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Microbiome Composition

 ABCDEF 1 Ludovic Giloteaux
 ADEFG 1 Maureen R. Hanson
 ABCDEFG 2 Betsy A. Keller

 Corresponding Author: Betsy A. Keller, e-mail: keller@ithaca.edu
 Conflict of interest: None declared
 Source of support: This work was funded by Cornell University and NIH NIAID grant 1R21AI101614 to MRH

 Patient: Male, 34
 Final Diagnosis: ME/CFS
 Symptoms: Exertion intolerance • loss of functional capacity • pain • severe fatigue
 Medication: —
 Clinical Procedure: Cardiopulmonary exercise test
 Specialty: Sports Medicine

 Objective: Unknown ethiology
 Background: Patients with myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) present with profound fatigue, 

flu-like symptoms, pain, cognitive impairment, orthostatic intolerance, post-exertional malaise (PEM), and ex-
acerbation of some or all of the baseline symptoms.

 Case Report: We report on a pair of 34-year-old monozygotic twins discordant for ME/CFS, with WELL, the non-affected 
twin, and ILL, the affected twin. Both twins performed a two-day cardiopulmonary exercise test (CPET), pre- 
and post-exercise blood samples were drawn, and both provided stool samples for biochemical and molecu-
lar analyses. At peak exertion for both CPETs, ILL presented lower VO2peak and peak workload compared to 
WELL. WELL demonstrated normal reproducibility of VO2@ventilatory/anaerobic threshold (VAT) during CPET2, 
whereas ILL experienced an abnormal reduction of 13% in VAT during CPET2. A normal rise in lactate dehydro-
genase (LDH), creatine kinase (CK), adrenocorticotropic hormone (ACTH), cortisol, creatinine, and ferritin con-
tent was observed following exercise for both WELL and ILL at each CPET. ILL showed higher increases of re-
sistin, soluble CD40 ligand (sCD40L), and soluble Fas ligand (sFasL) after exercise compared to WELL. The gut 
bacterial microbiome and virome were examined and revealed a lower microbial diversity in ILL compared to 
WELL, with fewer beneficial bacteria such as Faecalibacterium and Bifidobacterium, and an expansion of bac-
teriophages belonging to the tailed dsDNA Caudovirales order.

 Conclusions: Results suggest dysfunctional immune activation in ILL following exercise and that prokaryotic viruses may 
contribute to mucosal inflammation and bacterial dysbiosis. Therefore, a two-day CPET and molecular  analyses 
of blood and microbiomes could provide valuable information about ME/CFS, particularly if applied to a larger 
cohort of monozygotic twins.
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Background

Myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS), 
also termed Systemic Exertion Intolerance Disease, is charac-
terized by profound fatigue, a lack of energy, pain, cognitive 
impairment, orthostatic intolerance, and especially a phenom-
enon termed post-exertional malaise (PEM), which is brought 
about by physical, cognitive, or emotional stress [1]. PEM symp-
toms often include flu-like symptoms and exacerbations in pain, 
gastrointestinal (GI) symptoms, unrefreshing sleep, and other 
symptoms of the disease [2].

Analysis of several small cohorts of ME/CFS patients and con-
trols has demonstrated abnormalities in successive cardiopul-
monary exercise tests (CPETs), in which ME/CFS patients did 
not reproduce parameters measured on the first day of test-
ing, despite the fact that such tests are highly reproducible 
when performed by individuals with heart conditions or oth-
er diseases [3,4]. Altered gene expression following exercise 
challenge has also been reported [5].

In addition to abnormal responses to exercise, ME/CFS bio-
markers across a number of the body’s core regulatory sys-
tems have been detected [6]. For example, several reports 
have detected altered NK cell activity or other changes in im-
mune function, including altered levels of cytokines and per-
oxides [6–10]. Brain imaging has also detected distinct differ-
ences between ME/CFS patients and healthy controls [11–15].

