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Summary 

Wheezing symptoms among children, present major health and economic problems globally. 

A recent study conducted in Canada observed a reduction in stool bacterial genera Faecali-

bacterium, Lachnospira, Veillonella and Rothia (FLVR) in three-month old infants with atopy-

wheeze symptoms. It is not known whether this is true in different human populations world-

wide. The overall aim of this dissertation was to investigate the contribution of any of the FLVR 

bacteria or their combination in the occurrence of infant wheezing within the Drakenstein Child 

Health Study (DCHS), South Africa.  

To address this aim, I began my thesis’s project by conducting a systematic literature review 

which investigated the association of FLVR bacteria with the occurrence of different respira-

tory diseases in humans. My review provided evidence for the possible involvement of FLVR 

bacteria in human respiratory diseases, including asthma, pulmonary tuberculosis and pneu-

monia. Furthermore, this review highlighted the need for a well-designed and large study to 

investigate the contribution of the FLVR bacteria in respiratory diseases, in an African setting.  

Secondly, I optimized SYBR Green based real-time quantitative polymerase chain reaction 

(qPCR) as well as conventional PCR assays for the detection of FLVR bacteria. Using the 

optimized assays, I screened 533 stool samples collected from 140 wheezing and 140 non-

wheezing infants. The optimized assays demonstrated good performance in the detection of 

FLVR bacteria from human stool samples. Using qPCR, Rothia, Veillonella, Faecalibacterium 

and Lachnospira were detected in 90% (479/533), 73% (388/533), 51% (274/533) and 14% 

(77/533) of the samples, respectively. Conventional PCR permitted the detection of Rothia, 

Veillonella, Faecalibacterium and Lachnospira in 55% (263/479), 74% (289/388), 53% 

(145/274) and 0% (0/77) of the qPCR positive samples, respectively. I also determined the 

factors associated with faecal colonization by FLVR bacteria in the first year of life. I showed 

that reduced colonisation by Faecalibacterium was associated with male gender (adjusted OR 

= 0.65, 95%CI: 0.42 - 0.98) and TC-Newman residence (adjusted OR = 0.52, 95%CI: 0.29 - 

0.91). Breastfeeding was associated with less colonisation by both Lachnospira, (adjusted OR 

= 0.17, 95%CI: 0.05 - 0.49) and Veilonella (adjusted OR = 0.32, 95%CI: 0.10 - 0.91). Mother’s 

tertiary education was significantly associated with high Rothia colonisation (adjusted OR = 

11.73, 95%CI: 1.36 - 2.58). 

In the last section of my thesis, I assessed the association of FLVR bacteria with infant wheez-

ing using logistic regression models. I found a significant association of Rothia with reduced 

risk of infant wheezing (adjusted odds ratio (aOR)=0.54, 95%CI: 0.28-0.93) and recurrent 

wheezing (aOR=0.29, 95%CI: 0.05-0.88). Using receiver operating characteristic curves 

(ROC), I showed that among all FLVR bacteria, Lachnospira (AUROC = 0.833, 95%CI: 0.64-

1.00) and Rothia (AUC=0.707, 95%CI: 0.62-0.79) could serve as biomarkers for early predic-

tion of infant wheezing.  

Overall, this is the first study on FLVR bacteria and infant wheezing to be conducted in Africa. 

Its findings encourage more research to be conducted in order to elucidate the potential pro-

tective role of Rothia against childhood wheeze and asthma, as well as the contribution of 

Lachnospira in asthma development. 
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Chapter 1:  

 

General Introduction 

 

Childhood wheeze is a burden in most populations worldwide (1-3), often associated with res-

piratory tract infections’ organisms (4, 5). An emerging factor associated with its occurrence 

include the contribution of the gastrointestinal microbiome, in particular the FLVR (Faecalibac-

terium, Lachnospira, Veillonella and Rothia) bacteria (6). Only a single study conducted in Can-

ada demonstrated the protective role of FLVR bacteria against childhood wheeze (6). Authors 

reported reduced abundance of FLVR bacteria in stools of atopic-wheeze infants compared 

to controls (6). It is not known whether these findings apply in all infants globally, as well as in 

non-atopic wheeze. The overall aim of this thesis was to elucidate the contribution of FLVR 

bacteria in childhood wheeze, using infants’ stools samples from a South African birth cohort 

study.  

This thesis begins with a systematic literature review (Part 2) which highlights findings on the 

association of FLVR bacteria with different respiratory diseases in humans. This is followed 

by a report of the findings of this MSc research project (Part 3), consisting of Chapter 3 and 

Chapter 4. The contents of these chapters were reported according to the STROBE (Strength-

ening the Reporting of Observational studies in Epidemiology) guideline for reporting obser-

vational studies (7). Chapter 3 gives a detailed description of the optimization of the molecular 

based techniques undertaken to detect FLVR bacteria from human stool samples. Chapter 4 

presents the major findings of this thesis on the association of FLVR bacteria with childhood 

wheezing. Part 4 consists of Chapter 5 which is the general discussion and Chapter 6 which 

gives the general conclusion of this study. The last part (Part 5) is the appendix. The refer-

ences cited in each chapter are presented at the end of the chapter 
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Part 2: Systematic review 
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Chapter 2:  

 

Contribution of Faecalibacterium, Lachnospira, Veillonella, and Rothia in human 

respiratory diseases: a systematic review  

 

Summary 

Introduction: Respiratory diseases are a major universal public health concern among hu-

mans. Alterations in the human microbiota has been linked to several diseases. In Canada, a 

reduced abundance of Faecalibacterium, Lachnospira, Veillonella and Rothia (FLVR) was as-

sociated with increased risk of developing childhood asthma. We conducted a systematic re-

view to identify and examine studies associating FLVR bacteria with the occurrence of differ-

ent respiratory diseases in humans. 

 

Methods and analysis: We performed a comprehensive literature search on six biomedical 

electronic databases/platforms (PubMed, Scopus, Web of Science, CINAHL, Africa Wide In-

formation and Academic search premier) to identify studies reporting on FLVR bacteria and 

respiratory diseases. The screening and data extraction were carried out by two independent 

reviewers. 

  

Results: We identified 17 eligible studies. Nine studies (52.9%) reported on Veillonella, two 

(11.8%) on Lachnospira, two (11.8%) on Faecalibacterium, three (17.6%) on Veillonella and 

Rothia, and one (5.9%) on all four bacteria. All the studies were conducted outside Africa 

between 2012 and 2018. Next generation sequencing of the 16S rRNA gene was the main 

method used (76.5%; 13/17) to detect FLVR bacteria. The samples used to detect FLVR bac-

teria included stools (41.2%; 7/17), oropharyngeal swabs (29.4%; 5/17), sputa (11.8%; 2/17), 

throat swabs (5.9%; 1/17), bronchoalveolar lavage (5.9%; 1/17) and mucus from the middle 

meatus (5.9%; 1/17). No study investigated factors associated with the detection of FLVR 

bacteria. Seven studies (7/17;41.2%) identified a potential protective role, and seven other 

studies (7/17;41.2%) identified a potential pathogenic role of FLVR bacteria in different respir-

atory diseases. Two studies (2/17;11.8%) observed an opposing shift of Veillonella and Rothia 

in pneumonia. Lachnospira was protective against asthma and pulmonary tuberculosis.  Fae-

calibacterium was protective against cystic fibrosis and pathogenic against pulmonary tuber-

culosis. The protective role of Veillonella was observed in non-infectious wheezing, bronchio-

litis, asthma and chronic obstructive pulmonary disease (COPD). The pathogenic role of Veil-

lonella was observed in chronic rhinosinusitis, cystic fibrosis, bronchial asthma, COPD and 

idiopathic pulmonary fibrosis (IPF). One study reported a potential protective role of all four 

bacteria against asthma. 

  

Conclusion: There is evidence for the possible involvement of FLVR bacteria in human res-

piratory diseases. Research on FLVR and respiratory diseases is needed in Africa. Future 

studies should also identify factors associated with the detection of FLVR bacteria in respira-

tory diseases. 

 

Key words: Asthma, Faecalibacterium, FLVR, Lachnospira, Respiratory diseases, Rothia, 

Veillonella  
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1. Introduction 

1.1 Background and rationale 

Respiratory diseases are one of the main causes of morbidity and mortality in humans world-

wide (1-5). In 2015 lower respiratory tract infections (LRTIs) were the third leading killer globally 

(6). In the same year, chronic obstructive pulmonary disease (COPD) claimed approximately 

3.2 million deaths (6).  

Development and/or progression of different human diseases is increasingly linked with 

dysbiosis of the microbial communities (7-9). A Canadian study reported that reduction in stool 

bacterial genera, Faecalibacterium Lachnospira, Veillonella and Rothia (FLVR) was associ-

ated with high risk of developing asthma (based on the asthma predictive index) in three-

month old infants with atopy-wheeze symptoms (10). Addition of these bacteria in a humanized 

mouse model showed a decrease in airway inflammation (10, 11). This suggests that reduction 

in these bacteria could be associated with the development of asthma and airway inflamma-

tion.  

There is no published systematic review assessing the contribution of FLVR bacteria in human 

diseases. We conducted this systematic review to investigate the association of FLVR bacteria 

with the development and/or progression of different respiratory diseases in humans. 

2. Materials and methods 

This systematic review is registered (registration number, CRD42018081039) with the Inter-

national Prospective Register of Systematic Reviews (PROSPERO). We adopted the Pre-

ferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) guideline(12), and 

in combination with the MOOSE guideline for the reporting of systematic reviews of observa-

tional studies (13). 

2.1 Definition of key terms in this review 

Respiratory diseases - All disorders affecting the organs involved in gaseous exchange (14). 

Positive association - Increased abundance of a bacterium in samples of respiratory disease 

patients as compared to the control group, hence positively associating with the disease. 

Negative association - Decreased abundance of the bacterium in samples of respiratory dis-

ease patients as compared to the control group, hence negatively associating with the dis-

ease. 

Potential pathogen - A bacterium that is abundant in patients compared to the control group. 

This bacterium is not expected to be mono-infecting the patient, hence the term potential. 

Potential protector - A bacterium that is abundant in the control group compared to patients.  

2.2 Inclusion and exclusion criteria 
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In this systematic review, we included studies comparing the microbiota of patients suffering 

from respiratory diseases to “healthy” or non-respiratory disease individuals. In addition, we 

considered studies which have used FLVR bacteria as a bio-therapeutic in respiratory dis-

eases. We excluded studies reporting on diseases other than respiratory diseases as an out-

come. Articles written in other languages besides English and French were excluded. 

2.3 Search strategy 

To identify potentially relevant studies, we performed a comprehensive literature search on 

biomedical electronic databases/platforms (PubMed, Scopus, Web of Science, CINAHL, Af-

rica Wide Information and Academic search premier). The search was done using a combina-

tion of key terms (Table 2.1). In addition, we also searched google scholar (Table 2.1) for 

potentially relevant articles which would have been missed by database searching. All the 

studies were retrieved into an endnote library. 

2.4 Outcome measures 

The outcome of interest included the occurrence of a respiratory disease condition, associated 

with any or a combination of the FLVR bacteria. 

2.5 Study selection and quality assessment 

Two independent reviewers were involved in the study selection and quality assessment. All 

retrieved studies were initially screened based on their titles and abstracts to identify poten-

tially eligible studies. Instances where the study design was not clearly mentioned in the ab-

stracts, the full article was retrieved for a closer inspection. Each reviewer read through the 

full texts of potentially eligible studies, to identify eligible studies. Disagreements were resolved 

by a consensus between the two reviewers or a contribution of a third reviewer. The Joanna 

Briggs Institute (JBI) critical appraisal checklists (15) and the Newcastle-Ottawa scale (NOS) 

(16) were used to assess quality of eligible studies. The eligible studies were required to meet 

all components of the NOS and component 1-8 and 10 of the JBI checklist.  

2.6 Data extraction and management  

We used a questionnaire form generated in this study to extract relevant data from the eligible 

studies. The following information were independently extracted by two reviewers: study au-

thor, year of publication, sample size, detection method, detected FLVR bacterial genera, dis-

ease name, sample type, population age group, country, bacterial abundance, odds ratio if 

provided, and authors conclusion. All the information was saved in a table format (Table 2.2)



17 
 

Table 2.1 Search strategy performed in electronic databases/platforms 

Database/platforms  Search mode  Keywords 

Medline via Pubmed  All fields  (Faecalibacterium OR Lachnospira OR Veillonella OR Rothia) AND ("lung disease" OR "lung dis-

eases" OR "pulmonary disease" OR "pulmonary diseases" OR “respiratory diseases” OR “respiratory 

disease” OR “respiratory tract infections” OR “respiratory tract infection” OR “respiratory disorders” 

OR “respiratory disorder” OR asthma OR pneumonia OR “COPD” OR bronchitis OR emphysema OR 

bronchiectasis OR "pleural effusion" OR wheeze OR wheezing OR tuberculosis OR "chronic obstruc-

tive pulmonary disease" OR “chronic cough“ OR “acute respiratory distress syndrome” OR “ARDS” 

OR bronchiolitis OR sarcoidosis) 

Scopus via SciVerse*  Article title, abstract, key-

words 

 

Academic Search Premier, Africa-Wide Infor-

mation and CINAHL via EBSCOHost 

 Boolean/Phrase  

Web of Science via Web of Knowledge  Topic  

Google scholar    Same search terms as for the other databases 

(Bacterium name AND respiratory diseases), e.g. (Faecalibacterium AND respiratory diseases) 

(All bacterial names AND respiratory diseases), e.g. (Faecalibacterium, Lachnospira, Veillonella, 

Rothia AND respiratory diseases)  

* We used the advanced search strategy
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3. Results 

3.1 Study selection and quality assessment 

Using our search terms, 910 articles were retrieved from PubMed, Scopus, Web of Science, 

CINAHL, Africa Wide Information and Academic search premier, and 1500 from google 

scholar (Figure 2.1). From these, 1661 duplicate articles were removed. From the remaining 

749 studies assessed based on their titles/abstracts, 712 studies were excluded as they did 

not meet the inclusion criteria. The remaining 37 potentially eligible studies underwent full text 

review and quality assessment using the JBI (15) and NOS (16) checklists. After quality assess-

ment, we excluded 20 studies and 17 studies were eligible (Figure 2.1).  

 

Figure 2.1 PRISMA flow diagram summarizing the study selection process 
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3.2 Characteristics of the included studies 

Of the 17 eligible studies, 41.2% (7/17) were on childhood (<18 years) respiratory diseases. 

These diseases were, asthma (10, 17), cystic fibrosis (18, 19), non-infectious wheezing (20), atopic 

wheezing (21) and bronchiolitis (22). The remaining 58.8% (10/17) of the studies were focused 

on adults (≥18 years) respiratory diseases. These included chronic rhinosinusitis (23), pneumo-

nia (24, 25), asthma (26, 27), chronic obstructive pulmonary disease (COPD) (27, 28), pulmonary tu-

berculosis (29-31) and idiopathic pulmonary fibrosis (IPF) (32).  Most studies (76.5%; 13/17) (18-20, 

22-25, 27-32) used 16S rRNA next generation sequencing as the detection method, 3/17 (11.8%) 

(17, 21, 33) studies used 16S rRNA qPCR and 1/17 (5.9%) (26) study used cloning combined with 

Sanger sequencing of the 16S rRNA gene. FLVR bacteria were detected in oropharyngeal 

swabs (29.4%; 5/17) (20, 25-28), sputa (11.8%; 2/17) (24, 29), throat swabs (5.9%; 1/17)(18), mucus 

from the middle meatus (5.9%; 1/17)  (23), bronchoalveolar lavage (5.9%; 1/17) (32) and stool 

samples (41.2%; 7/17) (17, 19, 22, 30, 31, 33). From the 17 studies, Veillonella was detected in 52.9% 

(9/17) (18, 20-23, 26-28, 32), Faecalibacterium in 11.8% (2/17) (19, 31), Lachnospira in 11.8% (2/17) (17, 

30), both Veillonella and Rothia in 17.6% (3/17) (24, 25, 29), and 5.9% (1/17) detected all four 

bacteria (33). None of the studies identified risk factors associated with the detection of FLVR 

bacteria. In addition, none of the included studies was conducted in Africa. No study gave the 

number of FLVR positive or negative participants. Furthermore, most studies had a very small 

sample size (Table 2.2).  

3.3 FLVR as potential pathogens in respiratory diseases 

A total of seven out of the 17 (41.2%) included studies reported a positive association of either 

one of the FLVR bacteria or more with respiratory diseases (Table 2.2). Six of these studies, 

using respiratory samples as the sample source, identified a potential pathogenic role of Veil-

lonella in chronic rhinosinusitis (23), cystic fibrosis (18), bronchial asthma (26), COPD (28) and idi-

opathic pulmonary fibrosis (IPF) (32), as well as in atopic wheeze using stool as the sample 

source. One study identified Faecalibacterium in stools as a potential pathogen in pulmonary 

tuberculosis (31). One study associated both Rothia and Veillonella in sputum as potential path-

ogens in pulmonary tuberculosis (29).  

3.4 FLVR as potential protector against respiratory diseases 

We identified 41.2% (7/17) studies reporting the protective role of FLVR bacteria against the 

occurrence of respiratory diseases (Table 2.2). Veillonella was associated with protection 

against non-infectious wheezing (1/7 studies using oropharyngeal swabs) (20), bronchiolitis (1/7 

studies using stool samples) (22) as well as asthma and COPD (1/7 studies using oropharyn-

geal swabs) (27). Stools’ Lachnospira was associated with protection against pulmonary tuber-

culosis (1/7 studies) (30) and asthma (1/7 studies) (17). Faecalibacterium in stools was protective 
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against cystic fibrosis in 1/7 studies (19). We identified 1/7 studies reporting the protective role 

of all four bacteria, detected in stools, against asthma (33).  

3.5 Opposing shift of FLVR in respiratory diseases 

We observed an opposing shift between Veillonella and Rothia in 11.8% (2/17) of the included 

studies. A decrease in Veillonella and an increase in Rothia abundance was observed in spu-

tum and oropharyngeal swabs of pneumonia patients (24, 25) (Table 2.2). 
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Table 2.2 A summary of studies associating FLVR bacteria with respiratory diseases in humans 

Study au-
thor/year 

Study 
design 

Number of 
participants 

Age Gender Country Disease Sample type Detection 
method 

Detected 
bacteria 

Relative 
abundance 

Odds ratio 
(CI) 

Association 
with disease 

Authors conclu-
sion 

Biswas et al. 
2017 

Case 
control 

Cases= 10 
Controls= 9 

≥18 Cases: 
5M, 5F 
Controls: 
6M, 3F 

New 
Zealand 

Chronic rhi-
nosinusitis 

Mucus from the 
middle meatus 

16S rRNA 
NGS  

Veillonella _ _ Positive Strongly associated 
with the disease 
(absolute effect size 
< -3) 

Boutin et al. 
2017 

Case 
control 

CF= 57 
Asthma= 27 
Controls= 
62 

Average 
age: 
10.2 
years 

Cases: 
46M, 6F 
Controls: 
28M, 
34F 

Germany Cystic fibro-
sis 
Asthma 

Throat swabs 16S rRNA 
NGS  

Veillonella _ _ Positive High abundance in 
CF as compared to 
asthmatic and 
healthy controls 

Dang et al. 
2013 

Case 
control 

Cases= 4 
Controls= 4 

≥18 
years 

Cases: 
1M, 3F 
Controls: 
3M, 1F 

South 
Korea 

Asthma Oropharyngeal 
swabs 

16S rRNA 
cloning and  

Veillonella Cases= 
14% 
Controls= 
5% 

_ Positive Dominant in asth-
matic 

Diao et al. 
2017 

Case 
control 

Cases= 45 
Controls= 
20 

Cases: 
62.3±7.0 
Controls: 
58.7±6.4 
years 

Male China COPD Oropharyngeal 
swabs 

16S rRNA 
NGS  

Veillonella _ 8.8 (4.6-
13.4) 

Positive Significantly high 
abundance in cases 
compared to con-
trols.  

Krishna et al. 
2016 

Case 
control 

Cases= 25 
Controls= 
16 

Cases= 
23-67 
years 
Controls= 
21-70 
years 

Cases: 
13M, 
12F 
Control: 
10M, 6F 

Germany Pulmonary 
Tuberculosis 

Sputum 16S rRNA 
NGS  

Veillonella 
  
  
Rothia 

V. dispar 
Cases= 
3.3%, Con-
trols=0.8%R
othia muci-
laginosa 
Cases= 4%, 
Controls= 
0% 

_   
  
  
Positive 

Veillonella was 
highly dominant in 
cases (P= 0.023) 
Rothia (P= 0.047) 
was detected only 
in cases 

Maji et al. 
2018 

Case 
control 

Cases= 6 
Controls= 6 

Cases= 
14-47 
years 
Controls= 
19-35 
years 

Not re-
ported 

India Pulmonary 
Tuberculosis 

Stool 16S rRNA 
NGS  

Faecali-
bacterium 

Cases= 0.03 
Controls= 
0.006 

_ Positive Significantly en-
riched in TB cases 
at day zero (P= 
0.016) compared to 
controls 
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Table 2.2 continues 

Study au-
thor/year 

Study 
design 

Number of par-
ticipants 

Age Gender Country Disease Sample 
type 

Detection 
method 

Detected 
bacteria 

Relative 
abundance 

Odds ratio 
(CI) 

Association 
with disease 

Authors conclu-
sion 

Molyneaux et 
al. 2014 

Case 
control 

Cases= 65 
Controls= 44 

Average 
age: 
Cases= 68  
Controls= 
58.2 

Cases: 
50M, 15F 
Controls: 
27M, 17F 

United 
Kingdom 

IPF Bron-
choalveo-
lar lavage 

16S rRNA 
NGS  

Veillonella Cases= 
84.8±5.7 
Controls= 
56.6±4.5 

_ Positive Highly detected in 
IPF, 1.5-fold in-
crease in cases 
compared to con-
trols 

Chen et al. 
2013 

Case 
control 

Cases= 45 
Controls= 18 

Cases= 
42-78 
years 
Controls= 
Not re-
ported 

Cases: 
24M, 21F 
Controls: 
not re-
ported 

China Pneumo-
nia 

Sputum 16S rRNA 
NGS  

Rothia 
  
  
  
   

CAP= 
11.35% 
Controls= 
1.04% 
  
   

_ Positive 
  
  
  
   

Rothia more preva-
lent in CAP cases. 
Might be an endog-
enous-disease 
causing factor.  

Veillonella HAP= 
0.86% 
Controls= 
3.62% 

_ Negative Veillonella more 
abundant in con-
trols compared to 
HAP cases 

Piters et al. 
2016 

Case 
control 

Cases= 127  
Controls= 278 

Cases= 
46-76 
years 
Controls= 
34-75 
years 

Cases: 
76M, 51F 
Controls: 
68M, 210F  

Nether-
lands 

Pneumo-
nia 

Oropha-
ryngeal 
swabs 

16S rRNA 
NGS  

Rothia 
  
   

Cases= 
26.7% 
Controls= 
7.3% 
  
   

  
  
_ 
  
  

Positive 
  
   

Rothia more abun-
dant in cases com-
pared to controls.  

