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INTRODUCTION

As part of a growing number of researchers that advocate using the plentiful genetic data
from direct-to-consumer testing (1), we are also aware of its pitfalls. Recently, a study in
Frontiers in Pediatrics (2) described an ambitious project to elucidate genetic predispositions for
Chronic Fatigue Syndrome (CFS), a not-uncommon condition of debilitating fatigue, immune
dysregulation, and central nervous system impairment. The study analyzed the approximate
500,000 genetic single nuclear polymorphisms (snps) resulted by the commercial 23andMe genetic
testing company in people with CES.

Two items from the Perez et al. results were immediate red flags. They showed the top 50
deleterious snps with the greatest difference in frequency between CFS patients and control data.
At the very top of the leaderboard was a snp on the gene GPBARI that was 129,000 times more
prevalent in CFS patients. If this finding is accurate then the authors may well have discovered THE
genetic cause of CFS rather than just a predisposition. In addition, the CYP2D6 gene on their list
is recognizable as one that in the past, for a different snp, had the majority of 23andMe customers
believing they had a poor xenobiotic metabolizer phenotype that actually only affects less than one
percent of the population [Snpedia data, ref (3)].

In the Perez et al. study, the data used to compare to the 23andMe CFS participants did not
come from 23andMe. Instead, they relied on published frequencies in the Kaviar database, a
compilation from multiple projects (4). Unless the control data comes from the identical source
as the experimental data, any differences in quality or population constituency between the two
datasets may lead to inaccurate conclusions when compared. How many of the reported frequency
ratios between CFS patients and controls would remain noteworthy if both sets of data come from
the same source? The study established a criterion that a snp should be at least twice as prevalent in
CFS patients, a ratio of 2, to be of note. In addition, how closely do 23andMe data match published
genetic reference data? Errors in direct-to-consumer genetic tests have been reported (5).

To address these questions, we accessed a publicly available control set of genomes from
23andMe participants. We reanalyzed the frequency ratio of the highly prevalent snps in CFS from
the Perez et al. study to this more appropriate control. We also incorporated an additional new
large high-quality online control dataset for further comparison among control datasets.

METHOD

To provide control data from 23andMe for the 50 top-predisposing CFS snps, we accessed
publicly available genome files on openSNP!, a platform co-founded and maintained by one
of us (BGT). OpenSNP allows individuals to upload their own genetic results from a variety
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of commercial test companies for public sharing (6). The allele
frequencies and genotypes for these SNPs were calculated for all
23andMe data sets present in openSNP on 2020-06-19. While
self-selection of participants can skew a dataset, the platform also
allows phenotypes of interest to be added by participants. We
noted the absence of CFS and Myalgic Encephalomyelitis (ME)
on the list of phenotypes which provided an initial confidence
that the dataset does not contain an overrepresentation of CFS
patients compared to the general population.

For the additional control: The allele frequency aggregation
project (ALFA) project was developed as part of the National
Center for Biotechnology Information (NCBI) database of
genotypes and phenotypes (dbGAP) and had their inaugural
release on March 10, 2020 (7). It contains a high-quality
aggregate of over 1,200 studies with a goal of one million dbGAP
subjects. ALFA (build 154, release date April 21, 2020) was
accessed through NCBI dbSNP?. ALFA Europe was selected
when available to match the population of 23andMe, primarily
Americans of European decent. When unavailable, ALFA Global
was the second choice, followed by GnomAD-exome and then
1,000 Genome project if absent from ALFA entirely. When ALFA
is referred to subsequently, it is a shortcut notation for the totality
of this procedure.

To recalculate the ratio with the new controls, for the CFS data
we used the frequencies provided by Perez et al. in their Table 1.
Since neither their table nor supplementary materials explicitly
listed the alleles, we assumed that the frequencies always referred
to the derived allele. In the event of multiple derived alleles at a
position, we further assumed the most prevalent one was used.
Spot checks of their Kaviar control supported that this was the
study’s intended listing. The new ratios were recalculated for the
23andMe control and for the ALFA control and subsequently
compared to the original ratios. Finally, the three control datasets
at the 50 snps (Kaviar, 23andMe, ALFA) were compared to
each other.