A confounding factor in examining ME/CFS patients versus 
controls is the possible contribution of genetic differences to 
symptom constellation and severity. Variation among ME/CFS 
cohorts has led to the concept of sub-groups with regard to 
the type of biological abnormalities, impact of particular symp-
toms, and response to drugs. Analysis of monozygotic twins 
provides an opportunity to reduce variability introduced by ge-
netic background, and most such twins also have experienced 
similar childhood environments. We report here the analysis of 
peak exertion, ventilatory/anaerobic threshold (VAT), biochem-
ical parameters, and the gut microbiome in a pair of monozy-
gotic twins discordant for ME/CFS.

Case Report

We describe a pair of Caucasian male monozygotic twins dis-
cordant for ME/CFS assessed at age 34.3 years. The study was 
approved by the Ithaca College Institutional Review Board. Both 
twins completed a two-day CPET protocol to determine func-
tional capacity (CPET1) and assess effects of PEM on function-
al capacity (CPET2). Two CPETs separated by 24 hours were 
completed by each twin. Pre- and post-exercise blood samples 

were obtained for each CPET. Fecal samples were obtained pri-
or to the CPETs for study of the gut microbiome.

The twins were similar in height, weight, and BMI (Table 1), 
and had a shared family history significant only for cancer 
in a maternal grandfather, type 1 diabetes (maternal aunt), 
type 2 diabetes (paternal uncle), and hypertension (father). 
However, the affected twin (ILL) had sudden onset of chron-
ic fatigue 3.5 years prior to this study (August 2010) follow-
ing an influenza vaccine, and over the next several months 
the subject noted exercise recovery taking much longer than 
usual. In February 2011, a sleep study showed no evidence of 
sleep apnea, despite difficulty sleeping. During a weekend va-
cation with friends in July 2011, he was unable to participate 
in activities due to extreme exhaustion accompanied by mild 
to moderate pain. Throughout the development of his fatigu-
ing illness, he also experienced cognitive dysfunction (brain 
fog) that he considered to be a primary symptom, in addition 
to fatigue. Prior full-time employment was as a project sup-
port manager at a large equipment company that required 
high-level organizational skills, multi-tasking, and ability to 
perform in the midst of multiple interruptions. ILL twin met 
the Fukuda definition for CFS at the time of evaluation [16]. 
The subject continues to be unable to work and relies on fam-
ily/friend support for some transportation and assistance with 
some activities of daily living such as grocery shopping and 
medical appointments, but he is not confined to the house. 
He is unable to perform on-going physical work or desk work 
due to significant impairment of cognitive skills and inabili-
ty to use a computer for more than one hour without caus-
ing debilitating fatigue and exacerbation of cognitive impair-
ment. Activity prior to his illness was at a high level on a daily 
basis in his job. He also did weight training, running, and cy-
cling every other day. Current consumption of alcohol is 1 serv-
ing of beer per month. The subject reported intestinal distur-
bances such as diarrhea or constipation. Current medications 
or supplements are Benicar 20 mg qd for hypertension, Soma 
3×350 mg qd, Cymbalta prn and hydrocodone prn for pain, 
and Adderall 3×20 mg qd.