Veillonella 
dispar 

_ _ Negative V. dispar was more 
prevalent in con-
trols, 

Arrieta et al. 
2015 

Case 
control 

Initial 319 
(Cases=245, Con-
trols=74) 

3 months 
and 1 year 

Cases: 
14M, 7F 
Controls: 
36M, 38F 

Canada Asthma 
Preceded 
by atopic-
wheezing 

Stool Initial 16S 
rRNA NGS 

Faecalibac-
terium 
Lachnospira 
Veillonella  
Rothia 

_ _ Negative Low abundance at 
3 months is associ-
ated with high risk 
of asthma diagnosis 
by 3 years 

Subsequent: 
Cases= 21 
Controls= 20 at 
3months, 19 at 1 
year 

Subsequent 
16S rRNA 
qPCR 

Cardenas et 
al. 2012 

Case 
control 

Cases= 24 
Controls= 24 

Average: 
Cases: 9.9 
months 
Controls: 
10.5 
months 

Cases: 
12M, 12F 
Controls: 
10M, 14F 

United 
Kingdom 

Non-infec-
tious 
wheezing 

Oropha-
ryngeal 
swabs 

16S rRNA 
NGS se-
quencing 

Veillonella Cases= 
2623 se-
quences 
Controls= 
4117 se-
quences 

0.59 (0.56-
0.62) 

Negative Significantly high 
abundance in con-

trols (P= 8.06x10
-86

) 
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Table 2.2 continues  

Study au-
thor/year 

Study 
design 

Number of 
participants 

Age Gender Country Disease Sample 
type 

Detection 
method 

Detected 
bacteria 

Relative 
abundance 

Odds ra-
tio (CI) 

Association 
with disease 

Authors con-
clusion 

Hasegawa 
et al. 2016 

Case 
control 

Cases= 40 
Controls= 
115 

Cases: 4 years 
Controls: 4 
years 

Cases: 18M, 
22F 
Controls: 64M, 
51F 

United 
States 

Bronchiolitis Stool 16S rRNA 
NGS  

Veillonella _ _ Negative Overrepresented 
in healthy infants 
(absolute effect 
size > 3.6) 

Luo et al. 
2017 

Case 
control 

NTB= 19 
RTB= 18 
Controls= 
20 

NTB= 14-75 
years 
RTB= 15-77 
years 
Controls= 25-66 
years 

NTB: 10M, 9F 
RTB: 15M, 3F 
Controls: 12M, 
8F 

China Pulmonary 
Tuberculosis 

Stool 16S rRNA 
NGS  

Lachno-
spira 

NTB= 0.9% 
RTB= 0.6% 
Controls= 
2.7% 

_ Negative Significantly de-
creased in NTB 
and RTB com-
pared to healthy 
controls  

Park et al. 
2014 

Case 
control 

Asthma= 18 
COPD= 17 
Controls= 
12 

Asthma= 
53.4±17.1 
COPD= 
68.9±7.2 
Controls= not 
reported 

Asthma:10M,8F 
COPD: 15M,2F 
Controls: 6M, 
6F 
  

South 
Korea 

Asthma,  
COPD 

Oropha-
ryngeal 
swabs 

16S rRNA 
NGS  

Veillonella Asthma: 
3.46% 
COPD: 3.98% 
Controls: 
8.01% 

_ Negative Mostly abundant 
in healthy con-
trols 

Stiemsma 
et al. 2016 

Case 
control 

Cases= 39 
Controls= 
37 

3 months and 1 
year 

Cases:21M,18F 
Controls: 20M, 
17F 

Canada Asthma Stool 16S rRNA 
qPCR  

Lachno-
spira 

_ _ Negative Significantly re-
duced in 
3months faecal 
microbiota of 
asthmatic (P= 
0.008) 

Vernocchi 
et al. 2017 

Case 
control 

Cases= 28 
Controls= 
31 

Average: 
Cases= 3.5 
years 
Controls= 3.06 
years 

Cases: 11M, 
17F 
Controls: 20M, 
11F 

Italy Cystic fibrosis Stool 16S rRNA 
NGS  

Faecali-
bacterium 

_ _ Negative Significantly 
abundant in con-
trols (P ≤ 0.1) 

Arrieta et al. 
2018 

Case 
control 

Cases=27 
Controls=70 

3 months Cases= 13M, 
14F 
Controls= 32M, 
38F 

Rural 
Ecuador 

Atopic 
wheeze 

Stool 16S rRNA 
NGS 
16S rRNA 
qPCR 

Veillonella _ _ Positive Significantly as-
sociated with 
atopic-wheeze 

Abbreviations: rRNA- ribosomal RNA; NGS- Next generation sequencing; COPD- Chronic obstructive pulmonary disease; IPF- Idiopathic pulmonary fibrosis; CAP- Community acquired pneumonia; 

quantitative polymerase chain reaction; HAP- Hospital acquired pneumonia; NTB- New TB cases; RTB- Recurrent TB cases; M- Male; F- Female 
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Discussion 

This is the first systematic review on FLVR bacteria and human respiratory diseases. We ob-

served that most studies lack statistical evidence to support their findings. However, the stud-

ies which provided statistical evidence differ in terms of the detected bacteria, type of samples 

used, and the diseases investigated. As a result, we were unable to compare the findings 

between studies. We also could not calculate measures of associations such as odds ratio as 

none of the studies provided the number of participants which were positive or negative with 

FLVR bacteria. Because of the heterogeneity of the studies, we were unable to conduct a 

meta-analysis.  We saw a need for larger studies, as the smaller sample sizes of most studies 

(17-20, 23, 24, 26-33) in this review may have biased the findings observed.  The widespread use of 

NGS as the detection method observed in this review, indicates the need for a target-based 

approach in the detection of FLVR bacteria. The universal primers used in NGS may fail to 

capture some bacteria, mostly those which exist in low densities. Therefore, targeting FLVR 

bacteria using specific primers may help overcome this limitation. This will allow us to better 

understand the contribution of these bacteria in human diseases. 

This review strongly suggests a potential protective role of Lachnospira as this bacterium was 

less abundant in stool samples of patients compared to controls. Lachnospira and other Fir-

micutes are well known producers of short-chain fatty acids (SCFAs) which have been shown 

to play a key role in immunity (34-36). Hence, reduced amount of Lachnospira in the patients 

could mean an impaired immune response too. The impaired immune response could also 

mean poor health. This potential protective role strengthens the gut-lung axis hypothesis (37, 

38), emphasizing the possible influence of gut Lachnospira on respiratory tract health. Findings 

on Veillonella and respiratory diseases are conflicting, this could be due to the use of different 

samples which could not permit comparability of results. Faecalibacterium has been associ-

ated with health in various diseases (39, 40). We observed similar results with cystic fibrosis in 

this review. Therefore, the contradicting findings of Faecalibacterium with pulmonary tubercu-

losis also observed in this study require further investigation using bigger sample sizes for 

confirmation. In addition, we suggest the use of target approaches as these findings are based 

on microbiome profiling. An opposing shift of Veillonella and Rothia observed in sputa and 

oropharyngeal swabs of pneumonia patients in this review is interesting. Since these two sam-

ple types are shown to exhibit a similar bacterial composition (41), it is very likely that these 

bacteria are playing an interactive role in pneumonia. Rothia has been reported as a potential 

pathogen for pneumonia in another review (42), hence supporting our findings. Co-colonisation 

with FLVR bacteria could be therapeutic against asthma, given the simultaneous reduction of 

all four bacteria observed in one of the studies included in this review. This suggests a possible 

synergistic role played by these bacteria in asthma. 
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The main limitation of our study was exclusion of studies in languages other than French and 

English, which might have biased our findings. Furthermore, the data generated in microbiome 

studies could vary greatly due to various factors such as extraction protocols, the primers 

used, the sequencing platforms as well as bioinformatics pipelines used (43). Therefore, com-

parison of studies with similar objectives and data derived from similar platforms could provide 

accurate information as it is very difficult to make final conclusions using data generated dif-

ferently. 

In conclusion, our review demonstrates evidence for the possible contribution of FLVR bacte-

ria in different respiratory diseases. The gut Lachnospira could potentially be protective 

against asthma and pulmonary tuberculosis, thus strengthening the gut-lung axis hypothesis. 

Future studies on Veillonella using the same sample type are needed to help resolve the con-

flicting findings observed in this study. Faecalibacterium could be a potential pathogen in pul-

monary tuberculosis, although studies have mostly associated this bacterium with health. We 

encourage future studies to investigate the role of Faecalibacterium in childhood asthma and 

cystic fibrosis. The opposing shift of Rothia and Veillonella in pneumonia should be studied 

further both in children and adults. It will also be interesting to look at the interaction among 

FLVR bacteria with other organisms in the progression of respiratory diseases in future.  

Having explored literature for the possible contribution of the FLVR bacteria in different res-

piratory diseases, we see a gap for lack of studies on FLVR and respiratory diseases in an 

African setting. We also noticed a need for target-based detection of FLVR bacteria. We there-

fore encourage future target-specific studies based in Africa with larger sample sizes, to see 

if these findings are applicable worldwide. We further observed that none of the included stud-

ies identified the risk factors associated with FLVR detection, which is something worth looking 

into in the future. We noted that studies are reporting only on bacterial abundance and failing 

to mention how many participants had the bacteria. We thus suggest that future studies should 

put this into consideration, as it is very important for comparability purposes. Lastly, we en-

courage species level investigation to help identify the exact FLVR bacterial species which 

are involved in human diseases. 
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Chapter 3:  

Optimization of molecular detection of Faecalibacterium, Lachnospira, Veil-
lonella and Rothia  

Summary 

Background: There is rising interests in stool bacterial genera Faecalibacterium, Lachno-

spira, Veillonella and Rothia (FLVR) as potential biomarkers for infant wheezing. Isolation of 

FLVR by culture-based methods is a challenge. Polymerase Chain Reaction (PCR) is a very 

sensitive, culture-independent method which is widely used for microbial detection in clinical 

samples. However, no single study has described optimal PCR conditions for FLVR detection 

thus far. This study aimed to optimize SYBR Green based real-time PCR (qPCR) assays (tar-

geting the 16S rRNA), as well as conventional PCR assays (targeting the 16S rRNA and rpoB 

genes) for the detection of FLVR bacteria.  

Method: We assessed the overall performance of previously published primers as well as 

newly designed primers and determined their optimal PCR conditions. Pure genomic DNA of 

FLVR bacteria was used for the optimisation of SYBR Green qPCR and conventional PCR 

assays. A thermal gradient PCR approach was used to determine the optimal annealing tem-

perature for all primer pairs. We determined the primers’ limit of detection (LOD), the inter-

assay and intra-assay variation. 

Results: All optimized conditions demonstrated good performance for the detection of FLVR 

bacteria.  The optimal annealing temperature was 65 ºC for all qPCR primers, and in the range 

45 – 65 ºC for conventional PCR primers. The qPCR assays were more sensitive (detection 

limit: 1.28 x 10
-5
- 3.2 x 10

-4 
ng/µl) compared to conventional PCR assays (detection limit: 8 x 

10-3 - 1 x 100 ng/µl). The intra-assay %CV were in the range 0 - 1.63%, 0.24 - 1.25%, 0.34 - 

2.67% and 0.21 - 6.78% for Faecalibacterium, Lachnospira, Veillonella and Rothia respec-

tively. The inter-assay %CV for Faecalibacterium, Lachnospira, Veillonella and Rothia ranged 

between 0 - 3.73%, 1.21 - 5.54%, 0.73 - 3.1% and 0 - 7.06% respectively. 

Conclusion: We consider our PCR assays suitable for the detection of FLVR bacteria. 

Keywords: Faecalibacterium, Lachnospira, Veillonella, Rothia, FLVR, quantitative real-time 

PCR, optimization, SYBR green, conventional PCR 

 

1. Introduction 

1.1 Background and rationale 

The stool bacterial genera Faecalibacterium, Lachnospira, Veillonella and Rothia (FLVR) have 

been identified as potential diagnostic markers for infant atopic-wheeze (1). A single study has 
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looked at these bacteria in infants  with wheezing (1). Therefore, there is a need for further 

research to help strengthen these findings. Detection of FLVR bacteria by traditional culture-

based methods is challenging because of their strict growth requirements (2-5).  Faecalibacte-

rium (3), Lachnospira (2) and Veillonella (4) are extremely oxygen sensitive (EOS) and Rothia (5) 

grows very slowly. To overcome the drawback of culture-based microbial detection, clinical 

research has shifted towards the use of culture independent molecular-based methods (6). 

Polymerase chain reaction (PCR) is one of the widely used culture-independent methods for 

microbial detection with high sensitivity and specificity (7, 8). Quantitative real-time PCR (qPCR) 

allows both the detection and quantification of the target nucleic acid (9), whereas conventional 

(end-point) PCR only allows the detection (10).   In qPCR, detection is facilitated by the use of 

fluorescent reporters such as hybridization probes (11, 12) and the DNA minor-groove interca-

lating dye SYBR green I (13). These fluorescent reporters also monitor the amplification process 

(14, 15). In contrast, detection by conventional PCR relies on visualization of a fraction of the 

amplicons under ultraviolet (UV) light after gel electrophoresis (that is, post PCR amplification) 

(10). In addition, conventional PCR allows amplification of a larger DNA fragment for sequence 

identification. 

There is no study which has described PCR conditions for the detection of FLVR bacteria. 

Establishment of successful PCR assays is an essential requirement, in ensuring reproducible 

and valid results (16). The objective of this study was to establish optimal SYBR Green based 

qPCR as well as conventional PCR assays for the detection of FLVR bacteria. 

2. Materials and methods 

Figure 3.1 outlines the workflow of this study. 
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Figure 3.1 Study workflow showing the optimisation experiments for the molecular detection of FLVR bacteria. F- 

Faecalibacterium, L- Lachnospira, V- Veillonella, R- Rothia; DNA- Deoxyribonucleic acid; qPCR- Quantitative Pol-

ymerase Chain Reaction 

2.1 Template DNA and PCR primers  

We used pure genomic DNA from Faecalibacterium prausnitzii (DSM 17677), Lachnospira 

multipara (DSM 3073), Veillonella parvula (DSM 2008) and Rothia mucilaginosa (DSM 

20746), as template DNA in this analysis. This DNA was purchased from Leibniz Institute 

DSMZ-German Collection of Microorganisms and Cell Cultures.  

The primers used for the optimization of the SYBR green-based qPCR assays target various 

regions of the 16S rRNA gene in the genera Faecalibacterium (17), Veillonella (1, 16), Lachno-

spira and Rothia (18) (Table 3.1). For conventional PCR assays, we used primers targeting the 

16S rRNA gene of Faecalibacterium (19, 20) and Rothia, and the rpoB gene of Veillonella (21, 22) 

and Lachnospira (Table 3.2). We designed conventional PCR primers for Lachnospira using 

the National Centre for Biotechnology Information (NCBI) primer-Basic Local Alignment 

Search Tool (primer-BLAST) (https://www.ncbi.nlm.nih.gov/tools/primer-blast/). This was per-

formed by inserting the rpoB sequence of L. multipara (accession no. NZ_AUJG01000003.1) 

into primer BLAST option and allowing the programme (default) to design primers for this se-

quence. The resulting primers were assessed in-silico (as described in section 2. 2 below) to 

https://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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determine the suitable primer pair. We also designed conventional PCR primers for the detec-

tion of Rothia in this study (Table 3.2). 

Table 3.1 List of primers targeting the 16S ribosomal RNA gene for the detection of FLVR 

bacteria using a SYBR green based quantitative real-time PCR method 

Bacterial genus Primer name Primer sequences (5’ → 3’) Amplicon size Reference 

Faecalibacterium Faec-qFor CTCAAAGAGGGGGACAACAGTT 101 (19) 

 
Faec-qRev GCCATCTCAAAGCGGATTGCTC (19) * 

Lachnospira Lach_qFor GTAAAGGGAGTGTAGGTGGCA 78 (18) 

 
Lach-qRev AACAGTTTCAATAGCAGTTCCGA (18) * 

Veillonella Veil-qFor AAGCTATCACTGAAGGAGGG 238 (1) 

 Veil-qRev CGTCCCGATTAACAGAGCTT (16) 

Rothia Roth-qFor AGGCTTGACATATACTGGACCG 67 (18) 

 Roth-qRev GCACCACCTGTATACCAGCC (18) * 

*- Modified (underlined nucleotides); qFor- qPCR forward; qRev- qPCR reverse 

Table 3.2 List of primers for the detection of FLVR bacteria using conventional PCR method 

Bacterial genera Primer 
name 

Primer sequences (5’ → 3’) Target 
gene 

Product 
size (bp) 

Reference 

Faecalibacterium Fprau136F CTCAAAGAGGGGGACAACAGTT 16S 
rRNA 

601 (19) 

Fprau645R AATTCCGCCTACCTCTGCACT (20) 

Lachnospira Lach-cFor GGTCCTGGTGGTCTTTC rpoB 446 This study 

Lach-cRev GTACAGTCATCATTCTGAAG This study 

Veillonella VeillrpoBF GTAACAAAGGTGTCGTTTCTCGC rpoB 896 (21) 

VrpoBR GTGTAACAAGGGAGTACGGACC (22) 

Rothia Roth-cFor GGTGTTGGTGGAAAGCGTTATG 16S 
rRNA 

797 This study 

 Roth-cRev CGGTCCAGTATATGTCAAGCCT This study 

cFor- conventional PCR forward; cRev- conventional PCR reverse 

2.2 In-silico analysis of the primers 

Computational analysis was performed to assess each primer specificity, melting temperature, 

secondary structure formation, primer dimer formation and GC content, using DNAMAN v4.13 

(Lynnon Biosoft, Lynnon Corporation, Quebec, Canada) and NCBI BLAST (23). Species-spe-

cific 16S rRNA sequences of FLVR bacteria and closely related bacteria were retrieved from 

NCBI GenBank (http://www.ncbi.nlm.nih.gov/) and aligned using ClustalW2 (EMBL-EBI) (24). 

Each 16S rRNA primer was then mapped onto the specific sequences, aligned for each FLVR 

bacterium and its close relatives. Lachnospira and Veillonella rpoB primers were mapped onto 

their respective species-specific rpoB sequences aligned with closely related bacterial se-

quences. We used the reference 16S rRNA sequences of F. prausnitzii (accession no. 

LN907769.1), L. multipara (accession no. NR_104758.1), V. parvula (accession no. 

NR_074980.1) and R. mucilaginosa (accession no. NR_044873.1). The rpoB sequences of L. 

http://www.ncbi.nlm.nih.gov/
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multipara (accession no. AUJG01000003.1) and V. parvula (accession no. EF185160.1) were 

included as reference sequences. We considered primer pairs which anneal to each other by 

5 continuous bases or less (25). We also made sure that all our primers have a GC content (50-

55%) that fell within the recommended range of 50-60% (26). To enhance the specificity of our 

primers, slight modifications were made in some primer sequences (Table 3.1). The selected 

conventional PCR primers were further mapped onto the multiple sequence alignments of 

various species for the respective genus. This was done to ensure that the region to be am-

plified will have enough variations to distinguish between the different species of that specific 

genus. 

The in-silico specificity of each primer was assessed based on the ability of the primer to align 

100% to their target sequences but not to the close relatives. This specificity was further vali-

dated in-vitro by qPCR and conventional PCR, using pure genomic DNA of FLVR bacteria. 

The in-vitro specificity of the primers was determined using a melt curve analysis for qPCR 

primers, and gel electrophoresis for conventional PCR primers as described below. 

2.3 Annealing temperature optimization and PCR conditions 

We determined the optimal annealing temperatures for both the qPCR and conventional PCR 

primers by performing gradient PCRs using the C1000TM Thermal cycler CFX96TM Real-Time 

system (Bio-Rad Laboratories). The lowest temperature without non-specific amplifications in 

both the no template DNA controls (NTC) and the positive controls was considered as the 

optimal annealing temperature for each primer set. 

2.3.1 Real-time PCR (qPCR) 

We assessed and optimized four singleplex qPCR protocols. A thermal gradient PCR span-

ning a temperature range of 54ºC - 68ºC was performed for each primer set. This gradient 

range was decided upon, based on the in-silico melting temperatures of the various primers. 

The amplification reactions contained 1x IQ SYBR Green supermix (Bio-Rad Laboratories), 

0.5µM of each forward and reverse primer, 2µl of template DNA, and nuclease free water to 

a total volume of 20µl. In each qPCR run we included a No Template Control (NTC). The 

cycling conditions included an initial denaturation at 95ºC for 5 minutes, 40 cycles of denatur-

ation at 95ºC for 15 seconds, annealing at 54ºC - 68ºC for 30 seconds, and extension at 72ºC 

for 30 seconds. A melt curve analysis was included at the end of each run with 0.5 ºC temper-

ature increments, every 5 seconds, from 60ºC to 95ºC.  

2.3.2 Conventional PCR 

We tested various temperature ranges to determine the optimal annealing temperature for 

each primer set. As for qPCR, this temperature ranges were based on the in-silico predicted 

melting temperatures for the various primers. Each reaction contained 1x GoTaq buffer 
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(Promega), 1.5 mM MgCl2 (Promega), 0.2 mM of each dNTP (Thermoscientific), 1-unit GoTaq 

DNA polymerase (Promega), 0.5 µM of each forward and reverse primer, 2 µl of template DNA 

and sterile water to a total volume of 20 µl. The PCR cycling conditions included an initial DNA 

denaturation step at 95 ºC for 5 minutes, followed by 30 cycles of denaturation at 95 ºC for 30 

seconds, annealing at specific temperatures for 30 seconds, extension at 72 ºC for 30 sec-

onds, and a final extension step at 72 ºC for 5 minutes. For each bacterium in question, we 

included the other three bacteria as negative controls as well as a NTC to correct for contam-

inations. A PCR positive control (pure DNA template of the respective bacterial target) was 

included in each run. 

Ten (10) µl of the resulting amplicons were run on a 1.5% agarose gel, at 90 volts for 2 hours. 

Molecular weight marker (HyperLadder IV, Bioline) was included on all agarose gels. Veil-

lonella and Lachnospira amplicons were electrophoresed in agarose gels containing ethidium 

bromide (10 mg/ml in water), in tris-acetate-ethylenediaminetetraacetic acid buffer (1x TAE).  

Faecalibacterium and Rothia amplicons were electrophoresed in agarose gels containing 

SYBR safe (10 000x in DMSO), in Tris-Borate-EDTA buffer (1x TBE). To ensure that a single 

fragment of correct size was amplified, the resulting bands were compared to the molecular 

weight marker as well as the PCR positive control. Visualisation was performed under short 

wavelength Ultraviolet (UV) light using GeneSnap software, version 7.12.06. 

2.4 Sensitivity assessment of the PCR assays 

To determine the sensitivity of the PCR assays, we assessed five-fold serial dilutions of each 

of the pure genomic DNA samples in the range 5x100 ng/µl - 2.56x10-6 ng/µl using the opti-

mized annealing temperature.  

For qPCR assays, a standard curve was generated for each bacterium. The standard curve 

slope, coefficient of determination (R2) and efficiency were calculated automatically by the 

qPCR instrument (Thermal cycler CFX96TM). The limit of detection (LOD) at 95% confidence 

interval (CI) is the minimum concentration of the target that is uniformly detectable in at least 

95% of the tested samples (27). This was estimated as previously described (27). First, we cal-

culated the percentage number of times that an amplification occurred (n) for each standard 

dilution over 10 repeats (%n = n/10 x 100). We then plotted %n (Y-axis) against the standard 

dilutions (X-axis) and determined the dilution at which the curve cuts Y = 95% (Figure 3.2). 
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Figure 3.2 An example of how the limit of detection was determined at 95% confidence interval. The dotted line 

indicates 95%CI (Y-axis) and the corresponding dilution (X-axis). The dilutions are represented as units (1 – 9, 

represents 2.56x10-6 ng/µl – 2x100 ng/µl), the 10th dilution would be 5x100. ng/µl. 

For conventional PCR assays, the amplification was performed on the 2720 Thermal Cycler 

version 2.08 (Applied Biosystems). The amplicons resulting from the different dilutions were 

run on agarose gel using the same conditions described in section 2.3.2 above. The lowest 

dilution showing the right sized band was considered the LOD for the specific primer set. 

2.5 Repeatability and reproducibility of the qPCR assays 

To measure the repeatability (intra-assay variation), we performed a 10 replicates qPCR as-

say of four pure DNA dilutions for each bacterium. To assess the reproducibility (inter-assay 

variation) of the qPCR assays, we tested four different dilutions of pure genomic DNA for each 

bacterium repeatedly in 10 assays. The dilutions used for the intra and inter assay variations 

were selected to represent high (1 ng/µl), middle (3.2 x 10-4 ng/µl, 6.4 x 10-5 ng/µl) and low 

(2.56 x 10-6 ng/µl) DNA concentrations of the assay.  

2.6 Statistical analysis of the data 

The average quantification cycle number (Cq), standard deviation (SD) and the percentage 

coefficient of variation (%CV) for the inter- and intra-assay variation assays were calculated 

using Microsoft excel 2010. The DNA copy number was calculated using the formula (28): 

 
Abbreviations: ng- nanograms; dsDNA- double stranded deoxyribonucleic acid; g- grams 
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3. Results 

3.1 qPCR assays 

3.1.1 In-silico analysis of qPCR primers 

All primers aligned 100% to their targeted bacterial genera. The qPCR primers’ melting tem-

perature was in the range of 59 ºC – 69 ºC. None of the primers showed secondary structure 

formation. All the primers showed a GC content of 50-55%.  