Human-subject consenting was not required as only publicly
available preexisting data were considered.

RESULTS

The recalculated ratio of allele frequency in CFS patients
to control subjects using 23andMe control data, or where
unavailable, ALFA frequencies, along with the elimination of two
duplicates, found that only 11 of the 50 polymorphisms now
exceeded a ratio of 2. That is, only 22% of the originally reported
polymorphisms remained at the original study criterion that
notable snps were at least double the frequency in CFS patients
compared to unaffected controls.

Of the 11 remaining polymorphisms with a ratio that met
the criterion, the majority, seven could be based only on ALFA
frequencies; and one was not reported on ALFA either. These
eight snps were only present in the 23andMe control data set
in very few samples, ranging from 17 to 0, in contrast to a
median of nearly 3,000 samples in the 23andMe control data
overall. These further eight snps therefore were also not shown
to have a higher prevalence in 23andMe CFS patients than

2https://www.ncbi.nlm.nih.gov/snp

in 23andMe controls. Dates of upload to openSNP hint that
the early days of the 23andMe v5 chip could be a source of
error. All eight of these come from the top of the original ratio
leaderboard (Table 1).

Only three snps of 50 remained, on genes EFCAB4B,
LINCO01171, and MORN?2, that could be shown to meet the
original criterion of at least double in CFS patients compared to
a comparable 23andMe control, all hovering at a ratio of about
2.0. None of the astronomically high ratios of patients to controls
could be shown to remain.

Table 1 presents the ratios of allele frequency in CFS
patients to control subjects (original, recalculated with the new
23andMe control, recalculated with ALFA), the frequency of
allele occurrence (original CFS patients, original Kaviar, new
23andMe control, new ALFA control), and the number of
samples (23andMe control) for each of the snps reported in the
original table of the study. A graph of genotype frequencies is
available from the authors.

Comparison of the control datasets (Kaviar, 23andMe, ALFA)
found two primary patterns. Most prevalent, 29 out of the 48 of
the 23andMe control frequencies were in good agreement with
ALFA with both being substantially higher than the reported
Kaviar values, suggesting a Kaviar-related error. We call this
error Type A. For eight of the 48 snps, the 23andMe control
frequencies were instead different (higher) than both ALFA and
Kaviar, which were in good agreement with each other and
point to a 23andMe error (Type B error). Like the missing
23andMe snps, Type B errors came from the top of the
leaderboard and further accounts for the original astronomic
reported ratios.

Concerning the two-red flag genes mentioned at the outset,
both are Type B errors. The GPBARI1 snp for derived allele A
was found in 97% of the 23andMe control sample compared to
practically 0 in the other control data leading to a recalculation of
the ratio of prevalence between CFS patients and controls from
the reported 129,000 to 0.8, a reversal. Based on upload dates, this
erroneous base A call may be traceable specifically to the v4 chip
but would require exact test dates for confirmation. The CYP2D6
had two snps, one of which had more than a third erroneous
23andMe call for base A.

The correlation between the 23andMe control and ALFA
control frequencies without the genes above and without
any 23andMe data having fewer than 50 participants, was a
respectable 0.93.

DISCUSSION

The genetic predispositions reported for Chronic Fatigue
Syndrome are not supported when reanalyzed with more
appropriate control data including those drawn from the same
23andMe pool as the CFS patients. Out of the original 50 genomic
positions presented to have the most prevalent deleterious
polymorphisms among CFS sufferers, only three remained that
met the original study criterion of at least twice as frequent as
healthy individuals. The top-ranked risk factor on gene GPBAR1
with an astronomical ratio of 129,000 was reduced to the more
sensible 0.8, which would, if anything, be a protective snp
against CFS.
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TABLE 1 | Recalculated ratios of polymorphism frequencies of CFS patients to controls.