The unaffected twin (WELL) was apparently healthy and em-
ployed at the time of evaluation. Present symptoms included 
seasonal and soy allergies, and he did not report gastrointestinal 
disturbances. Medical history included hypertension, occasional 
low back pain, and seasonal and soy allergies. Current employ-
ment was a full-time mid-level management position in a large 
equipment company, characterized as high stress but predomi-
nantly sedentary. Activity history included occasional low-inten-
sity fitness walking and yoga/stretching three times per week. 
Consumption of 12–14 servings of beer/wine per week was report-
ed. Sleep was described as sound, 7–8 hours per night. Current 
medication was losartan potassium 25 mg qd for hypertension.
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Both twins were medicated for familial hypertension and had 
similar high resting blood pressures (BPs); however, ILL’s resting 
heart rate (HR) of 112 bpm was markedly higher than that of 
WELL (59 bpm). Both WELL and ILL completed the Chalder Fatigue 
Scale, the Bell Disability Scale [17], and the Medical Outcome 
Survey Short Form 36 (SF-36; https://www.rand.org/health/sur-
veys_tools/mos/mos_core_36item_terms.html). As expected, ILL’s 
scores were lower for all three scales (Table 1). For the SF-36 
form, the eight subscales were aggregated into two summa-
ry measures: the Physical (PCS) and Mental (MCS) Component 
Summary scores [18]. PCS and MCS scores range from 0 to 100, 
with higher scores representing better self-reported health. PCS 
encompasses physical functioning, role-physical, and bodily pain, 
whereas MCS includes social functioning, role-emotional, and 
mental health. ILL’s PCS score (21.7) was below the expected 
value (>50) in the US normative population [18], while the MCS 
score (56) was above. However, compared to WELL, ILL’s MCS 
and PCS scores were substantially lower (Table 1).

Peak exertion

Even though both twins characterized ILL as highly physically 
active and more physically active compared to WELL prior to 
the onset of illness, ILL’s VO2peak from CPET1 was now 7.5% 
lower than WELL’s based on CPET1 (Table 2). Both ILL and WELL 
reproduced VO2peak normally during CPET2, although WELL 
reached VO2peak during CPET2 with a borderline abnormal in-
crease of 8%. WELL completed a workload of 240 W at peak 
exercise during both tests in contrast to a much lower peak 
workload of 165 W for ILL. Both twins met criteria for maxi-
mal exertion during both CPETs as evidenced by respiratory 
exchange ratio (RER) >1.1, HRpeak >90% age predicted maxi-
mum heart rate (167+ bpm), and peak exertion blood lactate 
values of greater than 8 mmol/L (Table 2).

Ventilatory/anaerobic threshold (VAT)

Table 2 shows results related to VAT for both CPETs. WELL de-
monstrated normal reproducibility of VO2@VAT during CPET2 
with less than a 3% change in VAT. In contrast, ILL experi-
enced an abnormal reduction of 13% in VAT during CPET2. 
Compared to his twin, ILL’s VO2@VAT from CPET1 was 16% 
lower than that of WELL; however, it was 30% lower based 
on CPET2 (Table 2). Not surprisingly, work produced by WELL 
at VAT was 50% (CPET1) to 100% (CPET2) higher compared to 
work produced by ILL. Interestingly, VAT occurred at a relative-
ly low percentage of VO2peak for both WELL and ILL. For WELL, 
VAT@ VO2peak was normal (47%, CPET1) to borderline low 
(42%, CPET2), and decreased on CPET2 due to the 8% increase 
in VO2peak on that test. Despite the 8% increase in VO2peak, 
unexpectedly, WELL’s VAT did not also increase during CPET2.

Biochemistry

Plasma values of lactate dehydrogenase (LDH), creatine ki-
nase (CK), creatinine, magnesium, adrenocorticotropic hor-
mone (ACTH), cortisol, C-reactive protein (CRP), and ferritin 
were measured before and after each CPET and processed at 
the Human Metabolic Research Unit, Division of Nutritional 
Sciences at Cornell University. LDH, CK, creatinine, and mag-
nesium were measured by colorimetric assay on a Dimension 
XPand Plus chemistry analyzer (Siemens Medical Solutions 
Diagnostics, Deerfield, Illinois). ACTH, cortisol, C-reactive pro-
tein, and ferritin were quantified using a chemiluminescence 
immunoassay on an Immulite 2000 (Siemens Medical Solutions 
Diagnostics, Deerfield, Illinois). Levels of soluble CD40 ligand 
(sCD40L), resistin, and soluble Fas ligand (sFasL) in plasma 
were determined before and after the first CPET by a custom-
ized Bio-Plex multiplex cytokine assay system on a Luminex 
MAGPIX Multiplex Reader (Biorad, Hercules, California).