3.1.2 Annealing temperature and optimal PCR conditions 

The optimal annealing temperature of all qPCR primer sets was 65ºC. All the other PCR con-

ditions tested, including the cycling conditions and the specified reagents concentrations 

showed optimal performance. 

3.1.3 In-vitro specificity of qPCR primers 

All the qPCR primers could specifically amplify their target from the pure genomic DNA as 

shown in Figure 3.3. The melt peaks were produced at 80 ºC, 77.50 ºC, 84.9 ºC and 77.50 ºC 

for Faecalibacterium, Lachnospira, Veillonella and Rothia respectively.  

Figure 3.3 Melt curves of FLVR bacterial pure genomic DNA (positive controls). A. depicts melt curves for Fae-

calibacterium, B. depicts melt curves of Lachnospira, C. depicts melt curves of Veillonella, and D. depicts melt 

curves of Rothia. The dotted lines show the melting temperatures of the amplicons. 
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3.1.4 Sensitivity of the qPCR assays 

The reaction sensitivity results for qPCR are shown in Table 3.3. All the assays demonstrated 

a high efficiency. Veillonella primers showed the lowest LOD followed by Lachnospira (Table 

3.3). Faecalibacterium and Rothia showed the same highest LOD at 95% CI (Table 3.3).  

Table 3.3. Sensitivity of the SYBR green qPCR assays for the detection of FLVR bacteria 

  Faecalibacterium  Lachnospira  Veillonella  Rothia 

Efficiency  91.2%  88.9%  89.2%  82.7% 

R2  0.879  0.998  0.999  0.959 

Slope  -3.554  -3.620  -3.611  -3.820 

Estimated LOD 95% CI (ng/µl)  3.2×10
-4

  6.4×10
-5

  1.28×10
-5

  3.2×10
-4

 

LOD genomic DNA copies/ µl  2.891×106  7.487×105  4.907×104  4.358×106 

LOD- limit of detection, CI- confidence interval, R2- coefficient of determination 

3.1.5 Repeatability and Reproducibility of the qPCR assays 

The difference between the intra (repeatability) and inter (reproducibility) assays were minimal 

for all bacteria. The intra-assay %CV for Faecalibacterium, Lachnospira, Veillonella and 

Rothia were in the range 0 - 1.63%, 0.24 - 1.25%, 0.34 - 2.67% and 0.21 - 6.78% respectively 

(Table 3.4). While the inter-assay %CV ranged between 0 - 3.73%, 1.21 - 5.54%, 0.73 - 3.1% 

and 0 - 7.06% for Faecalibacterium, Lachnospira, Veillonella and Rothia respectively (Table 

3.5).
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Table 3.4 Intra-assay variation (repeatability) of FLVR bacteria SYBR green qPCR optimization based on 10 replicates of each dilution 

DNA dilution 

(ng/rxn) 

 Faecalibacterium  Lachnospira  Veillonella  Rothia 

 Copies/rxn Cq mean SD CV (%)  Copies/rxn Cq mean SD CV (%)  Copies/rxn Cq mean SD CV (%)  Copies/rxn Cq mean SD CV (%) 

2 x 100  1.807×1010 21.50 0.35 1.63  2.34×1010 17.41 0.12 0.67  7.667×109 15.99 0.05 0.34  2.724×1010 20.25 0.04 0.21 

3.2 x 10-3  2.891×107 35.75 0.21 0.58  3.743×107 27.23 0.07 0.24  1.227×107 26.01 0.13 0.49  4.358×107 32.60 2.21 6.78 

6.4 x 10-4  5.782×106 39.32 0.28 0.72  7.487×106 29.71 0.17 0.58  2.454×106 28.65 0.17 0.61  8.716×106 32.60 0.31 0.95 

2.56 x 10-5  2.313×105 0.00 0 0  2.995×105 34.84 0.44 1.25  9.814×104 34.38 0.92 2.67  3.486×105 36.82 1.02 2.78 

 

Table 3.5 Inter-assay variation (reproducibility) of FLVR bacteria SYBR green qPCR optimization based on 10 separate experiments 

DNA dilution 

(ng/rxn) 

 Faecalibacterium  Lachnospira  Veillonella  Rothia 

 Copies/rxn Cq mean SD CV (%)  Copies/rxn Cq mean SD CV (%)  Copies/rxn Cq mean SD CV (%)  Copies/rxn Cq mean SD CV (%) 

2 x 100  1.807×1010 20.19 0.59 2.95  2.34×1010 16.61 0.45 2.73  7.667×109 15.68 0.35 2.25  2.724×1010 20.81 1.47 7.06 

3.2 x 10-3  2.891×107 34.14 0.42 1.23  3.743×107 28.28 1.57 5.54  1.227×107 26.72 0.30 1.14  4.358×107 32.62 1.06 3.25 

6.4 x 10-4  5.782×106 38.34 1.43 3.73  7.487×106 30.05 0.36 1.21  2.454×106 29.36 0.21 0.73  8.716×106 36.15 0.681 1.88 

2.56 x 10-5  2.313×105 0 0 0  2.995×105 35.62 0.67 1.87  9.814×104 34.80 1.19 3.1  3.486×105 0 0 0 

Abbreviations: ng/rxn- DNA amount in nanograms per reaction, Copies/rxn- Genomic DNA copies per reaction, Cq- quantification cycle, SD- standard deviation, CV- coefficient of variation 
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3.2 Conventional PCR assays 

3.2.1 In-silico analysis of the primers 

As with qPCR, all conventional PCR primers aligned 100% to their specific bacterial genera. 

No primer showed formation of secondary structures and all primers had a GC content of 50-

55%. The in-silico melting temperatures for conventional PCR primers are shown in Table 3.6.  

3.2.2 Annealing temperature and optimal PCR conditions 

Table 3.6 includes optimal annealing temperatures of conventional PCR primers for the de-

tection of the bacteria under investigation. The tested cycling conditions and reagents con-

centrations showed good performance. 

3.2.3 In-vitro specificity of the primers 

All the primers demonstrated ability to amplify their targeted amplicon sizes (specified in Ta-

ble 3.2 and shown by the molecular weight marker in Figure 3.4). 

3.2.4 Sensitivity of conventional PCR assays 

The conventional PCR reaction sensitivity results are shown in Table 3.6 and Figure 3.4. Veil-

lonella primers demonstrated the highest sensitivity (lowest LOD) and Lachnospira primers 

were the least sensitive (highest LOD) (Table 3.6). 

Table 3.6 Optimal annealing temperatures and sensitivity of FLVR conventional PCR primers 

Tm- melting temperature; PCR- Polymerase Chain Reaction; *- outside the gradient PCR range; LOD- limit of de-

tection; DNA- Deoxyribonucleic acid.

Bacteria 
Target 

gene 

In-silico 

Tm 

Gradient 

PCR range 

Annealing 

temperature 
LOD 

Genomic DNA 

copies/ µl 

Faecalibacterium 16S rRNA 59 ºC 57ºC - 67ºC 61ºC 2 x 10
-1 

ng/µl 3.036×108 

Lachnospira rpoB 54 ºC 52ºC - 65ºC 45ºC* 1 x 10
0 
ng/µl 2.046×109 

Veillonella rpoB 61 ºC 59ºC - 67ºC 65ºC 8 x 10
-3 

ng/µl 8.147×106 

Rothia 16S rRNA 59 ºC 57ºC - 67ºC 63ºC 8 x 10
-3

 ng/µl 9.159×106 
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Figure 3.4 Limit of detection (in red) for each of the conventional polymerase chain reaction (PCR) primers determined at the specific annealing temperatures and run on a 1.5% 
agarose gel. F- Faecalibacterium (DSM 17677); L- Lachnospira (DSM 3073); V- Veillonella (DSM 2008); R- Rothia (DSM 20746); NTC- No template control; Marker- 100 lanes;  
S1 - S10 depicts five-fold serial dilutions in the range 5x100 ng/µl - 2.56x10-6 ng/µl. S1=5x100 ng/µl; S2=1x100 ng/µl; S3=2x10-1 ng/µl; S4=4x10-2 ng/µl; S5=8x10-3 ng/µl; S6=1.6x10-

3 ng/µl; S7=3.2x10-4 ng/µl; S8=6.4x10-5 ng/µl; S9=1.28x10-5 ng/µl; S10=2.56x10-6 ng/µl. S1 was used as the positive control (+ control). Faecalibacterium and Rothia primers 
targeted 16S rRNA, while Lachnospira and Veillonella primers targeted the rpoB gene.
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Discussion 

In this study, we demonstrated the importance of PCR reactions’ optimisation, for applicability 

in future experiments. We showed that at 65 ºC annealing temperature, our qPCR primers 

could amplify from their respective templates, resulting in the generation of a single melt peak. 

This melt peak indicates the production of multiple copies of the same amplicon for each of 

these bacteria, meaning that the primers did not amplify any other gene target from the pure 

genomic DNA that was used as template. The ability to amplify only the gene of interest is 

also the reason we obtained a single gel band for each of our bacteria, in the conventional 

PCR experiments. Moreover, the variations within and between our qPCR assays were very 

small. This suggests that future application of these optimised assays in the detection of FLVR, 

should be able to generate reproducible results. Studies have demonstrated the importance 

of reproducible PCR experiments, as these usually permit generation of reliable results (29).  

Similar to previous studies (30), we observed a high sensitivity of real-time qPCR over conven-

tional PCR. The high sensitivity (lowest LOD) of Veillonella primers compared to other FLVR 

bacteria was demonstrated in both qPCR and conventional PCR assays. Therefore, studies 

aiming to detect Veillonella DNA copies of at least 4.907×104 in qPCR and 8.147×106 in con-

ventional PCR, can successfully use these primers. However, for Faecalibacterium, Lachno-

spira and Rothia, the DNA copy number in the sample of interests may need to be higher than 

this amount in order to be detected. In an attempt to increase these primers’ sensitivity (espe-

cially for Lachnospira), we lowered the annealing temperature to as low as 45 ºC. This was 

done to ensure that the observed low sensitivity was not caused by the primers being unable 

to anneal to the template. The reason behind this is that at low annealing temperature, all the 

primers should be able to bind to their respective templates properly. We therefore, encourage 

future studies targeting Lachnospira at low concentration, to design very sensitive primers as 

our primers may cause false negative results. In conclusion, we consider our optimized SYBR 

Green based qPCR and conventional PCR assays suitable for the detection of FLVR bacteria. 

Our conventional PCR assays may fail to detect very low DNA concentrations thus giving false 

negative results. As a result, future studies targeting FLVR bacteria should consider more 

sensitive approaches which can detect very low DNA concentrations.  
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Chapter 4: 

 

Association of Faecalibacterium, Lachnospira, Veillonella, and Rothia with 

childhood wheezing in the Drakenstein Child Health Study, South Africa 

 

Summary 

Background and rationale: Wheezing is a prevalent respiratory tract symptom among 
children in different populations globally. There is increasing evidence on the contribution of 
faecal microbiome in the occurrence of allergic diseases. A single study has observed reduced 
abundance of bacterial genera Faecalibacterium, Lachnospira, Veillonella and Rothia (FLVR) 
in stools of three-month old Canadian infants with atopy-wheeze symptoms. In this chapter, 
we aimed: (1) to evaluate the applicability of the optimized PCR assays in FLVR detection 
from human stool samples; (2) to identify FLVR bacterial species present in stool samples of 
wheezing and non-wheezing infants within the first three months of life; (3) to identify factors 
associated with gut colonization by FLVR bacteria in the first year of life;(4) to determine the 
association of FLVR bacteria with wheezing and recurrent-wheezing outcomes; and (5) to 
determine the sensitivity of FLVR bacterial load within the first four days of life (birth time-point) 
in the prediction of wheezing outcome. 
 

Method: Using the optimized conditions, we screened 533 human stool samples for the 
presence of each bacterium by qPCR. The samples were collected at four time-points (birth, 
six weeks, six months and 12 months) from wheezing and non-wheezing infants. All samples 
positive by qPCR were subjected to conventional PCR. The birth and six weeks samples 
positive by conventional PCR were sequenced using Sanger’s method and identified using 
the NCBI BLAST tool. Mann-Whitney test was used to determine the difference in FLVR 
bacterial load between wheezing and non-wheezing infants. We determined the association 
of FLVR bacteria with childhood wheeze and recurrent wheeze at two levels: first using 
bacterial detection and second using bacterial load. Conditional and generalised logistic 
regressions were used to determine the association of FLVR bacteria with wheezing and 
recurrent-wheezing respectively. Receiver operating characteristic (ROC) curves were used 
to determine the sensitivity of each FLVR bacteria as well as their combinations in predicting 
the wheezing outcome. We considered three wheezing phenotypes in the ROC analysis: ‘any 
wheeze’ (wheeze with or without lower respiratory tract infections (LRTIs)), ‘no-LRTIs wheeze’ 
(wheeze without LRTIs), and ‘LRTIs wheeze’ (wheeze with LRTIs). Data were statistically 
analysed using RStudio version 3.4.4 and, we considered a P-value less than 0.05 to be 
significant. The bacterial load was converted to log base 10 in all the analysis. 
 

Results: Using qPCR, we detected Rothia, Veillonella, Faecalibacterium and Lachnospira in 
90% (479/533), 73% (388/533), 51% (274/533) and 14% (77/533) of the samples, 
respectively. Conventional PCR allowed detection of Rothia, Veillonella, Faecalibacterium and 
Lachnospira in 55% (263/479), 74% (289/388), 53% (145/274) and 0% (0/77) of the qPCR 
positive samples, respectively. Faecalibacterium prausnitzii was identified (at ≥97% sequence 
similarity), in 100% (13/13) of the samples sequenced for the genus Faecalibacterium. 
Similarly, we identified Rothia mucilaginosa (at ≥97% sequence similarity) in 100% (80/80) of 
the samples sequenced for the genus Rothia. Veillonella sequences (65%; 60/93) identified 
at ≥97% sequence similarity, included Veillonella rogosae (1.7%; 1/60), Veillonella parvula 
(13.3%; 8/60), Veillonella dispar (23.3%; 14/60) and Veillonella atypica (28.3%; 17/60). The 
remaining 33.3% (20/60) of the Veillonella sequences were 92-94% similar to V. atypica. A 
high proportion of infants became colonized with FLVR bacteria as they age from birth towards 
12 months. Using logistic regression, we observed that irrespective of the time points, male 
gender (adjusted OR = 0.65, 95%CI: 0.42 - 0.98) and TC-Newman residence (adjusted OR = 
0.52, 95%CI: 0.29 - 0.91) were associated with less colonisation by Faecalibacterium. 
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Breastfeeding was associated with less colonisation by Lachnospira, (adjusted OR = 0.17, 
95%CI: 0.05 - 0.49) and Veilonella (adjusted OR = 0.32, 95%CI: 0.10 - 0.91). Colonisation by 
Rothia was significantly associated with mother’s tertiary education (adjusted OR = 11.73, 
95%CI: 1.36 - 2.58). This study observed a significantly reduced Rothia load within the first 
four days of life in infants at risk of wheezing (P<0.001). A conditional logistic regression also 
verified that infants at low risk of wheezing (adjusted odds ratio (aOR)=0.54, 95%CI: 0.28-
0.93) and recurrent-wheezing (aOR=0.29, 95%CI: 0.05-0.88) had high Rothia load very early 
in life. Lachnospira load within the first four days of life was significantly high in wheezing 
infants (P=0.00562). However, the regression analysis showed no significant association of 
Lachnospira with wheezing. The ROC curve analysis showed that quantification of 
Lachnospira (AUC=0.833, 95%CI: 0.64-1.00) and Rothia (AUC=0.707, 95%CI: 0.62-0.79) in 
the first four days of life performs best in wheeze prediction. Lachnospira alone was more 
sensitive in predicting wheeze, compared to other FLVR bacteria whose performances 
increased upon interaction with each other. Separating LRTIs from no-LRTIs wheeze 
increased the performance of FLVR bacteria in predicting wheeze. FLVR bacteria performance 
was highest in predicting no-LRTIs wheeze.  
Conclusion: Colonisation with Rothia very early in life may potentially be protective against 
infant wheezing. Lachnospira and Rothia could serve as single biomarkers for early diagnosis 
of childhood wheezing. Interaction among FLVR bacteria is important in wheezing prediction. 
 
Keywords: Infants, stool, FLVR, wheeze, recurrent-wheeze, regression analysis, ROC curve 

 

1. Introduction 

1.1 Background and rationale 

Majority of children experience a wheezing symptom globally (1, 2). This symptom is more 

common in young children (due to their smaller airways) and is characterized by a continuous 

whistling sound resulting from an obstruction in the lower respiratory tract (3, 4). Wheezing 

prevalence rates of 31%, 41% and 16% have been reported in European countries, Latin 

America, and African countries, respectively (5). Studies conducted in developed countries 

have shown prevalence rates of wheezing in infants, ranging between 20% and 30% (1). In 

addition, it has been reported that in Latin America, a significant proportion of children who die 

of acute respiratory tract infections in their first year of life have a history of wheezing (1). 

Wheezing-related illnesses in pre-school children is estimated to cost the health service about 

53 million pounds in the United Kingdom (UK) (6), and billions of dollars annually in the United 

States of America (USA) (7).  Three or more wheezing episodes occurring in twelve consecutive 

months is referred to as recurrent wheezing, and is usually accompanied with frequent 

paediatric medical consultations (1). Recurrent wheezing is one of the most prevalent chronic 

respiratory symptoms during childhood, affecting millions of infants and children in the United 

States of America (7). 

 

Chronic respiratory diseases (such as bronchiolitis and asthma) have been reported as the 

most frequent cause of wheezing in young children (3). These diseases usually develop later 

during childhood (13-14years), but present with wheezing as an early onset symptom (2, 8, 9). 
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Therefore, wheezing during early-life could mean increased risk of developing chronic 

respiratory diseases later in life (10, 11). In adolescence with airway hyperresponsiveness, the 

odds of onset wheezing and recurrent asthma was reported at 3.91 (95% CI 1.21-12.66) (12). 

Because of this connection, an efficient early diagnosis of wheezing followed by effective 

treatment options is needed to help alleviate these symptoms at an early onset, and therefore 

reducing the risk of developing chronic respiratory diseases later in life (3, 7). Given the health 

burden and high financial costs associated with wheezing-associated illnesses (5-7), studies 

aiming to explore possible diagnostic and treatment options for these illnesses are therefore 

required. 

 

Microbiome studies have demonstrated the association of gastrointestinal tract microbiota with 

the development and progression of respiratory diseases (13). For example, colonisation with 

Clostridium difficile has been associated with high risk of childhood wheeze, eczema and 

asthma (14). An increase in the relative abundance of Clostridium neonatale have been 

reported to increase the risk of developing childhood asthma (15). An increased abundance of 

Bacteroides have been associated with high risk of bronchiolitis in infants (16). In contrast, the 

prevalence of Bifidobacterium, Lactobacilli (17) or Lachnospira (15, 18) has been reported to 

protect against allergic diseases. Furthermore, the gastrointestinal microbiota has also been 

reported to protect the host during pneumococcal pneumonia in mice (19). This evidence 

suggests that manipulating the gastrointestinal microbiota may provide potential for treating 

or alleviating symptoms of respiratory diseases. 

  

In Canada, 16S rRNA sequencing followed by target-specific real-time polymerase chain 

reaction (PCR) demonstrated a significant reduction in bacterial genera, Faecalibacterium, 

Lachnospira, Veillonella and Rothia (FLVR) in stools of three-month old infants with atopy-

wheeze as compared to controls (18). This study further showed causal evidence of these 

bacterial genera in a mice model of airway inflammation with human microbiota. Germ-free 

mice inoculated with faecal transplant from three-month old infants with atopy-wheeze and 

supplemented with FLVR bacteria showed reduced airway inflammation compared to the 

controls (no FLVR bacteria supplement). Since airway inflammation and obstruction cause 

wheezing (3, 4), this reduction in airway inflammation could also mean reduction in wheezing 

symptoms as well.  

 

Because only a single study has associated FLVR bacteria with wheezing, further research is 

needed to strengthen this finding (18). In addition, it is also not known whether this is true in 

different human populations worldwide. The overall aim of this study was to determine the 

contribution of any of the FLVR bacteria or their combination in the development of infant 
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wheezing using stool samples from the Drakenstein Child Health Study (DCHS), Cape Town, 

South Africa.  

1.2 Hypothesis 

The abundance of FLVR bacteria is reduced in wheezing children compared to non-wheezing 

children in the Drakenstein Child Health Study (DCHS). 

1.3 Specific objectives 

• To evaluate the applicability of the optimized PCR assays in the longitudinal detection 

of FLVR bacteria from human stool samples. 

• To identify the species of FLVR bacteria present in the first three months stool samples 

of wheezing and non-wheezing infants. 

• To identify factors associated with gastrointestinal colonization by FLVR bacteria 

during the first year of life. 

• To determine the association of FLVR bacteria with wheezing and recurrent wheezing 

outcomes. 

• To determine the sensitivity of FLVR bacterial load early in life in predicting the 

wheezing outcome. 

2. Materials and methods 

Figure 4.1 outlines the study workflow. 
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Figure 4.1 Study workflow showing the molecular detection of FLVR bacteria from stools, using optimal PCR conditions. 
F- Faecalibacterium, L- Lachnospira, V- Veillonella, R- Rothia; DNA- Deoxyribonucleic acid; qPCR- Quantitative Polymer-
ase Chain Reaction; rRNA- ribosomal Ribonucleic Acid; PCR- Polymerase Chain Reaction; NCBI BLAST; National Centre 
for Biotechnology Information Basic Local Alignment Search Tool 

 

2.1 Ethical consideration 

Ethical clearance was provided by the Faculty of Health Sciences, Human Research Ethics 

Committee (HREC) of the University of Cape Town, South Africa (HREC REF 650/2018). 

2.2 Study design and population 

This study (HREC 650/2018) is a longitudinal case-control study, nested within the DCHS 

(HREC 401/2009) which is primarily funded by the Bill and Melinda Gates Foundation (20). The 

DCHS aims to investigate the epidemiology, hazardous factors, causation and extended im-

pact of early lower respiratory tract infections (LRTIs) on child health in a low and middle-

income country (LMIC) (20). The DCHS is situated approximately 60 kilometres from Cape 

Town, in the sub-district called Drakenstein. It has enrolled approximately 1000 mother/infant 

pairs and is following the children from birth up to 5 years (20). Detailed characteristics of the 

DCHS have been previously described (20-22). 
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2.3 Participants selection 

Our study included 280 participants, of which 140 are wheezers (cases) and 140 are non- 

wheezers (controls). We define a wheezing case, as a child who has wheezed at least once 

during his/her first year of life. Non-wheezing controls were age and site matched infants who 

never wheezed during their first year of life. These infants were selected from the main study 

database based on whether they have stool samples available, to represent at least one of 

the time points, birth, six weeks, six months and twelve months (Table 4.1). 

2.4 Infant stool samples and metadata variables 

In the DCHS, infant stool samples were collected at birth, 1, 2, 6, 9, 12, 18 and 24 months and 

stored at -80°C until use (20). Comprehensive data were collected, which include biomedical, 

psychosocial, environmental, socio-demographic, physical health of the parents and infant, 

and inter current morbidity (20). 

2.5 Study outcomes 

The primary outcome was child wheezing, defined as at least one wheezing episode in the 

first year of life. The secondary outcome was recurrent wheezing, defined as two or more 

wheezing episodes occurring in a single year. Wheezing in the DCHS is measured as 

maternally reported wheeze during clinical visits, as well as episodes identified by nurses 

during the surveillance for lower respiratory tract infection (LRTI) symptoms (20, 23). 

