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Addendum

Background:

After submitting our review report on Corman et al. (referred hereinafter as CD-report) and
republishing it on a scientific preprint server [50] and Researchgate.net [51] we offered the
report for public discussion at cormandrostenreview.com on 27th November 2020. The
scientific community provided additional literature, references, and analyses concerning the
CD-report and the Corman et al. manuscript. Several “advocatus diaboli” confronted us with
correct or assumed problems in our report. The most common critique of the CD-report was
the lack of “wet lab” experiments to support our concerns over the technical flaws in the
PCR protocol.

Aim:

This vibrant debate on our CD report has provided additional information worthy of further
public documentation to address these critiques. We summarize the current published
knowledge of “wet lab testing”, routine diagnostic use and validation of the original
PCR-Protocol described by Corman et al. Further, this addendum highlights that independent
research groups (some of them with Corman and/or Drosten as author) also pointed out
important concerns with the original manuscript and Corman PCR protocol distributed by
the WHO. Many of these references were already provided by the authors of the original
CD-report but it is worth underscoring their relevance to the formation of our critiques of
the CD manuscript.

Methods:

We searched the literature for ‘SARS-CoV-2 gPCR’ and ‘Corman’ or ‘Charité’. Then we
combined these references with those provided by other scientists working in relevant Life
Sciences/data analysis fields.

In the first section of the addendum, the publications will be discussed point by point,
highlighting their findings in relation to the CD-report. In a second section, additional aspects
about the Corman et al. publication are discussed. This spans a meta-analysis of the unusual
peer-review process, timeframes, and further technical vulnerabilities of the Corman et al.
PCR-protocol.

An additional concern was raised about the CD-report regarding the discussion of
appropriate controls. We cite several studies that underscore the importance of internal
controls in assessing viral load and the lack of such internal controls in the Corman gPCR
method. These internal controls are required for normalizing swab sampling variance and
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they are critical for interpreting viral load. They are notably absent from the Corman PCR
protocol. Several people also expressed confusion regarding the NCBI submissions provided
by Corman et al. The sequences provided lack two of the target gene sequences Corman et
al. claim to target. The only sequences referenced in the manuscript are listed (KC633203,
KC633204, KC633201, GU190221, GU190222, GU190223) and none of these have sequences
that match their N and E gene primers. This not only brings their validation into question but
also prevents others from reproducing the work presented in Corman et al.

Results:

We present 20 scientific publications providing ‘wet lab’ evidence of the performance of the
Corman et al. PCR protocol. Of those, 17 found problems with incorrect primer design
(mismatches, dimer formation, melting temperature) in the SARS-CoV-2 specific
“confirmatory” test named RdRp-PCR for “RNA-dependent RNA-polymerase” or the E-gene
assay.

These documented problems include:

O Documented primer dimers and False Positives in non-template controls (NTCs)
O Documented poor sensitivity and False Negatives compared to other assays
O Nointernal control to normalize the sample preparation variability and its impact on viral
load estimation
O No defined Ct for calling samples “Positive cases”
O Poorly documented positive controls and sequences used in their study
Conclusion:

We believe the references provided in this addendum itemize the scientific consensus
evident in the literature regarding the flaws in the original PCR detection method for
SARs-CoV-2 published by Corman et al.. Further, since several important flaws were
published in peer-reviewed journals, the lack of correction of the original PCR protocol by
either Eurosurveillance or as an update in the Charité-WHO protocol brings into question the
scientific integrity of the authors of Corman et al. These references settle any remaining
debate that the Corman et al. manuscript should be retracted on technical grounds alone.
The rapidity of the peer-review and conflicts of interest are even more troubling.
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Section 1:
A. Wet lab evidence of primer design flaws

The primer pair for the RdRp gene was shown to create a positive PCR test result in the
absence of SARS-CoV-2. This can happen when the primer design is suboptimal and the
primers react with themselves in the absence of the virus. Insufficient test specificity and
primer design flaws seen in Corman-Drosten's SARS-CoV2 qPCR assay creates a high number
of false positive and false negative results.

h. Background and Pinollel et al. (Letter to the editor of
Eurosurveillance)

We have listed 20 references that give compelling wet-lab evidence for flaws in primer
design and methodological validation of the PCR testing protocol by Corman et al. These
studies nullify the most common complaint voiced (no wet-lab evidence) regarding the
retraction letter.

