Six-month follow-up of gut
microbiota richness in patients
with COVID-19

We read with great interest the recent
article published in Gut in which Yeoh

et al demonstrated that gut microbiota
composition of recovered patients
with COVID-19 remained significantly
distinct  from uninfected controls.'
Persisting symptoms, also known as
‘long COVID-19’, have been reported
in a significant proportion of patients
following hospital discharge.” ° Gut
dysbiosis might link to long COVID-19
risks." Few studies have focused on
the recovery process of gut microbiota
following SARS-CoV-2 infection.

Here, we conducted a prospective
study to longitudinally monitor alter-
ations of gut microbiota in patients with
COVID-19 using 16S rDNA sequencing
(detailed methods in online supple-
mentary materials). Faecal microbiota
was monitored at three timepoints,
acute phase (from illness onset to viral
clearance), convalescence (from viral
clearance to 2 weeks after hospital
discharge), postconvalescence (6
months after hospital discharge).

The gut microbiota richness, measured
by Chao 1 index, was obviously
lower (p<0.01, Wilcoxon rank-sum
test; figure 1A) in the acute phase of
COVID-19 (median 217, IQR 164-266)
as compared with uninfected controls
(median 432, IQR 332-468). There was
a non-significant increase of the Chao
1 index from the acute phase (median
217, IQR 164-266) to the convales-
cence (median 241, IQR 202-279) and
postconvalescence (median 259, IQR
193-302). A Bray-Curtis based principal
coordinated analysis revealed that the
overall microbial composition of patients
with COVID-19 deviated from the unin-
fected controls (analysis of similarities, R
=-0.20, p=0.001, figure 1B). There was
a tendency of the gut microbiota compo-
sition moving toward the controls from
the acute phase to recovery phase along
the first principal coordinate. Notably,
the species richness as estimated by Chao
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Figure 1  Changes of faecal microbial communities in different stages (acute, convalescence, postconvalescence) of patients with COVID-19 (n=30),

compared with uninfected controls (n=30). (A) a-Diversity, illustrated by microbiota richness (Chao 1 index), was reduced in COVID-19 (p<0.01,
Wilcoxon rank-sum test). Boxes represent the 25th—75th percentile of the distribution; the median is shown as a thick line in the middle of the box;
whiskers extend to values with 1.5 times the difference between the 25th and 75th percentiles. ***P<0.001. (B) Principal coordinate analysis (PCoA)
of Bray-Curtis distance analysis demonstrated that the overall microbial composition of patients with COVID-19 deviated from the uninfected controls
(analysis of similarities, R = — 0.201, p=0.001). (C) The same PCoA plot as (B), coloured by a-diversity measured by Chao 1 index.

1 index, can explain the differences along
the first principal coordinate (figure 1C).

The median Chao 1 index in postconvales-
cence was 259. Patients were further divided
into two subgroups according to their Chao
1 index in postconvalescence: low (<259,
n=15) and high (>259, n=15) (table 1).
Patients with reduced postconvalescence
richness had higher level of CRP (p=0.01),
as well as higher occurrence of intensive care
unit admission (p=0.03) and high flow nasal
catheter oxygen therapy therapy (p=0.03)
during the acute phase. In postconvalescence,
low richness was associated with reduced
pulmonary function of forced vital capacity
(p=0.03), forced expiratory volume in the
first 1 s of expiration (p=0.02), inspira-
tory vital capacity (p=0.05) and total lung
capacity (p=0.05).

The present study found that microbiota
richness was not restored to normal levels
after 6-month recovery. Patients with lower
postconvalescence richness showed higher
level of CRP and illness severity during the
acute phase, suggesting close correlations
between inflammatory response and gut
dysbiosis in COVID-19, as illustrated in
previous studies. * Microbial diversity is a
critical determinant of microbial ecosystem
stability.” Stable ecosystems provide colo-
nisation resistance to opportunistic patho-
gens.® Therefore, the persistent reduction of
gut microbiota richness may have long-term
biological influence during the COVID-19
pandemic.” Follow-up studies of 3 months
and 6 months have shown pulmonary func-
tion impairment along with cardiac abnor-
malities in patients with COVID-19.>* The
results here indicated that postconvalescence
patients with lower microbial richness had
worse pulmonary functions. Gut microbiota
is implicated in the pathogenesis of acute

lung injury via several potential mechanisms,
including direct translocation of bacteria
from gut to the lung and immune modulation
effects of microbes related metabolites.” '
Our study corroborates the growing evidence
that gut dysbiosis is associated with the
recovery process of COVID-19. Due to the
relatively small sample size, our results need
to be confirmed in further studies with larger
sample size and more techniques. Targeted
manipulation to promote the microbial diver-
sity could be an important strategy to treat
long COVID-19 and speed up recovery.
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Table 1 Comparison of clinical characteristics between patients with high or low microbial
richness in the recovery phase