2.6 Application of optimized PCR conditions for the detection of FLVR bacteria in hu-

man stool samples from our cohort 

2.6.1 Stool samples for analysis 

Frozen (-80 ºC) deoxyribonucleic acid (DNA) was used for this analysis. This DNA was previ-

ously extracted from approximately 50 mg of passed stool or 100 μl of aspirate stool using the 

ZR Faecal DNA MiniPrep™ (Catalog No. D6010, Zymo Research, CA, USA), with minor 

changes. A maximum of 600 μl of the supernatant (from centrifuging with ZR BashingBead) 

was transferred to the Zymo-Spin™ IV Spin Filter, instead of the recommended 400 μl (step 

4 of the protocol). In addition, our DNA was eluted in 60 μl of the DNA elution buffer instead 

of the 100 μl recommended by the manufacturer (step 10 of the protocol). Table 4.1 shows 

the number of samples screened at the four different time-points included in this study. 

Table 4.1 Definitions of the time points and number of samples screened for each time-point 

Time point  Sample collection time range Number of samples 

Birth  Within the first four days 170 

6 weeks  Between four and eight weeks 118 

6 months  Between five and seven months 147 

12 months  Between 11 and 13 months 98 
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2.6.2 Detection of FLVR bacteria from stool samples using qPCR and conventional PCR 

To evaluate the diagnostic ability of the optimized PCR conditions, we screened 533 stool 

samples for the presence of each FLVR bacterium by qPCR. Samples were considered to be 

positive for the targeted bacteria only if the resulting amplicon had a melt temperature differing 

from the positive control by less than 2ºC, as previously reported (24). The positive samples 

identified by qPCR were subjected to a round of conventional PCR followed by gel electro-

phoresis. Positive controls of pure genomic DNA as well as negative controls (NTC) were 

included in all PCR assays. The C1000TM Thermal cycler CFX96TM Real-Time system (Bio-

Rad Laboratories) was used for qPCR screening, and conventional PCR was performed using 

the 2720 Thermal Cycler version 2.08 (Applied Biosystems). 

2.6.3 Sequencing and bioinformatics analysis of conventional PCR products 

Subsequent to gel electrophoresis, amplicons of birth and six weeks samples displaying the 

correct sizes were sent for Sanger sequencing to Inqaba Biotechnical industries (Muckleneuk, 

Pretoria, South Africa). For samples showing non-specific amplifications, bands of correct 

sizes were excised from the agarose gels with sterile surgical blades and purified using the 

QIAquick Gel Extraction Kit (Whitehead Scientific (Pty) Ltd) as per the manufacturer’s instruc-

tions. However, we eluted our DNA in 25µl of the elution buffer instead of the recommended 

30µl to increase the concentration (step 9 of the protocol). The purified products were sent to 

Inqaba Biotec (Muckleneuk, Pretoria, South Africa) for sequencing. Each sample was se-

quenced in both forward and reverse directions using the ABI V3.1 Big dye kit according to 

the manufacturer’s instructions and an ABI3500XL genetic analyser (Applied Biosystems). 

The chromatograms were visualized with chromas software version 2.6, and the sequences 

were aligned using DNAMAN version 4.13. The consensus region between the forward and 

reverse sequences for each sample was compared against the annotated sequences in NCBI 

GenBank using the BLAST search tool. This was done to identify the bacterial species to 

which the sequences belong to. 

2.7 Statistical analysis of the data 

All tests were performed in RStudio version 3.4.4, and a P-value of less than 0.05 was 

considered significant. 

2.7.1 Characteristics of the cohort 

Descriptive continuous data are reported as medians, lower (Q1) and upper (Q3) quartiles, 

while categorical data reported as proportions. Since our wheezing and non-wheezing groups 

were matched, we used univariate and multivariate conditional logistic regression to test the 

association of each covariable with the wheezing outcome. We employed conditional logistic 

regression as it takes into account matching in observational cases-control studies (25). Since 
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only a maximum of 14 covariables can be adjusted for in a regression model (26), we excluded 

residential area and mother’s education. The 14 covariates included in the analysis were: baby 

gender, baby length, birth weight expressed as z-score, breastfeeding, delivery mode, ever 

had LRTIs, monthly household income, pets’ exposure (dog and/or cat), smoking during preg-

nancy, HIV exposure, full term gestational age, tobacco exposure after birth, supplements use 

(zinc and/or multivitamins and/or folic acid) and cotinine exposure. 

2.7.2 Factors associated with gut colonisation by FLVR bacteria 

Univariate and multivariate generalized logistic regression was used to identify factors asso-

ciated with gut colonisation by FLVR bacteria based on qPCR detection results. The co-vari-

ates adjusted for in the multivariate analysis were: wheezing, baby gender, birth weight (z-

score), breastfeeding, delivery mode, ever had LRTIs, monthly household income, pets’ ex-

posure (dog and/or cat), smoking during pregnancy, HIV exposure, gestational age, tobacco 

exposure after birth, supplements use (zinc and/or multivitamins and/or folic acid) and cotinine 

exposure. 

2.7.3 Association of FLVR bacteria with wheezing and recurrent-wheezing outcomes 

Univariate and multivariate conditional logistic regression analysis was used to test the 

association of FLVR bacteria with infant wheezing. Since we did not have matched recurrent 

and non-recurrent wheezing groups, we assessed the association of FLVR bacteria with 

recurrent wheezing using generalized logistic regression. Mann-Whitney rank sum test was 

used to compare the bacterial load (DNA copies) of each FLVR bacterium between the 

wheezing and non-wheezing groups at each time-point. The bacterial load was converted to 

logarithmic scale (log base 10). 

2.7.4 Sensitivity of FLVR bacteria in predicting the wheezing outcome 

Receiver Operating Characteristic (ROC) curves were used to test the sensitivity of FLVR 

bacterial load at the birth time-point (first four days of life) in predicting the wheezing outcome. 

Because no study has determined the sensitivity of FLVR bacteria in wheezing prediction, we 

performed the ROC test at four levels. These were: a) Each bacterium alone, b) all the six 

possible two by two interactions (FL, FV, FR, LV, LR and VR), c) all the four possible three by 

three interactions (FLV, FLR, FVR and LVR), and d) the four by four (FLVR) interaction. The 

interaction analysis was performed to see how sensitive FLVR bacteria perform when they are 

in combinations compared to when they are alone. We first performed ROC analysis of FLVR 

bacteria in predicting ‘any wheeze’ (main cohort of 140 wheezing and 140 non-wheezing 

infants). Secondly, we performed FLVR bacterial ROC analysis to predict ‘no-LRTIs wheeze’ 

(sub-cohort of 50 wheezing and 124 non-wheezing infants) which excludes wheezing resulting 

from LRTIs. Lastly, we tested the performance of FLVR bacteria in predicting ‘LRTIs wheeze’ 
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(sub-cohort of 90 wheezing and 17 non-wheezing infants), which includes only wheezing 

resulting from LRTIs. In addition to the ROC curves at birth, we also determined the 

performance of FLVR bacteria in predicting ‘any wheeze’ at six weeks, six months and 12 

months. The pROC package in RStudio was used to plot ROC curves as well as calculating 

the area under ROC curve (AUC) and the confident interval (CI) of the AUC. All this analysis 

was based on the bacterial load transformed into log base 10. 

3. Results 

3.1 Characteristics of the study participants 

Table 4.2 summarized characteristics of the study participants. After adjusting for potential 

confounders (baby gender, baby length, birth weight expressed as z-score, breastfeeding, 

delivery mode, ever had LRTIs, monthly household income, pets’ exposure (dog and/or cat), 

smoking during pregnancy, HIV exposure, full term gestational age, tobacco exposure after 

birth, supplements use (zinc and/or multivitamins and/or folic acid) and cotinine exposure), 

most variables were evenly distributed among wheezing and non-wheezing infants. However, 

non-wheezing infants had a high birthweight compared to wheezing infants (z-score: -0.0809 

wheeze vs 0.294 non-wheeze). We observed a high proportion of breastfed non-wheezing 

infants (90.7% non-wheezing vs 83.7% wheezing) as well as vaginally delivered non-wheez-

ing infants (81.4% non-wheezing vs 80% wheezing). Most wheezing infants had LRTIs (64.3% 

vs 11.4%) and were exposed to cats (37.1% vs 32.1%) compared to non-wheezing infants. 
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Table 4.2 Characteristics of the study participants 

Covariates Wheeze (n=140)  Non-wheeze (n=140) cOR (95% CI) aOR (95% CI) 
     
Baby gender (male) 77 (55%) 76 (54.2%) 1.05 (0.82-1.33) 0.65 (0.45-0.94) * 

Birth length (cm), Median (Q1 - Q3) 50 (48 - 52) 50.5 (49 - 52) 0.98 (0.95-1.02) 1.06 (0.98-1.14) 

Birth weight (z-score), Median (Q1 - Q3) -0.08 (-0.79 – 0.56) 0.29 (-0.44 – 0.84) 0.76 (0.67-0.86) *** 0.59 (0.45-0.79) *** 

Breastfeeding (Yes) 117 (83.6%) 127 (90.7%) 0.29 (0.19-0.45) *** 0.25 (0.12-0.53) *** 

Delivery mode (vaginal) 112 (80%) 114 (81.4%) 1.08 (0.82-1.41) 0.49 (0.31-0.77) ** 

Ever had LRTIs (Yes) 90 (64.3%) 16 (11.4%) 13.95 (10.27-19.19) *** 24.13 (16.16-37.46) *** 

Monthly household income     
<R1000 50 (35.7%) 48 (34.3%) 1.41 (0.99-1.99) 1.63 (0.96-2.79) 

R1000-5000 60 (42.9%) 57 (40.7%) 0.87 (0.73-1.03) 1.15 (0.69-1.91) 

Pets exposure (Cat and/or Dog) 67 (47.9%) 61 (43.6%) 1.23 (0.97-1.56) 1.67 (1.13-2.49) ** 

      Cat (Yes) 52 (37.1%) 45 (32.1%) 1.28 (0.99-1.65) 2.44 (1.43-4.23) ** 

      Dog (Yes) 61 (43.6%) 57 (40.7%) 1.16 (0.91-1.47) 0.95 (0.57-1.57) 

Residential area (TC-Newman) 82 (58.6%) 84 (60%) 0.98 (0.76-1.25) 1.16 (0.70-1.92) 

Smoking during pregnancy (Yes) 47 (33.6) 37 (26.4) 1.33 (1.02-1.73) * 1.29 (0.84-1.99) 

HIV exposure 27 (19.3%) 18 (12.9%) 1.62 (1.17-2.25) ** 0.59 (0.32-1.09) 

Mother’s education      
Secondary 122 (87.1%) 121 (86.4%) 0.60 (0.28-1.23) 0.49 (0.16-1.62) 

Tertiary 7 (5%) 12 (8.6%) 0.35 (0.15-0.81) * 0.57 (0.16-2.10) 

Full term gestation (Yes) 129 (92.1%) 130 (92.9%) 1.19 (0.65-2.20) 2.90 (0.94-9.70) 

Tobacco exposure after birth (Yes) 116 (82.9%) 117 (83.6) 0.91 (0.66-1.25) 0.77 (0.44-1.34) 

Supplements use (Yes) 132 (94.3%) 134 (95.7%) 0.62 (0.34-1.08) 0.43 (0.16-1.11) 

Cotinine exposure (Yes) 110 (78.6%) 107 (76.4%) 1.16 (0.85-1.57) 0.90 (0.55-1.49) 

Recurrent wheeze   
 

 
       Yes 36 (25.7%) - - - 

       No 98 (70%) - - - 

       NA 6 (4.3%) - - - 

n- number of participants; NA- missing data; Q1- 25th percentile; Q3- 75th percentile; *- significant (**- P < 0.01, ***- P < 0.001)
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3.2 Detection of FLVR bacteria in human stool samples  

3.2.1 Performance of qPCR primers in the detection of FLVR from stool samples in our 

cohort 

When used in the analysis of stool samples, the qPCR primers of Veillonella (Veil-qFor/ Veil-

qRev) and Rothia (Roth-qFor/ Roth-qRev) were specific for their targets. A single melt peak 

was produced for Veillonella and Rothia at 84 ºC and 77.50 ºC, respectively (Figure 4.2 C and 

D, respectively). However, Lachnospira primers (Lach-qFor/ Lach-qRev) produced multiple 

peaks in addition to the positive control at 77 ºC (Figure 4.2 B). The primer set for Faecalibac-

terium (Faec-qFor/ Faec-qRev) produced two closer peaks at 81 ºC (samples) and 80 ºC (pos-

itive controls) (Figure 4.2 A). 

Figure 4.2 Melt curves of FLVR bacteria detection in stool samples including the melt curves of the PCR positive 

controls (+ control). A. depicts melt curves for Faecalibacterium, B. depicts melt curves of Lachnospira, C. depicts 

melt curves of Veillonella, and D. depicts melt curves of Rothia. The dotted lines show the melting temperatures of 

the amplicons. The extra melt curves for Lachnospira (B) indicates non-specific amplifications. 

3.2.2 Longitudinal detection of FLVR bacteria 

Table 4.3 reports the longitudinal detection of FLVR bacteria from the participants in our cohort 

using qPCR.   Out of 280 participants included in this study, only 8.6% (24/280) had samples 

collected for all the four time-points (Table 4.3). Similar proportions of wheezing and non-

wheezing participants had samples collected at the different time-points. Compared to other 
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time-points, the participants positive for Faecalibacterium, Veillonella and Rothia were less at 

birth. We observed that the proportions of wheezing participants positive for Faecalibacterium, 

and Rothia increases, with an increase in age. In the non-wheeze group, Faecalibacterium 

and Veillonella were detected in most participants as they age.  Lachnospira was frequently 

detected at birth in all groups. Its detection dropped at six weeks and started to increase 

through six months to 12 twelve months.   Of the 24 participants from whom samples were 

collected for all the four time-points (Table 4.3), Faecalibacterium, Veillonella and Rothia were 

detected in 8.3% (2/24), 25% (6/24) and 70.8% (17/24) participants, respectively.  None of the 

participants had Lachnospira present at all the four time-points under investigation in this 

study.
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Table 4.3 Longitudinal detection of FLVR bacteria from participants in our cohort using quantitative polymerase chain reaction 

All 
Time-points 

B 6W 6M 12M B only 6W_only 6M_only 12M_only B+6W B+6M B+12M 6W+6M 6W+12M 6M+12M B+6W+6M B+6W+12M B+6M+12M 6W+6M+12M All 

Total number 
of participants 
with a sample 

170 118 147 98 53 16 31 14 69 70 57 71 46 54 40 34 29 34 24 

Participants 
positive for F 

20.5% 
(35/170) 

46.6% 
(55/118) 

63.3% 
(93/147) 

92.9% 
(91/98) 

34% 
(18/53) 

75% 
(12/16) 

61.3% 
(19/31) 

92.9% 
(13/14) 

4.3% 
(3/69) 

11.4% 
(8/70) 

12.3% 
(7/57) 

12.7% 
(9/71) 

56.5% 
(26/46) 

66.7% 
(36/54) 

_ _ 
17.2% 
(5/29) 

38.2% (13/34) 
8.3% 
(2/24) 

Participants 
positive for L 

13.5% 
(23/170) 

3.4% 
(4/118) 

17.7% 
(26/147) 

24.5% 
(24/98) 

13.2% 
(7/53) 

_ 
9.7% 
(3/31) 

35.7% 
(5/14) 

_ 
4.3% 
(3/70) 

3.5% 
(2/57) 

1.4% 
(1/71) 

2.2% 
(1/46) 

1.9% 
(1/54) 

_ _ _ 2.9% (1/34) _ 

Participants 
positive for V 

22.4% 
(38/170) 

94.9% 
(112/118) 

95.2% 
(140/147) 

100% 
(98/98) 

17% 
(9/53) 

87.5% 
(14/16) 

96.8% 
(30/31) 

100% 
(14/14) 

23.2% 
(16/69) 

15.7% 
(11/70) 

26.3% 
(15/57) 

91.5% 
(65/71) 

21.7% 
(10/46) 

100% 
(54/54) 

17.5% 
(7/40) 

20.6% 
(7/34) 

24.1% 
(7/29) 

100% (34/34) 
25% 

(6/24) 

Participants 
positive for R 

78.2% 
(133/170) 

94.9% 
(112/118) 

96.6% 
(142/147) 

93.9% 
(92/98) 

67.9% 
(36/53) 

100% 
(16/16) 

93.5% 
(29/31) 

100% 
(14/14) 

78.3% 
(54/69) 

78.6% 
(55/70) 

78.9% 
(45/57) 

28.2% 
(20/71) 

6.5% 
(3/46) 

96.3% 
(52/54) 

75% (30/40) 
73.5% 
(25/34) 

72% (21/29) 38.2% (13/34) 
70.8% 
(17/24) 

Wheeze                    

Total number 
of participants 
with a sample 

50.6% 
(86/170) 

50% 
(59/118) 

49.7% 
(73/147) 

50% 
(49/98) 

49.1% 
(26/53) 

50% 
(8/16) 

48.4% 
(15/31) 

50% 
(7/14) 

50.7% 
(35/69) 

51.4% 
(36/70) 

50.9% 
(29/57) 

49.3% 
(35/71) 

50% 
(23/46) 

50% 
(27/54) 

50% (20/40) 50% (17/34) 
51.7% 
(15/29) 

50% (17/34) 
50% 

(12/24) 

Participants 
positive for F 

13.9% 
(12/86) 

45.8% 
(27/59) 

60.3% 
(44/73) 

91.8% 
(45/49) 

3.8% 
(1/26) 

50% (4/8) 
60% 

(9/15) 
85.7% 
(6/7) 

5.7% 
(2/35) 

8.3% 
(3/36) 

17.2% 
(5/29) 

14.3% 
(5/35) 

52.2% 
(12/23) 

55.6% 
(15/27) 

_ _ 20% (3/15) 29.4% (5/17) 
8.3% 
(1/12) 

Participants 
positive for L 

13.9% 
(12/86) 

5.1% 
(3/59) 

17.8% 
(13/73) 

22.4% 
(11/49) 

19.2% 
(5/26) 

_ 
13.3% 
(2/15) 

7.4% (2/7) _ 
2.8% 
(1/36) 

3.4% 
(1/29) 

2.9% 
(1/35) 

4.3% 
(1/23) 

_ _ _ _ _ _ 

Participants 
positive for V 

27.9% 
(24/86) 

98.3% 
(58/59) 

94.5% 
(69/73) 

100% 
(49/49) 

19.2% 
(5/26) 

100% 
(8/8) 

100% 
(15/15) 

100% 
(7/7) 

28.6% 
(10/35) 

13.9% 
(5/36) 

34.5% 
(10/29) 

94.3% 
(33/35) 

21.7% 
(5/23) 

100% 
(27/27) 

20% (4/20) 
23.5% 
(4/17) 

33.3% 
(5/15) 

100% (17/17) 
33.3% 
(4/12) 

Participants 
positive for R 

74.4% 
(64/86) 

91.5% 
(54/59) 

95.9% 
(70/73) 

100% 
(4949) 

73.1% 
(19/26) 

100% 
(8/8) 

93.3% 
(14/15) 

100% 
(7/7) 

65.7% 
(23/35) 

69.4% 
(25/36) 

79.3% 
(23/29) 

31.4% 
(11/35) 

8.7% 
(2/23) 

100% 
(27/27) 

65% (13/20) 
64.7% 
(11/17) 

66.7% 
(10/15) 

35.3% (6/17) 
66.7% 
(8/12) 

Non-wheeze                    

Total number 
of participants 
with a sample 

49.4% 
(84/170) 

50% 
(59/118) 

50.3% 
(74/147) 

50% 
(49/98) 

50.9% 
(27/53) 

50% 
(8/16) 

51.6% 
(16/31) 

50% 
(7/14) 

49.3% 
(34/69) 

48.6% 
(34/70) 

49.1% 
(28/57) 

50.7% 
(36/71) 

50% 
(23/46) 

50% 
(27/54) 

50% (20/40) 50% (17/34) 
48.3% 
(14/29) 

50% (17/34) 
50% 

(12/24) 

Participants 
positive for F 

27.4% 
(23/84) 

47.5% 
(28/59) 

66.2% 
(49/74) 

93.9% 
(46/49) 

62.9% 
(17/27) 

100% 
(8/8) 

62.5% 
(10/16) 

100% 
(7/7) 

2.9% 
(1/34) 

14.7% 
(5/34) 

7.1% 
(2/28) 

11.1% 
(4/36) 

60.9% 
(14/23) 

77.8% 
(21/27) 

_ _ 
14.3% 
(2/14) 

47.1% (8/17) 
8.3% 
(1/12) 

Participants 
positive for L 

13.1% 
(11/84) 

1.7% 
(1/59) 

17.6% 
(13/74) 

26.5% 
(13/49) 

7.4% 
(2/27) 

_ 
6.3% 
(1/16) 

42.9% 
(3/7) 

_ 
5.9% 
(2/34) 

3.6% 
(1/28) 

_ _ 
3.7% 
(1/27) 

_ _ _ 5.9% (1/17) _ 

Participants 
positive for V 

16.7% 
(14/84) 

91.5% 
(54/59) 

95.9% 
(71/74) 

100% 
(49/49) 

14.8% 
(4/27) 

75% (6/8) 
93.8% 
(15/16) 

100% 
(7/7) 

17.6% 
(6/34) 

17.6% 
(6/34) 

17.9% 
(5/28) 

88.9% 
(32/36) 

21.7% 
(5/23) 

100% 
(27/27) 

15% (3/20) 
17.6% 
(3/17) 

14.3% 
(2/14) 

100% (17/17) 
16.7% 
(2/12) 

Participants 
positive for R 

82.1% 
(69/84) 

98.3% 
(58/59) 

97.3% 
(72/74) 

87.8% 
(43/49) 

62.9% 
(17/27) 

100% 
(8/8) 

93.8% 
(15/16) 

100% 
(7/7) 

91.2% 
(31/34) 

88.2% 
(30/34) 

78.6% 
(22/28) 

25% 
(9/36) 

4.3% 
(1/23) 

92.6% 
(25/27) 

85% (17/20) 
82.3% 
(14/17) 

78.6% 
(11/14) 

41.2% (7/17) 
75% 

(9/12) 

F- Faecalibacterium; L- Lachnospira; V- Veillonella; R- Rothia; B- Birth (first four days), 6W- six weeks (first four to eight weeks), 6M- six months (first five to seven months) and 12M- 12 

months (first 11 to 13 months of an infant life) time-point.
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3.2.3 FLVR prevalence in human stool samples 

Using SYBR green qPCR, we detected Rothia, Veillonella, Faecalibacterium and Lachnospira 

in 90% (479/533), 73% (388/533), 51% (274/533) and 14% (77/533) of the samples, respec-

tively (Table 4.4). The qPCR median bacterial load was 6.41×109, 3.39×108, 1.57×109 and 

5.58×109 for Faecalibacterium, Lachnospira, Veillonella and Rothia, respectively (Table 4.4). 

Conventional PCR detected, Rothia, Veillonella, Faecalibacterium and Lachnospira in 55% 

(263/479), 74% (289/388), 53% (145/274) and 0% (0/77) of the qPCR positive samples, re-

spectively (Table 4.4). 

3.2.4 FLVR species in birth and six weeks samples of wheezing and non-wheezing in-

fants 

The birth and six weeks samples represent a time period within the first 100 days of an infant’s 

life. Faecalibacterium conventional PCR primers allowed amplification from 14% (13/90) of 

the qPCR birth and six weeks positive samples (Table 4.4). These 13 samples belonged to 

eight wheezing and five non-wheezing infants. All 13 sequences from Faecalibacterium posi-

tive samples where 99-100% identical to the species F. prausnitzii.  

Rothia conventional PCR primers showed amplification from 32.7% (80/245) of the qPCR birth 

and six weeks positive samples (Table 4.4). The 80 samples belonged to 31 wheezing infants 

(one infant had samples at both birth and six weeks) and 47 non-wheezing infants (one infant 

had samples at both birth and six weeks). All 80 sequences were 98-100% identical to R. 

mucilaginosa.  