There is no need for the authors of the Corman-Drosten (CD manuscript) retraction request
to perform wet-lab experiments to prove these deficiencies as those experiments are
already evident in fully peer-reviewed articles. These papers represent diverse labs with
diverse authors and different jurisdictional influences on the scientific funding and research.

Initially, it is important to underscore the other complaint already evident with the CD
manuscript.

Pillonel et al. - Letter to the editor: SARS-CoV-2 detection by real-time RT-PCR [16]:

“After careful review of the initial manuscript and analysis of SARS-CoV-2 and other
coronavirus sequences, it appeared that the proposed RdRp reverse primer contained
an incorrect degenerate base (S), that does not match with the SARS-CoV-2 RNA
sequence, as shown in the alignment of Corman et al. Figure 2.”

[...]

“These observations based on in silico alignments should be confirmed by
wet-laboratory experiments, but they could explain the lower sensitivity of the RdRp
RT-PCR also shown by Vogels et al. and point towards potential improvements.”

“As the pandemic spreads, many laboratories worldwide, including in low-resource
countries that may not rely on expensive commercial kits, implement routine
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diagnostic tests. Thus, we think that such information is critical to ensure a proper
detection of SARS-CoV-2 infections, allowing efficient isolation and preventing further
transmission of the virus.”

Corman et. al: Authors’ response: SARS-CoV-2 detection by real-time RT-PCR [31]:

“Our strategy during establishment was to use a synthetic target for the SARS-CoV-2 E
gene assay, while validating amplification of a full virus genome RNA using the RdRp
assay that is specific for both, SARS-CoV and SARS-CoV-2, with the latter not being
available to us in the form of an isolate or clinical sample at the time. Based on
experimental validation, it later turned out that the mismatched base pairs do not
reduce RT-PCR sensitivity and are not to be seen as the reason for somewhat higher Ct
values with the RdRp assay as compared to the E gene assay.”

Since Nalla et al. is cited in this author’s response as reference, also see section béﬂ 2YwY £
Yl in this Addendum.

This Addendum challenges the authors’ response (Corman T YV.) and claims to Pillonel
YV.’s letter to the editor (Table 1).
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Table 1: Main findings in the publications reviewed

RdRp gene (LS)

primer
contamination

Publication Proof of Discussion of high CT Detected Primer dimers Authors Reason
false positive (FP) mismatches modified
or low sensitivity primers
(Ls)
Muenchhoff et al RdRp (LS) E-gene ( B7) In RdRp reverse RdRp reverse | high difference
RdRp gene ( B0) in melting
temperature
Jung et al RdRp (FP)
Etievant et al E-gene (FP) Detected with

Gand et al N-Gene (LS) N-gene Mentions WHO
forward and needs to update
reverse Corman errors
RdRp reverse
RdRp probe

Konrad et al E-Gene (FP) E-gene, FP E35 Discussed for

E-gene
Sethuraman et al Only review
Nalla et al N-gene (LS)
RdRp-gene (LS)

Vogels et al RdRp-gene (LS) For N gene of CDC only RdRp-gene

Kuchinski et al

Ratcliff et al RdRp Correcting the
mismatch

Jaeger et al Dimer formation CDC primers

with Tagman or only
fluorogenic
probes detected

Khan et al RdRp reverse (T) In silico

Opota et al E-Gene (FP+FN)

Barra et al Higher primer
concentration in
order to improve
detection limit

Santos et al RdRp reverse (T)

Anantharajah et al RdRp (LS) RdRp reverse (T)
Nalla et al RdRp (LS)
E gene (LS)

Dahdouh et al

10-16 Ct variance in Sample
prep. Requires human
amplicon to normalize

Critical to have
Internal controls

Poljak et al Critical to have
Internal controls
Boutin et al 15% disagreement Critical to have

Internal controls

Pfefferle et al

Modified
primers to
prevent
primer
dimers
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b. Review of the literature

0

1. Muenchhoff  Yul

Muenchhoff et al. compare seven different labs using various PCR protocols including the
primers described in the CD manuscript. Six out of seven laboratories in the Muenchhoff et
al. paper [1] tested the original primer pairs described in the Corman-Drosten paper.
Muenchhoff et al. also refers to the official WHO-recommendation of the protocol [2].