Gene rsiD Frequency PolyM Ratio of CFS to CONTROL N Flag
ME/CFS Kaviar 23andMe  Alfa Original With With 23andMe
control control control (with 23and Alfa control
Kaviar) Me

GPBAR1 rs199986029 77.3 0.0006 99.73 0 Gto A/C 129,000 0.78 Infinite 1,835
HLA-C rs41560916 62.7 0.0013 - 0 Cto A/G/T 48,200 - Infinite 0 *
BCAM rs3810141 10.2 0.0006 - 6.3 Cto AT 17,000 - 1.62 2 *
AAAS rs150511103 19.3 0.0013 8.33 0.01 Cto A/G/T 14,900 2.32 1930.00 12 *
FGA rs146387238 19.3 0.0013 0.00 0.03 Cto A/G 14,900 Infinite 643.33 17 *
SLC25A13 rs80338723 19.3 0.0013 0.00 0 Cto A/G/T 14,900 Infinite Infinite 17 *
MYBPC3 rs112738974 19.3 0.0019 3.13 0 Cto A/G/T 10,200 6.18 Infinite 16 *
PEX6 rs112298166 19.3 0.0019 - - CtoG/T 10,200 - - - *
CYP2D6 rs1135830 45.4 0.0097 35.31 0.01 G to AT 4,680 1.29 4540.00 1,892
HLA-DRB1 rs112796209 415 0.0109 0.00 10.2 TtoC 3,810 - 4.07 1 *
PLA2G4D rs147516345 15.9 0.0108 18.20 0.5 TtoC 1,550 0.87 31.80 1,865
CYP2A6 rs5031017 38.6 0.0264 30.50 0.1 CtoA 1,460 1.27 386.00 1,983
CYP2D6 rs199535154 94.3 0.231 50.00 0.5 Ato G 408 1.89 188.60 4 *
DDX51 rs201101053 15.9 0.0708 15.08 0 GtoA 225 1.05 Infinite 1,873
LHB rs34349826 74.2 0.644 27.27 7 Ato G 115 2.72 10.60 6 *
HLA-A rs1137110 13.8 0.249 - 0.13 TtoG 56 - 106.15 0 *
HLA-DRB1 rs113675 6 43.9 1 50.00 30 Tto C/G 44 - 1.46 1 *
HLA-DRB1 rs9269744 40.5 1.3 - 29.8 GtoC 31 - 1.36 0 *
TPTE rs1810540 34.5 1.16 30.29 34.8 Cto AT 30 1.14 0.99 1,835
HLA-DQA1 rs1061172 16.7 1.33 46.07 16.8 Ato G 12 0.34 0.93 1,922
C6orf183 rs399561 63.2 6.46 40.68 40.7 GtoA 10 1.55 1.55 3,027
C140rf37 rs3829765 81.5 9.75 51.54 54.5 Gto A/T 8 1.58 1.50 3,826
EFCAB4B rs11062745 27.9 3.39 13.78 15.5 TtoC 8 2.02 1.80 3,783
PLD5 rs2810008 55.4 6.71 32.30 32.8 Gto A/C/T 8 1.72 1.69 3,024
MUC19 rs11564109 24 2.95 14.18 15 GtoA 8 1.69 1.60 3,825
ARHGAP42 rs17647207 14.4 1.82 8.83 9.5 GtoA 8 1.68 1.62 3,018
ADAMTS19 rs30645 76.5 9.75 51.01 51.5 Tto A/C 8 1.50 1.49 3,791
LINCO1171 rs11605546 23 2.97 10.68 10.4 GtoA 8 2.15 2.21 3,826
ANKDD1B rs34358 83.3 10.9 62.93 63.6 Gto AT 8 1.32 1.31 2,990
ZBED5 rs2232919 12 1.61 6.56 7.4 Tto C/G 7 1.83 1.62 2,979
CTC-441N14.4 rs9112 60.3 8.44 40.47 41.8 Gto A/C 7 1.49 1.44 2,987
SLC35B2 rs3187 13.1 1.85 10.22 9 GtoA 7 1.28 1.46 2,887
PRSS41 rs61747737 11.5 1.63 7.01 7.9 Tto AG 7 1.64 1.46 1,879
OTOG rs12422210 26.4 3.76 15.09 17.3 GtoA 7 1.75 1.53 2,941
MTCH2 rs1064608 45.7 6.58 39.77 34.26 Gto C/T 7 1.15 1.33 45
SULF1 rs6990375 51.2 7.49 30.51 30 Gto AT 7 1.68 1.71 3,832
OTOG rs11024333 29.5 4.34 16.20 16.3 G to A/C/T 7 1.82 1.81 3,795
ART3 rs14773 43.3 6.41 28.20 26.7 CtoA 7 1.54 1.62 2,950
PPHLN1 rs12658 36.3 5.45 23.14 22.4 Cto A/T 7 1.57 1.62 2,991
PRICKLE1 rs12658 36.3 5.45 D D 7 D D D
VARS2 rs2249464 74.7 1.4 55.74 54.4 TtoC 7 1.34 1.37 3,736
MORN2 rs3099950 21.9 3.37 11.08 121 GtoA 7 1.98 1.81 2,990
AC007956.1 rs2270424 36.8 5.99 21.37 20.4 GtoA 6 1.72 1.80 3,793
ARELT1 rs2270424 36.8 5.99 D D 6 D D D
PRRT4 rs359642 95 15.5 80.00 82.3 GtoA 6 1.19 1.15 3,751
HUS1 rs2307252 16.7 2.76 11.45 9.9 GtoA 6 1.46 1.69 2,990
PRSS56 rs1550094 92.2 16.2 69.83 69.2 Gto A/C/T 6 1.32 1.33 3,674
Cbhorf52 rs10051838 24 4.35 13.38 13.3 GtoA 6 1.79 1.80 3,024
ZNHITA rs17319250 40.5 7.41 2414 23.5 TtoC 5 1.68 1.72 3,798
CPLX2 rs3822674 70.5 12.9 49.23 48 Tto A/C 5 1.43 1.47 2,903