All (n=30) Low (n=15) High (n=15) P value
Age, years 53.5 (39.75, 59) 53 (40, 57.5) 53 (37, 59.75) 0.72
Male, n (%) 19 (63.3%) 10 (66.7%) 9 (60%) 0.70
BMI of acute phase, kg/m? 242 (21.6,25.2) 249 (22.3,25.8) 23.8(21.3,25.0) 0.36
BMI of postconvalescence, 24.1(21.1,26.6) 24.7(22.2,27.2) 23.1(21.0,25.3) 0.41
kg/m?
Severe illness during 10 (33.3%) 7 (46.7%) 3 (20.0%) 0.12
hospitalisation, n (%)
White cell count, x10%/L * 5.7 (4.1,8.9) 5.7 (4.3,9.9) 6.5 (4.1, 8.0) 0.79
Haemoglobin, g/L * 138 (128, 149) 146 (128, 152) 137 (129, 141) 0.28
Platelet count, x10°/L * 187 (158, 231) 188 (168, 238) 182 (139, 225) 0.53
Neutrophil count, x107/L * 3.9(2.6,7.1) 43(2.9,8.7) 3.9(2.5,6.7) 0.75
Lymphocyte count, x1 0L*  0.8(0.61.2) 0.7 (0.5,1.2) 0.9(0.6,1.1) 0.59
D-dimer, mg/L * 236 (170, 467) 407 (175, 913) 199 (170, 320) 0.08
CRP, mg/L * 10.8 (5.9, 21.5) 15.4 (10.5, 45.7) 7.5(2.2,11.4)% 0.01
HFNC during hospitalisation 7 (23.3%) 6 (40.0%) 1 (6.7%)+ 0.03
ICU admission 4(13.3%) 4 (26.7%) 0 (0%)% 0.03
Duration from illness onset 6(4,9.7) 6 (4.5,10.5) 6(1.75,7.5) 0.55
to hospital admission, d
Duration of viral shedding 17.5(14,23.7) 18 (14, 22.5) 17.5 (14.5, 26.25) 0.98
in respiratory tract, d
Days of hospitalisation, d 17 (14.2,23.7) 17 (15, 22) 19.5 (13.75, 25.75) 0.65
PFTst
FVC 95.5 (89, 105) 93 (84, 96) 101.5 (94.7, 107.2) 0.03
FEV1 95.5 (86.2, 107) 91 (82.5,97) 103 (90.5, 112)% 0.02
PEF 82 (71.2,101) 77 (71.5, 90) 95.5 (75.2, 101) 0.41
FEV1/FVC ratio 80.25 (74.4, 88.0) 80.7 (76.4, 87.9) 80.25 (73.8, 88.0) 0.84
FEF25%-75% 87.5 (65, 120.2) 87 (69.5, 101) 87 (65, 135) 0.63
MEF 75% 86 (72.7,111) 80 (74.5, 89.5) 104 (77, 111.7) 0.55
MEF 50% 80.5 (70, 102.7) 81 (70, 91) 79.5(71.7,118.7) 0.88
MEF 25% 745 (57.2,114) 74 (50, 100) 73 (58.7,127.2) 0.48
MVV 88 (67.2,103.7) 75 (64, 95.5) 96 (78.7, 109.2) 0.08
DLCO 88.5 (78.5, 95) 86 (78,92) 94.5 (79.5, 99) 0.07
DLCO/VA 73 (67,79.7) 73 (67, 83.5) 73 (68.2,79.2) 0.82
IVC 83.5(77.2,92) 82 (70.5, 86.5) 88.5 (82.5,93.5)% 0.05
TLC 96 (91.2, 105.7) 92 (84.5, 98.5) 98 (96, 106)+ 0.05
RV 120 (106.2, 130.7) 123 (102.5, 130.5) 120 (106.7, 129) 0.90
RV/TLC 124.5(111.2,142.7) 132 (113.5, 150) 120.5 (110.7, 133.5) 0.23
Exercise capacity
Pre-6WMT heart rate 84 (75.7,91) 85 (81.5, 96) 82 (74.5, 86.5) 0.15
Pre-6WMT systolic blood 130.5(116.2,142.7) 133 (114, 156.5) 123 (115.5, 136.2) 0.40
pressure
Pre-6WMT diastolic blood 77.5 (69, 90.7) 71 (66, 99) 71.5(70.5, 86.2) 0.85
pressure
Pre-6WMT O, saturation, % 98(97,99) 98 (98, 99) 98 (97, 99) 0.88
6WMT distance, m 600 (540, 640) 620 (575, 640) 560 (515, 654) 0.77
Post-6WMT heart rate 103.5(98.2,113.7) 106 (100, 115) 101.5 (97.5, 106.75) 0.20
Post-6WMT systolic blood 129 (122, 142.5) 140 (124, 158.5) 127.5(121.2,132.2) 0.06
pressure
Post-6WMT diastolic blood 80 (70.7, 86) 81 (69, 92.5) 78.5(73.7, 84) 0.7
pressure
Post-6WMT O, saturation, 98 (97, 98) 98 (97, 98) 98 (97, 98) 0.71
%
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Table 1 Continued

All (n=30) Low (n=15) High (n=15) P value

The quantitative data are shown as median data and IQR data in brackets.

The occurrence data are shown as no. (%). Values indicate no. of positive results/total no. of patients with available
assay results.

Between-group comparisons of continuous variable in patients with low and high richness were tested by Kruskal-
Wallis test. For categorical variable, 32 test test was used for comparison between groups.

Statistically significance with a p value <0.05 was marked as bold.

*The results of laboratory test in the acute phase were compared, usually the first day after hospital admission.
tPulmonary function tests were expressed as per cent of the predicted value.

A p value <0.05 was denoted as statistically significant.

MEF 25%, mean expiratory flow at 25%; MEF 50%, mean expiratory flow at 50%; MEF 75%, mean expiratory
flow at 75%; BMI, body mass index; CRP, C reactive protein; DLCO, diffusing capacity of the lung for carbon
monoxide; DLCO/VA, diffusing capacity divided by the alveolar volume; FEF25%—75%, forced expiratory flow at
25%-75%; FEV1, forced expiratory volume in the first 1 s of expiration; FVC, forced vital capacity; HFNC, high flow
nasal catheter oxygen therapy; ICU, intensive care unit; IVC, inspiratory vital capacity; MVV, maximal voluntary
ventilation; PEF, peak expiratory flow; PFTs, pulmonary function tests; RV, residual volume; RV/TLC, residual volume
divided by the total lung capacity; TLC, total lung capacity; 6WMT, 6 min walk tests.
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Supplementary materials
Study design and Participants
This is a prospective longitudinal follow-up study of COVID-19 survivors. These patients
were discharged from the First Affiliated Hospital, Zhejiang University School of Medicine,
Hangzhou, China. In total, thirty patients with COVID-19 were included in the study and
followed up to 6 months after hospital discharge. A control cohort with 30 uninfected
subjects (age, gender and BMI matched) served as the baseline because stool specimens were
not collected from patients before SARS-CoV-2 infection (Table S1). Exclusion criteria of
the patients and controls include: history of gastrointestinal disease; antibiotic or prebiotic
use in the previous months. Ethics approval was obtained from the Institutional Review
Board of the First Affiliated Hospital, Zhejiang University School of Medicine
(IIT20200069A-R1). Informed written consent was obtained from each of the participants
before enrollment.

Table S1. Clinical characteristics of patients and uninfected controls in study

COVID-19 Patients (n=30) Controls (n=30) p-value
Age, years 53.5(39.75, 59) 53.5(45.25, 58) 0.88
Male, n (%) 19 (63.3%) 19 (63.3%) 1
Body mass index, kg/m? 24.1(21.9, 25.1) 23.8(21.7-25.2) 035
Comorbidities
Hypertension, n (%) 9 (30%) 10 (33.3%) 0.78
Type 2 diabetes, n (%) 4 (13.3%) 5(16.7%) 0.71
Coronary artery heart disease, n (%) 2 (6.7%) 4 (13.3%) 0.39

The quantitative data are shown as median data and inter quartile range data in brackets.

The occurrence data are shown as no. (%). Values indicate no. of positive results/total no. of patients with available assay
results.

Kruskal-Wallis test and Chi-square ()?) test was used when applicable.
DNA extraction and 16S rDNA sequencing
Fecal bacterial DNA extraction were performed using the PowerSoil DNA Extraction kit
(MoBio Inc., Carlsbad, CA). Given the potential presence of live virus in feces, all fecal

samples were inactivated at 56°C for 30 min before DNA extraction. Samples collected in the
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recovery phase and controls were treated under the same experimental conditions to reduce
methodological bias. Bacterial genomic DNA extraction, PCR amplification of the 16S
rDNA V3-4 region, [llumina MiSeq sequencing, and bioinformatic analysis were performed

as described earlier [1].

Briefly, after extraction, bacterial DNA was quantified using a Qubit 2.0 fluorometer
(Invitrogen, Carlsbad, CA, USA). The hypervariable region V3-V4 of the bacterial 16S
rRNA gene were amplified with primer pairs 338F (5'-ACTCCTACGGGAGGCAGCAG-3")
and 806R(5'-GGACTACHVGGGTWTCTAAT-3') by an ABI GeneAmp® 9700 PCR
thermocycler (ABI, CA, USA). The PCR amplification of 16S rRNA gene was performed as
follows: initial denaturation at 95°C for 3 min, followed by 28 cycles of denaturing at 95°C
for 30 s, annealing at 55°C for 30 s and extension at 72°Cfor 45 s, and single extension at
72°C for 10 min, and end at 4°C. The PCR mixtures contain 5 x TransStart FastPfu buffer 4
pL, 2.5 mM dNTPs 2 puL , forward primer (5 pM) 0.8 pL, reverse primer (5 uM) 0.8 pL,
TransStart FastPfu DNA Polymerase 0.4 puL, template DNA 10 ng, and finally ddH2O up to
20 pL. PCR reactions were performed in triplicate.bacterial 16S rDNA V3-4 region was
amplified using the 338F/806R primer set (338F 5-ACTCCTACGGGAGGCAGCAG-3',

806R 5'-GGACTACHVGGGTWTCTAAT-3").

Then, the PCR product was extracted from 2% agarose gel and purified using the AxyPrep
DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA) according to
manufacturer’s instructions and quantified using Quantus™ Fluorometer (Promega, USA).
Attachment of sequencing adapters to PCR products, amplification and library preparation
were performed using the NEXTFLEX Rapid DNA-Seq Kit (Illumina, San Diego, CA,

United States), as suggested by the manufacturer. Purified amplicons were pooled in
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equimolar and paired-end sequenced (2x300) on an Illumina MiSeq platform (Illumina, San
Diego, USA) by Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China). Genome
sequences were processed and analyzed on the Majorbio Cloud Platform
(www.majorbio.com). The raw sequences have been deposited into the NCBI Sequence Read

Archive database (PRINA703303).

Bioinformatic methods

The raw sequencing reads were quality-filtered and merged by Trimmomatic and FLASH.
Operational taxonomic units (OTUs) with a similarity cut-off of 97% were clustered using
UPARSE version 7.1 (http://drive5.com/uparse), and chimeric sequences were identified and
removed. A total of 1,598 OTUs were defined at 3% distance. After filtering, an average of
44,503 reads per sample was obtained (minimum, 25,480; maximum, 66,612). The taxonomy
of each OTU representative sequence was analyzed by RDP Classifier
(http://rdp.cme.msu.edu/) against the 16S rRNA database (Silva SSU132). Because the Chao
1 index is dependent on the size of the sequence libraries, the sample sizes from different
subjects were equalized by random subtraction to 25,480. Beta diversity was estimated by the

Bray-Curtis distance and was visualized by principal coordinate analysis (PCoA).

Six-minute walk distance test (6MWT)

At 6 months after hospital discharge, OMWT was performed [2]. Pre-walk and post-walk
vital signs were determined. Pre-walk heart rate, systolic and diastolic blood pressure and
pulse-oximetry were performed in sitting position at least five minutes and breathing room

air.

Pulmonary function tests (PFTs)
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PFTs was performed at the time of 6 months after discharge. Parameters of forced vital
capacity (FVC), forced expiratory volume in the first 1 second of expiration (FEV1), peak
expiratory flow (PEF), FEV1/FVC ratio, forced expiratory flow at 25-75% (FEF25-75%),
mean expiratory flow at 75% (MEF 75%), mean expiratory flow at 50% (MEF 50%), mean
expiratory flow at 25% (MEF 25%), maximal voluntary ventilation (MVV), diffusing
capacity of the lung for carbon monoxide (DLCO), diffusing capacity divided by the alveolar
volume (DLCO/VA), inspiratory vital capacity (IVC), total lung capacity (TLC), residual
volume (RV), residual volume divided by the total lung capacity (RV/TLC) were measured
using the SensorMedic Vmax System, USA. The spirometry and DLCO parameters were

expressed as a percentage of predicted normal values [3].

Statistical analysis

Demographic characteristics were expressed as median data and inter quartile range (IQR)
and as absolute values along with percentages for categorical variables. Severe illness of
COVID-19 Patients were diagnosed based on the WHO criteria
(https://www.who.int/publications/i/item/clinical-management-of-covid-19). Severe and
critical cases during hospitalization were grouped as severe illness. Between-group
comparisons for continuous variables were tested by Kruskal-Wallis test. Categorical
variables were tested with a Chi-square test. Statistical analyses were performed using the
SAS 9.4 software (SAS Institute Inc., Cary, NC, USA). The significance level of the
hypothesis tests was set at 0.05 (two-sided). Data of 16S rDNA sequences were analyzed on

the Majorbio Cloud Platform using the pipeline provided (www.majorbio.com).
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