According to table 1 in the Muenchhoff et al. paper, the Corman-Drosten protocol
components (primers, gene assays, etc.) are labeled and referred to as “Charité genes” and
TIB-Molbiol is listed as the manufacturer of the corresponding primers/probes.

As a proficiency test for inter-laboratory performance evaluation, a series of 10-fold dilutions
of one of the SARS-CoV-2 PCR positive RNA samples was sent out to all seven laboratories.
As a result, 5 of 6 laboratories were able to find as low as 5 copies of SARS-CoV-2 RNA by
Charité E-gene PCR, and all 50 or fewer copies by the Charité RdRp gene PCR. The three labs
amplifying the Charité N-gene PCR managed to detect 5 of the spiked RNA molecules.

In parallel to the intra-laboratory testing of the RNA dilution series, the main authors of the
manuscript compared the sensitivity of different primer pairs with a digital droplet PCR in
their laboratory (Laboratory 1).

Based on the digital droplet PCR, the authors concluded that the “Charité E gene” primer
pair performance is comparable with the “CDC N primer pairs”; both show similar sensitivity,
but the N gene and the RdRp gene assays are significantly less sensitive with the positive
RNA samples tested (Figure 1).
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Figure 1, taken from Muenchhoff et al.: Digital droplet PCR quantification of the distributed dilution series of nucleic acid
eluate of SARS-CoV-2-positive clinical material, Germany, March 2020.
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In addition, a test of 28 samples derived from pre-tested CDC N1-gene positive
patient-samples in Laboratory 1 revealed that all Charité primer pairs showed a Ct with a
median of around 37 (CDC N1 and Charite’ E) and 40 or higher (Charite’ RdRp) and a
“modified” improved Charite’ RdRp showed a Ct of 36 as median (Figure 2). None of the
patients’ samples were positive at a Ct of 32 or lower.
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Figure 13: Table reproduced from Nalla et al.

TABLE 2 Relative performance of SARS-CoV-2 detection assays using five different primer-
probe sets?

Sample ID CDC N1 CDC N2 CDC N3 Corman RdRp Corman E-gene
SC5777 24.5 23.2 233 290 24.9

SC5778 30.2 30.6 30.1 34.8 31.9

SC5779 33.3 328 320 36.5 34.7

5C5780 14.6 13.7 139 19.2 15.1

SC5781 15.1 14.1 143 20.2 16.2

SC5782 21.8 209 210 269 226

SC5783 16.0 14.9 156 20.8 16.9

SC5784 36.0 356 Negative Negative 354

SC5785 27.8 27.3 274 32.7 289

SC5786 23.9 24.0 243 294 25.6

aCycle thresholds are displayed.

The Nalla et al. authors include a panel of other respiratory viruses in their PCR testing,
however, results are mentioned for the CDC N1 and N2-primer probe sets only, not for the
Corman et al. primer/probes combinations, despite a sentence in the discussion claiming:

“Of the seven different primer-probe sets and one testing kit that we evaluated, all
were found to be highly speci c with no false-positive results observed when assays
were run on samples positive for a number of other respiratory viruses.” [24]

8. Vogels T il

Vogels et al. describe the errors in the RARp-SARSr_R Charité primer with 99.8% mismatch
frequency in SARs-CoV-2. This is due to the Corman-Drosten primer design being performed
and verified on the basis of a non-relevant SARs-CoV-1 sample (Figure 14, Figure 15):

“Thus far, we detected 12_primer—probe nucleotide mismatches that had occurred in
at least two of the 992 SARS-CoV-2 genomes. The most potentially problematic
mismatch is in the RdRp-SARSr reverse primer, which probably explains the sensitivity
issues with this set. Oddly, the mismatch is not derived from a new variant that has
arisen, but rather that the primer contains a degenerate nucleotide (S, binds with G or
C) at position 12, and 990 of the 992 SARS-CoV-2 genomes encode for a T at this
genome position.” [14]
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Figure 14 taken from Vogels et al. (Table 2):
High-frequency primer and probe mismatches may result in decreased sensitivity for SARS-CoV-2 detectionTable