Figures 1 and 2 present the results related to the measurements 
of plasma analytes. Both WELL and ILL showed LDH values 5 
to 13 times higher than the normal range of 85–227 IU/L be-
fore each CPET (Figure 1; 986.1 and 1093.7 IU/L at CPET1 and 

Characteristic WELL ILL

Age (years) 34.3

Race/ethnicity White/not hispanic

Time with CFS (years) NA 2.5

BMI 25.4 25.5

HRrest 59 112

BPrest* 140/88 136/84

Onset of illness NA Sudden

Tilt test
Not 

performed
(–)

Gastrointestinal symptoms None Yes

Post-exertional malaise NA Yes

Chalder Fatigue Scale score** 0 10

Bell Disability Scale score*** 100 40

Physical Component Score SF-36 55.6 21.7

Mental Component Score SF-36 92 56

Table 1. Characteristics of WELL and ILL.

* Both medicated for hypertension; ** 0–11, 0=no fatigue; 
*** 100=no impairment.
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950.7 and 1077.0 IU/L at CPET2 for WELL and ILL, respectively). 
ILL presented higher levels of high-sensitivity C-reactive pro-
tein (hsCRP) (3.05 and 4.27 mg/L before CPET1 and CPET2, re-
spectively) in comparison to WELL (1.86 and 1.28 mg/L before 
CPET1 and CPET2, respectively). These values are above the av-
erage risk (>1 mg/L) of developing cardiovascular disease. For all 
the other analytes, results constantly fell within normal ranges.

A rise in the plasma LDH, CK, ACTH, cortisol, creatinine, and 
ferritin content was noted in association with exercise for both 
WELL and ILL and at each CPET. ACTH levels exceeded the up-
per normal range value of 52 pg/mL after CPET1 for both WELL 
and ILL (85.7 and 68.0 pg/mL, respectively). Exercise testing 
resulted in a greater increase in ILL in comparison to WELL 
for the majority of the analytes tested (Figure 1; percentag-
es above bars). For example, CPET1 resulted in a 36% versus 
18% increase for LDH and a 24% versus 7% increase for CK in 
ILL and WELL, respectively (Figure 1).

Magnesium levels fell within normal range, and no increase 
was observed after exercise at both CPET2s for both subjects. 
Creatinine levels were similar for both WELL and ILL before 
exercise at CPET1 and CPET2, and fell within normal rang-
es. Increased levels of creatinine were observed for both sub-
jects after exercise with a higher increase for ILL (27% vs. 15% 
and 21% vs. 15% at CPET1 and CPET2, respectively). Resistin, 
sCD40L, and sFasL were only quantified before and after CPET1 
due to sample availability (Figure 2). Exercise testing resulted 
in increases in plasma resistin and sFasL levels in both WELL 
and ILL (resistin: 6.22 to 10.08 pg/mL and 5.77 to 12.80 pg/mL; 
sFasL: 35.1 to 40.1 pg/mL and 49.5 to 95.3 pg/mL for WELL 
and ILL, respectively).

ILL showed higher increases of the 3 analytes after exercise in 
comparison to WELL. The only decrease observed was in the 
levels of sCD40L for WELL after exercise (from 525.2 to 403.9 
pg/mL) (Figure 2).

Gut microbiome

DNA was extracted from stool samples, and we used 16S rRNA 
sequencing to determine the compositions of microbial commu-
nities in feces samples collected from WELL and ILL, as previous-
ly described [19]. The sequence-based rarefaction curves based 
on the number of observed species metric demonstrated a lower 
microbial diversity in ILL compared to WELL (Figure 3A). Even if 
more sequences had been obtained and therefore greater diver-
sity observed in both twins, ILL’s microbial diversity would have 
continued to be less than WELL’s. In both subjects, bacteria from 
the Firmicutes, Bacteroidetes, Proteobacteria, Verrucomcrobia, 
and Actinobacteria phyla represented the vast majority of se-
quences identified (Figure 3B). Sequences representative of the 
Bacteroidetes and Firmicutes were most abundant in ILL com-
pared to WELL (77 and 19% vs. 74 and 17% for ILL and WELL, 
respectively), whereas Proteobacteria were substantially more 
abundant in WELL (5% vs. 1.5%) (Figure 3B). At the family lev-
el, Rikenellaceae, Ruminococcaceae, and Prevotellaceae were 
substantially more abundant in WELL in comparison to ILL, 
whereas Bacteroidaceae were depleted in WELL (Figure 3C). In 
ILL, several genera of key beneficial bacteria were decreased, 
including Faecalibacterium and Bifidobacterium (a member of 
the Actinobacteria phylum) (data not shown).

We also defined the enteric virome of both WELL and ILL stool 
samples, using the MiSeq platform and the MetaGenome Rapid 

Test
Peak exercise Ventilatory/anaerobic threshold

WELL ILL % Difference WELL ILL % Difference

VO2 CPET1 36.95 34.37 –7.5 17.3 14.9 –16.1

CPET2 40 34.5 –15.9 16.8 12.9 –30.2

Work CPET1 240 165 –45.5 90 60 –50

CPET2 240 165 –45.5 90 45 –100

HR CPET1 192 200 4.0 136 136 0

CPET2 194 201 3.5 132 146 9.6

RER CPET1 1.34 1.39 3.6 NA

CPET2 1.37 1.34 –2.2

LA CPET1 9.5 11.1 14.4 NA

CPET2 10.1 9.3 –8.6

% VO2 CPET1 NA 47 42

CPET2 42 37

Table 2. Cardiopulmonary exercise test results at peak exercise and ventilatory/anaerobic threshold.
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Figure 1.  Measurements of plasma analytes at CPET1 and CPET2. Plain bars are pre-exercise measurements and striped bars are post-
exercise. Red for WELL and blue for ILL. % above each pair of bars is % difference between pre- and post-CPET measure.
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Annotation using Subsystem Technology (MG-RAST) server 
(http://metagenomics.nmpdr.org). We obtained 13,554,793 and 
13,726,232 sequences for WELL and ILL, respectively. MG-RAST 
was able to assign viral taxonomy to 22,821 and 18,979 se-
quences for WELL and ILL respectively (~0.15% of the total se-
quences). Bacteriophages of the tailed, dsDNA Caudovirales order 
(Siphoviridae, Myoviridae, and Podoviridae) and the non-tailed, 
ssDNA Microviridae family were the most abundant viral taxa 
identified in both ILL and WELL (Figure 3D). Interestingly, we ob-
served an increase in the richness of bacteriophages, specifical-
ly Siphoviridae and Myoviridae, members of the Caudovirales, 
in ILL in comparison to WELL (Figure 3D). The predicted hosts 
of the identifiable phages and prophages were members of the 
Firmicutes and Bacteroidetes; these phyla, and in particular the 
families Ruminococcaceae, Lachnospiraceae, and Bacteroidaceae, 
constituted the most abundant bacterial families in the sampled 
fecal microbial communities, as defined by 16S rRNA gene analysis.

Discussion

VO2peak represents the maximum energy-producing capacity, 
which is a level of energy production that one can sustain only 
briefly for less than a minute. It is also referred to as functional 

capacity because it represents the highest level of energy pro-
duction one can sustain to do work. However, most activities 
of daily living are performed at intensities well below that of 
VO2peak, and typically work-related or ongoing types of ac-
tivities are performed at intensities that correspond to about 
33–50% of VO2peak or functional capacity [20,21]. Compared 
to age/sex matched normal values [22], VO2peak for WELL was 
13% lower and VO2peak for ILL was 20% lower than that for 
sedentary adults. Compared to active adults, WELL had a 24% 
lower and ILL had a 30% lower VO2peak.

Ventilatory/anaerobic threshold (VAT) is the point during in-
cremental exercise when production of energy is derived in-
creasingly through anaerobic (vs. aerobic) metabolism. Energy 
production from anaerobic processes is limited and ultimate-
ly requires rest or low-intensity activity to recover. Unlike aer-
obic energy production, anaerobic energy production cannot 
be maintained for long durations without causing fatigue and/
or necessitating recovery. When VO2 at anaerobic threshold is 
identified using expired ventilation, anaerobic threshold is re-
ferred to as VAT. VAT typically occurs between 45% and 65% of 
VO2peak [23], and work at intensities below VAT can be sus-
tained for prolonged periods of time without undue fatigue. 
In contrast, work at or above VAT will provoke fatigue due to 
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Figure 2.  Measurement of plasma cytokines before and after CPET1.
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anaerobic energy production that begins to predominate at 
these intensities. From a functional perspective, the reduction 
in VAT observed in ILL indicates that the threshold workload or 
intensity that ILL could tolerate (remain “aerobic”) decreased 
13% due to his abnormal response and recovery following ex-
ertion. Also, the low VAT@ VO2peak observed in ILL and the fur-
ther decrease at CPET2 explains that, when experiencing PEM, 
even work characterized as low intensity will exceed WELL’s 
VAT and exacerbate illness symptoms.

Indicators of (1) health status, (2) metabolic adaptation to 
physical training of skeletal muscles, and (3) inflammatory re-
sponse were measured in plasma samples from WELL and ILL. 
LDH and CK give an indication of the degree of metabolic ad-
aptation to physical training of skeletal muscles. The reduced 
VAT and increased LDH values observed in ILL following exer-
cise suggest a disproportionate dependence upon anaerobic 
as opposed to aerobic metabolism. As a consequence, great-
er acid generation within the muscle due to over-utilization of 

the LDH pathway suggests an overall dysfunction of the py-
ruvate dehydrogenase complex in the muscle of ILL. This has 
implications for premature expression of fatigue.

Cortisol is a steroid hormone that is regulated by ACTH, which 
is secreted by the pituitary gland. Cortisol affects blood pres-
sure and cardiovascular function, slows the immune system’s 
inflammatory response, and balances the effects of insulin in 
breaking down glucose for energy. It has been shown that an 
insufficient production of adrenal hormones results in impaired 
physical capacities. Baschetti [24] proposed that a reduction 
in exercise capacity in ME/CFS was primarily due to adrenal 

insufficiency. Neither WELL nor ILL showed hypocortisolism, 
and no adrenal insufficiency could be found because of the 
normal ACTH and cortisol values measured. A very rapid and 
very intensive increase in ACTH levels has been previously re-
ported after high-intensity exercise and seems to be the pri-
mary mechanism for inducing an increase in cortisol [25,26].

Figure 3.  Gut microbiome composition in WELL and ILL. Rarefaction curves of bacterial richness rarefied at 72,936 sequences (A). Plots 
of the relative abundance of bacterial phyla (B), bacterial families (C), and viral taxa (D).
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ILL showed higher levels of hsCRP than WELL at baseline for 
both CPETs. hsCRP is often used as a biochemical marker for 
chronic inflammation, and high levels can indicate conditions 
such as cancer, infection, lupus, fever, and tuberculosis [27], 
which are associated with muscle aches and pains as well as 
many other symptoms commonly found in ME/CFS. Several 
studies reported increased levels of hsCRP in people with 
ME/CFS [28–30].

Even though both WELL and ILL had similar levels of resistin 
at baseline, ILL showed greater levels compared to WELL af-
ter exercise. Increased levels of serum resistin in males with 
type II diabetes were observed after one single bout of cy-
cling [31]. We found a similar result for both ILL and WELL in 
response to exercise. This may be attributed to the role of re-
sistin in defending the body against oxidation. It has been pre-
viously hypothesized that resistin is secreted in response to a 
chronic low-grade inflammation and has antioxidant proper-
ties in response to inflammatory stimuli [32]. sCD40L, a TNF 
superfamily transmembrane protein found on endothelial and 
smooth muscle cells, is essential for regulation of B cell matu-
ration and mediates a wide variety of inflammatory respons-
es [33,34]. Only ILL’s sCD40L levels were increased by exer-
cise, suggesting again immune dysfunction.

The soluble apoptosis inducer sFasL is an important cytokine 
involved in inflammation that regulates immune responses, 
and its insoluble form, FasL, is predominantly expressed in ac-
tivated T cells and natural killer cells [35,36]. Levels of sFasL 
at baseline were higher for ILL, which has been observed pre-
viously [8], and showed a greater increase after exercise. It 
has been shown that physical training has a beneficial effect 
by decreasing levels of sFasL in patients with chronic heart 
failure [37]. This result indicates a persistent immune activa-
tion, possibly contributing to the impaired exercise capacity 
of the ILL twin.

With regard to the gut microbiome, ILL exhibited a reduction 
in bacterial diversity, a finding also seen in our recent study of 
a larger cohort of ME/CFS patients and controls [19] and also 
observed in inflammatory bowel disease [38]. We observed 
that Ruminococcaceae were less abundant in ILL, consistent 
with other reports on subjects with Crohn’s disease (CD) [39] 
and ulcerative colitis [40]. The role of the enteric microbio-
ta in driving the phenotype of CD or ulcerative colitis was il-
lustrated recently in 40 twin pairs divergent or concordant 
for these diseases. Specific species of bacteria were associ-
ated with ileal CD [38]. We noted a decrease of core bacteria 
such as Faecalibacterium and Bifidobacterium in ILL, bacteria 
known to be beneficial in healthy subjects. Members of the 
Faecalibacterium genus have been shown to be consistently de-
creased in inflammatory bowel disease (IBD) [41] and CD [39]. 

Faecalibacterium is a prominent producer of short-chain fatty 
acids (especially butyrate), which play a role in protecting the 
intestine and regulating hormone and cytokine secretion such 
as leptin and IL-10 [42,43]. We also found that the number of 
Bifidobacteria, a group of bacteria that have been shown to 
improve the mucosal barrier functions [44], was significantly 
reduced in feces from ILL as previously reported [19]. Whether 
or not probiotics could improve the gut microbial composition 
and gastrointestinal function of individuals with ME/CFS is not 
known and would require clinical studies.

In both WELL and ILL, the gut virome was dominated by pro-
karyotic viruses that prey on gut bacteria. ILL had many few-
er Microviridae and more Caudovirales than WELL, indicat-
ing that the viromes were different between the two disease 
states. We observed a higher abundance of Myoviridae and 
Siphoviridae members of the Caudovirales in ILL in compari-
son to WELL. Our data are consistent with reports that detect-
ed more Caudovirales bacteriophage sequences in CD patients 
compared to non-inflammatory controls [45,46], reflecting an 
expansion of infectious bacteriophages in inflammatory states. 
Bacteriophages drive bacterial diversity in the gut by trans-
ferring genetic material among communities [47] and leading 
to the lysis of their bacterial hosts, which could trigger an in-
flammatory response such as cytokine release. Taken togeth-
er, these findings suggest how bacteriophages may contribute 
to mucosal inflammation and bacterial dysbiosis.

Conclusions

Prior studies of identical twins discordant for ME/CFS have not 
yielded useful biomarkers and have been limited in their value 
for identifying the physiological basis of the disease [48–53]. 
Recent work indicates that some of the symptom sub-groups 
and immune abnormalities can be correlated with genetic vari-
ation [54,55]. Our study indicates that a two-day cardiopul-
monary exercise test, in conjunction with molecular analyses 
of blood and microbiomes, could provide valuable informa-
tion about the illness, particularly if applied to a larger cohort 
of monozygotic twins.
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