 5%
(∆Tlim. = 5◦C), Ndrop, for at least one variant. Nprimers is the number of separate primers for each set.

Ref. Nprimers Ndrop ws Alpha Beta Gamma Delta Lambda Mu Omicron BA.2 BA.3 BA.4 BA.5
[2] 32 6 0 0 0 1 0 1 1 3 3 3 4 3
[226] 40 7 0 1 1 1 1 0 0 3 3 3 3 3
[227] 81 28 4 11 5 5 5 6 12 9 5 10 7 6
[185] 8 1 0 0 0 0 0 1 0 0 0 0 0 0
[183] 32 6 0 0 0 1 0 3 1 3 2 3 2 2
[173] 15 3 0 0 1 0 0 0 0 1 2 2 2 2
[228] 32 5 1 3 1 3 2 2 1 2 2 2 3 2
[118] 8 1 0 0 0 0 0 0 0 1 1 1 1 1
[169] 32 5 0 0 0 0 0 1 0 1 2 2 4 2
[229] 10 6 0 2 1 0 2 3 0 3 3 3 3 3
[230] 48 12 0 3 0 5 3 6 0 7 7 7 8 7
[231] 8 5 0 2 0 1 0 0 2 0 0 0 0 0
[232] 16 5 0 1 2 0 1 1 0 1 1 1 1 1
[233] 8 2 1 1 1 2 1 1 1 1 1 1 1 1
[234] 15 3 0 1 0 0 0 1 0 1 1 1 1 1
[235] 15 2 0 1 0 1 1 2 0 1 1 1 1 1
[236] 16 1 1 1 1 1 1 1 1 1 1 1 1 1

Mismatched pairs in 5′ or 3′ terminals of FIP and BIP primers may hamper the amplification.
Here FIP and BIP primers were divided into F1c/F2 and B1c/B2 primers, respectively, and
assessed individually. A few alignments with either 5′ or 3′ terminal mismatches show a melting

https://bioinf.fisica.ufmg.br/pamella/table32-thesis.pdf
https://bioinf.fisica.ufmg.br/pamella/table43-thesis.pdf
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temperature within the threshold and contribute to the increase of partial coverage. Clearly, in
some cases, mismatches in both terminals decreased the temperature. Since for the LAMP
technique the F1c and B1c primers depend on their respective F2 and B2 complements, the
dropout may in practice be higher. FIP and BIP primers with terminal mismatches which have
an increase in their coverage are shown in Table 44–Table 55 in Appendix G for each genome
set. In Figure 35, we observe four primers from Ji et al. [228] set that show single, double
and triple contiguous mismatches at 3′ terminal. Although it is obvious that these mismatches
destabilise the terminal, in this case, only the double mismatched pairs show a decrease in
the temperature. The TT and CT double pairs show Tref. = 69.0 ◦C to TMM = 66.6 ◦C, see
Figure 35b, and the GT and TT double pairs, Tref. = 71.0 ◦C to TMM = 70.1 ◦C, see Figure 35c.
The triple mismatches (GT, CT and TT pairs) increase the temperature from Tref. = 75.6 ◦C
to TMM = 79.9 ◦C. Albeit GT mismatched pair has been reported as a strong pair [26, 34,
61, 246], it is influenced by its TT and CT mismatched neighbouring pairs, see Figure 35a. In
comparison, the shift caused by the single GT mismatched pair in the same position (3′ terminal)
is smaller, and perhaps perturbed by neighbouring AT pairs, see Figure 35d. Also for this primer
hybridisation the temperature increases from Tref. = 73.9 ◦C to TMM = 80.6 ◦C.

The outcomes of LAMP primers assessment to variants and subvariants were published in
The Open COVID Journal, see Appendix K.

7.4 Applications

We have seen that mismatch presence in molecular techniques may contribute to differ-
ent applications, such as allele-specific and single nucleotide polymorphism (SNP) identifica-
tion [37, 68]. Also mismatches could be inserted in primers and probes designed to detect
oncogenes. Since it is known that some types of mismatches are more stable than others, even
more than canonical base pairs, it could extend their application.

Along with mismatch features known so far, our developed workflow could be applied to
a continuously assessment of primers/probes not only for SARS-CoV-2 coronavirus as well as
other pathogens. Oligonucleotides designed with mismatches could be analysed considering
single or up to three consecutive mismatches, different positions and length size. For instance,
mismatches have been applied to identify SARS-CoV-2 variants [71, 72]. Moreover, the appli-
cation of this workflow may reduce the oligonucleotide synthesis costs, reducing the need to
produce several different primers/probes to obtain the most viable one.

7.5 Conclusion

Here we showed an assessment workflow to investigate the mismatch impact in PCR and
LAMP primers designed to detect the SARS-CoV-2 coronavirus. In addition, we extended this
analysis to SARS-CoV-2 variants to evaluate the primers effectiveness. Our findings showed a
considerable number of primers achieves a low coverage to the wild-type SARS-CoV-2 genomes.

https://bioinf.fisica.ufmg.br/pamella/table44-thesis.pdf
https://bioinf.fisica.ufmg.br/pamella/table55-thesis.pdf
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Figure 35
Displacement profiles for LAMP primers. The blue line shows the displacement for matched alig-
ment and the red one for mismatched alignment. The genome/primer hybridisation direction is
5′ −→ 3′/3′ −→ 5′. (a) N2-F1c primer aligned to LC542809.1 genome at position 28784 and GT,
CT and TT triple consecutive mismatched pair; (b) N2-B1c primer aligned to LC528232.1 genome at
position 1016 and TT and CT double consecutive mismatched pair; (c) ORFlab-1-F1c primer aligned to
LC528232.1 genome at position 14714 and GT and TT double consecutive mismatched pair; (d) N1-B1c
primer aligned to LC534419.1 genome at position 1397 and a GT mismatched pair. The mismatched
pairs are at 3′ terminal and all primers are from Ref. 228.
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In contrast, the coverage increases substantially, even 100%, when mismatches are taken into
account. In particular, a few primers show their higher partial coverages for Omicron subvari-
ants. Yet the mismatch presence is not totally beneficial destabilising both temperature and
locally structure of primer-target duplex. Furthermore, our outcomes are in agreement with the
reported evidences concerned to context dependence and mismatch type, position and number.
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8 Side Projects

Here we show the side projects based on mismatch effect inquiring, section 8.1, and locked
nucleic acid (LNA) applications, section 8.2.

8.1 Mismatch Analyses

We analysed three LAMP primer sets to different targets (SARS-CoV-2, SARS-CoV-1 and
Bos taurus beta-casein (CSN2) gene); gold-nanorod probes to detect SARS-CoV-2 and we car-
ried out an assessment of mismatch position.

8.1.1 Gold Nanorod (AuNR) DNA Probes

Gold nanorods (AuNRs) are very small-sized, easily synthesized nanoparticles with unique
optical properties, potentially acting in drug delivery and gene therapy [256]. They have been
applied in studies of metal ions, amino and nucleic acids and protein [257–261]. In addition,
diagnostic assays based in gold nanorods have been developed such as antiepidermal growth
factor receptor (anti-EGFR) antibodies [256], p53 gene and single nucleotide polymorphism
(SNP) [262] and SARS-CoV-2 biosensors [263].

Lı́via Siman Gomes, from Department of Physics (UFMG), works with AuNR DNA probes.
She shared, in a collaboration with us, a probe-target set designed to detect SARS-CoV-2 coro-
navirus. These DNA probes are attached to AuNR particles for hybridising to the viral RNA.
We assessed seven probes and nine targets. Applying our workflow from section 7.2, we in-
vestigated the mismatch presence in these probes against the nine targets and SARS-CoV-2,
SARS-CoV-1 and non-SARS genomes. We found a high coverage for SARS-CoV-2 and for two
probes mismatch presence increased the coverage. Only one probe showed coverage for SARS-
CoV-1 and other achieved 100% when mismatches were taken into account. For non-SARS
genomes, no coverage at all was found. Also we analysed the probes on ViennaRNA [264] with
the contribution of Vivianne Bası́lio Barbosa, a scientific initiation student in our group at the
time. ViennaRNA is a package of stand-alone programs and libraries applied to the prediction
and comparison of RNA secondary structures. We applied our parameter sets and the default
set of ViennaRNA. A few results showed a discrepancy in the secondary structure. The data are
not shown here for confidentiality reasons.

8.1.2 CRISPR LAMP Primers

In summary, clustered regularly interspaced short palindromic repeats (CRISPR) is a tech-
nique in which Cas enzymes bind to a specific target substrate, then they are hyperactivated
to cleave all neighbouring nucleic acids. The Cas nuclease is designed to recognize target se-
quences, e.g. cancer mutations. Furthermore, CRISPR assays are typically combined with an
isothermal amplification step to increase sensitivity [60].
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We collected a LAMP primer set developed to amplify S gene SARS-CoV-2 target in com-
bination to a CRISPR-Cas detection from Ref. 60. The FIP and BIP primers were divided as
described in section 7.1.2. The difference in primers derived from the same code is a specific
mismatch incorporated to improve the assay. In total, we worked on 42 primers and those with
“MM” in their name are the mismatched ones. Their sequences and hybridisation temperatures
are shown in Table 56 in Appendix H.1.

We applied our primer/probe assessment workflow, section 7.2, to these primers regarding to
wild-type SARS-CoV-2 and Alpha, Beta, Gamma and Delta variants. We found null coverages
for a few primers to SARS-CoV-2, mainly the FIP and BIP primers. Perhaps it is due to the
selection we carried out, although it was made carefully. Despite it, the mismatched F3 primers
also achieved null coverages. It is unexpected since the experimental results [60] show the
mismatched F3 and B3 primers had a good performance in spite the mismatch presence. Similar
results were obtained to the variants. The coverages for all genomes are shown in Table 57 in
Appendix H.2.

Last, we compared the predicted hybridisation temperatures to the cycle threshold (Ct) val-
ues. Since a few factors of the diagnostic assay may adapted to achieve Ct values of inter-
est [265], we are interested in investigating if there is a relation between Ct values and hybridis-
ation temperatures. We took the Ct values as the black horizontal bars (the mean) of Fig.3 from
Ref. 60. We plotted these mean Ct values and the predicted temperatures to all matched and
mismatched primers, see Figure 36. However, it is an initial attempt to develop this idea and
more data is required to a further inquiring.

10 20 30 40 50 60 70

Tm

10

15

20

25

30

C
t 

v
a

lu
e

PM

F3

B3

FIP (3’)

BIP (3’)

FIP (5’)

BIP (5’)

Figure 36
Hybridisation Temperatures (Tm) × Ct Values. We predicted hybridisation temperatures for all matched
and mismatched primers and collected the Ct values from Fig.3 from Ref. 60. FIP and BIP labels repre-
sent all F1c/F2 and B1c/B2 primers, respectively, and the mismatch at 3′ or 5′ terminal.

https://bioinf.fisica.ufmg.br/pamella/table56-thesis.pdf
https://bioinf.fisica.ufmg.br/pamella/table57-thesis.pdf
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8.1.3 SARS-CoV-1 LAMP Primers

We applied the workflow developed in previous section 7.2 to a LAMP primer set from
Ref. 157 designed to identify SARS-CoV-1 coronavirus. The 8 primers were evaluated for
three genome groups: SARS-CoV-1, SARS-CoV-2 and non-SARS, that is, the other five coro-
naviruses (229E, NL63, OC43, HKU1 and MERS-CoV). The primer sequences and their pre-
dicted melting temperature are shown in Table 8.

Table 8
Summary of SARS-CoV-1 LAMP primers [157] and their predicted hybridisation temperature Tref..

Primer Sequence 5′ → 3′ Tref. (◦C)
B1c GCTGTGGGTACTAACCTACCT 62.2
B2 GTCAACATAACCAGTCGG 55.6
B3 CTCTGGTGAATTCTGTGTT 55.6
LoopB CCAGCTAGGATTTTCTACAGG 62.2
F1c GTTGCATGACAGCCCTCTAC 63.7
F2 AGAAGCTATTCGTCACGT 56.1
F3 AATATGTTTATCACCCGCG 57.3
LoopF CAAAGCCAATCCACGCAC 61.0

We followed each step: primer/genome alignment, hybridisation temperature prediction
and coverage calculation. We found the primers are very specific for SARS-CoV-1, although
no primer achieved 100% coverage. Two primers achieved 80% and the other six 90%. A
few mismatches were identified and did not interfere on the coverage. Also there is no cross-
reactivity at all. All coverages are shown in Table 9. It shows the excellence of primer set and
the potential of the workflow developed herein to assess different primer sets and targets.

Table 9
Both strict and partial coverages for SARS-CoV-1 LAMP primers from Ref. 157.

SARS-CoV-1 SARS-CoV-2 non-SARS

Primer Cstrict (%) Cpart. (%) Cstrict (%) Cpart. (%) Cstrict (%) Cpart. (%)
B1c 90 90 0.0 0.0 0.0 0.0
B2 90 90 0.0 0.0 0.0 0.0
B3 90 90 0.0 0.0 0.0 0.0
LoopB 90 90 0.0 0.0 0.0 0.0
F1c 80 90 0.0 0.0 0.0 0.0
F2 90 90 0.0 0.0 0.0 0.0
F3 80 90 0.0 0.0 0.0 0.0
LoopF 90 90 0.0 0.0 0.0 0.0

8.1.4 LAMP Primers for Mutant Identification

We analysed two LAMP primer sets shared by Rodrigo Giglioti from Instituto de Zootecnia
(IZ). These sets was designed to identify the wild-type and mutant targets of Bos taurus beta-
casein (CSN2) gene. Both sets have six primers and are identical with only one difference in
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the 3′ terminal base of F2 primers. This differentiates each set: one for wild type and the other
for mutant.

All primers from both sets have hybridisation temperatures Tm within the LAMP range
temperature (60–65◦C), except the F2 primer for wild-type sequence (66.7◦C). Even though, its
temperature are around the temperature range and could be performed successfully. Considering
the 3′ terminal base difference, we observe a drop in the temperature, 60.0◦C and 60.4◦C, when
the F2 primers hybridise to the other target, which may differentiate them.

Also we expanded the F2 primers incorporating a second mismatch. We generated all pos-
sible mismatch for all positions, except for the 3′ terminal position, which we considered the
same mismatch to all primers. For instance, for a 18-length primer we generated 52 different
primers, including the matched primer. We found double mismatched primers, for wild-type
and mutant targets, decrease the temperature contributing to differentiate both types. The data
are not shown here for private reasons.

8.1.5 Mismatch Position

We collected a dataset of 111 primers of DNA from Ref. 266 to reproduce its results and use
the data to study the mismatch effects. Wu et al. [266] used two sets of primers to the target 16S
rRNA gene, a conserved molecular marker used for phylogenetic analysis in microbial commu-
nities [266]. The first set (primer MX), which we called “set1”, had one perfect matched primer
and 54 mismatched primers. These primers were 18 bp in length and had all possible types and
positions of mismatches. The same conditions was valid for the other set (primer 1492R), called
here as “set2”. The difference is that set2 had one perfect match and 57 mismatched primers
with 19 bp in length. All primers and their predicted melting temperature are shown in Table
58 in Appendix I.1.

Wu et al. [266] used the single base extension (SBE), or minisequencing, experiment to
analyse the mismatch effect in all possible positions in the primers. They considered the position
0 in the 3′ terminal and the last position in the 5′ terminal. The authors calculated in silico the
melting temperatures of primers using the IDT Oligo Analyzer [267] for secondary structure of
primer and DINAMelt web server [268] for primer/template hybridisation.

First, we collected the primers in two sets (set1 and set2) and predicted the melting tem-
perature Tm of each primer-target hybridisation. This prediction was done from the method de-
scribed in section 6.4. Then we calculated the difference ∆Tm between the Tm of perfect match
and the mismatched match. We made, using our calculated temperatures, the same graphs of
position versus ∆Tm from Wu et al. [266], that is, their Fig. 5a and Fig. 4a, respectively, set1
and set2. In Figures 37 and 38, it is possible to visualise the comparison of results with our
melting temperatures above and in silico melting temperatures of Wu et al. [266] below. We see
that the graphs are not similar. Their interval is within –5 and 15 in axis y for both sets while
we found an interval within 0 and 20 for set1 and 0 and 30 for set2. It is due to the difference in
conditions, e.g. salt concentration, of the parameters for melting temperature prediction. While

https://bioinf.fisica.ufmg.br/pamella/table58-thesis.pdf
https://bioinf.fisica.ufmg.br/pamella/table58-thesis.pdf
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Figure 37
Correlation between position of the mismatches and the difference of melting temperature for set1. The
position axis is oriented from 3′ to 5′ end. Above, the data predicted by the Peyrard-Bishop (PB) model.
Below, the original graph (Fig. 5a) from Wu et al. [266].

they calculated in silico with salt concentration of Na+ 1M, we used parameters for DNA in
Na+ 60mM. However, when we calculated the melting temperatures using the same tools and
parameters used by authors and compared with a few Tm’s mentioned in their work, we found
another small discrepancy. Wu et al. [266] mentioned that the melting temperature for perfect
match of set2 was below 36.9◦C. When we used the DINAMelt [268], as they indicated, we
found 75.0◦C. The authors also mentioned melting temperatures for a few mismatches of set2
below 40.0◦C, but we found all melting temperatures for set2 above 60.0◦C. Although they do
not mention melting temperatures for set1, we found 75.2◦C for perfect match and above 60.0◦C
for mismatched primers. We verified with the tool they used to calculate secondary structure,
IDT Oligo Analyzer [267], maybe it was an exchange in the name of tools in the paper, but also
the results did not check. The authors did not provide the in silico melting temperatures that
they found for each sequence. In spite of the difference in the in silico Tm’s, the range for ∆Tm

for both sets are identical to the work of Wu et al. [266]. We calculated these data and compared
the range: for set1, -1.0–10.6◦C and for set2, -0.2–9.4◦C.

The next step was to reproduce the Fig. 6 from Wu et al. [266] to verify the quality of the
data. In this figure, the authors used the ∆Tm obtained by in silico calculations and the ex-
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Figure 38
Correlation between position of the mismatches and the difference of melting temperature for set2. The
position axis is oriented from 3′ to 5′ end. Above, the data predicted by the PB model. Below, the
original graph (Fig. 4a) from Wu et al. [266].
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Figure 39
Difference of melting temperatures in relation to the extension efficiencies. (a) The version made by us
after the extraction of data from the paper; (b) the same idea using the melting temperatures calculated
by the PB model; (c) the original graph showed in Ref. 266.

periment efficiencies shown in Fig. 5b (set1) and 4b (set2) from their reference [266]. They
correlated the difference in melting temperatures and extension efficiencies for all 111 primers
(both set1 and set2). We collected their ∆Tm and the extension efficiencies from the same
figures using an online tool [269] and generated a similar graph. We also designed the same
graph — ∆Tm versus extension efficiencies — using the extension efficiencies that we col-
lected and the ∆Tm that we calculated. In Figures 39a and 39c, the reproduction made by us
and the original figure, respectively. In this case, the figures are very similar. A few discrep-
ancies is probably due to the error in the extraction of the data using the online tool mentioned
earlier [269]. However, when we made the same graph using the ∆Tm’s which we calculated
the result is very distinct, see Figure 39b.

We also correlated the difference of melting temperatures from Wu et al. [266] and which
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Figure 40
Difference of melting temperatures ∆ Tm calculated in this work in relation to the melting temperatures
extracted from Wu et al. [266]. (a) ∆ Tm for both sets together; (b) only set1; (c) only set2.

we calculated. Taken the total differences ∆Tm’s for both sets, we found a Pearson correlation
of r = 0.6, see Figure 40a. Figures 40b and 40c show the correlation between differences of
melting temperatures for both sets, separately. Although the Pearson correlation is considerable,
both figures show a few outliers which is a little suspicious.

Using the Peyrard-Bishop (PB) model, we calculated the average opening 〈ym〉, which is
the displacement of the bases in the direction of the hydrogen bonds, for all primers. With
these data, we designed graphs to analyse the behaviour of mismatches in comparison to the
position and the correlation between extension efficiencies and the average opening of both
terminals. We collected the terminal average opening of each sequence for each set in four
different temperature of calculation (180, 200, 220 and 280 K), as described in section 6.3.
It was carried out to 3′ and 5′ terminals separately. In Figures 41a and 41b, we observe the
correlation in 180 K for both terminals of set1. The concentration of data is around 1 for
terminal 3′ and 0 for terminal 5′. However, there are a few outliers in both graphs and when
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we increase the temperature of calculation to 280 K, the data are considerable disperse, see
Figures 41c and 41d. The figures of the other temperatures of calculation for both set1 and set2
are shown in Figures 48 and 49 in Appendix I.2. It shows us that there is no correlation between
average opening and extension efficiencies what led us, among other results, to conclude that
data from Wu et al. [266] is not an appropriate dataset to work in relation to our purpose for this
project.

set1  3’ Terminal at 180K

0 1 2 3 4 5 6

Average Opening (Angstrom)

20

0

20

40

60

80

100

E
x
te

n
s
io

n
 E

ff
ic

ie
n

c
y
 (

%
)

(a)

set1  5’ Terminal at 180K

0 1 2 3 4 5 6

Average Opening (Angstrom)

20

0

20

40

60

80

100

E
x
te

n
s
io

n
 E

ff
ic

ie
n

c
y
 (

%
)

(b)

set1  3’ Terminal at 280K

0 2 4 6 8 10 12

Average Opening (Angstrom)

20

0

20

40

60

80

100

E
x
te

n
s
io

n
 E

ff
ic

ie
n

c
y
 (

%
)

(c)

set1  5’ Terminal at 180K

0 2 4 6 8 10 12

Average Opening (Angstrom)

20

0

20

40

60

80

100

E
x
te

n
s
io

n
 E

ff
ic

ie
n

c
y
 (

%
)

(d)

Figure 41
Correlation between average opening and extension efficiency for set1. In a temperature of calculation
at 180 K to both 3′ (a) and 5′ (b) terminals, and in a temperature of calculation at 280 K in both 3′ (c)
and 5′ (d) terminals.

Although we conclude it is not an appropriate dataset to use, we compared the average
opening within each mismatch position set. We input the perfect matched primer and the three
mismatched primers according to the position on the sequence. Figure 42 shows a few subsets
from set1. Figures 42a and 42b show the mismatch influence within the first three positions at
3′ terminal. In the first, CT and TT mismatched pairs show a larger end fraying. In the other
hand, GT mismatched pair is very stable even more than the perfect match. Here we can ob-
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serve the behaviour of the strongest mismatch and two mismatched pairs which are considered
weaker mismatched pairs. Even though, the mismatch presence decrease the melting tempera-
ture of perfect match Tpm = 61.6◦C to around Tmm = 52.0◦C. In Figure 42b, the weakest CC
mismatched pair destabilises in the direction of 3′ terminal. The other direction is more stable
perhaps due to the triple neighbouring GC pairs. We observe the same behaviour of CC mis-
matched pair in Figure 42c agreeing to the fact of this pair is the weakest mismatch. Figure 42d
shows the higher destabilisation of all three mismatched primers at 5′ terminal. For all fig-
ures, the melting temperature of mismatched primers within each subset achieved a very close
temperature and lower than the perfect match temperature. Figure 43 shows the mismatched
primer subsets for the set2. In Figure 43a, TT and CT mismatched pairs are more unstable
than in Figure 43b. Perhaps the proximity to the double AT pairs at 3′ terminal increases this
destabilisation. Also in both figures, we observe the higher stability of GT mismatched pair in
comparison to the other corresponding pairs in the subset. Although the mismatches decrease
the perfect match temperature, the temperature of GT pair in both figures is higher than the
others in the subset, see Table 58 in Appendix I.1. Figure 43d show the strongest mismatched
pairs (GG and GT pairs) represented in a small destabilisation. Note the GT pair is the most
stable and show the highest temperature within this subset. Last, Figure 43d show a great desta-
bilisation although the GC canonical pairs franking in both sides.

8.2 Locked Nucleic Acid (LNA) Analyses

We briefly describe LNA modification; optimisation of new thermodynamic parameters for
LNA with mismatches, which is still in progress; LNA probes for identification of repeat units
on human DNA; participation in a validation of LNA nearest-neighbour parameter set, and
application of this set on a LNA-modified LAMP primer set.

8.2.1 A Chemical Modification

Locked nucleic acid (LNA) is a nucleic acid chemical modification characterised by a
methylene bridge that connects the 2′-oxygen of ribose with the 4′-carbon [270], see Figure 44.
This bridge “locks” the ribose in a C3-endo/N conformation reducing its flexibility and mimick-
ing a RNA helix [271]. It also makes the nucleotide more stable, increasing the organization of
the phosphate backbone and inducing stable duplexes with DNA and RNA. These both duplexes
may have an increase in their melting temperature by +4.0 – +9.3◦C per LNA modification in
comparison to the unmodified reference duplexes [272, 273].

LNA nucleotides exhibit resistance to nuclease degradation, chemical stability, convenient
synthesis using standard reagents and minimal nonspecific interactions with nucleic acid bind-
ing proteins [275]. LNA effects are local and depend on probe length, sequence context and
mismatch identity [270, 273]. Notwithstanding, the addition of LNA bases has shown to im-
prove mismatch discrimination [273].

https://bioinf.fisica.ufmg.br/pamella/table58-thesis.pdf


83

GC A T C T CGA C AGCC AGA T
0

1

2

3

4

5

A
v
e

ra
g

e
 O

p
e

n
in

g

MX_PM

MX_2tt

MX_2gt

MX_2ct

(a)

GC A T C T CGA C AGCC AGA T
0

1

2

3

4

5

A
v
e

ra
g

e
 O

p
e

n
in

g

MX_PM

MX_3cc

MX_3ac

MX_3tc

(b)

GC A T C T CGA C AGCC AGA T
0

1

2

3

4

5

A
v
e

ra
g

e
 O

p
e

n
in

g

MX_PM

MX_7cc

MX_7ac

MX_7tc

(c)

GC A T C T CGA C AGCC AGA T
0

1

2

3

4

5

A
v
e

ra
g

e
 O

p
e

n
in

g

MX_PM

MX_18cc

MX_18ac

MX_18tc

(d)

Figure 42
Average opening for subsets from set1 containing the perfect matched and mismatched primers according
to the position. The sequences are oriented from 5′ −→ 3′ and the position 0 (the first one) is at 3′ terminal
and the last at 5′ terminal.
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Figure 43
Average opening for subsets from set2 containing the perfect matched and mismatched primers according
to the position. The sequences are oriented from 5′ −→ 3′ and the position 0 (the first one) is at 3′ terminal
and the last at 5′ terminal.
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Figure 44
Comparison of DNA, RNA and LNA chemical structures. Note the C3-endo conformation of the LNA
nucleotide similar to the RNA nucleotide. Figure adapted from Ref. 274.

LNA modifications have been used in different applications, such as specific PCR detec-
tion [276], high binding diagnostic probes [277], LAMP primers [278], antisense oligonu-
cleotides (ASO) [279], aptamers [280] and molecular beacons [281].

8.2.2 LNA Mismatch

Our group has already developed thermodynamic parameters for LNA bases [282]. This
parameter set describes the hydrogen bonds and the base stacking. It is valid for canonical LNA
base pairs, e.g. +AT, +CG, +GC, A+T. Focusing on the mismatch (MM) effect and LNA ability
in mismatch discrimination, we have initiated a project to optimise LNA mismatch (LNA-MM)
parameters. We collected 279 sequences including canonical DNA and LNA duplexes, and mis-
matched LNA from Ref. 283. The mismatched LNA sequences show all possible mismatched
LNA pairs. For the optimisation, we used the available DNA and LNA parameter sets at high
salt concentration (1021 mM Na+). We have carried out the optimisation for the initial evalua-
tion of the data. This project is still on progress.

8.2.3 STR LNA Probes

Short tandem repeats (STRs), also known as microsatellites, are short nucleotide sequence
motifs from 2 to 6 base pairs in size [284]. These repeat units vary in numbers in the hu-
man genome which leads to an individual identification, see Figure 45. This feature has con-
tributed to forensic applications [285] and disease studies [286]. Also the STRs high mutation
rates [287] have been related to some pathologies, such as cancer [288] and neurodegenerative
diseases [289].
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Figure 45
STR regions in human genome. The STR ID is the individual identification by the number of repeat
units. Figure adapted from Ref. 290.

During my fellowship time at the Technical University of Denmark (DTU), I worked on STR
probes. I analysed a LNA-modified probe set developed to identify STR in DNA sequences.
Also these probes were modified with perylene dyes attached to three different nitrogen bases
(A, C and U).

I applied our DNA and LNA thermodynamic parameter sets to feature the probes. I opti-
mised the probes to obtain a new DNA/LNA parameters exclusively for them. Since the pery-
lene is attached to the base, I consider it as a modified base. Therefore, I used the newly
DNA/LNA-derived data to optimise the perylene dye in the duplexes. Also I inquired the mis-
match presence in the STR probes.

The probe set only had 8 probes, which is very poor for deriving a completely new parameter
set since there are not enough number of matched and mismatched perylene-modified pairs.
Even though, I obtained a restrict parameter set which could be used as an initial seed for
optimisation of perylene modified bases and LNA uracil base. The data are not shown here for
private reasons.

8.2.4 LNA-NN Parameters

The Nearest-Neighbour (NN) model subdivides the enthalpy ∆H and the entropy ∆S for
each combination of neighbouring base pairs, promoting a method to predict melting temper-
atures for unknown sequences. It was proposed from the contribution of neighbouring base
interaction to the DNA and RNA molecule stability, since the base sequence strongly affects it.
Both the bases inside the strand and at the ends are greatly influenced [291, 292]. The sum of
the base interactions with its neighbours is thermodynamically considered as the DNA duplex
structure [293] and indicates the free energy of a double strand [294].

I participated in the validation of a new LNA-NN parameter set, see Ref. 5. We optimised
306 DNA sequences containing single LNA modifications. We validated the new parameters for
two groups of sequences in a high and low salt concentration. We obtained a better predictive
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accuracy than previous parameter sets and found a general increase of stability compared to
unmodified DNA duplexes. The except is +A base which destabilises in most contexts. Since
this is not one of my direct works, the data are not shown here.

8.2.5 LNA-modified LAMP Primers

We analysed a LNA-modified primer set from Ref. 295 with 24 primers designed to de-
tect SARS-CoV-2 coronavirus. We applied the LNA-NN parameter set described in previous
section 8.2.4 to predict melting temperatures Tlna of the primers.

We also predicted the melting temperature Tref. for the corresponding reference duplexes,
which we called as control primer set. Comparing the Tm’s for reference and LNA duplexes, we
observed LNA bases increase the temperature, that is, stabilise the primer-target hybridisation.
Especially two or more LNA adenosine achieved the largest increase. For instance, E2L B3
primer showed a Tref. = 68.6◦C for reference duplex and a Tlna = 83.9◦C taken into account
the three +A bases. E2L LF primer also with three +A bases showed Tref. = 72.1◦C and Tlna =

82.7◦C. In contrast to double consecutive +T bases in the E3L B1c primer which achieved a
small difference between predicted temperatures: Tref. = 74.1◦C and Tlna = 75.8◦C. All primers
and their melting temperatures are shown in Table 59 in Appendix J.

The LNA-NN parameters performed well, since it is known LNA bases tend to stabilise the
duplex greater than canonical ones. This stabilisation could contribute to an improvement in the
viral detection and other types of targets. Also this LNA-NN parameter set shows a potential
as a new tool to the design of both PCR and LAMP primers as well as other oligonucleotide
design. Even so, we now intend to evaluate other LNA-modified primer sets, as well as different
techniques, e.g. LNA LAMP [296] and PCR [297] primers. Furthermore, an experimental
assessment would be of great value to the application of this parameter set.

https://bioinf.fisica.ufmg.br/pamella/table59-thesis.pdf
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9 Conclusions

Mismatches have been reported to impact in the stability of nucleic acid molecules. Studies
have shown that mismatch presence in primer-target duplex may disrupt molecular assays, im-
pair target detection and generate false negative results [28, 41, 43]. Even just a single mismatch
may hamper the target amplification [44, 48, 49]. However, mismatches may have no effect or
even avoid false priming [46, 51], as well as may amplify efficiently as matched base pairs [51].
Also some types of mismatches are more stable than others and than canonical AT base pair in
some cases [37, 61]. Notwithstanding, the mismatch impact depends on a few factor, such as
mismatch type, number and position, melting temperature, sequential environment and reaction
condition [37, 48, 50–52, 61, 76, 79, 81].

Studies regarding the interactions of single, double and triple consecutive mismatches are
rarely performed and a more quantitative assessment is complicated since a lack in parameters.
Yet a recent parameter set for up to three contiguous mismatched base pairs were developed
by our group [61]. An experimental melting temperatures set containing single, double and
triple contiguous mismatches were modeled and compared to a canonical set under the same
conditions. The parameters were shared in context independent and dependent, respectively, all
mismatches are independent from the flanking pairs and the flanking pairs of mismatches are
considered. This work showed that some types of mismatches may stabilise the mismatched
duplex, perhaps higher than canonical AT base pair.

The emergence of SARS-CoV-2 coronavirus and its constant mutations prompted the ques-
tion of how these mutations would interfere in the primer-target hybridisation. Since mis-
matches have been successful applied to diagnostic assays, e.g. allele-specific [37] and sin-
gle nucleotide polymorphism (SNP) [68] identification, may be they play a valuable role in
COVID-19 diagnostic. Therefore, the application of mismatch parameters to primers and probes
could assist their specificity and continuous effectiveness.

This work shows how mismatches in primer-target hybridisation may affect PCR and LAMP
primer coverages to detect SARS-CoV-2 coronavirus. Melting temperature Tm is an important
parameter to assess the efficiency of primers to hybridise to the specific region of the genome.
From the calculation of Tm for each alignment within the proper conditions, we were able to
calculate the coverage of all primer sets to wild-type SARS-CoV-2, its variants, SARS-CoV-1
and five other coronaviruses (non-SARS) genomes. For both PCR and LAMP sets, we obtained
similar outcomes for all genome sets. We found that mismatched alignments increase the cov-
erage for SARS-CoV-2 in a considerable number of cases, which may contribute to enhance the
detection of the virus. However, a few primers showed no coverage at all. The cross-reactivity
was verified for SARS-CoV-1 and non-SARS coronaviruses. For the first, in both PCR and
LAMP assessment, a substantial number of primers showed high coverages even when mis-
matches are considered. Yet some primers achieved no coverages. In the case of non-SARS
genomes, only few primers showed some coverage.
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We found that a significant number of primers may contribute to detect both wild-type and
mutated SARS-CoV-2 genomes. Both PCR and LAMP primers achieved low and high cover-
ages, even null coverages for a few variants. RdRp primers/probes from Corman et al. [213] set
achieved null coverages for wild-type SARS-CoV-2, but high coverages when mismatches are
taken into account. Experiments have shown that mismatches in this primer subset did not af-
fect their ability to bind to the target [58, 241, 244]. In particular, a few RdRp primers achieved
100% partial coverage to the Delta variant. S3-F2 primer from Mohon et al. [232] set achieved
100% strict coverages for all subvariant sets, in contrast to two primers from Diego et al. [226]
set which covered no subvariant sets. Alves et al. [2] set achieved both strict and partial cov-
erages greater than 90% for variants, as well as experiments showed that E1 and N2 primer
subsets did not prevent the target amplification of Omicron variant considering the mismatch
presence [250]. In some cases, although the mismatched temperature is similar or greater than
the reference temperature, the mismatched base pair shows a considerable destabilisation in the
primer-target duplex. Highlight for a consecutive double mismatch from Munnink et al. [220]
set that has a similar temperature to reference temperature while a small end fraying. Also a
GA pair achieved an increase in the temperature showing a slight shift which may not hamper
the amplification. In summary, some primers showed null strict coverages to greater than 90%
partial coverages.

Finally, when we consider a null threshold ∆Tlim. = 0 ◦C between mismatched temperature
TMM and reference temperature Tref., the mismatch presence does not destabilise the duplex. A
few primers show zero strict coverage, while achieve a greater than 90% coverage if stabilising
mismatches are considered. Highlight for N1 F1c primer from Ji et al. [228] set that shows only
partial coverages for Omicron variant and BA.2 and BA.3 subvariants. Note that all primers
assessed here were designed to wild-type SARS-CoV-2.

Our findings are also in agreement with evidences which have been reported that mismatches
depend on number, position and type, sequential environment, especially the flanking base pairs,
and their impact is locally higher than globally. Nevertheless, this work shows that the impact
of DNA mismatches in primer-target hybridisation is not straightforward and depends on a fully
evaluation with detailed calculation with up-to-date model parameters. A detailed and in-depth
investigation of the behaviour of entire collection of mismatches would be of great interest and
application.

In addition, we applied our workflow to a SARS-CoV-1 LAMP primer set which showed
good results. We could verify the specificity of a few primers and the mismatch effect on
hybridisation temperatures. The analysis of LNA-modified LAMP primers also achieved con-
siderable results showing the potential application of nucleic acid modification parameters to be
incorporated in our workflow and an improvement in primer design in the future.
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10 Perspectives

The workflow developed in this work to evaluate PCR and LAMP primers designed to
SARS-CoV-2 allows us to analyse other primer sets to different types of targets, such as hu-
man immunodeficiency virus (HIV), oncogenes and other coronaviruses. We showed an exam-
ple in section 8.1.3 applying our workflow to LAMP primers designed to detect SARS-CoV-1
coronavirus. It motivated us to extend this type of study to other primer sets and pathogens
and, with collaboration, analyse experimental data for matched and mismatched hybridisations
in both techniques. Moreover, molecular beacons are a special type of probes that has been
used in PCR and LAMP methods, usually to quantificate the final product of the reaction and
other techniques, such as fluorescence resonance energy transfer (FRET). Studying molecular
beacons behaviour using our tools could improve the primer design and maintenance of the
techniques similar to the work showed here. We are also interested in studying different struc-
tural modifications of DNA and RNA to amplify our parameter collection, which may be useful
for several types of primer design. An example is the application of LNA modifications in PCR
and LAMP primers to SARS-CoV-2 detection [298–301]. We have worked in an initial analy-
sis of a published LNA-modified LAMP primer set designed to detect SARS-CoV-2 [295], see
section 8.2.5. Also LNA mismatches are studied to amplify the assessment of modified primers
and probes.
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Bezerra, Pâmella Miranda, Flávio D. Capanema, Henrique R. Martins, Gerald Weber,
Santuza M. R. Teixeira, Gabriel Luz Wallau, and Rubens L. do Monte-Neto. Optimiza-
tion and clinical validation of colorimetric reverse transcription loop-mediated isother-
mal amplification, a fast, highly sensitive and specific COVID-19 molecular diagnostic
tool that is robust to detect SARS-CoV-2 variants of concern. Frontiers in Microbiol-

ogy, 12:3172, 2021. ISSN 1664-302X. doi:10.3389/fmicb.2021.713713. URL https:

//www.frontiersin.org/article/10.3389/fmicb.2021.713713.
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[82] Beate Süß, Gabriele Flekna, Martin Wagner, and Ingeborg Hein. Studying the effect
of single mismatches in primer and probe binding regions on amplification curves
and quantification in real-time PCR. Journal of Microbiological Methods, 76(3):
316–319, 2009. ISSN 0167-7012. doi:https://doi.org/10.1016/j.mimet.2008.12.003.
URL https://www.sciencedirect.com/science/article/pii/

S0167701208004387.

[83] Carmen Koo, Simrandeep Kaur, Zhi-Yong Teh, Helen Xu, Amna Nasir, Yee-Ling Lai,
Erum Khan, Lee-Ching Ng, and Hapuarachchige C Hapuarachchi. Genetic variability in
probe binding regions explains false negative results of a molecular assay for the detec-
tion of dengue virus. Vector-Borne and Zoonotic Diseases, 16(7):489–495, 2016.
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[161] R. Lenarčič, D. Morisset, N. Mehle, and M. Ravnikar. Fast real-time detection
of potato spindle tuber viroid by RT-LAMP. Plant Pathology, 62(5):1147–1156,
2013. doi:https://doi.org/10.1111/ppa.12017. URL https://bsppjournals.

onlinelibrary.wiley.com/doi/abs/10.1111/ppa.12017.

[162] Gun-Soo Park, Keunbon Ku, Seung-Hwa Baek, Seong-Jun Kim, Seung Il Kim, Bum-Tae
Kim, and Jin-Soo Maeng. Development of reverse transcription loop-mediated isother-
mal amplification (RT-LAMP) assays targeting SARS-CoV-2. The Journal of Molecular

Diagnostics, 2020.

[163] Chitrangada Das Mukhopadhyay, Pramita Sharma, Koel Sinha, and Keshav Ra-
jarshi. Recent trends in analytical and digital techniques for the detection of
the SARS-CoV-2. Biophysical Chemistry, 270:106538, 2021. ISSN 0301-
4622. doi:https://doi.org/10.1016/j.bpc.2020.106538. URL https://www.

sciencedirect.com/science/article/pii/S0301462220302465.

[164] Laura E. Lamb, Sarah N. Bartolone, Elijah Ward, and Michael B. Chancellor. Rapid de-
tection of novel coronavirus/Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-
CoV-2) by reverse transcription-loop-mediated isothermal amplification. PLOS ONE,
15:1–15, 06 2020. doi:10.1371/journal.pone.0234682. URL https://doi.org/

10.1371/journal.pone.0234682.

https://doi.org/10.1186/1743-422X-11-139
https://doi.org/10.1186/1743-422X-11-139
https://doi.org/https://doi.org/10.1016/j.jpha.2020.02.010
https://www.sciencedirect.com/science/article/pii/S2095177920302082
https://www.sciencedirect.com/science/article/pii/S2095177920302082
https://international.neb.com/applications/dna-amplification-pcr-and-qpcr/isothermal-amplification/loop-mediated-isothermal-amplification-lamp
https://international.neb.com/applications/dna-amplification-pcr-and-qpcr/isothermal-amplification/loop-mediated-isothermal-amplification-lamp
https://international.neb.com/applications/dna-amplification-pcr-and-qpcr/isothermal-amplification/loop-mediated-isothermal-amplification-lamp
https://doi.org/https://doi.org/10.1111/ppa.12017
https://bsppjournals.onlinelibrary.wiley.com/doi/abs/10.1111/ppa.12017
https://bsppjournals.onlinelibrary.wiley.com/doi/abs/10.1111/ppa.12017
https://doi.org/https://doi.org/10.1016/j.bpc.2020.106538
https://www.sciencedirect.com/science/article/pii/S0301462220302465
https://www.sciencedirect.com/science/article/pii/S0301462220302465
https://doi.org/10.1371/journal.pone.0234682
https://doi.org/10.1371/journal.pone.0234682
https://doi.org/10.1371/journal.pone.0234682


109

[165] Ben Jia, Xueling Li, Wei Liu, Changde Lu, Xiaoting Lu, Liangxiao Ma, Yuan-Yuan
Li, and Chaochun Wei. GLAPD: Whole genome based LAMP primer design for
a set of target genomes. Frontiers in Microbiology, 10:2860, 2019. ISSN 1664-
302X. doi:10.3389/fmicb.2019.02860. URL https://www.frontiersin.org/

article/10.3389/fmicb.2019.02860.

[166] Michael D Buck, Enzo Z Poirier, Ana Cardoso, Bruno Frederico, Johnathan Canton, Sam
Barrell, Rupert Beale, Richard Byrne, Simon Caidan, Margaret Crawford, et al. SARS-
CoV-2 detection by a clinical diagnostic RT-LAMP assay. Wellcome Open Research, 6,
2021. doi:10.12688/wellcomeopenres.16517.2.

[167] Viet Loan Dao Thi, Konrad Herbst, Kathleen Boerner, Matthias Meurer, Lukas PM Kre-
mer, Daniel Kirrmaier, Andrew Freistaedter, Dimitrios Papagiannidis, Carla Galmozzi,
Megan L. Stanifer, Steeve Boulant, Steffen Klein, Petr Chlanda, Dina Khalid, Isabel
Barreto Miranda, Paul Schnitzler, Hans-Georg Kräusslich, Michael Knop, and Simon
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spite genomic mutations. Memórias do Instituto Oswaldo Cruz, 117:e220050, 2022.
doi:https://doi.org/10.1590/0074-02760220050.

[251] César MJA Metzger, Reto Lienhard, Helena MB Seth-Smith, Tim Roloff, Fanny Wegner,
Jonas Sieber, Michael Bel, Gilbert Greub, and Adrian Egli. PCR performance in the
SARS-CoV-2 omicron variant of concern? Swiss Med Wkly, 151(49):w30120, 2021.
doi:10.4414/SMW.2021.w30120.
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Appendix

Here we show all the support materials for the work. As the tables are too large to be viewed
here, by clicking on their colored names you will be redirected to a web page of our group where the
referended material is stored.
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A Primer/Probe Sets

Lists of PCR and LAMP primer sets collected and evaluated in this work.

A.1 PCR Sets

Table 10. List of PCR primers and probes.

A.2 LAMP Sets

Table 11. List of LAMP primers.

https://bioinf.fisica.ufmg.br/pamella/table10-thesis.pdf
https://bioinf.fisica.ufmg.br/pamella/table11-thesis.pdf
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B Genome Sets

In all tables of this session, contiguous genome codes, such as LR794478.1 to LR794483.1, are
shown in compact notation LR7944(78–83).1.

B.1 SARS-CoV-2 Wild Type

Table 12. List of SARS-CoV-2 genome accession codes.

B.2 Alpha Variant (B.1.1.7)

Table 13. List of Alpha variant (B.1.1.7) genome accession codes.

B.3 Beta Variant (B.1.351)

Table 14. List of Beta variant (B.1.351) genome accession codes.

B.4 Gamma Variant (P.1)

Table 15. List of Gamma variant (P.1) genome accession codes.

B.5 Delta Variant (B.1.617.2)

Table 16. List of Delta variant (B.1.617.2) genome accession codes.

B.6 Lambda Variant (C.37)

Table 17. List of Lambda variant (C.37) genome accession codes.

B.7 Mu Variant (B.1.621)

Table 18. List of Mu variant (B.1.621) genome accession codes.

B.8 Omicron Variant (B.1.1.529)

Table 19. List of Omicron variant (B.1.1.529) genome accession codes.

B.9 BA.2 Subvariant

Table 20. List of BA.2 subvariant genome accession codes.

B.10 BA.3 Subvariant

Table 21. List of BA.3 subvariant genome accession codes.

https://bioinf.fisica.ufmg.br/pamella/table12-thesis.pdf
https://bioinf.fisica.ufmg.br/pamella/table13-thesis.pdf
https://bioinf.fisica.ufmg.br/pamella/table14-thesis.pdf
https://bioinf.fisica.ufmg.br/pamella/table15-thesis.pdf
https://bioinf.fisica.ufmg.br/pamella/table16-thesis.pdf
https://bioinf.fisica.ufmg.br/pamella/table17-thesis.pdf
https://bioinf.fisica.ufmg.br/pamella/table18-thesis.pdf
https://bioinf.fisica.ufmg.br/pamella/table19-thesis.pdf
https://bioinf.fisica.ufmg.br/pamella/table20-thesis.pdf
https://bioinf.fisica.ufmg.br/pamella/table21-thesis.pdf
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B.11 BA.4 Subvariant

Table 22. List of BA.4 subvariant genome accession codes.

B.12 BA.5 Subvariant

Table 23. List of BA.5 subvariant genome accession codes.

B.13 SARS-CoV-1

Table 24. List of SARS-CoV-1 genome accession codes.

B.14 Other Coronaviruses (non-SARS)

Table 25. List of other coronaviruses genome accession codes.

https://bioinf.fisica.ufmg.br/pamella/table22-thesis.pdf
https://bioinf.fisica.ufmg.br/pamella/table23-thesis.pdf
https://bioinf.fisica.ufmg.br/pamella/table24-thesis.pdf
https://bioinf.fisica.ufmg.br/pamella/table25-thesis.pdf
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C PCR Primer/Probe Coverages

Strict and partial coverages for all PCR primers and probes to wild-type SARS-CoV-2 and its
variants and subvariants, and the other six coronaviruses.

C.1 SARS-CoV-2 and its variants

Table 26. Coverages for SARS-CoV-2 and its variants in PCR

C.2 SARS-CoV-1 and non-SARS coronaviruses

Table 27. Coverages for SARS-CoV-1 and non-SARS in PCR.

https://bioinf.fisica.ufmg.br/pamella/table26-thesis.pdf
https://bioinf.fisica.ufmg.br/pamella/table27-thesis.pdf
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D LAMP Primer Coverages

Strict and partial coverages for all LAMP primers to wild-type SARS-CoV-2 and its variants and
subvariants, and the other six coronaviruses.

D.1 SARS-CoV-2 and its variants

Table 28. Coverages for SARS-CoV-2 and Alpha, Beta and Gamma variants in LAMP.

Table 29. Coverages for Delta, Lambda, Mu and Omicron variants in LAMP.

Table 30. Coverages for BA.2, BA.3, BA.4 and BA.5 subvariants in LAMP.

D.2 SARS-CoV-1 and non-SARS coronaviruses

Table 31. Coverages for SARS-CoV-1 and non-SARS for LAMP.

https://bioinf.fisica.ufmg.br/pamella/table28-thesis.pdf
https://bioinf.fisica.ufmg.br/pamella/table29-thesis.pdf
https://bioinf.fisica.ufmg.br/pamella/table30-thesis.pdf
https://bioinf.fisica.ufmg.br/pamella/table31-thesis.pdf
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E Displacement Profiles

E.1 PCR Profiles

Average opening for a few PCR primers/probes in Figure 46.

E.2 LAMP Profiles

Average opening for a few LAMP primers in Figure 47.
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Figure 46
Displacement profiles for PCR primers. The blue line shows the displacement for matched aligment and
the red one for mismatched alignment. The genome/primer hybridisation direction is 5′ −→ 3′/3′ −→ 5′.
(a) 2019-nCoV N1-F primer [210] aligned to MT517436.1 genome at position 1595 and a GT mismatched pair
(Tref. = 62.4◦C and TMM = 56.5◦C); (b) China ORF R primer [212] aligned to LR880638.1 genome at posi-
tion 13441 and a TC mismatched pair (Tref. = 61.5◦C and TMM = 46.5◦C); (c) China N R primer [212] aligned
to MT370961.1 genome at position 28895 and an AG mismatched pair (Tref. = 65.6◦C and TMM = 56.1◦C);
(d) SARS-CoV-2 43 LEFT primer [220] aligned to MT375449.1 genome at position 15840 and AG and
AA mismatched pairs (Tref. = 69.1◦C and TMM = 67.0◦C); (e) HKU ORF1-P2 primer [224] aligned to
LR862491.1 genome at position 11031 and a TT mismatched pair (Tref. = 63.6◦C and TMM = 58.2◦C);
(f) N Set2 F1c primer [2] aligned to LR814012.2 genome at position 28341 and a GT mismatched pair
(Tref. = 69.4◦C and TMM = 69.0◦C).
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Figure 47
Displacement profiles for LAMP primers. The blue line shows the displacement for matched aligment and the
red one for mismatched alignment. The genome/primer hybridisation direction is 5′ −→ 3′/3′ −→ 5′. (a) F1c
primer [229] aligned to MT259237.1 genome at position 28235 and a TC mismatched pair (Tref. = 69.7◦C and
TMM = 64.8◦C); (b) F1c primer [229] aligned to MT259269.1 genome at position 28261 and a GT mismatched
pair (Tref. = 69.6◦C and TMM = 72.0◦C); (c) N15-B1c primer [183] aligned to EPI ISL 1678079 genome at
position 1044 and an AC mismatched pair (Tref. = 76.6◦C and TMM = 77.8◦C); (d) N5-LB primer [226]
aligned to EPI ISL 13453963 genome at position 1247 and a TC mismatched pair (Tref. = 67.6◦C and TMM =
68.5◦C); (e) RdRp B1c primer [2] aligned to LC567858.1 genome at position 17116 and a AC mismatched pair
(Tref. = 63.4◦C and TMM = 54.4◦C); (f) N Set2 F1c primer [2] aligned to LR814012.2 genome at position
28341 and a GT mismatched pair (Tref. = 69.4◦C and TMM = 69.0◦C).
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F Drop-out LAMP primers

All possible drop-out LAMP primers for wild-type SARS-CoV-2 and its variants and subvariants.

F.1 SARS-CoV-2

Table 32. Potential drop-out primers for SARS-CoV-2.

F.2 Alpha Variant

Table 33. Potential drop-out primers for Alpha variant.

F.3 Beta Variant

Table 34. Potential drop-out primers for Beta variant.

F.4 Gamma Variant

Table 35. Potential drop-out primers for Gamma variant.

F.5 Delta Variant

Table 36. Potential drop-out primers for Delta variant.

F.6 Lambda Variant

Table 37. Potential drop-out primers for Lambda variant.

F.7 Mu Variant

Table 38. Potential drop-out primers for Mu variant.

F.8 Omicron Variant

Table 39. Potential drop-out primers for Omicron variant.

F.9 BA.2 Subvariant

Table 40. Potential drop-out primers for BA.2 subvariant.

F.10 BA.3 Subvariant

Table 41. Potential drop-out primers for BA.3 subvariant.

https://bioinf.fisica.ufmg.br/pamella/table32-thesis.pdf
https://bioinf.fisica.ufmg.br/pamella/table33-thesis.pdf
https://bioinf.fisica.ufmg.br/pamella/table34-thesis.pdf
https://bioinf.fisica.ufmg.br/pamella/table35-thesis.pdf
https://bioinf.fisica.ufmg.br/pamella/table36-thesis.pdf
https://bioinf.fisica.ufmg.br/pamella/table37-thesis.pdf
https://bioinf.fisica.ufmg.br/pamella/table38-thesis.pdf
https://bioinf.fisica.ufmg.br/pamella/table39-thesis.pdf
https://bioinf.fisica.ufmg.br/pamella/table40-thesis.pdf
https://bioinf.fisica.ufmg.br/pamella/table41-thesis.pdf
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F.11 BA.4 Subvariant

Table 42. Potential drop-out primers for BA.4 subvariant.

F.12 BA.5 Subvariant

Table 43. Potential drop-out primers for BA.5 subvariant.

https://bioinf.fisica.ufmg.br/pamella/table42-thesis.pdf
https://bioinf.fisica.ufmg.br/pamella/table43-thesis.pdf
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G FIP and BIP LAMP Primers – Terminal Mismatches

FIP and BIP LAMP primers with terminal mismatches that have an increase in their coverage.

G.1 SARS-CoV-2

Table 44. Mismatched position in FIP and BIP primers for SARS-CoV-2.

G.2 Alpha Variant

Table 45. Mismatched position in FIP and BIP primers for Alpha variant.

G.3 Beta Variant

Table 46. Mismatched position in FIP and BIP primers for Beta variant

G.4 Gamma Variant

Table 47. Mismatched position in FIP and BIP primers for Gamma variant

G.5 Delta Variant

Table 48. Mismatched position in FIP and BIP primers for Delta variant

G.6 Lambda Variant

Table 49. Mismatched position in FIP and BIP primers for Lambda variant

G.7 Mu Variant

Table 50. Mismatched position in FIP and BIP primers for Mu variant

G.8 Omicron Variant

Table 51. Mismatched position in FIP and BIP primers for Omicron variant

G.9 BA.2 Subvariant

Table 52. Mismatched position in FIP and BIP primers for BA.2 subvariant.

G.10 BA.3 Subvariant

Table 53. Mismatched position in FIP and BIP primers for BA.3 subvariant.

https://bioinf.fisica.ufmg.br/pamella/table44-thesis.pdf
https://bioinf.fisica.ufmg.br/pamella/table45-thesis.pdf
https://bioinf.fisica.ufmg.br/pamella/table46-thesis.pdf
https://bioinf.fisica.ufmg.br/pamella/table47-thesis.pdf
https://bioinf.fisica.ufmg.br/pamella/table48-thesis.pdf
https://bioinf.fisica.ufmg.br/pamella/table49-thesis.pdf
https://bioinf.fisica.ufmg.br/pamella/table50-thesis.pdf
https://bioinf.fisica.ufmg.br/pamella/table51-thesis.pdf
https://bioinf.fisica.ufmg.br/pamella/table52-thesis.pdf
https://bioinf.fisica.ufmg.br/pamella/table53-thesis.pdf
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G.11 BA.4 Subvariant

Table 54. Mismatched position in FIP and BIP primers for BA.4 subvariant.

G.12 BA.5 Subvariant

Table 55. Mismatched position in FIP and BIP primers for BA.5 subvariant.

https://bioinf.fisica.ufmg.br/pamella/table54-thesis.pdf
https://bioinf.fisica.ufmg.br/pamella/table55-thesis.pdf
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H CRISPR LAMP Results

H.1 Primers

Table 56. List of CRISPR LAMP primers from Ref. 60.

H.2 Coverages

Table 57. Coverages for SARS-CoV-2 and Alpha, Beta, Gamma and Delta variants.

https://bioinf.fisica.ufmg.br/pamella/table56-thesis.pdf
https://bioinf.fisica.ufmg.br/pamella/table57-thesis.pdf
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I Mismatch Position Primers

I.1 Primer Sequences

Table 58. List of primers from Ref. 266.

I.2 Correlations

Correlation between average opening and extension efficiency for set1 and set2 in Figures 48
and 49, respectively.
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Figure 48
Correlation between average opening and extension efficiency for set1. In a temperature of calculation at 200 K
to both 3′ (a) and 5′ (b) terminals, and in a temperature of calculation at 220 K in both 3′ (c) and 5′ (d) terminals.

https://bioinf.fisica.ufmg.br/pamella/table58-thesis.pdf
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Figure 49
Correlation between average opening and extension efficiency for set2. In a temperature of calculation at 180 K
to both 3′ (a) and 5′ (b) terminals; 200 K for 3′ (c) and 5′ (d) terminals; 220 K for 3′ (e) and 5′ (f) terminals,
and 280 K for 3′ (g) and 5′ (h) terminals.
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Table 59. List of LAMP primers from Ref. 295.

https://bioinf.fisica.ufmg.br/pamella/table59-thesis.pdf
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A B S T R A C T   

Background: DNA mismatches can affect the efficiency of PCR techniques if the intended target has mismatches in 
primer or probe regions. The accepted rule is that mismatches are detrimental as they reduce the hybridization 
temperatures, yet a more quantitative assessment is rarely performed. 
Methods: We calculate the hybridization temperatures of primer/probe sets after aligning to SARS-CoV-2, SARS- 
CoV-1 and non-SARS genomes, considering all possible combinations of single, double and triple consecutive 
mismatches. We consider the mismatched hybridization temperature within a range of 5 ∘C to the fully matched 
reference temperature. 
Results: We obtained the alignments of 19 PCR primers sets that were recently reported for the detection of SARS- 
CoV-2 and to 21665 SARS-CoV-2 genomes as well as 323 genomes of other viruses of the coronavirus family of 
which 10 are SARS-CoV-1. We find that many incompletely aligned primers become fully aligned to most of the 
SARS-CoV-2 when mismatches are considered. However, we also found that many cross-align to SARS-CoV-1 and 
non-SARS genomes. 
Conclusions: Some primer/probe sets only align substantially to most SARS-CoV-2 genomes if mismatches are 
taken into account. Unfortunately, by the same mechanism, almost 75% of these sets also align to some SARS- 
CoV-1 and non-SARS viruses. It is therefore recommended to consider mismatch hybridization for the design of 
primers whenever possible, especially to avoid undesired cross-reactivity.   

1. Introduction 

The coronavirus disease 2019 (COVID-19) pandemic has caused a 
flurry of activity regarding the detection of SARS-CoV-2, in particular a 
substantial amount of new RT-PCR primers were developed for this 
specific purpose [1–19]. A number of factors can influence the reliability 
of the PCR detection, such as sample contamination [20], 
cross-reactivity with other viruses [14], contamination of reagents [21], 
non-specific annealing [22] and poor amplification efficiency [23]. A 
crucial primer design factor is its hybridization melting temperature 
[24] that is related to the annealing of oligonucleotides. A set of primers 
with close melting temperatures and in the ideal range for primer 
extension usually ensures good PCR performance [25]. 

A factor that may interfere with the hybridization temperatures are 
the presence of mismatches, that is non-Watson-Crick base pairs, be-
tween the primer and the DNA target. This affects the stability of the 
duplex, usually leading to a decrease in the hybridization temperature 

[26,27]. As a result, the presence of mismatches may influence the 
performance of primers restraining the amplification of DNA target. 
New mismatches arise due to mutations in primer regions of the target 
DNA, and may lead to false-negative results [20,28–30]. This is of spe-
cial concern for the case of RNA viruses that have a high mutation rates 
[19,30]. Mutations that occur in the SARS-CoV-2 genome [31,32] imply 
that the presence of mismatches between primer/probe and the tem-
plate eventually become inevitable. On the other hand, it is known that 
mismatch presence may affect only the first few cycles of PCR [33,34] 
and with proper design may even be advantageous [35]. Therefore, as a 
rule of thumb, the occurrence of single mismatches are admitted in the 
hope that they may not affect the detection of the target and its ampli-
fication [36]. Unfortunately, the thermodynamic instability caused by 
the presence of mismatches is rarely quantified in primer design for a 
number of reasons. One of which is that the prediction of hybridization 
temperatures involving mismatches carries large uncertainties. Unlike 
Watson-Crick complementary base pairs, AT and CG, the hydrogen 
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bonding and stacking interactions of mismatches are strongly dependent 
on the adjacent base pairs. Temperature predictions rely on experi-
mental melting temperature data which typically do not cover the full 
combinatorial spectrum of mismatches and were carried out under high 
sodium buffer conditions [37,38]. However, this has now changed. A 
recent development from our group has reworked the parametrization 
for a comprehensive set of 4032 sequences containing up to three 
consecutive mismatches [39]. This now enables the analysis in un-
precedented detail of the effect of mismatches in primer/probe hybrid-
ization. A key finding of this work was that up to 15% of all mismatch 
contexts may result in larger melting temperatures than the least stable 
canonical AT base pair, which means that the occurrence of mismatches 
may in some cases result in increased stabilization [39]. 

Here, we analyse how and if mismatches do influence the melting 
temperatures of primer/probehybridised to SARS-CoV-2 genomes. We 
collected 19 PCR primer/probe sets (297 primers and 43 probes) which 
cover seven different gene regions of SARS-CoV-2 genome (N, E, S, M, 
ORF1ab, RdRp and nsp2 genes) [1–19]. These primer/probes were 
aligned to 21665 genomes of SARS-CoV-2 and 323 genomes of other 
coronaviruses. Melting temperatures are calculated with a mesoscopic 
model using the newly developed parameters for up to three consecutive 
mismatches [39]. Using the mesoscopic model for the calculation of 
mismatches has an important advantage over nearest-neighbour models 
[37] as it naturally accounts for end effects, that is, mismatches located 
near the primer end may have different hybridization temperatures than 
those that are centred which reflects experimental observations on PCR 
efficiencies [34]. Despite this, in some cases, the presence of mismatches 
in the 3’ end of the primer contributes to the amplification efficiency 
[40] and may avoid false-priming [24,25]. 

2. Materials and methods 

2.1. Genomes and primer sets 

We collected NG = 21665 genomes of SARS-CoV-2 at NCBI [41], in 8 
October 2020, and ensured that all were at least 25000 bp in size. The 
accession codes of these genomes are shown in Supplementary Table S1. 
To verify cross-reactivity we also performed the same analysis for Nh.c. =

323 human coronaviruses (229E, NL63, OC43, HKU1, MERS), including 
SARS-CoV-1, and their accession codes are shown in Supplementary 
Tables S2 and S3. 

A total of 19 different primer/probe sets for RT-PCR were obtained 
from Refs. [1–19], their full details are shown in Supplementary 
Table S4. Note that several publications include primers from earlier 
reports. In particular, CDC primers [2] are included in several publica-
tions. Therefore, for each set we only considered those that were not 
repeated from other publications. Note that some primers and probes 
were designed for both SARS-CoV-1 and SARS-CoV-2 [4,14]. 

2.2. Primer and genome alignment 

Each primer or probe sequence is aligned against a given genome 
using a Smith-Waterman algorithm [42], where matching base pairs AT 
and CG were given score 2, mismatches score − 1, and no gaps were 
considered. Alignments were carried out in two strand configurations, 
first for the genome sequences as obtained from the database and taking 
the primer/probe sequence as complementary strand 

5′

− (unmodified  target  genome  sequence) − 3′

3′

− (primer/probe) − 5′

and next by taking the complementary of the genome sequence 

5′

− (complementary  target  genome  sequence) − 3′

3′

− (primer/probe) − 5′

These alignments are carried out regardless if the primer was 

identified as forward or reverse. In all cases the nominal directions of the 
primers were identified correctly. 

A primer/probe that was completely aligned to a target genome, 
without mismatches, was termed as strictly matched. If there were up to 
three contiguous mismatches in the alignment it was called as partially 
matched. The limit of three contiguous mismatches relates to the 
available melting temperature parameters. Alignments with four or 
more contiguous mismatches were considered as not aligned. 

As an example of partial alignment, we show the RdRp_SARSr-R1 
primer (bottom strand) in the MT457390 genome 

5′

− TATGCTAATAGTGTT TTTAACATTTG − 3′

3′

− ATACGATTATCACAC AAATTGTAAAC − 5′

where the mismatched site is underlined. 

2.3. Calculation of melting temperatures 

Hybridization temperatures Tm are calculated from 

Tm = a0 + a1τ, (1)  

where τ is a statistical index calculated from the classical partition 
function of a model Hamiltonian, and a0 and a1 are regression co-
efficients obtained from a set of 4096 experimental melting tempera-
tures of which 4032 are from sequences containing up to three 
consecutive mismatched base pairs [39]. The buffer conditions for these 
parameters are 50 mM sodium chloride, 10 mM sodium phosphate, pH 
7.4, and total strand concentration 1.0 μM. For a complete description of 
the melting temperature calculation and experimental conditions see 
Refs. [39,43]. The index τ was calculated for each primer/probe, using 
the parameters reported in Ref. [39], after aligning against a reference 
genome. The calculation of τ also yields the average displacement pro-
file which shows the expected base-pair opening along the oligonucle-
otide duplex, for details see Eq. (5) from Ref. 39. 

2.4. Coverage evaluation 

We calculated the hybridization temperatures from Eq. (1) for each 
primer/probe assuming a complete Watson-Crick complementarity 
which we called the reference temperature Tref., which are shown in 
Supplementary Table S5. 

All 19 primer/probe sets were aligned against NG genomes and we 
kept only those alignments with up to three consecutive mismatches. 
The coverage for a strictly non-mismatched alignment Cstrict was 
calculated as 

Cstrict =
NG − Nn.a. − NMM

NG
(2)  

where NG is the total number of genomes which are at least 25000 bp in 
size, Nn.a. is the number of genomes for which no alignment was found, 
and NMM is the number of genomes for which a partial alignment with up 
to three consecutive mismatches was found. 

Next, for each of the NMM partial alignments we calculated the hy-
bridization temperatures TMM from Eq. (1) taking into account the 
mismatches, and the difference to the reference temperature Tref. is 

ΔTMM =Tref. − TMM (3)  

TMM is usually, but not always, lower than Tref. [39]. We will consider 
the partially mismatched coverage Cpart. as 

Cpart. =
NG − Nn.a. − Nlow(ΔTlim.)

NG
(4)  

where Nlow is the number of primers/probes satisfying 

ΔTMM ≤ ΔTlim. (5) 
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Here, we will use ΔTlim. = 5 ∘C, that is, we will consider that mis-
matched primers/probes with TMM no more than 5 ∘C below the refer-
ence temperature Tref. are still acceptable. 

2.5. Availability 

The software packages used for this work are freely available, please 
see supplementary section S1 for step-by-step instructions on how to 
download, install, run and perform the analysis described here. The 
authors will consider requests for primer analysis, please see contact 
details. 

3. Results and discussion 

After aligning all primer/probe sets to all genomes we calculated 
their hybridization temperatures taking into account up to three 
consecutive mismatches, as detailed in the methods section. Table 1 

summarises all sets analysed, their range of reference hybridization 
temperatures, strict and partial coverage for SARS-CoV-2 and for non- 
SARS-CoV-2 viruses. The detailed results for each primer are shown in 
Supplementary Table S5 for SARS-CoV-2, including the amount of 
mismatched alignments in the last three positions related to both ter-
minals. If the PCR primers can in principle bind to non-SARS-CoV-2 
targets then this set may not specific [22]. Considering this, we ana-
lysed the 19 primer/probe sets in relation to genomes of other corona-
viruses (non-SARS) as well as SARS-CoV-1 to verify if there was some 
cross-reactivity. The detailed results are shown in Supplementary 
Table S6 for SARS-COV-1, and S7 for non-SARS viruses. 

The typical design rules for PCR primers and probes recommend that 
the range of hybridization temperatures in a given set should be narrow, 
of the order of 10 ∘C [25,44]. Several authors even suggest that the range 
for primer pair should be no more than 5∘C [22,45] or even less than 1∘C 
[46]. However, it is evident, from Table 1, that very few sets have 
temperature ranges below 10 ∘C, while some even exceed 20 ∘C. For 
example, the Luminex set, which includes the primer/probe set of China 
CDC, shows differences in the primer temperatures up to 21.6 ∘C. 
However, when mismatches are considered the hybridization tempera-
tures may go far below the design range. In Fig. 1, we show an example 
of a displacement profile where a single AC mismatch completely dis-
turbs the surrounding AT base pairs and the hybridization temperature 
drops to TMM = 48.5 ∘C, down from a reference temperature of Tref. =

61.1 ∘. However, a presence of one or more mismatches does not 
necessarily imply in a reduction of hybridization temperature. For 
example, the SARS-CoV-2_89_RIGHT primer when aligned to 
MT259228.1 has two consecutive mismatches towards the 5’ end, see 
Supplementary Fig. S1. Even though these mismatches induce a small 
end fraying, it has a calculated temperature of TMM = 68.7 ∘C which is 
even somewhat higher than its reference temperature Tref. = 68.3 ∘C. 
This stability is caused by an increased stacking interaction between the 
GA and AA mismatches [39]. 

In terms of SARS-CoV-2 strict coverage, most sets have Cstrict typi-
cally above 90%, which is expected as the primer design is guided by 
existing genomes. However, a number of specific probes, such as 
RdRp_SARSr-P1-1 from Corman et al. [4] go from 0 to 99.4% only if 
mismatches are taken into account. Indeed, as pointed out by Pillonel 
et al. [47] several of the probes from Corman et al. [4] do not fully match 
the available SARS-CoV-2 genomes (1623 at the time [47]). However, it 
was also observed that the mismatches had little effect on their effi-
ciencies [13,28] which is consistent with our calculations. The reason 

Table 1 
Summary of the results for all primer/probe sets. Shown are the number of primers/probes Npp for each set, the range of reference temperatures Tref., the range of strict 
and partially mismatched coverages, for SARS-CoV-2, SARS-CoV-1 and non-SARS genomes. Detailed results for each primer are shown in Supplementary Tables S5, S6 
and S7.  

Name of Set Npp  Tref. (∘C)  SARS-CoV-2 SARS-CoV-1 non-SARS 

Cstrict (%)  Cpart. (%)  Cstrict (%)  Cpart. (%)  Cstrict (%)  Cpart. (%)  

CDC [2] 6 61.1–75.5 98.4–99.3 99.1–99.4 0.0–80.0 0.0–80.0 0.0 0.0 
WHO [1] 21 51.3–70.3 97.9–99.4 97.9–99.5 0.0 0.0 0.0 0.0 
Luminex [3] 6 59.4–81.0 64.9–99.5 65.1–99.5 0.0 0.0–100 0.0 0.0 
Jalali et al [8]. 6 61.3–64.2 98.7–99.4 98.7–99.4 0.0–100 0.0–100 0.0 0.0 
Corman et al [4]. 21 61.7–81.7 0.0–99.4 0.0–99.4 0.0–100 0.0–100 0.0 0.0–19.2 
Davda et al [5]. 16 56.5–70.3 95.3–99.4 95.3–99.4 0.0–80.0 0.0–90 0.0 0.0 
Grant et al [6]. 2 62.4–79.9 97.5–99.3 97.5–99.5 0.0–100 0.0–100 0.0 0.0 
Hirotsu et al [7]. 3 60.6–68.8 0.0–99.4 0.0–99.4 0.0 0.0 0.0 0.0 
Lanza et al [9]. 27 60.5–75.0 98.5–99.4 98.8–99.5 0.0 0.0–90.0 0.0 0.0 
Li et al [10]. 2 67.5–70.4 98.2–99.2 98.3–99.2 0.0 0.0–100 0.0 0.0 
Lu et al [11]. 3 64.0–74.7 98.6–99.4 99.3–99.4 0.0 0.0 0.0 0.0 
Munnink et al [12]. 171 65.4–74.9 45.9–99.5 46.0–99.7 0.0–100 0.0–100 0.0 0.0–0.639 
Nalla et al [13]. 4 51.7–68.0 0.0–99.5 0.0–99.5 0.0–90.0 0.0–100 0.0–68.7 0.0–68.7 
Niu et al [14]. 6 59.2–84.2 0.0–99.4 0.0–99.4 0.0–100 0.0–100 0.0 0.0 
Park et al [15]. 20 59.3–65.4 94.9–99.5 94.9–99.5 0.0–100 0.0–100 0.0 0.0 
Rahman et al [16]. 6 64.2–76.1 97.6–99.4 97.6–99.4 0.0 0.0–100 0.0 0.0 
Toptan et al [17]. 6 62.2–65.4 98.8–99.5 98.8–99.5 0.0 0.0 0.0 0.0 
Vogels et al [18]. 11 58.6–65.5 0.0–99.3 0.0–99.3 0.0–100 0.0–100 0.0 0.0 
Yip et al [19]. 2 61.4–63.4 99.1–99.2 99.1–99.3 0.0 0.0 0.0 0.0  

Fig. 1. Displacement profile for CDC 2019-nCoV_N2–F when aligned to SARS- 
COV-2 MT576057.1 at position 659 has a mismatch AC (red symbols) instead of 
CG (blue symbols). 
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for the presence of mismatches in this case, as explained in Corman and 
Drosten [28], was the incomplete genomic information available at the 
time when this set was designed. It is worth noticing that while ac-
counting for mismatches increases the coverage of this particular pri-
mer/probe set, it also increases the coverage for SARS-CoV-1 and even 
non-SARS as shown in Table 1. 

We observed that in some cases the presence of few mismatches 
substantially decrease the hybridization temperature, leading to a 
complete absence of coverage. For example, four primers from Vogels 
et al. [18] do not align with any genome at all, not even when consid-
ering the mismatches as their hybridization temperatures TMM are too 
low in comparison to reference temperature Tref.. In contrast, for several 
cases when mismatches are taken into account the coverage becomes 
almost complete. A special example is probe 2019-nCoV_N1–P from CDC 
set that had 223 further mismatch alignments increasing the strict 
coverage of 98.4% to partial coverage of 99.4%. Similar findings were 
observed for SARS-CoV-2_6_LEFT [12] and NIID_WH-1_F501 of WHO 
[1]. 

The cross-reactivity, that is, the coverage of SARS-Cov-1 and non- 
SARS, appear in most primer/probe sets when mismatches are taken 
into account. Of the 19 primer/probe sets, we found only 5 sets that do 
not present cross-reactivity at all, see Table 1. 

4. Conclusion 

We evaluated the impact of mismatches in the hybridization of 
primers and probes for the detection of SARS-CoV-2 and other genomes. 
We have shown that the effect of mismatches on the probe/primer hy-
bridization is not straightforward and can only be fully evaluated with a 
detailed calculation with up-to-date model parameters. In particular, 
our calculations showed that a substantial amount of the existing 
primers/probes may cross-react to SARS-CoV-1 and non-SARS genomes, 
which further highlights the need for taking mismatch hybridization 
into account. 
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Abstract. Mismatches are any type of base-pairs other than AT and
CG. They are an expected occurrence in PCR primer-target hybridis-
ation and may interfere with the amplification and in some cases even
prevent the detection of viruses and other types of target. Given the nat-
ural occurrence of mutations it is expected that the number of primer-
target mismatches increases which may result in a larger number of false-
negative PCR diagnostics. However, mismatches may equally improve
the primer-target hybridisation since some types of mismatches may
stabilize the helix. Only very recently have thermodynamic parameters
become available that would allow the prediction of mismatch effects at
buffer conditions similar to that of PCR. Here we collected primers from
WHO recommendation and aligned them to the genomes of the current
variants of concern (VOC): Alpha, Beta, Gamma and Delta variants.
We calculated the hybridisation temperatures taking into account up to
three consecutive mismatches with the new parameters. We assumed that
hybridisation temperatures to mismatched alignments within a range of
5 ◦C of the non-mismatched temperature to still result in functional
primers. In addition, we calculated strict and partial coverages for com-
plete and mismatched alignments considering only single, double and
triple consecutive mismatches. We found that if mismatches are taken
into account, the coverage of WHO primers actually increase for VOCs
and for the Delta variant it becomes 100%. This suggest that, at least
for the moment, these primers should continue to be effective for the
detection of VOCs.
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1 Introduction

The emergence of the pandemic of COVID-19 required the deployment of large-
scale testing to control and monitor the disease. For this purpose, several pro-
tocols of PCR-based methods, mainly RT-PCR, were developed. Although RT-
PCR is the gold standard molecular diagnostic, a few factors can interfere with
its accuracy and performance such as sample quality and low amplification effi-
ciency [9]. PCR efficiency in particular may be affected by destabilizing mis-
matches in primer-target. They may affect the ability of primers hybridise to the
target, which may lead to non-amplification and, consequently, to non-detection.
The influence caused in the hybridisation by mismatches depends on their length,
sequential environment, position and number [4]. Even so, mismatches in primer-
target duplex impact only the first few cycles of the PCR reaction [9]. They also
affect the melting temperature, which is an important parameter to the primer
design and is related to their stability and performance.

Here, we describe the evaluation of 21 primers and probes for RT-PCR rec-
ommended by WHO [1] in early 2020 to be applied to the detection of “original”
SARS-CoV-2, which was evaluated in a previous work [5]. We collected those
from Institut Pasteur, Department of Medical Sciences (Thailand) and National
Institute of Infectious Diseases (Japan). We applied a mesoscopic model to cal-
culate the hybridisation temperatures of alignments using a newly developed
parameters for up to three consecutive mismatches [7]. The primers/probes were
analysed regarding to SARS-CoV-2 variants of concern (VOC) classified so far:
B.1.1.7 (Alpha), B.1.351 (Beta), P.1 (Gamma) and B.1.617.2 (Delta) variants.

2 Materials and Methods

Primer/Genome Sets. We collected 21 primers and probes from the summary
of protocols recommended by WHO [1]. Regarding the genomes, we collected
from GISAID [2] 7247 genomes of Alpha, 7497 of Beta and 2308 of Gamma
variants in 7 April 2021, and 7943 genomes of Delta variant in 5 June 2021.

Primer/Genome Alignments. Primers and probes were aligned against each
genome using Smith-Waterman algorithm [8], where AT and CG base pairs were
given score 2, mismatches score −1, and no gaps were considered. Alignments
were carried out regarding two strand configurations. The genome sequence as
obtained from the database

5′−(unmodified target genome sequence)−3′

3′−(primer/probe sequence)−5′

and its complementary counterpart

5′−(complementary target genome sequence)−3′

3′−(primer/probe sequence)−5′
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The alignments without mismatches were termed as strictly matched, those
which contained up to three consecutive mismatches as partially matched and
alignments with four or more consecutive mismatches were considered as not
aligned. The limit of three consecutive mismatches is due to the available melting
temperature parameters.

Calculating Hybridisation Temperatures. Hybridisation temperatures
were calculated using

Tm = a0 + a1τ, (1)

where τ is a statistical index, which is calculated from the classical partition func-
tion of a model Hamiltonian, and a0 and a1 are regression coefficients obtained
from a set of sequences containing up to three contiguous mismatched base
pairs [7]. Moreover, the calculation of τ also generate the average displace-
ment profile which shows the expected base-pair opening along the primer-target
duplex. For a complete description of this calculation see Ref. [7].

Calculating Strict and Partial Coverages. We calculated the melting tem-
peratures for the 21 primers/probes assuming a perfect hybridisation, which we
called the reference temperature Tref., see Table 1. Alignments were carried out
between primer and genomes of VOCs and kept only those with up to three con-
tiguous mismatches. The coverage for strictly matched alignments Cstrict was
calculated as

Cstrict =
NG − Nn.a. − NMM

NG
(2)

where NG is the total number of genomes which are at least 25000 bp in size,
Nn.a. the number of genomes for which no alignment was found, and NMM the
number of genomes for which a partial alignment with up to three contiguous
mismatches was found.

For partially matched alignments, we calculated the melting temperature
TMM taking into account the mismatches, and assumed the difference to the
reference temperature Tref.

ΔTMM = Tref. − TMM (3)

Then, we calculated the partially coverage Cpart. as

Cpart. =
NG − Nn.a. − Nlow(ΔTlim.)

NG
(4)

where Nlow is the number of primers satisfying

ΔTMM ≤ ΔTlim. (5)

Here, we use ΔTlim. = 5 ◦C, that is, we consider that primers with up to three
consecutive mismatches with TMM no more than 5 ◦C below the reference tem-
perature Tref. are acceptable.
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Availability. The software packages used for this work are freely available
and can be found in https://bioinf.fisica.ufmg.br/software/analyse mismatch
primers.tar.gz.

3 Results and Discussion

Mismatches in primer-template duplex may avoid the amplification and turn
the PCR reaction non-functional [4]. However, in some cases, mismatches may
contribute to stabilize the duplex, even the hybridisation may be greater con-
sidering mismatches in comparison to AT-rich primers with no mismatches [6].
Mismatches in the direction of 3′ end are more detrimental to PCR reaction [3],
yet at and near 3′ end they may prevent false priming [6].

In Fig. 1a, a single AG mismatch is shown located at 3′ end, which yields
a small surrouding perturbation (red line). Its temperature TMM = 55.3 ◦C is

AG CG AT TA GC AT GC GC TA GC CG AT GC TA TA CG GC AT GC0

5

10

15

20

25

30

Av
er

ag
e 

di
sp

la
ce

m
en

t (
×1

0-
2  n

m
)

NIID_WH-1_F509@EPI_ISL_2353719@29304

(a) NIID WH-1 F509 primer

ACGC TA GC CG AT GC TA TA CG GC AT GC CG AT TA CG CG GC AT AT0
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(b) NIID WH-1 F501 primer

GC GC CG AT TA AT CG AT CG TA TG GC CG TA AT TA GC TA CG
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(c) NIID WH-1 Seq R840 primer

GC GC TA GC CG AT GC CA TA CG GC AT GC CG AT TA CG CG GC AT AT
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Fig. 1. Average displacement profiles. The blue line shows the displacement for full
matched aligment and the red one for mismatched alignment. In each figure, the label
shows the primer name, genome accession code and position, separated by the symbol @.
(Color figure online)
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out of the limit in relation to reference temperature Tref. = 63.6 ◦C. In contrast,
Fig. 1b shows a single AC mismatch at 3′ end, which yields a large end fraying
and may impact in the DNA polymerase action, leading to a non-amplification.
Nevertheless, its temperature TMM = 69.0 ◦C is slightly lower than the reference
temperature Tref. = 70.3 ◦C, which indicates a feasible effective hybridisation. In
Figs. 1c and 1d, we show single mismatches in the middle of the alignment, TG
and CA pairs, respectively. Both single mismatches display a small perturbation
to duplex in comparison to matched reference (blue line). However, TG sequence
hybridises at a temperature of TMM = 45.4 ◦C, considerable lower than its
reference temperature Tref. = 60.2 ◦C, whereas CA sequence hybridises at TMM =
71.0 ◦C, which is slightly over to reference temperature Tref. = 70.3 ◦C. The
latter shows a feasible contribution of a single mismatch, which could stabilise
the primer-target duplex without impact in the amplification.

In Table 1, we show both strict and partial coverages for the four variants of
concern. In a considerable number of cases, the coverage increases considering
mismatches and, in special for Delta variant, it increases to 100%.

Table 1. Results for 21 PCR primers and probes from WHO [1] recommendation.
Shown are the reference temperatures Tref. and the range of strict and partially cover-
ages for Alpha, Beta, Gamma and Delta variants of concern (VOC) genomes, respec-
tively.

Primer/Probe Tref. (◦C) Alpha variant Beta variant Gamma variant Delta variant

Cstrict (%) Cpart. (%) Cstrict (%) Cpart. (%) Cstrict (%) Cpart. (%) Cstrict (%) Cpart. (%)

NIID WH-1 F24381 61.2 99.1 99.1 98.3 98.3 98.9 98.9 99.8 99.8

NIID WH-1 F501 70.3 99.5 99.7 99.3 99.5 99.6 99.7 99.7 100

NIID WH-1 F509 63.3 99.5 99.5 99.0 99.1 99.3 99.3 99.3 99.3

NIID WH-1 R24873 61.5 99.7 99.7 99.3 99.3 99.4 99.4 100 100

NIID WH-1 R854 61.7 99.1 99.1 98.3 98.3 99.6 99.6 99.4 99.4

NIID WH-1 R913 69.2 99.3 99.8 98.1 98.6 99.7 99.9 99.8 100

NIID WH-1 Seq F24383 60.4 99.1 99.1 98.3 98.3 98.9 98.9 99.8 99.8

NIID WH-1 Seq F519 58.8 99.3 99.3 98.4 98.4 99.1 99.1 98.2 98.2

NIID WH-1 Seq R24865 60.1 99.7 99.7 99.3 99.3 99.3 99.3 100 100

NIID WH-1 Seq R840 60.2 98.9 98.9 98.1 98.1 99.6 99.6 99.5 99.5

WH-NICN-F 64.4 99.8 99.8 99.1 99.1 99.0 99.0 98.8 98.8

WH-NICN-P 51.3 99.9 99.9 98.6 98.6 99.2 99.2 99.9 99.9

WH-NICN-R 64.1 99.8 99.9 98.6 98.7 98.9 99.0 99.8 99.8

WuhanCoV-spk1-f 65.4 99.4 99.5 98.4 98.6 98.9 98.9 99.8 99.9

WuhanCoV-spk2-r 64.6 99.9 99.9 99.4 99.4 99.4 99.4 99.7 99.7

nCoV IP2-12669Fw 54.3 99.8 99.8 99.3 99.3 99.2 99.2 100 100

nCoV IP2-12696bProbe 67.0 99.7 99.8 99.4 99.4 99.9 99.9 98.9 100

nCoV IP2-12759Rv 53.7 99.6 99.6 98.6 98.6 99.4 99.4 99.8 99.8

nCoV IP4-14059Fw 54.8 99.9 99.9 99.5 99.5 100 100 100 100

nCoV IP4-14084Probe 61.3 90.1 90.1 99.5 99.5 99.1 99.1 99.7 99.7

nCoV IP4-14146Rv 54.8 99.5 99.5 99.5 99.5 99.8 99.8 98.0 98.0

4 Conclusion

We evaluated DNA mismatches in PCR-type primers/probes recommended by
WHO to the detection of SARS-CoV-2 virus. We carried it out regarding the
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variants of concern classified so far. The impact caused by mismatches are not
straightforward and a full evaluation can be carried out with a detailed cal-
culation and up-to-date model parameters. Nevertheless, we showed that these
primers are able to align to VOCs genomes in a high coverage and it is feasible
a contribution of mismatches to primer-target hybridisation.
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Abstract:
Background:  Viral  mutations  are  the  primary  cause  of  mismatches  in  primer-target  hybridisation,  affecting  the
sensibility of molecular techniques, and potentially leading to detection dropouts. Despite its importance, little is
known about the quantitative effect of mismatches in primer-target hybridisation. We have used up-to-date and highly
detailed thermodynamic model parameters of DNA mismatches to evaluate the sensibility to variants of SARS-CoV-2
RT-LAMP primers.

Methods: We aligned 18 RT-LAMP primer sets, which underwent clinical validation, to the genomes of the wild-type
strain (ws), 7 variants and 4 subvariants, and calculated hybridisation temperatures allowing up to three consecutive
mismatches.  We  calculated  the  coverage  when  the  mismatched  melting  temperature  fell  by  more  than  5°C  in
comparison to the matched alignments. If no mismatches were considered, the average coverage found was 94% for
ws, falling to the lowest value for Omicron, i.e., 84%.

Results:  However,  considering  mismatches,  the  coverage  was  much  higher,  i.e.,  97%  (ws)  to  88%  (Omicron).
Stabilizing mismatches (higher melting temperatures)  accounted for roughly 1/3 of  this  increase.  The number of
primer  dropouts  increased  for  each  new  variant;  however,  the  effect  was  much  less  severe  if  mismatches  were
considered.

Conclusion: We suggest using melting temperature calculations to continuously assess the trend of primer dropouts.

Keywords: DNA mismatches, Diagnosis, LAMP primer design, SARS-CoV-2, DNA thermodynamic models, Melting
temperature calculations.
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1. INTRODUCTION
There are eight possible mismatched (MM) base pairs

in DNA: AA, AC, AG, CC, CT, GG, GT, and TT. They may
arise from DNA replication [1], genetic recombination [2],
and  primer-template  hybridisation  in  PCR  reactions  [3],

which  may  lead  to  false-negative  results  [4].  Their
presence  may  influence  the  stability  and  structural
properties  of  DNA  duplex,  changing  hydrogen  bonds
conformation  and  stacking  interactions.  However,  some
mismatches  show  a  similar  overall  shape  to  a  canonical
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pair  and  a  relatively  stable  configuration,  e.g.,  a  GT-
mismatched pair [5, 6]. MM pairs may be found in anti-syn
or  syn-anti  conformations  differently  from  DNA  pairs,
which are naturally in an anti-anti conformation. Mismatch
impact  varies  from  weakly  bound  (CC  pair)  to  strongly
bound (GG pair) in a local conformation, while molecular
dynamics and NMR experiments have shown no impact on
a global conformation, such as for AA and TT pairs [1, 7].
Internal and terminal mismatches influence primer-target
hybridisation in different ways [8]. Mismatches located far
from the 3’ end have a moderate effect without influencing
PCR performance [3]. On the other hand, those near the 3’
terminal are critical and may lead to non-amplification of
the target [8, 9]. Nevertheless, mismatches either near or
at  the  3’  terminal  may  avoid  false  priming  unlike  the  5’
terminal  and  internal  mismatches  [10].  Although  it  is
known  that  mismatches  typically  destabilise  the  primer-
target duplex, some types of mismatches are more stable
than  others,  and  some  even  more  than  AT  base  pairs,
which may contribute towards the stability of the duplex
[1,  11,  12].  A  few  mismatches  in  PCR  primers  may
contribute to the design of antisense oligonucleotides [13],
SNP [14], and allele-specific identification [12].

The  isothermal  PCR  known  as  RT-LAMP  (reverse
transcription loop-mediated isothermal amplification) is a
robust, fast, and inexpensive molecular technique, and can
be carried out in less than an hour [15,  16].  It  has been
used as a molecular diagnostic test  for several  diseases,
such as ebola [17], zika [18], HIV [19], SARS [20], MERS-
CoV  [21],  and  SARS-CoV-2  [22],  the  causative  agent  of
COVID-19.  To  detect  these  diseases,  it  is  necessary  to
design specific primers to identify the target agent. Unlike
PCR, which usually uses a single pair of primers, RT-LAMP
uses 2 or 3 pairs: F3 and B3 (outer primers), FIP and BIP
(inner primers), and LF and LB (loop primers). The outer
and inner primers act at the beginning of the reaction, but
just the inner ones act in later cycles. FIP and BIP primers
are  long primers  that  contain  two parts:  F1c  and F2 for
FIP  and B1c and B2 for  BIP,  which  correspond to  sense
and  antisense  sequences  of  the  target  [23].  Finally,  the
loop primers are included to accelerate the reaction [24].

For  LAMP,  in  the  same  way  as  for  PCR  [25],
mismatches may appear between target and primers due
to mutations potentially causing false-negative results [26,
27].  Yet,  mismatches  may  enhance  the  technique's
performance. In fact, SARS-CoV-2 PCR primers designed
by  Corman  et  al.  [27]  during  the  earlier  stages  of  the
pandemic  had  mismatches  that  did  not  hinder  the
detection of the coronavirus [28]. A few Cas12 enzymes in
CRISPR assays have shown mismatch tolerance [29], and
resistant  mutants  may  be  detected  after  an  antibiotic
administration when a mismatch is incorporated at the 3’
terminal  [30].  Recent  PCR-based  methods  have  used
mismatches  either  at  or  near  the  3’  terminal  to  detect
Delta variant [31] and Omicron subvariants [32].

In  a  previous  study  [33],  we  evaluated  the  impact  of
mismatches  on  RT-PCR  primers  and  probes,  where  we
showed  that  the  mismatches  do  not  always  have  a
negative  impact  on  thermodynamic  stability.  The  reason

for  this  is  that  there  are  a  number  of  mismatch
configurations  that  may  actually  increase  the  melting
temperatures. This was confirmed recently by Scapaticci
et  al.  [34],  who  found  that  mutations  may  have  higher
melting  temperatures  and  suggested  that  the  melting
temperature  analysis  could  be  used  to  detect  specific
variants.  As  for  PCR,  it  is  expected  that  mismatches  in
primer-target hybridisation may appear for LAMP primers,
especially  for  both  FIP  and  BIP  primers  in  which
mismatched base pairs in either 5' or 3' ends may prevent
the elongation by Bst  DNA polymerase,  leading to  a  low
amplification  efficiency  [35].  Although  one  or  two
mismatches  have  been  shown  to  be  tolerable  for  LAMP
[30,  36],  studies  with  three  or  more  consecutive
mismatches  are,  to  our  knowledge,  not  available.

Here,  we  have  shown  the  evaluation  of  DNA
mismatches  in  18  RT-LAMP  primer  sets  [37-54],  which
were designed for wild-type SARS-CoV-2 genomes. One of
those sets [38] was previously successfully evaluated by us
for a few variants and now for amplified genome sets. We
applied a previous workflow [33] to analyse those primers
for  the  detection  of  SARS-CoV-2  variants  as  Alpha
(B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2),
Lambda  (C.37),  Mu  (B.1.621),  and  Omicron  (B.1.1.529)
variants,  and  BA.2  to  BA.5  subvariants.  The  outcomes
show if  those  primers  may  still  be  effective  in  detecting
the  variants  and  how  the  presence  of  mismatches  may
contribute  to  covering  more  genomes,  consequently
detecting the coronavirus. Furthermore, we reinforce the
fact that a continuous evaluation of RT-LAMP primer sets
is  needed  to  cover  variants  that  may  arise,  as  already
suggested  [48].

2. MATERIALS AND METHODS

2.1. Genome Sets
We  randomly  collected  21665  genomes  of  original

SARS-CoV-2  (wild  type  strain)  on  8th  October,  2020,  at
NCBI [55]; 7247 genomes of the Alpha variant, 7497 of the
Beta variant, and 2308 of the Gamma variant on 7th April,
2021;  7943  of  Delta  variant  on  5th  June,  2021;  7029  of
Omicron  variant  on  16th  December,  2021;  6610  of  Mu
variant,  9340  of  Lambda  variant,  and  7393  and  348  of
Omicron  subvariants  BA.2  and  BA.3  on  11th  February
2022; and 629 and 1231 of Omicron subvariants BA.4 and
BA.5 on 19th September 2022, at GISAID [56].

2.2. Primer Sets
We  collected  18  different  RT-LAMP  primer  sets

designed  for  SARS-CoV-2  original  genomes  that
underwent clinical validation [37-54], resulting in a total of
436 primers. Their details are shown in Table S1. FIP and
BIP primers were divided in F1c/F2 and B1c/B2 primers,
respectively, except those from three sets [38, 40, 51], for
which the division of primers was already given. We found
all  possible  combinations  of  primer  pairs  and  selected
those according to the temperatures of the same type of
pair from the three sets just mentioned.
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2.3. Evaluation Workflow
All primers were aligned to each genome set using a

Smith-Waterman  algorithm,  as  described  earlier  [33].
Fully  matched  alignments  were  called  strictly  matched
and  those  with  single,  double,  and  triple  consecutive
mismatches  were  termed  partially  matched.  Alignments
with  four  or  more  consecutive  mismatches  were
considered  as  not  aligned.  The  limit  of  the  maximal
number  of  consecutive  mismatches  is  be  due to  the  fact
that  the  available  parameter  only  covers  up  to  three
contiguous mismatches [11].  In addition,  it  is  very likely
that four or more mismatches will destabilize the primers
far  beyond the  limits  considered here.  Also,  deletions  in
the viral genome, as in the Omicron variant [57, 58], may
lead to no alignment of the primers.

Hybridisation  temperatures  for  matched  (Tref.)  and
mismatched  (TMM)  alignments  were  calculated  from  a
mesoscopic  model  with  the  parameters  obtained  from  a
previous work [11].

(1)

The reference hybridisation temperature Tref. for each
primer is shown in Supplementary Table S1. It should be
noted  that  the  parameters  [11]  are  for  a  sodium  buffer,
which  is  different  from  those  typically  used  in  PCR
reactions  that  contain  Mg+.  Therefore,  the  absolute
temperatures Tref. may be different from the actual melting
temperatures of the primers. However, since our analysis
deals with temperature differences, which are not strongly
buffer-dependent,  we  expect  them  to  be  sufficiently
accurate  for  our  purposes.

We  define  a  strictly  matched  (AT  and  CG  only)
alignment  coverage  for  each  primer  as

follows:

(2)

Where,  NG  is  the  total  number  of  genomes,  Nn.a.  is  the
number  of  genomes  for  which  no  alignment  was  found,
and  NMM  is  the  number  of  genomes  for  which  a  partial
alignment containing mismatches was found.

The  difference  between  reference  hybridisation
temperature  Tref.  and  mismatched  alignments  TMM  is
defined  as  follows:

(3)

Where,  TMM  is  usually  lower  than  Tref.  [11].  The  partial
coverage  for  alignments  with  up  to  three  contiguous
mismatches  is  defined  below:

(4)

Where,  Nlow  is  the  number  of  alignments  where  the
mismatched  melting  temperature  TMM  is  lower  by  ∆Tlim.

than the reference Tref. It should be noted that as there are
many mismatch configurations that have an increased TMM,
that  is,  there  are  situations  where  Cpart.  >  Cstrict  even  for
∆Tlim. = 0. A previous work has provided additional details
of this workflow [33].

All 18 primer sets were aligned against the genomes of
SARS-CoV-2  variants.  We  calculated  the  hybridisation
temperatures  and  coverages  for  both  matched  and
mismatched  alignments  considering  single,  double,  and
triple  consecutive  mismatches.  The  complete  evaluation
was carried out in approximately 120 h computing time.

2.4. Availability
The software packages used to carry out this work are

freely available and can be found at https://bioinf.fisica.uf
mg.br/software/, in the analyse primer lamp.tar.gz package.

3. RESULTS AND DISCUSSION
We assessed 18 clinical validated RT-LAMP primer sets

[37-54]. They showed high strict and partial coverages for
wild-type  SARS-CoV-2  and  its  variants.  Even  for  variants
and  subvariants,  a  few  primers  achieved  more  than  90%
coverage.  A considerable number of  primers showed high
coverages only when mismatches were taken into account.
Also,  primers  utilized  by  Alves  et  al.  [38]  achieved  high
coverages for wild-type SARS-CoV-2 and Gamma variant, in
agreement  with  the  experimental  results.  Furthermore,
Almeida et al. [59] showed E1 and N2 primer subsets to be
able  to  identify  the  Omicron  variant  target  despite  the
presence  of  only  a  single  mismatch.  All  strict  and  partial
coverages are shown in Tables S2-S55.

Given  the  continuous  mutation  of  the  SARS-CoV-2
genomes, it is expected that over time, mismatches should
increasingly  occur  within  the  primer  regions.  Fig.  (1),
where  we show the  Cstrict  averaged over  all  436 primers,
illustrates this decreasing coverage as variants appear. In
comparison  to  the  wild-type  strain  (ws)  coverage,  all
variants  decreased  their  coverage.  When  we  considered
partial coverages in the presence of mismatches with ∆Tlim

= 0°C, that is, primers with TMM ≥ Tref., the curve uniformly
shifted upwards. For ∆Tlim = 5°C, Beta, Gamma, Delta, and
Mu partial  coverage became slightly  higher  than the  ws
strict  coverage.  However,  the  rate  of  decrease  was  not
uniform, and some variants had higher coverage than their
presumed predecessor variants. For the Omicron variant,
which  had  a  larger  number  of  mutations  [60],  we  have
observed a sharp drop in the coverage. However, for the
subsequent  subvariant,  the  picture  has  been  mixed;  the
BA.3 subvariant shared the low coverage, but BA.2, BA.4,
and BA.5 have shown a higher coverage.  The reason for
this oscillation was not clear.
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Fig.  (1).  Coverage averaged over  all  primers  as  for  wild-type SARS-CoV-2 genomes (ws),  Alpha (α),  Beta  (β),  Gamma (γ),  Delta  (δ),
Lambda (λ), Mu (µ), and Omicron (o) variants, and BA.2 (b2), BA.3 (b3), BA.4 (b4) and BA.5 (b5) subvariants. Black bullets are for Cstrict

and red (blue) boxes are for ∆Tlim = 0°C (5°C). The dashed line connecting the data point is only intended as a guide to the eye.

Table 1. Examples of primer coverages with stabilizing mismatches, Tlim. = 0°C, which have Cpart.(0°C) > 90%
while having Cstrict = 0. Only those primers having stabilizing mismatches for the given variant are shown.

Cpart.(0°C) (%)

Primer ws Alpha Beta Gamma Delta Lambda Mu Omicron BA.2 BA.3 BA.4 BA.5

As1e F1c [28] 99.2 99.4 98.7 99.7 99.2 99.0 99.7 98.5 100 98.6 99.5 99.7
iLACO-F1c [28] 99.2 - 99.1 99.5 99.3 99.8 99.8 99.5 99.8 99.7 100 99.9
N15-B1c [33] 97.7 98.8 96.5 98.4 99.9 99.4 99.6 99.2 99.9 99.7 98.9 98.9
N1-B1c [35] 98.4 99.5 97.1 99.6 99.6 99.7 99.3 93.8 99.8 94.3 99.0 98.7
N1-F1c [35] - - - - - - - 92.7 97.5 94.0 - -
N2-F1c [35] 99.1 99.1 96.6 99.1 99.9 98.7 99.7 99.3 99.9 99.7 99.0 99.0

NEB orf1a-A-F1c [37] 98.9 99.5 99.2 99.5 99.8 99.6 99.1 99.4 99.7 99.1 99.2 96.9
F1c [38] - - - - - 98.9 99.2 93.9 99.5 93.1 - -

Similar to what we have seen for RT-PCR [61],  many
alignments  that  would  result  in  a  null  strict  coverage
achieve  partial  coverage  beyond  99%  if  mismatches  are
considered.  In  some  cases,  a  large  partial  coverage  is
already  obtained  for  ∆Tlim  =  0°C,  that  is,  if  we  consider
only mismatches that do not destabilize the duplex.

In  Table  1  we  show  a  few  examples  of  primers  that
have zero strict coverage but go beyond 90% if stabilizing

mismatches are considered. It is somewhat surprising that
some primers achieved high coverages for Omicron only
and  not  for  the  other  variants,  despite  the  fact  that  all
were designed for the wild-type strain. While this seems to
be an opposite  trend to  the  overall  decline  for  Omicron,
one should note that a higher coverage for Omicron was
rather exceptional and only occurred for very few primers.
On  the  other  hand,  this  quite  clearly  highlights  that  the
assessment of mismatch influence is far from trivial.



Effectiveness of RT-LAMP Primers 5

Table 2. Sets having at least one potential drop-out primer for any of the variants. Only the reference number is
shown for each set. Drop-out primers are considered as those with a partial coverage (∆Tlim. = 5°C) below 5%,
Ndrop, for at least one variant. Nprimers is the number of separate primers for each set.

Ref. Nprimers Ndrop ws Alpha Beta Gamma Delta Lambda Mu Omicron BA.2 BA.3 BA.4 BA.5

[29] 32 6 0 0 0 1 0 1 1 3 3 3 4 3
[30] 40 7 0 1 1 1 1 0 0 3 3 3 3 3
[31] 81 28 4 11 5 5 5 6 12 9 5 10 7 6
[32] 8 1 0 0 0 0 0 1 0 0 0 0 0 0
[33] 32 6 0 0 0 1 0 3 1 3 2 3 2 2
[34] 15 3 0 0 1 0 0 0 0 1 2 2 2 2
[35] 32 5 1 3 1 3 2 2 1 2 2 2 3 2
[36] 8 1 0 0 0 0 0 0 0 1 1 1 1 1
[37] 32 5 0 0 0 0 0 1 0 1 2 2 4 2
[38] 10 6 0 2 1 0 2 3 0 3 3 3 3 3
[39] 48 12 0 3 0 5 3 6 0 7 7 7 8 7
[40] 8 5 0 2 0 1 0 0 2 0 0 0 0 0
[41] 16 5 0 1 2 0 1 1 0 1 1 1 1 1
[42] 8 2 1 1 1 2 1 1 1 1 1 1 1 1
[43] 15 3 0 1 0 0 0 1 0 1 1 1 1 1
[44] 15 2 0 1 0 1 1 2 0 1 1 1 1 1
[45] 16 1 1 1 1 1 1 1 1 1 1 1 1 1

Table 3. Primers obtained from the work of Ji et al. [44] with single, double, and triple contiguous mismatches.

Primers Mismatches Tref. (°C) TMM (°C)

N1-B1c GT 73.9 80.6
N2-B1c TT/CT 69.0 66.6

ORFlab-1-F1c GT/TT 71.0 70.1
N2-F1c GT/CT/TT 75.6 79.9

While most primers had large coverages, an important
amount of  primers failed to achieve significant coverage
for  at  least  one  variant,  and  may  represent  a  potential
dropout. A summary of the amount of primers that could
potentially  represent  dropouts  is  provided  in  Table  2.
Here, we have considered a very stringent threshold of 5%
at ∆Tlim = 5°C, that is, primers where even considering a
maximal  5°C  melting  temperature  below  the  reference
temperature  covered  less  than  5%  of  the  available
genomes  for  a  given  variant.  Only  the  set  proposed  by
Alekseenko et al. [37] had no potential dropout primers at
all. The complete list of potential dropout primers for each
variant is shown in Tables S56-S67.

Mismatched pairs in 5' or 3' terminals of FIP and BIP
primers  may  hamper  the  amplification  by  Bst  DNA
polymerase.  However,  we  found  a  few  alignments  with
either  5'  and  3'  terminal  mismatches  to  have  a
hybridisation  temperature  within  the  threshold  and
contribute  to  the  increase  in  the  coverage  when
mismatches are taken into account. Clearly, in some cases,
mismatches  in  both  terminals  reduced  the  temperature.
An interesting case was found for four primers from the
work  of  Ji  et  al.  [44],  which  showed  single,  double,  and
triple contiguous mismatches at the 3’ terminal (Table 3).
We observed that only the double mismatched pair cases

decreased the temperature. On the other hand, the single
and  triple  mismatched  pairs  increased  the  temperature.
Perhaps,  due  to  the  GT  mismatched  pair  has  been
reported  as  a  strong  pair  [2,  11,  62,  63].  FIP  and  BIP
primers with terminal mismatches that had an increase in
their  coverage  are  shown  in  Tables  S68-S79  for  each
genome set. It should be noted that FIP and BIP primers
were divided into F1c/F2 and B1c/B2, respectively, and as
such  treated  individually.  With  respect  to  the  LAMP
technique, the F1c and B1c depend on their respective F2
and B2 complements, and the dropout may in practice be
higher.

CONCLUSION
In this work, we have evaluated the coverage of 18 RT-

LAMP primer  sets  considering  single,  double,  and  triple
mismatches in primer-target hybridisation to SARS-CoV-2
variants. In general, the average coverage of these primer
sets  decreased  for  the  new  variants,  when  compared  to
the wild-type strain. Overall, the coverage was lowest for
the  Omicron  and  BA.3  variants.  However,  a  clear
monotonic  decrease  in  the  coverage  was  not  observed;
instead, for some variants,  the coverage increased when
compared to its putative predecessor, as exemplified most
notably  by  the  Mu  variant,  which  showed  one  of  the
highest  coverages.  Coverage  uniformly  increased  if
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mismatches were taken into account, while not enough to
completely compensate for the loss in comparison to the
wild-type strain, as is shifted the worst case from 84% to
88%. Similarly,  the number of  potential  dropout primers
increased with each new variant, and only one out of 18
sets showed no potential primer drop-out. We suggest the
use  of  the  methodology  described  here  to  continuously
evaluate  the  effectiveness  of  RT-LAMP  primer  as  new
variants emerge. Furthermore, our method can be applied
to the detection of other infectious diseases.

LIST OF ABBREVIATIONS

α = Alpha
β = Beta
γ = Gamma
δ = Delta
λ = Lambda
µ = Mu
o = Omicron
b2 = BA.2
b3 = BA.3
b4 = BA.4
b5 = BA.5
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potential  drop-out  primers  for  each variant.  Tables  S68-
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BIP primers for each genome.
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