Table 2 | High-frequency primer and probe mismatches may result in decreased sensitivity for SARS-CoV-2 detection

Institute Primer-probe Primer-probe Genome Primer-probe Nucleotide inref. Expected target Mismatch target
position 5'-3"  position nucleotide genome? (RC) nucleotide in genomes®
5'-3" (frequency)
China CDC CCDC-N-F 1 28,881 G G (© C TRC (126/992;12.7%)
CCDC-N-F 2 28,882 G G (© C TR (126/992; 12.7%)
CCDC-N-F 8 28,883 G G (© © GRC (126/992;12.7%)
CCDC-ORF1-F 17 13,358 C c@ G AR (2/992; 0.2%)
CCDC-ORF1-P 26 13,402 T T(A) A CRC(4/992; 0.4%)
Charité E Sarbeco R 12 26,370 G C (@) C T (4/992; 0.4%)
RdARp-SARSr_R 12 15,519 S T(A) CorG T (990/992; 99.8%)
HKU HKU-N-F 4 29148 T T(A) A GR€ (5/992; 0.5%)
uUs CDC 2019-nCoV_N1-P g 28,311 C C (@) G A (2/992; 0.2%)
2019-nCoV_N1-R 15 28,344 G C @) C A (4/992; 0.4%)
2019-nCoV_N3-F 8 28,688 T T(A) A GR¢ (39/992; 3.9%)
2019-nCoV_N3-R 14 28,739 c G (©) G T (4/992; 0.4%)

® Nucleotide (DNA form) found in the reference genome (NC_045512) and its reverse complement (RC). ® Mismatch target is the disagreement between the expected target nucleotide and the nucleotide
in the genome. Listed are mismatched nucleotides with primers and probes with frequency >0.1% in 992 genomes inspected in this analysis. The column at the far right highlights the various frequencies
of mismatches, which would represent a mispairing following binding of the primers listed above. The high-frequency mismatch in the RARp-SARSr reverse primer is highlighted in bold. A list of degenerate
nucleatides incorporated into the primer and probe sequences can be found in Supplementary Table 4. Data used to make this table can be found in Source Data Fig. 4.

Vogels et al. further states:

“At 10 ° and 10 * viral RNA copies ul-1, our results show that all primer—probe sets, except
RdRp-SARSr and 2019-nCoV_N2, were able to partially detect (Ct < 40) SARS-CoV-2 from
clinical sample.” (Figure 15, Figure 16)
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Figure 15 taken from Vogels et al. (Fig.1):
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a,b, Mean Ct values for nine primer—probe sets and a human control primer—probe set targeting the human
RNase_ P gene tested for two technical replicates with tenfold dilutions of full-length SARS-CoV-2 RNA (a) and
pre-COVID-19 nasopharyngeal swabs spiked with known concentrations of SARS-CoV-2 RNA (SARS-CoV-2
RNA-spiked mocks (b)). The CDC human RNase_P (RP) assay was included as an extraction control. c,d, From the
dilution curves in a,b, PCR efficiency (c) and y-intercept Ct values (measured analytical sensitivity) (d) were
calculated for each of nine primer—probe sets. Symbols depict sample type: squares represent tests with
SARS-CoV-2 RNA and diamonds represent SARS-CoV-2 RNA-spiked mock samples. Colours denote the nine
tested primer—probe sets. Dashed lines indicate 90% PCR efficiency (c) and the detection limit (d).
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Figure 16 taken from Vogels et al. (Fig.2):

*ZWEY¥! Zx Zk YXYv bYy Hix i nln s zk LYKLY*zSVy ¢¥wr¥bey¥zaf 1! ©'nxh ¢¥FI*ASE, YpC xY ! zemY¥ex 1Yy