D, duplicate; —, missing value; N, number of participants; PolyM, polymorphisms.
*Ratios obtained with fewer than 20 28andMe control subjects were considered invalid. Bold, snps remaining that meet initial criteria.
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The erroneous odds ratios were found to originate from a
mixture of errors in both 23andMe and in the reported Kaviar
control dataset. The more dramatic frequencies that had been
listed as dozens, hundreds, and thousands of times higher in CFS
patients were due to seeming 23andMe peculiarities of very high
frequencies for minor alleles. We found these 23andMe errors to
either also be present in high numbers in the 23andMe controls
(Genes GPBAR1, CYP2D6, PLA2G4D, CYP2A6, DDX5) or quite
often were simply missing from most samples. The number of
CEFS subjects from Perez et al. at each of these snps, and overall,
is unknown. The majority of the errors with less-striking ratio
inflations arose from the reported Kaviar control data where
we found these to be lower frequencies than both ALFA and
23andMe control datasets for many of the snps.

The Perez et al. discussion goes through, spelling out one by
one, the function of each of the genes from the top 10 in the
table by summarizing what is known and including speculation
for how these factors may tie into CFS. For example, they suggest
that decreased metabolism of xenobiotics may be relevant to
multiple chemical sensitivity disorder which is in turn relevant
for some CFS cases and a gene that is downregulated by sleep
deprivation which in turn is a factor in chronic fatigue states.
The present reanalysis finds at the very least that such discussion
and speculation are premature as there is no evidence that any of
those genes are relevant.

The three genes with polymorphisms that remained with the
original study criteria of occurring at least twice as often in
CFES patients were EFCAB4B, MORN2, and LINCO01171 which
involve calcium ion channels, cell differentiation, and a long
non-coding RNA transcript, respectively. It is tempting to fish
for connections such as to other ion channel polymorphisms
that have been found relevant in CFS (8) but here too, it is
premature to speculate; reanalysis of the full 23andMe data
for CFS patients, as is now clearly warranted, may produce an
entirely different top 50 leaderboard and functional analysis.
Likewise, the criterion of a ratio of at least double may also
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