For the genus Veillonella, only 65% (60/93) of the conventional PCR positive samples (32 

wheezing and 28 non-wheezing infants) yielded non-redundant sequences. Of the 60 se-

quences, 1/60 was 99% identical to V. rogosae, 8/60 were 99% identical to V. parvula, 14/60 

were 97-99% identical to V. dispar, 17/60 were 97-99% identical to V. atypica and 20/60 were 

92-94% identical to V. atypica. The remaining 33 sequences (15 wheezing and 17 non-wheez-

ing infants) contained many redundant bases and we could not identify which species they 

belonged to. The identified Veillonella species were similarly distributed between wheeze and 

non-wheezing infants (Figure 4.3). However, V. dispar was more common in the wheezing 

group and V. rogosae was not detected in the non-wheezing group at all (Figure 4.3). 
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Figure 4.3 Destribution of Veillonella species (spp) in A. wheezing infants and B. non-wheezing infants. All 

sequences were at least 97% similar to the specified species, except for the category V. atypica (<97%) which 

contained sequences with percentage similarity less than 97%. The unidentified category contain sequences which 

could not be identified due to high redundancy 
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Table 4.4 FLVR positive samples identified by SYBR green qPCR, and conventional PCR 

    All samples  Wheeze    Non-wheeze  

    
Number of sam-
ples screened 

qPCR  
positive 

Conventional 
PCR positive 

 Number of sam-
ples screened 

qPCR 
positive 

Conventional 
PCR positive 

  
Number of sam-
ples screened 

qPCR posi-
tive 

Conventional 
PCR positive              

F Birth 170 35 (20.6%) 3 (8.5%)  86 (50.6%) 12 (13.9%) 2 (16.7%)  84 (49.4%) 23 (27.4%) 1 (4.3%) 
 6 weeks 118 55 (46.6%) 10 (18.2%)  59 (50%) 27 (45.8%) 6 (22.2%)  59 (50%) 28 (47.5%) 4 (14.3%) 
 6 months 147 93 (63.3%) 52 (55.9%)  73 (49.7%) 44 (60.3%) 25 (56.8%)  74 (50.3%) 49 (66.2%) 27 (55.1%) 
 12 months 98 91 (92.9%) 80 (87.9%)  49 (50%) 45 (91.8%) 38 (84.4%)  49 (50%) 46 (93.9%) 42 (91.3%) 
 Total 533 274 (51.4%) 145 (52.9%)  267 (50.1%) 128 (47.9%) 71 (55.5%)  266 (49.9%) 146 (54.9%) 74 (50.7%) 

  Median load (Q1 - Q3)  
6.41×10

9
 (2.89×10

9
 - 3.73×10

10
)                 

             
L Birth 170 23 (13.5%) -  86 (50.6%) 12 (13.9%) -  84 (49.4%) 11 (13.1%) - 
 6 weeks 118 4 (3.4%) -  59 (50%) 3 (5.1%) -  59 (50%) 1 (1.7%) - 
 6 months 147 26 (17.7%) -  73 (49.7%) 13 (17.8%) -  74 (50.3%) 13 (17.6%) - 
 12 months 98 24 (24.5%) -  49 (50%) 11 (22.4%) -  49 (50%) 13 (26.5%) - 
 Total 533 77 (78.6%) -  267 (50.1%) 39 (14.6%) -  266 (49.9%) 38 (14.3%) - 

  Median load (Q1 - Q3)  
3.39×10

8
 (1.99×10

8
 – 5.264×10

8
)                 

             
V Birth 170 38 (22.4%) 2 (5.3%)  86 (50.6%) 24 (27.9%) 1 (4.2%)  84 (49.4%) 14 (16.7%) 1 (7.1%) 
 6 weeks 118 112 (94.9%) 91 (81.3%)  59 (50%) 58 (98.3%) 46 (79.3%)  59 (50%) 54 (91.5%) 45 (83.3%) 
 6 months 147 140 (95.2%) 108 (77.1%)  73 (49.7%) 69 (94.5%) 51 (73.9%)  74 (50.3%) 71 (95.9%) 57 (80.3%) 
 12 months 98 98 (100%) 88 (89.8%)  49 (50%) 49 (100%) 45 (91.8%)  49 (50%) 49 (100%) 43 (87.8%) 
 Total 533 388 (72.8%) 289 (74.5%)  267 (50.1%) 200 (74.9%) 143 (71.5%)  266 (49.9%) 188 (70.7) 146 (77.7%) 

  Median load (Q1 - Q3)  
1.57×10

9
 (7.28×10

8
 – 3.03×10

9
)                 

             
R Birth 170 133 (78.2%) 7 (5.3%)  86 (50.6%) 64 (74.4%) 4 (6.3%)  84 (49.4%) 69 (82.1%) 3 (4.3%) 
 6 weeks 118 112 (94.9%) 73 (65.2%)  59 (50%) 54 (91.5%) 29 (53.7%)  59 (50%) 58 (98.3%) 44 (75.9%) 
 6 months 147 142 (96.6%) 126 (88.7%)  73 (49.7%) 70 (95.9%) 62 (88.6%)  74 (50.3%) 72 (97.3%) 64 (88.9%) 
 12 months 98 92 (93.9%) 56 (60.9%)  49 (50%) 49 (100%) 27 (55.1%)  49 (50%) 43 (87.8%) 29 (67.4%) 

  Total 533 479 (89.9%) 263 (54.9%)  267 (50.1%) 237 (88.8%) 122 (51.5%)   266 (49.9%) 242 (90.9%) 141 (58.3%) 

  Median load (Q1 - Q3)  
5.58×10

9
 (2.59×10

9
 – 1.16×10

10
)                 

n= number of samples screened; qPCR- Quantitative Polymerase Chain Reaction; Q1- 25th percentile; Q3- 75th percentile; F- Faecalibacterium, L- Lachnospira, V- Veillonella, R- Rothia; 

Median bacterial load depicts the median DNA copy number calculated using the DNA amount that was obtained from the qPCR standard curve. Conventional PCR was performed only 

on qPCR positive samples. Birth- first four days, 6 weeks- first four to eight weeks, 6 months- first five to seven months, and 12 months- first 11 to 13 months of an infant’s life.
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3.2.5 Factors associated with gut colonisation by FLVR bacteria 

Irrespective of the time-points, the male gender (adjusted OR (aOR)=0.65, 95%CI: 0.42-0.98) 

and TC-Newman residence (aOR=0.52, 95%CI: 0.29 - 0.91) were associated with reduced 

colonisation by Faecalibacterium (Table 4.5). We observed that reduced stool colonisation by 

Faecalibacterium at six weeks (Table S4.1) was associated with male gender (aOR=0.19, 

95%CI: 0.06-0.61), increase in birthweight (aOR=0.39, 95%CI: 0.15-0.91), TC-Newman resi-

dence (aOR=0.15, 95%CI: 0.03-0.78) and tobacco exposure after birth (aOR=0.20,95%CI: 

0.04-0.88). At six months (Table S4.1), male gender (aOR=0.19, 95%CI: 0.06-0.61), TC-New-

man residence (aOR=0.17, 95%CI: 0.04-0.69), vaginal delivery (aOR=0.15, 95%CI: 0.03-

0.69) and smoking during pregnancy (aOR=0.21, 95%CI: 0.06-0.69) were associated with re-

duced stool colonisation by Faecalibacterium.  

Breastfeeding (aOR=0.17, 95%CI: 0.05-0.49) was significantly associated with reduced stool 

colonisation by Lachnospira (Table 4.5), irrespective of the time-points. We observed that an 

increase in birth length (aOR=0.68, 95%CI: 0.44-0.96) as well as breastfeeding (aOR =0.01, 

95%CI: 2.66e-04-0.23), were associated with reduced colonisation by Lachnospira at 12 

months (Table S4.2). Lower colonisation by Veillonella was associated with TC-Newman 

residence (crude odds ratio (cOR)=0.52, 95%CI: 0.34-0.78) and breastfeeding (aOR=0.32, 

95%CI: 0.10-0.91) in the overall univariate and multivariate models, respectively (Table 4.5). 

Irrespective of the time-points, mother’s secondary education (crude OR=3.55, 95%CI: 1.10-

9.78) and tertiary education (cOR=13.2, 95%CI: 1.91 - 265.35; aOR=11.73, 95%CI: 1.36-2.58) 

were significantly associated with Rothia colonisation (Table 4.5). However, Rothia 

colonisation at birth was associated with mother’s secondary education (cOR=6.32, 95%CI: 

1.00-49.73) in the univariate analysis (Table S4.4).
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Table 4.5 Factors associated with the overall gut colonisation by FLVR bacteria within the first year of life 

Co-variates Faecalibacterium  Lachnospira  Veillonella  Rothia 
 cOR (95% CI) aOR (95% CI)  cOR (95% CI) aOR (95% CI)  cOR (95% CI) aOR (95% CI)  cOR (95% CI) aOR (95% CI)             
Wheezing 0.76 (0.54-1.06) 0.72 (0.43- 1.20)  1.02 (0.63-1.66) 1.01 (0.50-2.02)  1.24 (0.85-1.82) 1.11 (0.62-1.99)  0.78 (0.44-1.38) 0.80 (0.33-1.92) 

Baby gender (male) 0.61 (0.43-0.87) ** 0.65 (0.42- 0.98) *  0.81 (0.49-1.33) 0.87 (0.48-1.55)  1.03 (0.69-1.53) 1.19 (0.74-1.90)  0.62 (0.33-1.14) 0.83 (0.39-1.75) 

Birth length (cm) 0.99 (0.94-1.04) 1.00 (0.92-1.09)  0.97 (0.90-1.04) 0.97 (0.86-1.09)  0.98 (0.93-1.04) 0.97 (0.88-1.07)  1.01 (0.93-1.09) 1.03 (0.88-1.19) 

Birth weight (z-score) 0.92 (0.77-1.09) 0.82 (0.59-1.12)  0.88 (0.69-1.12) 0.98 (0.63-1.53)  0.95 (0.78-1.16) 1.08 (0.75-1.57)  1.02 (0.75-1.36) 0.90 (0.50-1.62) 

Breastfeeding (Yes) 0.54 (0.32-0.92) * 0.47 (0.20-1.07)  0.52 (0.28-1.01) * 0.17 (0.05-0.49) **  0.56 (0.28-1.04) 0.32 (0.10-0.91) *  0.39 (0.09-1.09) 0.18 (0.01-1.15) 

Delivery mode (vaginal) 1.00 (0.66-1.52) 0.92 (0.53-1.58)  0.77 (0.44-1.38) 0.79 (0.41-1.62)  1.11 (0.69-1.75) 1.01 (0.54-1.84)  1.09 (0.53-2.10) 1.08 (0.39-2.69) 

Ever had pneumonia (Yes) 0.82 (0.58-1.16) 0.77 (0.45-1.30)  0.69 (0.41-1.15) 0.65 (0.31- 1.35)  1.24 (0.839-1.85) 0.92 (0.50-1.68)  0.95 (0.54-1.69) 1.21 (0.48-3.02) 

Monthly household income            

<R1000 1.46 (0.87-2.48) 0.99 (0.52-1.89)  0.86 (0.44-1.75) 0.87 (0.38-2.07)  1.96 (1.09-3.47) 1.18 (0.58-2.38) 1.26 (0.52-2.84) 0.67 (0.21-1.94) 

R1000-5000 1.07 (0.64-1.79) 0.93 (0.52-1.72)  0.65 (0.33-1.34) 0.49 (0.22-1.13)  1.42 (0.81-2.44) 1.05 (0.55-1.99) 0.95 (0.62-1.47) 1.03 (0.33-2.89) 

Pets exposure (Cat and/or Dog) 0.84 (0.59-1.19) 1.09 (0.70-1.70)  0.77 (0.46-1.26) 0.75 (0.41-1.36)  0.83 (0.56-1.23) 0.94 (0.57-1.54)  0.75 (0.41-1.36) 0.73 (0.34-1.56)   

     Cat (Yes) 0.85 (0.59-1.22) 1.39 (0.77-2.52)  0.72 (0.41-1.22) 1.05 (0.46-2.42)  0.71 (0.47-1.06) 1.04 (0.54-1.99)  0.77 (0.42-1.44) 1.01 (0.37-2.69) 

     Dog (Yes) 0.76 (0.53-1.08) 0.74 (0.42-1.28)  0.72 (0.42-1.19) 0.64 (0.29-1.34  0.72 (0.48-1.07) 0.75 (0.41-1.39)  0.62 (0.34-1.13) 0.56 (0.22-1.43) 

Residential area (TC-Newman) 0.53 (0.37-0.76) *** 0.52 (0.29-0.91) *  0.96 (0.59-1.58) 1.39 (0.62-3.15)  0.52 (0.34-0.78) ** 0.54 (0.28-1.05)  0.69 (0.37-1.25) 0.96 (0.35-2.64) 

Smoking during pregnancy (Yes) 0.58 (0.39-0.86) ** 0.77 (0.46-1.29)  1.03 (0.59-1.75) 1.25 (0.61-2.54)  0.76 (0.49-1.18) 1.02 (0.58-1.82)  0.68 (0.37-1.29) 0.92 (0.39-2.23) 

HIV exposure (Yes) 1.54 (0.99-2.40) 0.74 (0.37-1.45)  1.15 (0.61-2.05) 0.48 (0.15-1.34)  1.51 (0.91-2.60) 0.69 (0.32-1.50)  1.62 (0.75-4.02) 0.79 (0.27-2.64) 

Mom education            

Secondary 0.97 (0.38-2.45) 0.98 (0.32-2.96)  1.59 (0.45-10.16) 1.80 (0.31-34.78)  1.30 (0.45-3.38) 1.28 (0.37-3.96) 3.55 (1.10-9.78) * 3.51 (0.83-1.30) 

Tertiary 1.11 (0.36-3.37) 1.08 (0.29-4.09)  1.06 (0.19-8.16) 1.59 (0.19-34.95)  1.49 (0.42-5.04) 1.51 (0.35-6.35) 13.2 (1.91-265.35) * 11.73 (1.36-2.58) * 

Full term gestation (Yes) 1.60 (0.68-3.95) 2.77 (0.84-9.43)  1.08 (0.36-4.67) 1.54 (0.30-10.64)  0.82 (0.27-2.12) 0.81 (0.16-3.15)  0.97 (0.15-3.48) 0.92 (0.04-7.07) 

Tobacco exposure after birth (Yes) 0.70 (0.44-1.11) 0.77 (0.41-1.44)  0.62 (0.35-1.13) 0.60 (0.27-1.37)  0.91 (0.53-1.50) 1.34 (0.65-2.74)  0.71 (0.28-1.52) 1.35 (0.42-4.02) 

Suppliment use (Yes) 1.33 (0.51-3.52) 1.16 (0.38-3.74)  1.42 (0.39-9.05) 2.28 (0.39-43.84)  1.74 (0.63-4.50) 0.97 (0.25-3.14)  0.51 (0.03-2.55) 0.65 (0.03-3.97) 

Cotinine exposure (Yes) 0.87 (0.55-1.37) 1.47 (0.82-2.65)  0.94 (0.51-1.82) 1.20 (0.56-2.74)  0.85 (0.49-1.41) 1.05 (0.52-2.05)  0.67 (0.27-1.45) 0.61 (0.16-1.84) 

*- significance (*- P < 0.05, **- P < 0.01, ***- P < 0.001); cOR- crude odds ratio; aOR- adjusted odds ratio; CI- Confidence Interval.
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3.3 Association of FLVR bacteria with wheezing and recurrent-wheezing outcomes 

3.3.1 Wheezing outcome 

We observed a significantly high bacterial load (DNA copies) for Lachnospira at birth (Figure 

4.4B, Table 4.6) in the wheezing group as compared to the non-wheezing group (P = 0.00562). 

In contrast, Rothia was significantly reduced in the birth samples of wheezing infants 

(P<0.001) (Figure 4.4D, Table 4.6). However, at 12 months (Figure 4.4D, Table 4.6) Rothia 

was significantly high in wheezing compared to non-wheezing infants (P = 0.0328). 

 

Figure 4.4 Difference in FLVR bacterial load (DNA copies) between wheezing (n=140) and non-wheezing (n=140) infants as 
determined by quantitative polymerase chain reaction (qPCR). The graphs are based on logarithmic scale (base 10) A, differences 
in Faecalibacterium load. B, difference in Lachnospira load. C, differences in Veillonella load. D, differences in Rothia load. B- 
Birth (representing the first four days), 6W- six weeks (first four to eight weeks), 6M- six months (first five to seven months) and 
12M- 12 months (first 11 to 13 months of an infant’s life) time-points. 

Table 4.6 Mann-Whitney test P-values for the difference in FLVR bacterial load (DNA copies) 

between wheeze and non-wheezing infants at four time-points 

Mann-Whitney test, P-value 

 Birth 6 Weeks 6 Months 12 Months 
     
Faecalibacterium 0.439 0.519 0.364 0.499 

Lachnospira 0.00562 ** 1.000 0.064 0.277 

Veillonella 0.106 0.648 0.391 0.557 

Rothia <0.001*** 0.937 0.127 0.0328* 

*- significant (**- P < 0.01, ***- P < 0.001) 
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Table 4.7 shows the conditional logistic regression results based on FLVR bacterial detection. 

The univariate model (Table 4.7) showed a significantly low risk for developing wheezing in 

infants who had Faecalibacterium at birth (crude odds ratio (cOR)=0.43, 95%CI: 0.19-0.94), 

as well as at birth and/or six weeks (cOR=0.58, 95%CI: 0.33-0.99). In the multivariate model, 

we observed a significant association of Rothia at six weeks (adjusted odds ratio (aOR)=0.02, 

95%CI: 0.0006-0.97) with low risk of wheezing (Table 4.7).  

 

A significantly high risk of wheezing (aOR=2.20, 95%CI: 1.15-4.95) was observed in infants 

with high Faecalibacterium load at six months (Table 4.8). Both the univariate (cOR=0.59, 

95%CI: 0.36-0.88) and multivariate (aOR=0.54, 95%CI: 0.28-0.93) conditional logistic regres-

sion, showed a significantly low risk of wheezing in infants with high Rothia load at birth (Table 

4.8). 
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Table 4.7 Association of the detection of FLVR bacteria with the wheezing outcome determined by conditional logistic regression 

   Wheeze   Non-wheeze     

  

Number of participants 
screened Positive Negative  

Number of participants 
screened Positive Negative  cOR (95% CI) aOR (95% CI) 

            
F Birth (n= 170) 86 (50.6%) 12 (13.9%) 74 (86.1%)  84 (49.4%) 23 (27.4%) 61 (72.6%)  0.43 (0.19-0.94) * 0.49 (0.15-1.67) 

 6 weeks (n = 118) 59 (50%) 27 (45.8%) 32 (54.2%)  59 (50%) 28 (47.5%) 31 (52.5%)  0.93 (0.45-1.92) 0.42 (0.09-1.75) 

 6 months (n = 147) 73 (49.7%) 44 (60.3%) 29 (39.7%)  74 (50.3%) 49 (66.2%) 25 (33.8%)  0.78 (0.39-1.52) 0.78 (0.22-2.83) 

 12 months (n = 98) 49 (50%) 45 (91.8%) 4 (8.2%)  49 (50%) 46 (93.9%) 3 (6.1%)  0.74 (0.16-3.45) 2.52 (0.16-38.86) 

 ≤ 3 months (n = 219) # 110 (50.2%) 36 (32.7%) 74 (67.3%)  109 (49.8%) 50 (45.9%) 59 (54.1%)  0.58 (0.33-0.99) * 0.46 (0.19-1.06) 

 > 3 months (n = 191) ## 95 (49.7%) 73 (76.8%) 22 (23.2%)  96 (50.3%) 74 (77.1%) 22 (22.9%)  0.99 (0.50-1.93)  1.30 (0.40-4.22) 

 Overall (n = 280) ### 140 (50%) 88 (62.9%) 52 (37.1%)  140 (50%) 101 (72.1%) 39 (27.9%)  0.65 (0.39-1.08) 0.53 (0.24-1.16)             
L Birth (n= 170) 86 (50.6%) 12 (13.9%) 74 (86.1%)  84 (49.4%) 11 (13.1%) 73 (86.9%)  1.08 (0.45-2.59) 0.77 (0.19-2.99) 

 6 weeks (n = 118) 59 (50%) 3 (5.1%) 56 (94.9%)  59 (50%) 1 (1.7%) 58 (98.3%)  3.03 (0.31-29.74) 13.15 (0.59-288.69) 

 6 months (n = 147) 73 (49.7%) 13 (17.8%) 60 (82.2%)  74 (50.3%) 13 (17.6%) 61 (82.4%)  1.02 (0.44-2.37) 1.03 (0.22-4.82) 

 12 months (n = 98) 49 (50%) 11(22.4%) 38 (77.6%)  49 (50%) 13 (26.5%) 36 (73.5%)  0.80 (0.32-2.01) 0.65 (0.13-3.31) 

 ≤ 3 months (n = 219) # 110 (50.2%) 15 (13.6%) 95 (86.4%)  109 (49.8%) 12 (11%) 97 (89%)  1.29 (0.57-2.89) 1.14 (0.35-3.72) 

 > 3 months (n = 191) ## 95 (49.7%) 24 (25.3%) 71 (74.7%)  96 (50.3%) 24 (25%) 72 (75%)  1.01 (0.53-1.95) 0.94 (0.32-2.73) 

 Overall (n = 280) ### 140 (50%) 35 (25%) 105 (75%)  140 (50%) 32 (22.9%) 108 (77.1%)  1.12 (0.65-1.95) 1.01 (0.44-2.31)             
V Birth (n= 170) 86 (50.6%) 24 (27.9%) 62 (72.1%)  84 (49.4%) 14 (16.7%) 70 (83.3%)  1.93 (0.92-4.04) 1.51 (0.54-4.23) 

 6 weeks (n = 118) 59 (50%) 58 (98.3%) 1 (1.7%)  59 (50%) 54 (91.5%) 5 (8.5%)  5.31 (0.60-46.62) 2.13 (0.09-45.26) 

 6 months (n = 147) 73 (49.7%) 69 (94.5%) 4 (5.5%)  74 (50.3%) 71 (95.9%) 3 (4.1%)  0.73 (0.16-3.37) 1.04 (0.05-20.19) 

 12 months (n = 98) 49 (50%) 49 (100%) _  49 (50%) 49 (100%) _  0.99 (0.94- 1.05) 0.97 (0.92- 1.02) 

 ≤ 3 months (n = 219) # 110 (50.2%) 72 (65.5%) 38 (34.5%)  109 (49.8%) 61 (55.9%) 48 (44%)  1.49 (0.86-2.56) 1.01 (0.43-2.38) 

 > 3 months (n = 191) ## 95 (49.7%) 91 (95.8%) 4 (4.2%)  96 (50.3%) 93 (96.9%) 3 (3.1%)  0.73 (0.16-3.36) 1.07 (0.08 -13.91) 

 Overall (n = 280) ### 140 (50%) 118 (84.3%) 22 (15.7%)  140 (50%) 113 (80.7%) 27 (19.3%)  1.29 (0.68-2.38) 1.02 (0.37-2.77)             
R Birth (n= 170) 86 (50.6%) 64 (74.4%) 22 (25.6%)  84 (49.4%) 69 (82.1%) 15 (17.9%)  0.63 (0.30-1.33) 0.77 (0.23-2.58) 

 6 weeks (n = 118) 59 (50%) 54 (91.5%) 5 (8.5%)  59 (50%) 58 (98.3%) 1 (1.7%)  0.19 (0.02-1.66) 0.02 (0.0006-0.97) * 

 6 months (n = 147) 73 (49.7%) 70 (95.9%) 3 (4.1%)  74 (50.3%) 72 (97.3%) 2 (2.7%)  0.65 (1.11-3.98) 0.50 (0.03-7.59) 

 12 months (n = 98) 49 (50%) 49 (100%) _  49 (50%) 43 (87.8%) 6 (12.2%)  _ _ 

 ≤ 3 months (n = 219) # 110 (50.2%) 95 (86.4%) 15 (13.6%)  109 (49.8%) 96 (88.1%) 13 (11.9%)  0.86 (0.39-1.89) 0.74 (0.19-2.78) 

 > 3 months (n = 191) ## 95 (49.7%) 92 (96.8%) 3 (3.2%)  96 (50.3%) 90 (93.8%) 6 (6.3%)  2.04 (0.49-8.37) 2.49 (0.34-18.00) 

 Overall (n = 280) ### 140 (50%) 131 (93.6%) 9 (6.4%)  140 (50%) 129 (92.1%) 11 (7.9%)  1.24 (0.49-3.09) 1.64 (0.36-7.45) 

F- Faecalibacterium; L- Lachnospira; V- Veillonella; R- Rothia; *- significance (*- P < 0.05, **- P < 0.01, ***- P < 0.001); n- total number of participants with a sample; cOR- crude odds ratio; aOR- adjusted 

odds ratio; CI- confidence Interval; ≤ 3 months- Birth and/or 6 weeks; #- depicts the number of babies who had samples at birth and/or six weeks; overall- detection of the bacteria in an infant irrespective 

of the time-points; ###- depicts the number of infants who had at least one of the four time-points with a sample; >3 months- six and/or 12 months; ##- depicts the number of infants who had samples 

at six and/or 12 months. Birth- first four days, 6 weeks- first four to eight weeks, 6 months- first five to seven months, and 12 months- first 11 to 13 months of an infant’s life.