" Yall

The lower detection limit of nine primer—probe sets, as well as the human RNase_ P control from RNA extracted
from nasopharyngeal swabs collected in 2017 spiked with known concentrations of SARS-CoV-2 RNA. Each
primer—probe set was performed using 24_ technical replicates of pooled-swab RNA without spiking SARS-CoV-2
RNA (‘No virus’; six replicates with four independent pools each of four swabs) and eight replicates (two
replicates with four independent pools each of four swabs) spiked with 100—102 viral RNA copies_ul-1 of
SARS-CoV-2 RNA. ND, not detected. Solid lines indicate the median and dashed lines indicate the detection limit.
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9. Kuchinski £ Yl

Kuchinski et al. [15] also demonstrate the errors in the RdRp assay, with 99.6% samples
having a mismatch sequence as described in Vogels et al. [14], (Figure 17). This was also
raised by Pillonel et al. [16] and this particular correspondence letter can be found now
attached to the Corman-Drosten manuscript as an erratum at Eurosurveillance.

Figure 17 reproduced from Kuchinski et al. (Table 2):
Frequency of mismatches between 15,001 SARS-CoV-2 genome sequences and 15 sets of oligonucleotides from
early lab developed tests. The Charite group - RdRP is shown here only.

Assay 0 1 2 3+
mismatches | mismatches | mismatches | mismatches

Charité 98,9% 0.9% 0.0% 0.1%

group - N

Charité 0.0% 99.6% 0.3% 0.0%

group - RdRP

Charité 99,6% 0,2% 0,1% 0,0%

group - E

Under section 3.3 it is stated:

HEBY 1@ F !nx IvF xObvFz ndF wnlwyY bmF} nx Y1IY£! kézw *mY¥ih 4¥z0¢ Yxd ;YEYX 266, 1 Two
sets of oligonucleotides had mismatches against all 15,001 SARS-CoV-2 reference genomes in
our dataset: the Charité group’s RdRP gene assay and the Japan NIID’s N gene assay.”

90. Ratcliff ¥ Yvl PrePrint

Ratcliff et al. is still in PrePrint form but also explains the underperforming primer sequences
circulated by the WHO and recommended by the Corman Drosten protocol.

“Unexpectedly, the performances varied substantially depending on the detection method

and target assayed, underpinning the need for in-house validation and optimization. The
result also bmYwFx 1} “mf xz"n1zx "mY" *" @VWOFf| ¢¥FiFXFd  1mz0" bzx F°" bzOvd af Yx
IXkz¥wY 1®F wt ¥b kz¥ "mf ¢¥z 1¥F} {nzx zk dnjfY| T and can be compared across different
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amplification techniques and laboratories.”

[..]

“The Charité RT-PCR was based upon previously described primer/probes for the RdRP gene
but with modifications to the antisense primer to ensure complete sequence
complementarity with SARS-CoV-2 sequences.”

[...]
fiAll primers and probes for the Charit® and CDC N1 PCRs were obtained from ATDBio. All

primer sequences and working concentrations are available in Table 1.0 [17] (Figure 18)

Figure 18 taken from Ratcliff et al. (Table 1):
Primer and Probe Sequences for Nested PCR and RT-qPCR

PCR Primer Name Sequence Reaction
Assay concentration
Nested nFl AYTCAATGAGTTATGAGGAYCAAGATGC 400 nM
PCR