66 
 

Table 4.8 Association of FLVR bacterial load (DNA copies) with the wheezing outcome determined by conditional logistic regression 

   

Wheeze 
Median load (Q1 – Q3) 

Non-wheeze 
Median load (Q1 – Q3) cOR (95% CI) aOR (95% CI) 

      
F Birth 6.95 (6.62 – 7.68) 6.89 (6.54 – 7.23) 1.17 (0.75-1.82) - 

 6 weeks 7.01 (6.75 – 7.39) 6.92 (6.77 – 7.19) 1.03 (0.66-1.60) 0.41 (0.08- 1.15) 

 6 months 9.95 (7.69 – 10.56) 8.81 (7.49 – 10.43) 1.17 (0.89-1.54) 2.20 (1.15- 4.95) * 

 12 months 10.46 (9.40 – 10.77) 10.54 (9.88 – 10.78) 0.76 (0.47-1.18) 0.54 (0.18- 1.36)       
L Birth 5.66 (5.53 – 5.73) 5.35 (5.22 – 5.47) 23.03 (1.28- 2339.65) - 

 6 weeks 5.84 (5.73 – 5.96) 5.63 (5.63 – 5.63) - - 

 6 months 6.29 (5.95 – 6.39) 6.03 (5.55 – 6.23) 5.47 (0.84- 57.96) - 

 12 months 6.06 (5.86 – 6.24) 5.71 (5.60 - 6.02) 2.38 (0.36- 20.75) -       
V Birth 4.73 (4.58 – 4.89) 4.93 (4.77 – 5.39) 0.58 (0.24- 1.23) - 

 6 weeks 8.59 (7.43 – 9.64) 8.49 (7.03 – 9.37) 1.00 (0.99- 1.01) 1.26 (0.82- 1.96) 

 6 months 8.49 (7.57 – 9.37) 8.66 (7.86 – 9.52) 0.88 (0.66- 1.17) 0.69 (0.36- 1.24) 

 12 months 8.28 (7.59 – 8.79) 8.02 (7.16 – 8.92) 1.12 (0.81- 1.56) 1.13 (0.67- 1.94)       
R Birth 5.91 (5.43 – 6.13) 6.27 (5.86 – 6.65) 0.59 (0.36- 0.88) * 0.54 (0.28- 0.93) * 

 6 weeks 8.72 (7.83 – 10.17) 9.14 (8.05 – 9.70) 1.01 (0.76- 1.34) 1.15 (0.72- 1.91) 

 6 months 9.74 (9.09 – 10.37) 9.63 (8.92 – 10.09) 1.39 (0.96- 2.07) 1.06 (0.51- 2.41) 

 12 months 9.43 (8.37 – 10.22) 8.64 (7.70 – 9.72) 1.47 (1.03- 1.14) 1.79 (0.94- 3.76) 

F- Faecalibacterium; L- Lachnospira; V- Veillonella; R- Rothia; *- significance (*- P < 0.05, **- P < 0.01, ***- P < 0.001); Q1- 25th percentile; Q3- 75th percentile; cOR- crude odds 

ratio; aOR- adjusted odds ratio; CI- confidence interval; Median bacterial load depicts the median DNA copy number (in log base 10 scale) calculated using the DNA amount that 

was obtained from the qPCR standard curve. Birth- first four days, 6 weeks- first four to eight weeks, 6 months- first five to seven months, and 12 months- first 11 to 13 months of 

an infant’s life. 
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3.3.2 Recurrent-wheezing outcome 

Using generalized logistic regression model, we did not find any significant association 

between FLVR bacterial detection with recurrent-wheezing (Table 4.9). 

Like the wheezing outcome, we observed a significantly low risk of recurrent-wheezing 

(cOR=0.32, 95%CI: 0.11-0.78; aOR=0.29, 95%CI: 0.05-0.88) in infants with high Rothia load 

at birth (Table 4.10).  
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Table 4.9 Association of the detection of FLVR bacteria with recurrent-wheezing determined by generalised logistic regression 

 
  Recurrent-Wheeze   Non-recurrent wheeze    

 

  Number of participants 
screened 

Positive 
  

Negative 
  

 Number of participants 
screened 

Positive Negative  cOR (95% CI) aOR (95% CI) 

F Birth (n= 80)  24 (30%) 2 (8.3%) 22 (91.7%)  56 (70%) 10 (17.9%) 46 (82.1%)  0.31 (0.05-1.14) 0.18 (0.01- 1.11) 

 6 weeks (n = 58)  19 (32.8%) 6 (31.6%) 13 (68.4%)  39 (67.2%) 20 (51.3%) 19 (48.7%)  0.46 (0.15-1.27) 0.34 (0.04-2.18) 

 6 months (n = 71)  22 (31%) 12 (54.5%) 10 (45.5%)  49 (69%) 31 (63.3%) 18 (36.7%)  0.62 (0.25-1.59) 0.59 (0.14-2.39) 

 12 months (n = 49)  13 (26.5%) 13 (100%) _  36 (73.5%) 32 (88.9%) 4 (11.1%)  - - 

 ≤ 3 months (n = 104) #  30 (28.8%) 7 (23.3%) 23 (76.7%)  74 (71.2%) 28 (37.8%) 46 (62.2%)  0.41 (0.16-0.97)  0.39 (0.12- 1.14)  

 > 3 months (n = 93) ##  26 (27.9%) 20 (76.9%) 6 (23.1%)  67 (72%) 52 (77.6%) 15 (22.3%)  0.93 (0.37-2.71) 1.06 (0.29-4.18) 

 Overall (n = 134) ###  36 (26.9%) 22 (61.1%) 14 (38.9%)  98 (73.1) 64 (65.3%) 34 (34.7%)  0.68 (0.33-1.44) 0.66 (0.26-1.70) 

 
            

L Birth (n= 80)  24 (30%) 2 (8.3%) 22 (91.7%)  56 (70%) 8 (14.3%) 48 (85.7%)  0.56 (0.09- 2.14) 0.16 (0.02- 0.99) 

 6 weeks (n = 58)  19 (32.8%) _ 19 (100%)  39 (67.2%) 3 (7.7%) 36 (92.3%)  - - 

 6 months (n = 71)  22 (31%) 6 (27.3%) 16 (72.7%)  49 (69%) 7 (14.3%) 42 (85.7%)  1.88 (0.61- 5.20) 2.06 (0.47- 8.56) 

 12 months (n = 49)  13 (26.5%) 1 (7.7%) 12 (92.3%)  36 (73.5%) 10 (27.8%) 26 (72.2%)  1.24 (0.01- 1.24) 0.48 (0.02- 6.16) 

 ≤ 3 months (n = 104) #  30 (28.8%) 2 (6.7%) 28 (93.3%)  74 (71.2%) 11 (14.9%) 63 (85.1%)  0.50 (0.08-1.84) 0.22 (0.02-1.23) 

 > 3 months (n = 93) ##  26 (27.9%) 7 (26.9%) 19 (73.1%)  67 (72%) 17 (25.4%) 50 (74.6%)  1.07 (0.39-2.63) 0.98 (0.26- 3.38) 

 Overall (n = 134) ###  36 (26.9%) 9 (25%) 27 (75%)  98 (73.1%) 24 (24.5%) 74 (75.5%)  1.06 (0.44- 2.31) 0.82 (0.27- 2.25) 

 
            

V Birth (n= 80)  24 (30%) 6 (25%) 18 (75%)  56 (70%) 17 (30.4%) 39 (69.6%)  1.14 (0.39- 2.99) 0.56 (0.13- 1.99) 

 6 weeks (n = 58)  19 (32.8%) 19 (100%) _  39 (67.2%) 38 (97.4%) 1 (2.6%)  - - 

 6 months (n = 71)  22 (31%) 22 (100%) _  49 (69%) 46 (93.9%) 3 (6.1%)  - - 

 12 months (n = 49)  13 (26.5%) 13 (100%) _  36 (73.5%) 36 (100%) _  - - 

 ≤ 3 months (n = 104) #  30 (28.8%) 21 (70%) 9 (30%)  74 (71.2%) 49 (66.2%) 25 (33.8%)  1.49 (0.87- 2.58) 0.87 (0.29- 2.67) 

 > 3 months (n = 93) ##  26 (27.9%) 26 (100%) _  67 (72%) 64 (95.5%) 3 (4.5%)  0.73 (0.14- 3.42) - 

 Overall (n = 134) ###  36 (26.9%) 32 (88.9%) 4 (11.1%)  98 (73.1%) 83 (84.7%) 15 (15.3%)  1.28 (0.69- 2.39) 1.82 (0.48- 9.29) 

 
            

R Birth (n= 80)  24 (30%) 17 (70.8%) 7 (29.2%)  56 (70%) 45 (80.4%) 11 (19.6%)  0.54 (0.21- 1.53) 0.47 (0.12- 1.88) 

 6 weeks (n = 58)  19 (32.8%) 17 (89.5%) 2 (10.5%)  39 (67.2%) 36 (92.3%) 3 (7.7%)  0.37 (0.07- 2.81) 2.16 (0.07-71.97) 

 6 months (n = 71)  22 (31%) 22 (100%) _  49 (69%) 47 (95.9%) 2 (4.1%)  - - 

 12 months (n = 49)  13 (26.5%) 13 (100%) _  36 (73.5%) 36 (100%) _  - - 

 ≤ 3 months (n = 104) #  30 (28.8%) 27 (90%) 3 (10%)  74 (71.2%) 66 (89.2%) 8 (10.8%)  1.13 (0.36-5.03) 0.71 (0.15- 4.52) 

 > 3 months (n = 93) ##  26 (27.9%) 26 (100%) _  67 (72%) 65 (97%) 2 (3%)  - - 

 
Overall (n = 134) ###  36 (26.9%) 35 (97.2%) 1 (2.8%)  98 (73.1%) 93 (94.9%) 5 (5.1%)  2.57 (0.49- 47.09) 1.10 (0.17- 21.88) 

F- Faecalibacterium; L- Lachnospira; V- Veillonella; R- Rothia; n- total number of wheezing participants with a sample; cOR- crude odds ratio; aOR- adjusted odds ratio; CI- confidence 

interval; ≤ 3 months- Birth and/or 6 weeks; #- depicts the number of wheezing infants who had samples at birth and/or six weeks; >3 months- six and/or 12 months; ##- depicts the number 

of infants who had samples at six and/or 12 months; overall- detection of the bacterium irrespective of the time-points; ###- depicts the number of wheezing infants who had at least one of 

the four time-points with a sample. Birth- first four days, 6 weeks- first four to eight weeks, 6 months- first five to seven months, and 12 months- first 11 to 13 months of an infant’s life. 
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Table 4.10 Association of FLVR bacterial load with recurrent-wheezing determined by generalised logistic regression 

  

Recurrent-wheeze 
Median load (Q1 – Q3) 

Non-recurrent wheeze 
Median load (Q1 – Q3) cOR (95% CI) aOR (95% CI) 

      
F Birth 7.74 (7.71 – 7.77) 6.76 (6.59 – 7.39) 1.08 (0.29- 2.11) - 

 6 weeks 6.98 (6.78 – 7.09) 7.04 (6.86 – 7.83) 1.03 (0.44- 1.87) 2.90 (0.66- 34.14) 

 6 months 9.87 (8.12 – 10.34) 9.91 (7.59 -10.62) 1.07 (0.72- 1.61) 1.05 (0.59- 1.90) 

 12 months 10.37 (9.40 – 10.69) 10.48 (9.65 – 10.80) 0.74 (0.41- 1.36) 1.48 (0.52- 5.14)       
L Birth 5.66 (5.65 – 5.66) 5.66 (5.53 – 5.85) 2.29 (7.00- 50.16) - 

 6 weeks - 5.84 (5.73 – 6.08) - - 

 6 months 6.37 (6.29 – 6.52) 6.24 (5.80 – 6.35) 1.29 (1.08- 433.56) - 

 12 months 6.54 (6.54 – 6.54) 6.01 (5.85 – 6.19) 877.66 (0.63- 3.39e+10) -       
V Birth 4.66 (4.47 – 4.78) 4.77 (4.66 – 5.11) 0.32 (0.02- 1.33) - 

 6 weeks 8.70 (7.58 – 9.78) 8.49 (7.14 – 9.53) 1.06 (0.80- 1.42) 1.04 (0.65- 1.65) 

 6 months 8.64 (8.05 – 9.39) 8.54 (7.48 – 9.37) 1.01 (0.69- 1.52) 0.93 (0.55- 1.59) 

 12 months 7.56 (7.24 – 8.14) 8.61 (8.08 – 8.85) 0.65 (0.41- 1.02) 0.62 (0.26- 1.41)       
R Birth 5.79 (5.62 – 5.99) 5.91 (5.28 – 6.22) 0.32 (0.11- 0.78) * 0.29 (0.05- 0.88) * 

 6 weeks 8.73 (8.21 – 10.34) 8.58 (7.67 – 9.87) 1.21 (0.82- 1.82) 1.45 (0.72- 3.13) 

 6 months 10.21 (9.49 – 10.53) 9.70 (9.05 – 10.29) 1.69 (0.95-3.22) 1.65 (0.74- 3.96) 

 12 months 9.39 (8.37 – 10.18) 9.46 (8.44 – 10.25) 1.19 (0.73- 2.05) 1.01 (0.44- 2.26) 

F- Faecalibacterium; L- Lachnospira; V- Veillonella; R- Rothia; *- significant (P < 0.05); Q1- 25th percentile; Q3- 75th percentile; cOR- crude odds ratio; aOR- adjusted odds ratio; CI- 

confidence interval; Median bacterial load depicts the median DNA copy number (in log base 10 scale) calculated using the DNA amount that was obtained from the qPCR standard 

curve. Birth- first four days, 6 weeks- first four to eight weeks, 6 months- first five to seven months, and 12 months- first 11 to 13 months of an infant’s life. 
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3.4 Sensitivity of FLVR bacterial load within the first four days of life in predicting the 

wheezing outcome  

Overall, FLVR bacteria performed the least in predicting any wheeze (140 wheezing and 140 

non-wheezing infants) outcome as compared to predicting wheeze without LRTIs (50 wheeze 

and 124 non-wheeze infants) and wheeze with LRTIs (90 wheezing and 17 non-wheezing 

infants) (Table 4.11, Figure 4.4-4.7).  

3.4.1 Each FLVR bacterium alone 

In predicting any wheeze, Lachnospira and Rothia showed the highest performance among 

all FLVR bacteria. The area under receiver operating characteristics curve (AUC) for 

Lachnospira was 0.833 (95%CI: 0.64-1.00) and that of Rothia was 0.707 (95%CI: 0.62-0.79) 

(Table 4.11, Figure 4.4A). Except for Faecalibacterium, the performance of all other bacteria 

improved in predicting wheeze without LRTIs (No-LRTIs wheeze) compared to predicting any 

wheeze (Table 4.11, Figure 4.4B). Lachnospira still exhibited the highest AUC of 0.98 (95%CI: 

0.93-1.00), followed by Veillonella (AUC=0.758, 95%CI: 0.50-1.00) and Rothia (AUC=0.757, 

95%CI: 0.64-0.88). Among all FLVR bacteria, only the performance of Rothia dropped in 

predicting wheeze with LRTIs (LRTIs wheeze) when compared to predicting any wheeze 

(Table 4.11, Figure 4.4C). Lachnospira showed the highest AUC of 0.857 and Rothia 

(AUC=0.656, 95%CI: 0.46-0.85) showed the least performance (Table 4.11, Figure 4.4C). 

Overall, except for Faecalibacterium the performance of other FLVR bacteria was highest in 

predicting no-LRTIs wheeze compared to predicting any wheeze as well as LRTIs wheeze 

(Table 4.11, Figure 4.4).  

3.4.2 Two by two interactions of FLVR bacteria 

Except for Lachnospira, the two by two interactions improved the performance of other FLVR 

bacterium alone in predicting the wheezing outcome (Table 4.11, Figure 4.5). In predicting any 

wheeze, the highest performance was from Faecalibacterium and Veillonella (FV) 

(AUC=0.739, 95%CI: 0.61-0.87) as well as Faecalibacterium and Rothia (FR) (AUC=0.736, 

95%CI: 0.65-0.82) (Table 4.11, Figure 4.5A). The performance increased in predicting no-

LRTIs wheeze (Table 4.11, Figure 4.5B), with the interaction of Faecalibacterium and 

Lachnospira (FL) demonstrating the highest AUC of 0.785 (95%CI: 0.55-1.00). The 

performance of FLVR bacteria further increased in predicting LRTIs wheeze, with 

Faecalibacterium and Veillonella (FV) exhibiting the highest AUC of 0.864 (95%CI: 0.70-1.00) 

(Table 4.11, Figure 4.5C). 

3.4.3 Three by three interactions of FLVR bacteria 

Like the two by two interactions, the three by three interactions also improved the performance 

of each FLVR bacterium alone in predicting any wheeze, except for Lachnospira (Table 4.11, 
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Figure 4.6). The highest performance in predicting any wheeze (AUC=0.749, 95%CI: 0.67-

0.83) as well as no-LRTIs wheeze (AUC=0.792, 95%CI: 0.69-0.89) was from the interaction 

of Faecalibacterium, Veillonella and Rothia (FVR) (Table 4.11, Figure 4.6A-B). In predicting 

LRTIs wheeze, the interaction of Faecalibacterium, Lachnospira and Veillonella (FLV) 

demonstrated the highest performance (AUC=0.857, 95%CI: 0.69-1.00) (Table 4.11, Figure 

4.6C).  

3.4.4 Four by four interactions of FLVR bacteria 

FLVR bacterial four by four interactions demonstrated the highest performance in predicting 

LRTIs wheeze (AUC=0.839, 95%CI: 0.70-0.97), followed by no-LRTIs wheeze (AUC=0.797, 

95%CI: 0.69-0.89) and then any wheeze (AUC=0.763, 95%CI: 0.68-0.84) (Table 4.11, Figure 

4.7).  

3.5 Sensitivity of FLVR bacteria at six weeks, six months and 12 months in predicting 

any wheeze 

After comparing the performance of FLVR bacteria at all time-points in predicting any wheeze, 

the birth time-point (section 3.4) showed the highest performance (Table 4.11, Table S4.5).  

3.5.1 Each bacterium alone 

As for the birth time-point, Lachnospira still exhibited the highest performance at six weeks 

(AUC=0.667), six months (AUC=0.716, 95%CI: 0.50-0.93) and 12 months (AUC=0.636, 

95%CI: 0.39-0.88) (Table S4.5, Figure S4.1A-C). 

3.5.2 Two by two interactions of FLVR bacteria 

Table S4.5 and Figure S4.2 display the two by two interactive performance of FLVR bacteria 

at six weeks, six months and 12 months in predicting any wheeze. The highest two by two 

performance at six weeks (Table S4.5, Figure S4.2A) was from Veillonella and Rothia (VR) 

(AUC = 0.60, 95%CI: 0.49-0.70). At six months (Table S4.5, Figure S4.2B), the interaction of 

Faecalibacterium and Lachnospira (FL) exhibited the highest performance (AUC=0.606, 

95%CI: 0.49-0.72). The highest two by two interactive performance at 12 months (Table S4.5, 

Figure S4.2C) was that of Faecalibacterium and Rothia (FR) (AUC=0.687, 95%CI: 0.58-0.79). 

3.5.3 Three by three interactions of FLVR bacteria 

The three by three interactive performance of FLVR bacteria at six weeks, six months and 12 

months in predicting any wheeze is shown in Table S4.5 and Figure S4.3A. At six weeks (Table 

S4.5, Figure S4.3A), the combination of Lachnospira, Veillonella and Rothia (LVR) showed 

the highest AUC of 0.637 (95%CI: 0.54-0.74). The highest performance at six months (AUC 

=0.647, 95%CI: 0.56-0.74) was from the combination of Faecalibacterium, Lachnospira and 

Veillonella (FLV) (Table S4.5, Figure S4.3B). The interactive performance of Faecalibacterium, 
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Veillonella and Rothia (FVR) with an AUC of 0.739 (95%CI: 0.64-0.84) was the highest at 12 

months (Table S4.5, Figure S4.3C). 

3.5.4 Four by four interactions of FLVR bacteria 

Following the birth time-point, the next highest four by four performance was at 12 months 

(AUC=753, 95%CI: 0.66-0.85), six months (AUC=679, 95%CI: 0.59-0.77) and then six weeks 

(AUC=0.655, 95%CI: 0.56-0.75) (Table S4.5, Figure S4.3D). 
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Table 4.11 Area under the curve and corresponding confidence intervals of FLVR bacterial load at birth in predicting any wheeze, no-LRTIs 

wheeze as well as LRTIs wheeze  

Birth 

  Any wheeze  No-LRTIs wheeze  LRTIs wheeze 

  AUC 95%CI  AUC 95%CI  AUC 95%CI 

Each bacterium F 0.583 0.37- 0.79  0.50 0.028-0.97  0.756 0.48-1.00 

 L 0.833 0.64-1.00  0.98 0.93-1.00  0.857 - 

 V 0.661 0.48- 0.85  0.758 0.50-1.00  0.706 - 

 R 0.707 0.62- 0.79  0.757 0.64-0.88  0.656 0.46-0.85           
2by2 interactions FL 0.644 0.48- 0.80  0.785 0.55-1.00  0.789 0.58-0.99 

 FV 0.739 0.61- 0.87  0.735 0.50-0.97  0.864 0.70-1.00 

 FR 0.736 0.65- 0.82  0.80 0.69-0.91  0.754 0.59-0.92 

 LV 0.564 0.41- 0.72  0.514 0.30-0.73  0.786 0.35-1.00 

 LR 0.707 0.62- 0.79  0.738 0.62-0.86  0.601 0.39-0.81 

 VR 0.709 0.62- 0.79  0.733 0.61-0.85  0.753 0.57-0.93           
3by3 interactions FLV 0.694 0.58- 0.81  0.715 0.54-0.89  0.857 0.69-1.00 

 FLR 0.732 0.65- 0.82  0.776 0.67-0.89  0.798 0.65-0.94 

 FVR 0.749 0.67- 0.83  0.792 0.69-0.89  0.798 0.64-0.95 

 LVR 0.702 0.62- 0.79  0.726 0.61-0.84  0.787 0.62-0.95           
4by4 interactions FLVR 0.763 0.68- 0.84  0.797 0.69-0.89  0.839 0.70-0.97 

F- Faecalibacterium, L- Lachnospira; V- Veillonella; R- Rothia; AUC- area under the curve; CI- confidence interval; LRTIs- lower respiratory tract infections. The AUC and CI 

are calculated from qPCR bacterial load (DNA copies) converted into log base 10 scale. Birth- first four days of an infant’s life.
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Figure 4.4 Receiver operating characteristic (ROC) curves  of FLVR bacterial load (DNA copies) at birth (first four days of life), determined by quantitative polymerase chain 

reaction (qPCR). A. FLVR bacteria predicting any wheeze (cohort of 140 wheezing and 140 non-wheezing infants). B. FLVR bacteria predicting no-LRTIs wheeze (sub-cohort of 

50 wheezing and 124 non-wheezing infants). C. FLVR bacteria predicting LRTIs wheeze (sub-cohort of 90 wheezing and 17 non-wheezing infants). Plots are based on logarithmic 

scale (log base 10 ) of DNA copies. 
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Figure 4.5 Receiver operating characteristic (ROC) curves for the two by two interactions of FLVR bacterial load (DNA copies) at birth (first four days of life), determined by quantitative 

polymerase chain reaction (qPCR). A. FLVR bacteria predicting any wheeze (cohort of 140 wheezing and 140 non-wheezing infants). B. FLVR bacteria predicting no-LRTIs wheeze (sub-cohort 

of 50 wheezing and 124 non-wheezing infants). C. FLVR bacteria predicting LRTIs wheeze (sub-cohort of 90 wheezing and 17 non-wheezing infants). Plots are based on logarithmic scale (log 

base 10 ) of DNA copies.
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Figure 4.6 Receiver operating characteristic (ROC) curves for the three by three interactions of FLVR bacterial load (DNA copies) at birth (first four days of life), determined by quantitative 

polymerase chain reaction (qPCR). A. FLVR bacteria predicting any wheeze (cohort of 140 wheezing and 140 non-wheezing infants). B. FLVR bacteria predicting no-LRTIs wheeze (sub-cohort 

of 50 wheezing and 124 non-wheezing infants). C. FLVR bacteria predicting LRTIs wheeze (sub-cohort of 90 wheezing and 17 non-wheezing infants). Plots are based on logarithmic scale (log 

base 10 ) of DNA copies.
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Figure 4.7 Receiver operating characteristic (ROC) curves for the four by four interactions of FLVR bacterial load (DNA copies) at birth (first four days of life), determined by quantitative 

polymerase chain reaction (qPCR). A. FLVR bacteria predicting any wheeze (cohort of 140 wheezing and 140 non-wheezing infants). B. FLVR bacteria predicting no-LRTIs wheeze (sub-cohort 

of 50 wheezing and 124 non-wheezing infants). C. FLVR bacteria predicting LRTIs wheeze (sub-cohort of 90 wheezing and 17 non-wheezing infants). Plots are based on logarithmic scale (log 

base 10 ) of DNA copies.
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Discussion 

Subsequent to Arrieta et al. (18), this is the second study to find a significantly reduced Rothia 

load in the early life stool samples of wheezing infants as compared to non-wheezing infants. 

A conditional logistic regression adjusted for potential confounders further confirmed that 

infants at risk of wheezing in our study had a lower amount of Rothia within the first four days 

of life. We also noticed that the presence of this bacterium from the fourth to eighth week of 

age (six weeks’ time-point), irrespective of its load is associated with low wheezing risk. 

Although the difference in terms of Rothia load was not significant at the six weeks’ time-point, 

the median load was still lower in wheezing compared to non-wheezing infants. According to 

Arrieta et al., infants at risk of asthma (based on the asthma predictive index) with atopy and 

wheeze symptoms have a reduced relative abundance of Rothia in their guts at three months 

of age (18). Though we did not have asthma predictive data for our infants, these similar findings 

provide strong evidence that a high presence of Rothia within the first three months may 

potentially be protective against wheezing and asthma. In addition, we observed similar 

findings for recurrent wheezing which is likely to indicate an asthma risk. Studies have shown 

that infants who experience recurrent-wheezing are more at risk of asthma (27-29). The human 

gut is initially colonised by aerobes and facultative anaerobes (30-32). These consume all the 

oxygen thus creating an oxygen free environment for the anaerobes (30-32). Rothia is a 

facultative anaerobe and thus an early gut coloniser, which means that it should be present in 

the gut of every infant. Hence, the reduced amount of Rothia observed in these infants may 

be contributing to their wheezing symptoms. Arrieta et al. reported that Rothia was the second 

most abundant after Lachnospira, in baby mice showing reduced airway inflammation and 

which were born to mothers supplemented with FLVR bacteria (18). This suggest that supplying 

wheezing infants with Rothia might alleviate the wheezing symptoms. However, findings on 

Lachnospira were contradictory in our study. As mentioned earlier (section 3.2.1), Lachnospira 

qPCR primers were less specific. It is possible that we missed out on some Lachnospira and 

this is why we got contradicting results.  In addition, the findings on Lachnospira from Arrieta 

et al. could also be specific to atopic-wheeze only. However, we were unable to prove this 

scenario since the data on atopy was not collected in the Drakenstein study. Nevertheless, it 

is reported that atopy may be less associated with infant wheezing and asthma in low- and 

middle-income countries (LMIC) such as South Africa, compared to developed countries such 

as Canada (33). Therefore, it is possible that our results were not affected by the lack of atopy 

data at all.  Apart from Rothia and Lachnospira, we did not observe any association of 

Faecalibacterium and/or Veillonella with childhood wheezing. This agrees with the latest study 

by Arrieta et al.(34)  which observed no significant association between FLVR bacteria and 

infant wheezing in rural Ecuador. This study demonstrated the impact of geographic location 
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on the human microbiota. Therefore, the association of FLVR bacteria observed in our study 

as well as the Canadian study could also be influenced by the geographical location. 

This study further showed that the first four days of an infant’s life represent a period at which 

FLVR bacteria may be used in predicting the likelihood of infants to wheeze later in life. Based 

on the ROC curve analysis, Lachnospira and Rothia may serve as early biomarkers for 

diagnosing infant wheezing. We also noticed that except for Lachnospira, interaction of FLVR 

bacteria increases their performance in predicting wheezing compared to each bacterium 

alone. This suggests that co-occurrence of FLVR bacteria may be more important in childhood 

wheeze and thus should be investigated further. However, we observed that using 

Lachnospira as a single factor performs much better compared to when it is combined with 

other FLVR bacteria. Our study also demonstrated the potential impact of LRTIs on the 

sensitivity of FLVR bacteria in predicting wheezing. This was shown when the predictive 

performance of FLVR bacteria increased after separating wheeze with LRTIs from wheeze 

without LRTIs, compared to when they were in combination. However, this separation has 

resulted in an unbalanced number of wheeze and non-wheezing infants. Hence, it could be 

possible that the increased sensitivity observed was due to this imbalance. Therefore, 

comprehensive study designs of wheeze with LRTIs as well as without LRTIs are needed to 

verify these findings as our study was designed only across general wheeze. Interestingly we 

observed that infants at risk of wheezing in our cohort had a high Faecalibacterium load at six 

months. This is intriguing because as we mentioned in chapter 2 (systematic review), 

Faecalibacterium is usually associated with health (35, 36). However, this is the first study to 

observe this in the stool samples of wheezing and non-wheezing infants at six months. Hence, 

it is important for future studies to confirm this finding. Furthermore, two strains of 

Faecalibacterium have been defined (37). Therefore, the strain of Faecalibacterium observed 

to be associated with the risk of wheezing in this study, may be different from that which is 

usually associated with health. This suggests a need for strain level analysis in future studies 

aiming to investigate the association of Faecalibacterium with human diseases.  

The single melt peak for Rothia observed in this study could be the reason why only the spe-

cies R. mucilaginosa was identified from all the sequenced samples. Studies have shown that 

most species of this genus are predominant in the oral cavity (38), therefore it is very likely that 

R. mucilaginosa is the only species which inhabits the gut. In contrast, Lachnospira qPCR 

primers produced multiple peaks in addition to that of the positive control which is a signal of 

multiple amplicons being produced. This generation of different amplicons is not surprising 

given that we are using SYBR green which produces fluorescence upon intercalating into any 

double stranded DNA (39, 40). Since our qPCR primers target the 16S rRNA which is common 

to all bacteria (41), it is very likely that these primers bind to a similar region in bacteria other 
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than our target.  However, the generation of more than one peak can also be explained by the 

fact that our qPCR primers are genus specific. Therefore, distinct species or strains of the 

same genus which differ slightly in their amplified regions could have been detected thus re-

sulting in amplicons with different melting temperatures. This scenario is more likely with Fae-

calibacterium for which the two peaks are much closer in melting temperatures. This could be 

the reason why only one species of Faecalibacterium was detected in the sequenced samples. 

As a result, the two melt peaks observed are most likely to be due to the presence of two 

distinct strains rather than species of Faecalibacterium. In support of our findings, two strains 

of F. prausnitzii have been characterized because of the differences in their 16S rRNA se-

quences (37), as we mentioned above. 

The decline in the number of qPCR positive samples after conventional PCR analysis, could 

be attributed to the low sensitivity of conventional compared to qPCR primers. The observed 

high sensitivity of Veillonella primers may be the reason for the high number of samples pos-

itive for this genus, as this means that the primers can detect low DNA copy number of this 

bacterium from samples. For both Rothia and Veillonella, the median qPCR bacterial load 

(5.58×109 and 1.57×109) was higher than the conventional PCR primers LOD (8.147×106 and 

9.159×106), which explains the high number of positive samples for these two bacteria ob-

served in our study. This means that the load of Rothia and Veillonella in most samples was 

high enough to be detected by the primers. Although Lachnospira qPCR primers demon-

strated much sensitivity, very few samples were positive for this bacterium as compared to 

others. This could mean that Lachnospira was generally not present in most of these samples, 

or it could be present in very low concentrations. This is further verified by the inability to detect 

Lachnospira at all by conventional PCR. We see that the median bacterial load (3.39×108) 

detected by qPCR is below the LOD (2.046×109) for conventional PCR primers. As mentioned 

in chapter 3, the inability of these primers to detect low DNA concentrations was confirmed by 

lowering the annealing temperature. In addition, the conventional PCR primers of Lachnospira 

are targeting a single copy rpoB gene unlike the qPCR primers which target the multi-copy 

16S rRNA. This could also be the reason for not detecting this bacterium, as there may be 

less bacterial DNA copies for these primers to pick up. However, the reduced number of pos-

itive samples for Rothia and Faecalibacterium is very likely due to the lower sensitivity of the 

conventional PCR primers. This is because the primers of Rothia and Faecalibacterium were 

all targeting the 16S rRNA gene which exist in multiple copies, hence it should be easy to 

detect this gene from sample. The high sensitivity of real-time qPCR over conventional PCR 

has been reported previously (42), thus it is not surprising that we found the same results in our 

experiments. 
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We found that 23% more wheezing infants had F. prausnitzii compared to non-wheezing in-

fants at or before six weeks of age. In contrast, we observed a 17.5% increase in the number 

of non-wheezing infants who had R. mucilaginosa compared to the wheezing group. We also 

observed a 10% increase in the proportion of wheezing infants with V. parvula and V. atypica 

as compared to the non-wheezing group, while V. dispar was nearly equal between the two 

groups. However, the observed results might have been affected by the unidentified high re-

dundant Veillonella sequences. The high redundancy means that so many Veillonella species 

were present in these samples, such that the sequencing instrument could not distinguish 

them based on the region targeted by our primers. Alternative methods such as designing of 

species-specific primers, cloning (43), and droplet PCR (44) could have allowed us to distinguish 

these species. However, we could not proceed further due to budget and time constraints. For 

all bacteria, the proportion of infants with the identified species might have been affected by 

the reduced number of samples sequenced. The use of more sensitive conventional PCR 

primers to increase the number of sequenced samples, would have allowed us to make better 

comparison between the wheezing and non-wheezing infants based on the identified species.   

Furthermore, sequencing of all other positive samples in addition to the birth and six weeks 

samples could also have increased our comparison strength. Nevertheless, due to financial 

constraints we sequenced only samples representing the first 100 days of an infant’s life as it 

has been shown that wheezing infants exhibit stool bacterial alterations during this period (18).  

Compared to other bacteria, the facultative aerobe Rothia was detected in more infants at birth 

and continued to colonize more infants until six weeks before it drops at 12 months. However, 

the anaerobes Faecalibacterium, Lachnospira and Veillonella were detected in few infants at 

birth and the number rose with increasing age. Our study is the first of its kind to identify factors 

associated with gut colonisation by FLVR bacteria. We showed that male infants, and those 

from TC-Newman had lower odds of being colonised with Faecalibacterium during the first 

year of life. In the Drakenstein study, the TC-Newman resident serves a mixed-race population 

whereas Mbekweni consist of a black-African population both of which belong to a low socio-

economic status (20). However, approximately 69.3% of TC-Newman residents in our cohort 

have a monthly household income of at least R1000, as compared to Mbekweni with only 

about 46.2% households earning such amount. Therefore, less colonisation with Faecalibac-

terium in TC-Newman may be associated with the high-income status in this area compared 

to Mbekweni. Lachnospira (45) and Veillonella (46) proliferate very slowly in the presence of 

lactose. This could explain the reduced colonisation with these two bacteria observed in 

breastfed infants in our study. In support of our findings, another study has found lower abun-

dance of Veillonella and Lachnospira species in breastfed infants (47). In contrast, colonisation 

with Rothia was very high for infants whose mothers have tertiary education. Rothia is known 
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for degrading gluten, a protein component of cereal grains (48).  It could be that infants of moth-

ers with tertiary education were fed with cereals during their first year of life, thus facilitating 

colonisation with Rothia.  This study showed that FLVR bacteria are detectable in human stool 

samples using molecular-based methods. This is in line with another study which has shown 

that among other bacteria, FLVR bacteria are present in the human gastrointestinal tract (49). 

In support of this, findings from our review (Chapter 2) also show that most of the included 

studies (38%) detected FLVR bacteria in human stool samples (50-55). 

In conclusion, this study strengthens the evidence that Rothia may potentially be protective 

against childhood wheezing and recurrent-wheezing. Stool-based quantification of Lachno-

spira and Rothia within the first four days of an infant’s life may serve as an early diagnostic 

marker for childhood wheezing. The association of Faecalibacterium with high risk of infant 

wheezing observed in this study needs to be investigated further. Future studies using very 

specific Lachnospira primers are needed as our primers may have missed to detect some 

members of this genus. Since, this is the first study investigating FLVR bacteria and their com-

binations in predicting wheezing, we encourage more studies to elucidate our findings. Fur-

thermore, due to the small recurrent wheezing sample size, we could not determine the sensi-

tivity of FLVR bacteria in predicting recurrent-wheezing. We therefore encourage future studies 

with much bigger sample sizes to investigate the predictive ability of FLVR bacteria in recurrent 

wheezing. Moreover, the 16S rRNA primers may produce non-specific amplification; however, 

production of melt curves in SYBR green qPCR allows identification of positive samples. There 

are many species of Veillonella in human stool samples which could not be distinguished by 

our conventional PCR primers. Hence, a more sensitive detection method should be applied 

in future studies aiming to identify Veillonella species from stool samples. A more sensitive 

method able to detect very low DNA concentrations should also be acquired for the detection 

of Lachnospira from human stool samples. Although the multi-copy feature of the 16S rRNA 

has proven to increase PCR amplifications’ sensitivity, existence of many copy variants within 

one bacterium may cause difficulties in identifying the bacterial species (56). However, the rpoB 

gene is a valuable alternative gene target in this case as it exists only in one copy (56). In 

addition, through in-silico analysis (chapter 3) we ensured that our resulting amplicons will 

have enough variation so as to distinguish the various species within the respective genus. 

Nevertheless, the multicopy feature of the 16S rRNA may have hindered the species level 

identification of Faecalibacterium and Rothia in our study and should therefore be considered 

in future studies. We further suggest future studies to determine the species differentiating 

capacity of other genes such as tuf, gyrA, gyrB, sodA as well as heat shock proteins which 

have proven ability to separate certain bacterial species (56). Finally, this is the first study to 
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identify factors associated with gut colonisation by FLVR bacteria. Therefore, more studies are 

needed to further elucidate our findings. 
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Supplementary Tables 

Table S4.1 Factors associated with gut colonisation by Faecalibacterium at birth, six weeks, six months and twelve months 
Faecalibacterium 

Covariates Birth  Six weeks  Six months  Twelve months  

 cOR (95% CI) aOR (95% CI)  cOR (95% CI) aOR (95% CI)  cOR (95% CI) aOR (95% CI)  cOR (95% CI) aOR (95% CI)               
Wheezing 0.43 (0.19 - 0.92) 0.49 (0.13 - 1.62)  0.93 (0.45 - 1.93) 0.41 (0.09 - 1.78)  0.77 (0.39 - 1.51) 0.45 (0.12 - 1.66)  0.73 (0.14 - 3.51) 0.39 (0.01 - 11.9)  
Baby gender (male) 0.84 (0.39 - 1.82) 0.86 (0.29 - 2.48)  0.39 (0.18 - 0.83) * 0.19 (0.06 - 0.61) **  0.52 (0.25 - 1.05) 0.23 (0.07 - 0.69) *  0.70 (0.13 - 3.36) 0.29 (0.004 - 6.78)  
Birth length (cm) 1.07 (0.95 - 1.21) 1.06 (0.83 - 1.35)  1.04 (0.93 - 1.16) 1.07 (0.85 - 1.37)  0.96 (0.87 - 1.06) 1.12 (0.92 - 1.39)  1.06 (0.86 1.31) 1.26 (0.69 - 3.48)  
Birth weight (z-score) 1.11 (0.74 - 1.69) 1.06 (0.42 - 2.66)  0.79 (0.53 - 1.18) 0.39 (0.15- 0.91) *  0.89 (0.64 - 1.25) 0.47 (0.20 - 1.04)  1.17 (0.55 - 2.42) 2.08 (0.22 - 31.9)  
Breastfeeding (Yes) 1.19 (0.36 - 5.43) 0.59 (0.06 - 7.07)  0.27 (0.08 - 0.78) * 0.23 (0.02 - 1.89)  0.63 (0.19 - 1.77) 10.6 (0.92 - 166.31)  _ _  
Delivery mode (vaginal) 2.61 (0.95 - 9.24) 4.69 (0.99 - 36.3)  1.04 (0.42 - 2.59) 0.52 (0.09 - 2.56)  0.48 (0.18 - 1.17) 0.15 (0.03- 0.64) *  _ _  
Ever had LRTIs (Yes) 1.13 (0.52 - 2.41) 1.01 (0.28 - 3.62)  0.73 (0.35 - 1.52) 1.09 (0.23 - 5.12)  0.59 (0.29 - 1.17) 0.64 (0.19 - 2.14)  0.76 (0.16 - 4.05) 1.00 (0.02 - 94.9)  
Monthly household income             
<R1000 0.44 (0.14 - 1.36) 0.63 (0.11 - 3.54)  2.97 (0.86 - 12.14) 1.48 (0.23 - 10.4)  1.17 (0.36 - 3.49) 0.55 (0.09 - 2.75)  2.22 (0.27 - 14.98) 4.34 (0.05 - 1102.1)  
R1000-5000 0.82 (0.31 - 2.27) 1.66 (0.39 - 8.12)  2.05 (0.59 - 8.28) 2.67 (0.48 - 17.3)  0.56 (0.18 - 1.61) 0.39 (0.08 - 1.76)  3.08 (0.34 - 28.07) 1.84 (0.005 - 6301.7)  
Pets exposure (Cat and/or Dog) 0.55 (0.25 - 1.20) 0.48 (0.16 - 1.40)  0.73 (0.34 - 1.55) 0.99 (0.28 - 3.57)  0.92 (0.46 - 1.84) 1.92 (0.62- 6.56)  1.30 (0.27 - 6.93) 3.41 (0.23 - 133.3)  
     Cat (Yes) 0.68 (0.29 - 1.51) 0.56 (0.11 - 2.67)  0.70 (0.30 - 1.59) 0.98 (0.19 - 4.81)  0.86 (0.42 - 1.78) 1.80 (0.44 - 7.96)  1.56 (0.32 - 11.32) 276.2 (2.58 - 8.56e+05)  
     Dog (Yes) 0.63 (0.28 - 1.36) 0.93 (0.21 - 3.78)  0.76 (0.35 - 1.64) 0.82 (0.18 - 3.69)  0.74 (0.37 - 1.47) 0.85 (0.23 - 3.24)  0.96 (0.19 - 5.09) 0.073 (0.0003 - 4.99)  
Residential area (TC-Newman) 2.79 (1.14 - 7.91) 3.23 (0.66 - 19.2)  0.33 (0.15 - 0.71) ** 0.15 (0.03 - 0.78) *  0.25 (0.12 - 0.51) *** 0.17 (0.04 - 0.69) *  0.47 (0.06 - 2.29) 1.59 (0.04 - 234.7)  
Smoking during pregnancy (Yes) 1.22 (0.53 - 2.71) 0.61 (0.16 - 2.14)  0.55 (0.23 - 1.29) 2.90 (0.56 - 16.6)  0.31 (0.14 - 0.68) ** 0.21 (0.06 - 0.69) *  0.67 (0.12 - 5.05) 0.61 (0.001 - 64.0)  
HIV exposure (Yes) 0.79 (0.22 - 2.28) 0.61 (0.07 - 3.71)  1.58 (0.68 - 3.72) 0.53 (0.09 - 2.78)  2.21 (0.91 - 5.93) 6.87 (0.76 - 104.11)  1.38 (0.22 - 26.93) 0.29 (0.002 - 16.9)  
Mom education             
Secondary 1.03 (0.15 - 20.63) 0.69 (0.06 - 16.9  0.89 (0.10 - 7.63) 0.51 (0.02 - 20.5)  1.37 (0.26 - 6.46) 0.57 (0.05 - 5.46)  _ _  
Tertiary 1.00 (0.07 - 25.45) 0.69 (0.003 - 23.2)  0.83 (0.08 - 9.16) 0.96 (0.02 - 55.5)  1.25 (0.15 - 10.59) 0.09 (0.004 - 2.05)  _ _  

Full term gestation (Yes) - -  - 
7.69e+08 (1.23e-

77)  0.70 (0.09 - 3.39) 0.57 (0.02 - 10.69)  3.63 (0.17 - 29.99) _  
Tobacco exposure after birth 
(Yes) 3.42 (0.94 - 22.00) 1.26 (0.17 - 12.1)  0.24 (0.08 - 0.63) ** 0.20 (0.04- 0.88) *  0.62 (0.23 - 1.54) 1.17 (0.19 - 6.39)  0.78 (0.04 - 5.02) _  
Supplements use (Yes) 0.24 (0.04 - 1.37) 0.33 (0.01 - 10.4)  1.74 (0.16 - 38.01) 2.07 (0.13 - 60.9)  4.59 (0.95 - 32.89) 10.19 (1.14 - 138.14)  _ _  
Cotinine exposure (Yes) 1.09 (0.43 - 3.16) 0.78 (0.17 - 3.90)  0.44 (0.16 - 1.13) 0.37 (0.07- 1.82)  0.63 (0.21 - 1.66) 2.00 (0.38 - 10.47)  3.91 (0.71 - 19.69) 209.8 (3.09 - 2.29e+05)  

*- significance (*- P < 0.05, **- P < 0.01, ***- P < 0.001); cOR- crude odds ratio; aOR- adjusted odds ratio; CI- Confidence Interval. Birth- first four days, 6 weeks- first four to eight weeks, 6 months- first 

five to seven months, and 12 months- first 11 to 13 months of an infant life. 
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Table S4.2 Factors associated with gut colonisation by Lachnospira at birth, six weeks, six months and twelve months 
Lachnospira 

Covariates Birth  Six weeks  Six months  Twelve months 

 cOR (95% CI) aOR (95% CI)  cOR (95% CI) aOR (95% CI)  cOR (95% CI) aOR (95% CI)  cOR (95% CI) aOR (95% CI) 
            
Wheezing 1.08 (0.44 - 2.63) 0.57 (0.14 -2.19)  3.05 (0.38 - 62.71) _  1.02 (0.43 - 2.39) 0.80 (0.15 - 3.78)  0.80 (0.31 - 2.02) 0.56 (0.11 - 2.56) 

Baby gender (male) 1.39 (0.55 - 3.71) 1.86 (0.58 - 6.50)  _ _  0.72 (0.30 - 1.70) 0.68 (0.22 - 2.08)  1.06 (0.42 - 2.67) 1.25 (0.32 - 5.08) 

Birth length (cm) 1.06 (0.92 - 1.21) 1.09 (0.84- 1.42)  0.89 (0.70 - 1.17) _  0.97 (0.86 - 1.09) 1.03 (0.85 - 1.26)  0.93 (0.81 - 1.06) 0.68 (0.44 - 0.96) * 

Birth weight (z-score) 0.94 (0.57 - 1.54) 0.67 (0.23 - 1.79)  0.52 (0.19 - 1.42) _  1.01 (0.68 - 1.55) 1.18 (0.51 - 2.65)  0.84 (0.53 - 1.31) 2.09 (0.62 - 8.70) 

Breastfeeding (Yes) 0.73 (0.22 - 3.39) 0.27 (0.01 - 4.28)  0.18 (0.02 - 1.57) _  0.46 (0.15 - 1.57) 0.40 (0.55 - 2.66)  0.47 (0.14 - 1.69) 0.01 (2.66e-04 - 0.23) ** 

Delivery mode (vaginal) 0.79 (0.29 - 2.33) 0.39 (0.09 - 1.59)  0.75 (0.09 - 15.54) _  0.78 (0.29 - 2.33) 0.43 (0.10 - 1.89)  0.70 (0.24 - 2.21) 1.77 (0.35 - 10.5) 

Ever had LRTIs (Yes) 0.87 (0.33 - 2.13) 0.98 (0.24 - 4.02)  _ _  0.92 (0.37 - 2.17) 1.71 (0.38 - 8.57)  0.64 (0.22 - 1.68) 0.35 (0.07 - 1.55) 

Monthly household income     _       
<R1000 1.77 (0.54 - 6.89) 1.73 (0.33 – 10.6)  _ _  0.63 (0.19 - 2.26) 0.56 (0.12 - 2.75)  0.48 (0.13 - 1.86) 0.49 (0.06 - 3.57) 

R1000-5000 0.61 (0.16 - 2.56) 0.43 (0.08 - 2.52)  _ _  0.54 (0.16 - 1.96) 0.32 (0.06 - 1.57)  0.54 (0.14 - 2.13) 0.47 (0.07 - 3.16) 

Pets exposure (Cat and/or Dog) 0.39 (0.13 - 1.02) 0.32 0.09 - 1.03)  1.60 (0.19 - 13.78) _  1.23 (0.52 - 2.91) 1.47 (0.46 - 4.76)  0.54 (0.20 - 1.36) 0.63 (0.17 - 2.26) 

     Cat (Yes) 0.35 (0.09 - 1.01) 0.79 (0.14 - 4.34)  0.73 (0.32 - 23.62) _  1.33 (0.32 - 23.62) 2.34 (0.47 - 1.29)  0.35 (0.11 - 0.96) 0.39 (0.06 - 2.27) 

     Dog (Yes) 0.44 (0.15 - 1.14) 0.44 (0.09 - 1.84)  1.95 (0.23 - 16.75) _  1.00 (0.42 - 2.36) 0.63 (0.14 - 2.52)  0.48 (0.17 - 1.27) 0.89 (0.17 - 4.39) 

Residential area (TC-Newman) 1.04 (0.41 - 2.91) 1.44 (0.28 - 7.88)  1.33 (0.16 - 11.44) _  0.71 (0.29 - 1.66) 0.64 (0.13 - 3.09)  0.95 (0.38 - 2.43) 3.10 (0.48 - 25.2) 

Smoking during pregnancy (Yes) 0.89 (0.32 - 2.28) 1.31 (0.34 - 5.06)  0.89 (0.04 - 7.32) _  1.06 (0.38 - 2.73) 1.63 (0.43 - 6.42)  1.29 (0.43 - 3.59) 2.89 (0.52 - 19.0) 

HIV exposure (Yes) 0.95 (0.21 - 3.11) 0.45 (0.02 - 4.22)  _ _  2.00 (0.74 - 5.09) 1.86 (0.27 – 11.5)  1.23 (0.36 - 3.76) 0.17 (0.005 - 1.96) 

Mom education     _       
Secondary 0.59 (0.08 - 12.04) 0.14 (0.009 - 4.45)  _ _  _ _  0.69 (0.06 - 15.22) _ 

Tertiary 0.44 (0.01 - 13.18) 0.12 (0.003 - 5.69)  _ _  _ _  0.25 (0.01 - 8.19) _ 

Full term gestation (Yes) _ _  _ _  0.54 (0.11 - 3.93) 0.35 (0.03 - 5.33)  1.31 (0.18 - 26.41) 3.51 (0.009 - 8791.2) 

Tobacco exposure after birth 
(Yes) 0.79 (0.27 - 2.95) 0.91 (0.15 - 6.41)  0.72 (0.09 - 14.88) _  0.62 (0.23 - 1.88) 0.67 (0.14 - 3.45)  0.38 (0.13 - 1.18) 0.12 (0.01 - 0.89) 

Supplements use (Yes) 0.78 (0.12 - 15.32) _  _ _  1.25 (0.20 - 24.22) 0.97 (0.10 - 22.6)  _ _ 

Cotinine exposure (Yes) 0.75 (0.27 - 2.44) 0.42 (0.09 - 1.96)  0.70 (0.08 - 14.53) _  0.97 (0.32 - 3.63) 2.22 (0.49- 13.0)  1.14 (0.35 - 4.41) 2.53 (0.39 - 21.9) 

*- significance (*- P < 0.05, **- P < 0.01); cOR- crude odds ratio; aOR- adjusted odds ratio; CI- Confidence Interval. Birth- first four days, 6 weeks- first four to eight weeks, 6 months- first five to seven 

months, and 12 months- first 11 to 13 months of an infant life. 
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Table S4.3 Factors associated with gut colonisation by Veillonella at birth, six weeks, six months and twelve months 
Veillonella 

Covariates Birth  Six weeks  Six months  Twelve months 

 cOR (95% CI) aOR (95% CI)  cOR (95% CI) aOR (95% CI)  cOR (95% CI) aOR (95% CI)  cOR (95% CI) aOR (95% CI) 

            
Wheezing 1.94 (0.93 - 4.15) 1.89 (0.62 - 6.01)  5.37 (0.83 - 104.65) 0.08 (7.12e-07 - 1.91)  0.73 (0.14 - 3.42) _  _ _ 

Baby gender (male) 1.10 (0.53 - 2.33) 0.84 (0.32 - 2.19)  0.68 (0.09 - 3.66) 1.47 (0.04 - 100.1)  2.01 (0.32 - 15.61) _  _ _ 

Birth length (cm) 1.11 (0.99 - 1.25) 1.12 (0.91 - 1.38)  0.95 (0.73 - 1.19) 0.74 (0.25 - 1.69)  0.89 (0.68 - 1.16) _  _ _ 

Birth weight (z-score) 1.23 (0.83 - 1.85) 1.03 (0.48 - 2.23)  0.52 (0.18 - 1.33) 0.06 (1.66e-04 - 2.45)  0.59 (0.21 - 1.46) _  _ _ 

Breastfeeding (Yes) 0.51 (0.18 - 1.58) 0.19 (0.02 - 1.42)  _ _  1.18 (0.06 - 7.49) _  _ _ 

Delivery mode (vaginal) 1.71 (0.69 - 4.85) 2.18 (0.67 - 8.33)  _ _  _ _  _ _ 

Ever had LRTIs (Yes) 1.68 (0.81 - 3.50) 0.89 (0.27 - 2.86)  1.61 (0.30 - 11.98) 0.02 (1.63e-10 - 6.88e+09)  0.49 (0.09 - 2.28) _  _ _ 

Monthly household income          _ _ 

<R1000 1.35 (0.49 - 3.99) 1.09 (0.27 - 4.60)  2.39 (0.29 - 16.08) 13.4 (0.13 - 2.56e+04)  1.61 (0.07 - 17.79) _  _ _ 

R1000-5000 0.83 (0.30 - 2.42) 0.57 (0.15 - 2.22)  8.33 (0.74 - 188.35) _  1.67 (0.07 - 18.39) _  _ _ 

Pets exposure (Cat and/or Dog) 0.91 (0.43 - 1.89) 0.52 (0.19 - 1.36)  0.63 (0.11 - 3.52) 0.47 (7.93e-03 - 6.97)  0.55 (0.07 - 3.43) _  _ _ 

     Cat (Yes) 0.65 (0.28 - 1.40) 0.60 (0.14 - 2.56)  0.76 (0.14 - 5.68) 37.1 0.006 - 2.87e+08)  0.32 (0.14 - 5.68) _  _ _ 

     Dog (Yes) 0.78 (0.36 - 1.62) 0.59 (0.15 - 2.15)  0.51 (0.09 - 2.89) 0.05 (6.395270e-11 352.6)  0.48 (0.06 - 2.95) _  _ _ 

Residential area (TC-Newman) 1.11 (0.51 - 2.48) 3.38 (0.84 - 15.0)  0.76 (0.14 - 4.26) 0.56 (6.49e-05 - 161.8)  _ _  _ _ 

Smoking during pregnancy (Yes) 1.07 (0.48 - 2.31) 0.80 (0.25- 2.51)  0.74 (0.14 - 5.52) 2.69 (7.89e-03 - 1.06e+05)  0.77 (0.14 - 5.76) _  _ _ 

HIV exposure (Yes) 1.27 (0.43 - 3.34) 0.51 (0.06 - 2.88)  0.30 (0.05 - 1.72) 0.07 (2.59e-05 - 9.34)  1.57 (0.25 - 30.22) _  _ _ 

Mom education          _ _ 

Secondary _ _  _ _  5.13 (2.42e-01 - 42.27) _  _ _ 

Tertiary _ _  _ _  _ _  _ _ 

Full term gestation (Yes) 1.51 (0.23 - 29.48) 0.27 (0.02 - 7.93)  _ _  _ _  _ _ 

Tobacco exposure after birth (Yes) 1.62 (0.57 - 5.85) 1.11 (0.22 - 6.48)  2.14 (0.2 - 11.76) 0.04 (4.48e-10 - 88.3)  _ _  _ _ 

Suppliment use (Yes) _ _  10.9 (0.46 - 135.12) _  _ _  _ _ 

Cotinine exposure (Yes) 0.64 (0.27 - 1.60) 0.44 (0.12 - 1.61)  _ _  0.89 (0.05 - 5.58) _  _ _ 

cOR- crude odds ratio; aOR- adjusted odds ratio; CI- Confidence Interval. Birth- first four days, 6 weeks- first four to eight weeks, 6 months- first five to seven months, and 12 months- first 11 to 13 months 

of an infant life. 
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Table S4.4 Factors associated with gut colonisation by Rothia at birth, six weeks, six months and twelve months 

Rothia 

Covariates Birth  Six weeks  Six months  Twelve months 

 cOR (95% CI) aOR (95% CI)  cOR (95% CI) aOR (95% CI)  cOR (95% CI) aOR (95% CI)  cOR (95% CI) aOR (95% CI) 
            
Wheezing 0.63 (0.29 - 1.32) 0.73 (0.22 - 2.39)  0.19 (0.01 - 1.20) _  0.65 (0.08 - 4.02) _  _ _ 

Baby gender (male) 0.75 (0.34 - 1.62) 0.73 (0.24 - 2.15)  _ _  1.32 (0.15 - 11.23) _  0.46 (0.06 - 2.47) _ 

Birth length (cm) 1.07 (0.95 - 1.21) 1.03 (0.81 - 1.31)  1.04 (0.81 - 1.29) _  0.86 (0.62 - 1.14) _  0.98 (0.77 - 1.23) _ 

Birth weight (z-score) 1.35 (0.89 - 2.07) 1.49 (0.59 - 3.82)  0.78 (0.29 - 1.87) _  0.40 (0.11 - 1.20) _  0.92 (0.39 - 2.01) _ 

Breastfeeding (Yes) 0.20 (0.01 - 1.08) 0.53 (0.02 - 7.76)  _ _  1.79 (0.09 - 13.04) _  1.18 (0.06 - 8.17) _ 

Delivery mode (vaginal) 0.95 (0.37 - 2.21) 0.89 (0.19 - 3.54)  2.05 (0.27 - 11.19) _  _ _  2.06 (0.27 - 11.42) _ 

Ever had LRTIs (Yes) 0.86 (0.41 - 1.83) 1.16 (0.35 - 3.99)  0.38 (0.05 - 2.00) _  0.43 (0.06 - 2.69) _  _ _ 

Monthly household income            
<R1000 1.76 (0.62 - 5.00) 1.72 (0.37 - 8.12)  _ _  _ _  _ _ 

R1000-5000 2.27 (0.82 - 6.24) 2.97 (0.69 - 13.44)  _ _  _ _  _ _ 

Pets exposure (Cat and/or Dog) 0.77 (0.35 - 1.67) 0.62 (0.19 - 1.93)  0.63 (0.11 - 3.52) _  0.27 (0.0 - 2.18) _  2.0 (0.37 - 14.94) _ 

     Cat (Yes) 0.98 (0.45 - 2.25) 2.13 (0.44 - 10.84)  0.76 (0.14 - 5.68) _  0.16 (0.14 - 5.68) _  1.23 (0.23 - 9.19) _ 

     Dog (Yes) 0.68 (0.31 - 1.47) 0.32 (0.08 - 1.36)  0.51 (0.09 - 2.89) _  0.23 (0.01 - 1.88) _  1.47 (0.27 - 10.99) _ 

Residential area (TC-Newman) 0.85 (0.36 - 1.91) 1.59 (0.37 - 6.99)  1.57 (0.29 - 11.69) _  0.31 (0.02 - 2.52) _  1.24 (0.22 - 7.03) _ 

Smoking during pregnancy (Yes) 0.79 (0.36 - 1.77) 1.89 (0.52 - 7.58)  1.93 (0.29 - 37.88) _  0.12 (0.01 - 0.98) _  1.29 (0.19 - 28.11) _ 

HIV exposure (Yes) 2.01 (0.64 - 8.81) 1.02 (0.17 - 8.28)  1.67 (0.25 - 32.65) _  0.37 (0.06 - 2.89) _  1.13 (0.17 - 22.46) _ 

Mom education            
Secondary 6.32 (1.00 - 49.73) * 6.81 (0.62 - 167.36)  6.33 (0.29 - 61.32) _  6.89 (0.32 - 64.17) _  _ _ 

Tertiary 13.49 (1.10 - 378.19) 15.72 (0.74 - 814.42)  _ _  _ _  _ _ 

Full term gestation (Yes) 0.8 (0.04 - 5.19) 0.82 (0.02 - 16.87)  _ _  _ _  4.4 (0.20 - 37.92) _ 

Tobacco exposure after birth (Yes) 0.27 (0.04 - 0.97) 0.63 (0.07 - 4.12)  4.55 (0.79 - 26.20) _  _ _  2.57 (0.33 - 14.44) _ 

Suppliment use (Yes) 0.71 (0.04 - 4.56) 2.51 (0.07 - 44.28)  _ _  _ _  _ _ 

Cotinine exposure (Yes) 0.33 (0.08 - 1.01) 0.13 (0.006 - 0.88)  2.2 (0.29 - 12.11) _  _ _  2.43 (0.32 - 13.70) _ 

*- significance (*- P < 0.05); cOR- crude odds ratio; aOR- adjusted odds ratio; CI- Confidence Interval. Birth- first four days, 6 weeks- first four to eight weeks, 6 months- first five to seven months, and 12 

months- first 11 to 13 months of an infant life. 
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Table S4.5 Area under the curve and corresponding confidence interval of FLVR bacterial load at six weeks, six months and 12 months in 

predicting any wheeze outcome 

Any wheeze 

  Six weeks  Six months  Twelve months 

  AUC 95%CI  AUC 95%CI  AUC 95%CI 

Each bacterium F 0.552 0.39 - 0.71  0.555 0.44 - 0.68  0.542 0.42 - 0.66 

 L 0.667 -  0.716 0.50 - 0.93  0.636 0.39 - 0.88 

 V 0.525 0.42 - 0.63  0.542 0.45 - 0.64  0.535 0.42 - 0.65 

 R 0.496 0.39 - 0.61  0.574 0.48 - 0.67  0.629 0.51 - 0.74           
2by2 interactions FL 0.565 0.41 - 0.72  0.606 0.49 - 0.72  0.544 0.42 - 0.66 

 FV 0.547 0.44 - 0.65  0.604 0.51 - 0.69  0.606 0.49 - 0.72 

 FR 0.539 0.43 - 0.65  0.529 0.43 - 0.62  0.687 0.58 - 0.79 

 LV 0.568 0.46 - 0.68  0.549 0.45 - 0.64  0.551 0.44 - 0.67 

 LR 0.476 0.37 - 0.59  0.573 0.48 - 0.67  0.647 0.53 - 0.76 

 VR 0.6 0.49 - 0.70  0.602 0.51 - 0.69  0.679 0.57 - 0.79           
3by3 interactions FLV 0.611 0.51 - 0.72  0.647 0.56 - 0.74  0.61 0.49 - 0.72 

 FLR 0.581 0.47 - 0.69  0.538 0.44 - 0.63  0.7 0.59 - 0.80 

 FVR 0.631 0.53 - 0.73  0.632 0.54 - 0.72  0.739 0.64 - 0.84 

 LVR 0.637 0.54 - 0.74  0.641 0.55 - 0.73  0.699 0.59 - 0.80           
4by4 interactions FLVR 0.655 0.56 - 0.75  0.679 0.59 - 0.77  0.753 0.66 - 0.85 

F- Faecalibacterium, L- Lachnospira; V- Veillonella; R- Rothia; AUC- area under the curve; CI- confidence interval; LRTIs- lower respiratory tract infections. The AUC and CI are 

calculated from qPCR bacterial load (DNA copies) converted into log base 10 scale. 
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Supplementary figures 

 

Figure S4.1 Receiver operating characteristic (ROC) curves predicting any wheeze (cohort of 140 wheezing and 140 non-wheezing infants), using FLVR bacterial load (DNA 

copies) determined by quantitative polymerase chain reaction (qPCR). A. Prediction at six weeks (first four to eight weeks). B. Prediction at six months (first five to seven months). 

C. Prediction at 12 months (first 11 to 13 months of an infant’s life). Plots are based on logarithmic scale (log base 10 ) of DNA copies.  
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Figure S4.2 Receiver operating characteristic (ROC) curves predicting any wheeze (cohort of 140 wheezing and 140 non-wheezing infants), using two by two interactions of FLVR bacterial load 

(DNA copies) determined by quantitative polymerase chain reaction (qPCR). A. Prediction at six weeks (first four to eight weeks). B. Prediction at six months (first five to seven months). C. 

Prediction at 12 months (first 11 to 13 months of an infant’s life). Plots are based on logarithmic scale (log base 10 ) of DNA copies.  
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Figure S4.3 Receiver operating characteristic (ROC) curves predicting any wheeze (cohort of 140 wheezing and 140 non-wheezing infants), using FLVR bacterial load (DNA copies) determined 

by quantitative polymerase chain reaction (qPCR). A. Prediction based on three by three interactions at six weeks (first four to eight weeks). B. Prediction based on three by three interactions 

at six months (first five to seven months). C. Prediction based on three by three interactions at 12 months (first 11 to 13 months of an infant’s life). D. Prediction based on four by four interactions. 

Plots are based on logarithmic scale (log base 10 ) of DNA copies.  
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Part 4: General discussion and conclusion 
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Chapter 5:  

 

General discussion 

 

The overall aim of this research project was to determine the contribution of FLVR bacteria in 

childhood wheezing within the DCHS, South Africa. Beginning with a systematic literature 

review (chapter 2), we observed that FLVR bacteria may be involved in the occurrence of 

different humans’ respiratory diseases. However, we noticed a lack of studies on FLVR 

bacteria and respiratory diseases conducted in an African setting. This strongly encourages 

future studies with similar objectives to be conducted in Africa. Having seen this gap, we 

screened stool samples in our study using optimized PCR assays for the detection and 

quantification of FLVR bacteria. Using logistic regression analysis, we assessed whether the 

detection and quantification of FLVR bacteria was associated with wheezing and recurrent 

wheezing in our cohort. This study gives an overview of the prevalence of FLVR bacteria in 

stools samples of wheezing and non-wheezing infants in the DCHS. In addition, this study 

provides insights into the factors associated with faecal colonization by FLVR bacteria within 

the first year of life. The main finding from this study was the association of Rothia with low 

risk of wheezing, suggesting a potential protective role of this bacterium against infant 

wheezing. This has been previously reported (1). We further showed that quantification of FLVR 

bacteria within the first four days of life, especially Rothia and Lachnospira may serve as 

biomarkers for predicting the likelihood of infant wheezing.  The four time-points investigated 

in this study were selected because wheezing is much more common in younger children (2). 

This can be explained by the very small airways during infancy, and therefore require less 

obstruction to produce a whistling sound (2). We also wanted to include the first 100 days of 

life because infants at risk of asthma (based on the asthma predictive index) have been 

reported to exhibit stool bacterial alterations during this life period (1). In support of this, it has 

been reported that there is widespread presence of recurrent wheezing in the first twelve 

months of an infants’ life (3). The ROC analysis was mainly focused on the birth time-point (first 

four days of life) as we wanted to see whether the occurrence of FLVR bacteria early in life 

could predict later wheezing outcomes. 

Because of the contamination risks involved, the conventional PCR experiments in this study 

were performed in two separate labs, hence the use of different stains and buffers. Briefly our 

lab is mainly used for 16S library preparation, therefore conventional PCR targeting the 16S 

rRNA gene is avoided to prevent contaminations. Nevertheless, both ethidium bromide and 

SYBR safe which were used for our gel electrophoresis are proven to have good DNA staining 

capacity (4). Moreover, all the analysis in this study were based on FLVR bacterial DNA copy 

number of the 16S rRNA gene. Studies have shown that quantification based on 16S rRNA 
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gene may give false results as this gene exists in multiple copies in some bacteria (5-7). Hence, 

the load of FLVR bacteria in this study may not necessarily mean that the bacteria were in 

high abundance. This is because we could have detected multiple 16S rRNA copies from one 

bacterium. Furthermore, the use of antibiotic is known to impact wheezing (8-10) as well as 

microbial composition (11-13). However, our regression analysis did not account for antibiotic 

use as this data was not captured in the DCHS database for the studied infants.  We did not 

have control over data collection because our study is nested within the DCHS. If any of our 

infants had used antibiotics before or during sample collection, then this might have affected 

our findings. In addition, the influence of maternal asthma status has been shown to influence 

the gut microbiota and its association with wheezing risk in infants (14-16). Similarly, this factor 

was not included in the regression analysis because only 1%; 3/280 infants (1 wheeze and 2 

non-wheeze) had asthmatic mothers. We strongly encourage further   studies to quantify FLVR 

bacteria based on a single copy gene such as the rpoB gene, and also to account for antibiotic 

use as well as parental asthma in the regression analysis. Moreover, other factors such as 

lung function (17), maternal stress (18) and alcohol exposure (19) have been linked to microbial 

alteration and wheezing. We strongly encourage future studies to control for these factors, 

and also to determine how they influence the proliferation of FLVR bacteria in both wheezing 

and non-wheezing infants. Knowing this will help us to take the necessary precautions which 

will help maintain the protective bacteria early in life, and thus reducing the risk of wheezing 

later in life. The systematic review (chapter 2) demonstrated the association of 

Faecalibacterium with pulmonary TB. This could mean that infants born to TB infected mothers 

will have high amount of Faecalibacterium, which may be the reason for the high risk of 

wheezing in infants with this bacterium at six months observed in our study. Due to this 

possible connection, we therefore encourage future studies to take into account the influence 

of maternal TB on FLVR bacteria and wheezing. In addition, it will be interesting to investigate 

the association of maternal FLVR bacteria during pregnancy with infant wheezing after birth. 

This will provide guidance to mothers regarding the food intake which will help reduce 

wheezing risk in children through the acquisition of the protective microbes. It has been shown 

that asthma development in offspring is associated with maternal diet and its influence on 

microbiome during pregnancy (20, 21). The major limitation of this study is that we do not know 

whether the detected bacteria were alive or dead. We therefore encourage future studies to 

apply measures that can distinguish live bacterial DNA from dead ones such as the use of 

propidium monoazide (22). Advances in culturomics have also shown the potential in 

distinguishing live from dead bacteria (23). Other methods which can be used include 

transcriptomics (24) and flow cytometry (25). 
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Chapter 6: 

 

General conclusion 

 

This study adds insight into the contribution of FLVR bacteria in infant wheezing. Findings from 

the system review (part1, chapter 2) gives future direction to investigate the contribution of 

FLVR bacteria in human respiratory diseases, especially in Africa. We encourage future stud-

ies to further elucidate the contribution of these bacteria in childhood wheezing both in the 

absence and presence of atopic symptoms. Seeing that Rothia may potentially be protective 

against childhood wheeze, we suggest that future studies should aim to identify the exact 

species or strains of this genus which may be playing a protective role. In addition, it will be 

interesting to study the metabolic components of this bacterium which may be contributing to 

its protective role. This will help in taking feeding measures that will enhance the production 

of beneficial metabolites, should this bacterium be proven protective. Finally, though our study 

shows the potential protective role of Rothia against childhood wheeze, we do not encourage 

using this bacterium as a probiotic as this was just an observational study. We encourage 

mouse model experiments to study the probiotic capacity of this organism. 
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