nR1 GACATCAGCATACTCCTGATTWGGATG 400 nM

nF2 TAGTACTATGACMAATAGACAGTTYCATC 500 nM

nR2 CCTTTAGTAAGGTCAGTCTCAGTCC 500 nM
Charité RdRp_SARSr F GTGARATGGTCATGTGTGGCGG 600 nM
RdRP

RdRp_SARSr P2 FAM 100 nM

CAGGTGGAACCTCATCAGGAGATGC BHQ

RdRp_SARSr R CAAATGTTAAARACACTATTAGCATA 800 nM
CDC N1 2019- GACCCCAAAATCAGCGAAAT 500 nM

nCoV_N1-F

2019- FAM-ACCCCGCATTACGTTTGGTGGACC BHQ 125 nM

nCoV_N1-P

2019- TCTGGTTACTGCCAGTTGAATCTG 500 nM

nCoV_N1-R
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11. Jaeger " YV

Jaeger et al. characterize the primer dimers observed in these protocols and how these can
create signals even with Tagman or probe hydrolysis based methods. This is a common
complaint about our initial retraction letter. While we pointed out the primer dimer
potential, most colleagues falsely assumed this was only a problem with SYBR green based
gPCR. They are correct to point this out as SYBR green is much more prone to Primer-Dimer
signals since its signal is derived from sequence-independent intercalating dyes. This
non-specific amplicon labeling method usually requires a High Resolution Melt (HRM)
analysis to confirm the target amplicon size. SYBR green based methods require this HRM
step to confirm the specificity of the intercalating dye signal. Tagman or Hydrolysis probe
based methods achieve this specificity by labelling a sequence-specific probe that is
independent of the PCR primers. Jaeger et al. demonstrate probe hydrolysis can also occur
as a result of primer dimers or primer-probe-background interactions in Tagman-based
assays. Jaeger et al. even run gel electrophoresis on the samples with spurious gPCR signals
and find primer dimers or other nonspecific signals. They cite Konrad and Pillonel as support
for this.

“The apparent occurrence of dimerization does not appear to be exclusive to nucleocapsid
targets. Nxj ¢fhikib jnIxYv} nx “mF Y F bxbvf| zk "mF Fx@FvzC T ¢¥z fix IExFa. "Y¥ITaY] Yz
Oynx 1 “mf *mY¥h ¢¥z"zbzv (Konrad et al., 2020) and a mismatch of primer sequences
(Pillonel et al., 2020) have been reported recently. The scientific community is discussing the
technical limitations of the current SARS-CoV-2 RT-qPCR protocols (Marx, 2020) and their
optimization is still underway.” [18] (Figure 19)

“However, ki©z¥z I fxnb ¢¥zafiaY ! fd ¥FYbnzx! Y¥F xz" 10¢¢z!Fd to be influenced by
dimerization in the N2 primers—probe and/or primer—primer from the CDC RT-qPCR
recommended protocol used for SARS-CoV-2 diagnosis. Won et al. (2020) found unspecific
amplifications when using the N2 and N3 primers—probe sets and then proposed an
alternative primers—probe panel for the nucleocapsid target.” [18] (Figure 19)

Note their specific comment that speaks of fluorogenic probe-based assays typically not
generating signals but with these promiscuous primers they generate false positive signals.

Jaeger et al. also concludes:

“Finally, we recommend that RT-qPCR users adjust primers—probe and magnesium
concentrations, the duration of the reverse transcriptase step, and the thermal cycle


https://www.sciencedirect.com/science/article/pii/S1201971220322839#bib0025
https://www.sciencedirect.com/science/article/pii/S1201971220322839#bib0040
https://www.sciencedirect.com/science/article/pii/S1201971220322839#bib0030
https://www.sciencedirect.com/science/article/pii/S1201971220322839#bib0050
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temperature, independent of the master mix kit used, to minimize dimer formation and to
avoid extensive test repetition and the waste of resources.”

Figure 19 taken from Jaeger et al. (Figure 1):

Dimerization during RT-qPCR with the CDC N2 primers—probe set. Amplification plots of initial (A) and optimized
(B) RT-qPCR conditions. Dimer formation can be visualized by the late signal produced in ‘not detected’ samples
(curves 3, 4, and 5). Gel electrophoresis of initial (C) and optimized (D) RT-qPCR conditions. Dimers appear as
diffuse bands (lanes 3, 4, 5) at the bottom of the gel (PCR products <50 bp). Partial sequence homologies
between probe—probe (E), primer F—probe (F), and primer R—probe (G) estimated by OligoAnalyzer v.3.1. Key: 1
= no-template control (NTC); 2 = 2019-nCoV_N Positive Control (IDT); 3, 4, 5 = ‘not detected’ samples, 6, 7 =
positive samples.
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12. Khan f Yul

Khan et al. even discuss the propagation of an erroneous protocol having been circulated by
the WHO and articulate the need to re-assess the suggested primers for SARS-CoV-2
RT-qPCR detection:



