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Abstract

Purpose Childhood malnutrition is a multifactorial disease, responsible for nearly half of all deaths in children under five.
Lately, the probable association of a dysbiotic gut to malnutrition is also being eagerly investigated. The current study is an
attempt to investigate this purported association through assessing the abundance of major gut bacterial phyla (Firmicutes,
Bacteroidetes, Actinobacteria and Proteobacteria), probionts (Bifidobacteria and Lactobacillus), butyrogens (Faecalibacte-
rium and Roseburia) and pathogens (Escherichia and Klebsiella).

Methods The study was conducted in the suburbs of Chandigarh, India in the year 2017. The children enrolled in the study
were part of Anganwadis (Rural Child Care Centres) set up under Integrated Child Development Scheme (ICDS) of Gov-
ernment of India where community-based management approach is being widely used for treatment of malnutrition. We
used qPCR based absolute quantification as well as the 16S rRNA amplicon sequencing approach for our study. The study
population included 30 children in the age group of 2-5 years who were categorized into three groups Healthy, Moderate
Acute Malnutrition (MAM) and Severe Acute Malnutrition (SAM), with 10 children in each group. The selection of partici-
pants was made based on Z scores. Further, statistical tools like the One-way ANOVA, PCA and PLSDA were employed to
analyze and compare the gut bacterial profile.

Results Our investigation through the gPCR (Absolute quantification) approach revealed a significantly higher abundance
of Actinobacteria in healthy, in comparison to children suffering from Severe Acute Malnutrition (SAM). Consequently, the
same trend was also reflected with respect to Bifidobacterium, a prominent member of the Actinobacteria phylum. Conversely,
a significant higher abundance of Lactobacillus with the diminishing nutritional status was recorded. Escherichia showed a
significant higher abundance in healthy subjects compared to the malnourished; however, no such difference in abundance
of Klebsiella was observed. The other target phyla [Bacteroidetes, Firmicutes and Proteobacteria] and genera (Faecali-
bacterium and Roseburia) showed differences in abundance; however, these were non-significant. Similarly, the bacterial
taxonomy analysis of 16S rRNA gene amplicon sequencing data revealed the higher abundance of phylum Actinobacteria
and its member Bifidobacterium with lower prevalence of Lactobacillus in healthy children.

Conclusion The pattern of gut microbiota profile in malnourished subjects suggests a dysbiotic gut depleted in Bifidobacteria,
a core member of the consortia of beneficial anaerobes of the healthy child gut.

Keywords Gut microbiota - Severe acute malnutrition - Actinobacteria - Bifidobacteria and malnutrition

Chandrasekhar Balasubramaniam and Rashmi Hogarehalli .
Mallappa contributed equally. Introduction

< Sunita Grover

: Malnutrition, a nutritional abnormality, has metamorphosed
sungro@ gmail.com

into a pandemic which is notorious for claiming millions

I Molecular Biology Unit, Dairy Microbiology Division, of innocent lives worldwide. Malnutrition is prevalent in
ICAR-National Dairy Research Institute, Karnal, different forms such as, poor child growth and develop-
Haryana 132001, India ment; as individuals who are skinny or prone to infection

?  Advanced Paediatrics Centre, Postgraduate Institute and obesity being the other extreme. Childhood malnutri-

of Medical Education and Research, Chandigarh 160012,

Indi tion is a formidable challenge, threatening the nutritional
ndia

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00394-021-02571-7&domain=pdf

3972

European Journal of Nutrition (2021) 60:3971-3985

security of children. It is prevalent in all nations in one or the
other forms but the underdeveloped and developing coun-
tries are the ones which are most affected. India is home to
35% stunted, 48% underweight children and another 17% are
prone to wasting [1]. Moreover, malnutrition is also respon-
sible for 69% of deaths in children below five in India [1].
These alarming figures make India as one of the worst per-
formers in the global malnutrition rankings. Malnutrition
has been categorized into different forms i.e., ‘Moderate
Acute Malnutrition’” (MAM) and ‘Severe Acute Malnu-
trition’ (SAM) based on Z scores given by World Health
Organization (WHO). Malnutrition occurs as a complex
interplay of multiple factors like poverty, food insecurity,
unhygienic practices, diseases and illiteracy. Further, the
interplay of under nutrition and infection triggers a potential
lethal cycle, predisposing children to common infections by
increasing their frequency of infections and delaying recov-
ery with poor immune status. Of late, an increasing body
of facts have hinted at the possible association between the
‘gut microbiome’ in general (‘dysbiotic gut’ in particular)
and malnutrition [2-7].

The shaping of the ‘gut microbiome’ starts at the neonatal
stage and is influenced by several factors like maternal health
and nutritional status of mother, mode of delivery, diet and
geographical location. The insights into the gut microbiome
have revealed that a healthy intestinal microbiota is quintes-
sential for human health as they perform a wide range of
protective, structural and metabolic functions and affect host
nutrition and immunity directly or indirectly [§—10]. The
commensal bacteria positively modulate the gut functions
through several means i.e., through enhancing the intestinal
epithelial barrier integrity, providing nutrients to colonic
epithelial cells and producing essential vitamins (B; Bs B
B,,, biotin, tetrahydrofolate and vitamin K) [10-12]. Fur-
ther, they also assist in nutrient absorption through induc-
ing specific host genes for nutrient uptake and also through
modulating systemic lipid and glucose metabolic rates and
gastrointestinal transit time by stimulating and responding
to broad range of neurotransmitters [13].

The healthy mature gut microbiota is predominated by an
anaerobic microbial consortium which contributes a signifi-
cant proportion of beneficial microbes to the gut apart from
the aerobic ones. These beneficial microbes help to suppress
the growth of the pathogenic microbes. In a recent study
[14], the significance of the absence of crucial anaerobic
microbes in mice, which led to diminished production of
IgA, an essential defense against pathogenic microbes was
elucidated. Further, it is also postulated that these missing
microbes that form the core of healthy mature anaerobic
gut microbiota (HMAGM), when supplemented in dietetic
intervention for malnutrition can rectify the dysbiosis and
undo the ill effects of malnutrition [15, 16]. The ability of
beneficial microbes to rectify dysbiosis under malnourished
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condition has also been experimented with Lactobacillus
rahmnosus GG [17] and was found to deliver promising
results.

Advances in molecular biology, including 16S rRNA
sequencing and polymerase chain reaction, compounded
with the developing science of “culturomics” have allowed
exploration into gut microbial ecosystem and dynamics. The
studies through various sequencing approaches have brought
about the differences in the gut microbiota of healthy and
malnourished children, which point towards a dysbiotic gut
[6, 18]. The malnourished gut of children has been found to
have reduced diversity of microbiota and also has a smaller
number of butyrogenic and probiotic bacteria in compari-
son to their healthy counterpart [5, 6]. The healthy child
gut was dominated by microbes belonging to orders Lacto-
bacillales, Enterobacteriales, Pseudomonadales, Chloroflex-
ales, Xanthomonadales, Planctomycetales, Halobacteriales,
Burkholderiales, Actinomycetales, Bifidobacteriales, Des-
ulfovibrionales and Rhizobiales, whereas the malnourished
gut was found to harbor more of microbes belonging to the
family Campylobacteraceae, Helicobacteracaeae and Bac-
teriodaceae [2]. This altered gut predominated by patho-
genic microbes is believed to confer a reduced immunity by
increasing proclivity towards inflammatory diseases through
an increased proneness to a leaky gut. The leaky gut predis-
poses the child to frequent bouts of infections due to villous
atrophy, anorexia and finally ending up in impaired growth
leading to malnutrition [19]. It has been proposed that the
dysfunctional communities of gut microbes conspire with
the poor diet to bring about malnutrition [13].

Though few studies have been conducted on simi-
lar lines in India, our study is one of the first such study
involving children from northern region of India. Addi-
tionally, as already mentioned gut microbiota is greatly
influenced by geography and other environmental asso-
ciated factors including diet being a major determinant.
India being a diverse country with varied geography,
climate and diet spanning the length and breadth of the
country, it is bound to have effects on the gut microbiome.
Hence, conducting region-specific (Pan-India) studies on
gut microbiome can give a better insight and generate cor-
roborative evidences for making meaningful inferences
regarding the child gut microbiome. Further this study
also involved participants from Anganwadis (Rural Child
Care Centres) practicing the community-based manage-
ment approach for treating malnutrition, which we believe
to be one of the only studies conducted till date, enroll-
ing such participants. The current study envisages to
assess the association between an altered gut microbiota
(depleted in healthy mature anaerobic microbes and the
other beneficial ones) and malnutrition through compara-
tive analysis of the gut microbiota profile in healthy and
malnourished children (MAM and SAM) by assessing the
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abundance of targeted gut bacterial phyla Bacteriodetes,
Firmicutes, Proteobacteria and Actinobacteria, pathobi-
onts (Klebsiella, Escherichia), probionts (Lactobacillus,
Bifidobacteria), and butyrogenic bacteria (Faecalibacteria
and Roseburia) through qPCR approach and validating the
results of the qPCR study with untargeted 16rRNA gene
amplicon sequencing.

Methods and materials
Screening and selection of subjects for the study

The subjects enrolled in this study included children who
fell into the age group of 2-5 years. The study population
was selected from “Anganwadis” (Rural Child Care Cen-
tres) located in the suburbs of Chandigarh (30.7333° N,
76.7794° E) (Union Territory of India) in the year 2017.
These anganwadis practiced community-based management
approach for treating malnutrition. The subjects were identi-
fied and approached with the help of social workers from the
“Social Paediatrics” department of the “Advanced Paediatric
Centre” (APC) of Post Graduate Institute of Medical Edu-
cation and Research (PGIMER), Chandigarh. The samples
were collected with the consent of the concerned authorities
of PGIMER after the study was ethically approved by the
Institutional Ethics Committee (IEC) of PGIMER, Chan-
digarh (Ref.no. NK/2519/MD/538-39). Additionally, an
informed consent was also sought from the parents/guard-
ians of the children enrolled in the study. The purpose of the
study was explained to the anganwadi workers as well as the
donor’s parents. The subjects were screened and segregated
into the three target groups i.e., healthy, MAM (Moderate
Acute Malnutrition) and SAM (Severe Acute Malnutrition)
based on Z scores, obtained with WHO ANTHRO Z score
calculator software (http://www.who.int/childgrowth/softw
are). To derive the Z scores using the software, the height,
weight was measured and age of the subjects was recorded.
Besides, the inclusion and exclusion criteria for the selection
of subjects were laid down prior to the collection of faecal
samples. The inclusion criteria included the factors such as
children of age between 2—5 years and standard Z score — 2
to+2,—2 to—3 and < — 3 for grouping them into various
nutritional health status such as healthy, MAM and SAM
respectively. The exclusion criteria included (1) the chil-
dren suffering from episodes of diarrhoea (2) consumption
of antibiotics or probiotics 3 months preceding the date of
sample collection Fig. S1.

A total of 30 subjects, with an average age of 3 years
which included ten healthy, ten Moderate Acute Malnour-
ished (MAM) and ten Severe Acute Malnourished (SAM)
children were selected.

Collection of samples and extraction
of metagenomic DNA

The parents of the selected subjects were provided with
the sterile faecal/stool sample collection containers the day
before the collection of morning faecal samples and were
explained about the procedure to collect the samples. The
daily collected samples were recovered from the parents at
anganwadis and transported to the Molecular Biology Unit
of Dairy Microbiology Division, ICAR-National Dairy
Research Institute (ICAR-NDRI) in insulated ice boxes on
the same day of collection. All the collected samples were
stored at —80°C in the Ultra-Low Deep Freezer (SANYO,
Japan) till further processing for metagenomic DNA
extraction.

The collected faecal samples were thawed in ice on the
day of extraction of metagenomic DNA and the faecal DNA
was extracted using Zymo Research Faecal DNA Miniprep
kit Claassen et al. [20] as per manufacturer’s instructions.
The metagenomic DNA extracted above was analyzed for
quantity, purity and integrity for its downstream applications
like PCR and Real-Time PCR (qPCR) studies. Metagen-
omic DNA was quantified spectrophotometrically by using
Synergy H1 Multi-Mode Reader (BioTek, Winooski, VT),
in which Nucleic acid quantification was done at 260 nm.
Metagenomic DNA extracted using Zymo Research Mini
Prep. Kit was analyzed for its integrity for downstream
applications by electrophoresing in 0.8% agarose gel.

The extracted DNA from all the 30 faecal samples was
evaluated for their PCR amenability by 16S rRNA gene
amplification using universal primers. The PCR cycling con-
ditions for the selected 16S rRNA universal primers included
initial denaturation of 95 °C for 5 min and 35 cycles each of
denaturation 95 °C/30 s, annealing 60 °C/30 s and extension
72 °C/2 min with final extension at 72 °C for 10 min. The
amplicons were visualized by electrophoresing the products
of the PCR reaction on a 1.8% agarose gel.

Selection of primers for target bacterial groups
and specificity analysis.

The primers for all the selected gut microbial enterotypes
such as Eubacteria, Firmicutes, Bacteroidetes, Proteo-
bacteria, Actinobacteria, Lactobacilli, Bifidobacteria,
Roseburia, Faecalibacteria, Escherichia and Klebsiella
were selected from the literature as illustrated in Table 1
[21-31]. Initially, the selected primers were evaluated
in silico for specificity by BLAST (Basic Local Align-
ment Search Tool) analysis prior to getting them synthe-
sized. Orders for the suitable primers were placed and
got synthesized from Imperial Biomed [Integrated DNA
Technologies, Inc]. The specificity of the primers was
further evaluated by agarose gel electrophoresis and the
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Table 1 Sequences and

. : Target Phyla/Genera Primer ID Sequence Product size References
respectlve prqduct sizes of (bp)
primers used in the absolute
quantification of target gut Eubacteria Eub-1F 5" act cctacgggaggcagcag 3’ 200 [26]
enterotypes used in the study Eub-1R 5" attaccgeggctgctgcigg 3
Bacteroidetes Bacphy-1F 5’ ccggawtyattgggtttaaaggg 3’ 414 [27]
Bacphy-1R 5’ ggtaaggttcetcgegta 3
Firmicutes Firmi-1F 5’ ctgatg gag caacgcegegt 3’ 429 [28]
Firmi-1R 5" acacytagy act cat cgttt 3’
Proteobacteria Proteo-F 5' cacttcaacctgatcacctac ¢ 3’ 528 [27]
Proteo-R 5" gcagegggtccatgt tat 3’
Actinobacteria Actino-F 5’ gtyaactcg gag gaaggt 3’ 195 [22]
Actino-R 5’ ctgatctgce gat tac tag cgactc c3'
Latobacillus Lacto-F 5’ cttgtacacaccgecegtea 3’ 248 [21]
Lacto-R 5' ctcaaa act aaacaaagt 3’ [23]
Bifidobacteria Bifi-1F 5" tegegteyggtgtgaaag 3’ 243 [25]
Bifi-IR 5’ cca cat ccagcrtec ac 3’
Faecalibacterium Fprau-1F 5' ggaggattgaccccttca gt3’ 203 [29]
Fprau-1R 5' ctggtcccgaagaaacac at 3’
Roseburia Rosb-F 5' tactgcattggaaactgt cg 3’ 230 [30]
Rosb-R 5' cggcaccgaagagea at 3’
Escherichia Esc-F 5' cat gccgegtgtatgaagaa 3’ 96 [24]
Esc-R 5' cgggtaacgtcaatgagcaaa 3’
Klebsiella Kleb-F 5' gga tat ctgaccagtcgg 3’ 176 [31]
Kleb-R 5' gggttttgegtaatgatctg 3’

PCR conditions were further optimized by gradient PCR
using metagenomic DNA as a template to select the best
optimum temperature/time conditions of annealing for
quantitative real-time PCR. The PCR cycling conditions
for 16S rRNA universal primers for the different set of
primers included initial denaturation of 95 °C for 5 min
and 35 cycles each of denaturation 95 °C/30 s, annealing
(52 °C, 54 °C, 56 °C, 58 °C, 60 °C and 62 °C)/30 s and
extension 72 °C/30 s with final extension at 72 °C for
7 min. The amplification was checked by visualizing the
gel under Gel documentation System (G box syngene).

Further, the melt curve analysis for validation of primer
specificity in real-time PCR was performed in Roche,
Light Cycler under optimized conditions from the ran-
domly selected samples as template. The qPCR cycling
conditions comprised of denaturation (95 °C/10 s),
annealing (at the respective optimized temperature/20 s)
and extension (72 °C/20 s), repeated for 40 cycles and the
melt curve analysis was done at a temperature range of
60-95 °C. The real-time PCR products were further sepa-
rated on gel electrophoresis (2% agarose gel) and visual-
ized under UV light after ethidium bromide staining in
Gel-Doc system for conforming amplification.
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Absolute quantification of target bacterial groups

Compared to relative quantification, the standard-curve (SC)
based absolute quantification is frequently used in gut micro-
bial studies for various kinds of analysis like gut microbial
compositional analysis, their comparative abundance, and to
compute Bacteroidetes to Firmicutes ratio. All the Molecular
Biology techniques which include PCR amplification, purifi-
cation of PCR products, ligation, transformation and plasmid
minipreps, etc. were performed as per the protocols given by
[32] as well as the manufacturer’s instructions.

The conventional PCR was used to prepare target DNA
for the quantification of total bacteria (Eubacteria), and the
various target phyla and genera involved in the study. PCR
amplicons of all the major gut enterotypes were prepared
by setting up a 25 pl PCR reaction using optimized PCR
conditions and amplicons obtained were electrophoresed on
agarose gels (1.8%) for further confirmation of amplification
prior to the purification. The amplified products of target
DNA of gut enterotypes were purified in Wizard SV Gel and
PCR Clean-up system using manufacture’s protocol. The
purified standard target DNA for each of the target bacterial
phyla and genera was ligated into pPGEM®-T Easy Vector,
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one of the widely used convenient system to clone PCR
products generated by certain thermostable polymerases.
The ligation was performed at refrigeration temperature for
overnight before using it for calcium chloride induced trans-
formation. The ligated product was transformed in calcium
chloride induced competent E. coli DH5a cells to obtain
plasmid clones containing inserted standard target DNA
[32].

The transformants obtained on LB agar plates with ampi-
cillin were picked up and inoculated in LB broth contain-
ing ampicillin and incubated in shaking incubator at 37 °C
for 12—-16 h after which the cells were pelleted and used
for plasmid isolation. Plasmid from respective transformed
clones of DH5« cells was extracted from randomly picked
colonies using Gen Elute Plasmid Miniprep Kit (Sigma),
separated by agarose gel electrophoresis (0.8%) and visual-
ized under Gel Doc system. Further, the cloned copies were
also confirmed for the presence of standard target DNA by
PCR using primers specific for the target genes. The con-
centration of cloned plasmids was determined and the copy
number of target DNA was calculated. The cloning yielded
plasmid copies in the range from 4.97 x 10° to 1.34x 10'°,
which were sufficient in number to construct standard curve
in the downstream data analysis.

Calculation of plasmid copy number

Copy number of the standard target gene was calculated
using the formula

Number of copies = (amount X 6.022 x 1023)/
(length x 1 x 10° x 650).

For preparation of standard curve, the plasmid copies
containing standard DNA of target gut enterotype was ten-
fold serially diluted in the range of 1x 10*-1x 10° copies/
ul, to be used as template in the quantitative real-time PCR.

Construction of standard curve for absolute
quantification

For preparation of standard curve, the plasmid copies con-
taining standard DNA of target gut enterotypes (tenfold seri-
ally diluted in the range of 1x 10*-1x 10° copies/ul) and
the test metagenomic DNA from all the healthy, MAM and
SAM children were used as template in the quantitative real-
time PCR. The reactions were carried out in a 96 well Light
Cycler and was set up in the following manner. One vial each
of SYBR Premix Ex Taq II (TaKara, Japan), water (PCR
grade) and working PCR primers (10 pM concentration)
were thawed over ice. The qPCR (10 pl) reaction comprised

of PCR grade water (3.4 pl); SYBR Green (2x, 5.0 pl);
Primer F and R (10 pmol/pl, 0.3 pl each) and template DNA
(1.0 pl). The gPCR programme included the following steps
pre-incubation (95 °C/300 sec), Denaturation (95 °C/30 sec),
Annealing (56 °C/30 sec), Extension (72 °C/30 sec), Melt-
ing (95 °C/10 sec, 65 °C/60 sec, 97 °C/1 sec) and Cooling
(37 °C/30 sec) the above steps were repeated for 45 cycles.
The C, values for each dilution of standard target DNA was
measured in duplicate in real-time quantitative PCR, using
respective dilution of plasmid copies as template for spe-
cific set of primers for target gut microbial enterotypes. The
obtained Cq values were plotted against the logarithm of
their template copy numbers of each standard DNA and the
standard curve was generated by a linear regression of the
plotted points.

Metagenome analysis of faecal samples
through high-throughput amplicon sequencing

Faecal metagenomic DNA from two samples i.e., one
each from healthy and SAM groups were sent for ampli-
con sequencing. 16S rRNA gene (V3-V4 region) sequenc-
ing of faecal metagenomic DNA samples was performed
with MiSeq Illumina platform to identify the Operational
Taxonomic Units (OTU’s) and to compare the gut microbial
abundance among the various groups of children i.e., healthy
and SAM considered in the study.

The Illumina paired end reads (270 X 2) were demulti-
plexed using bcl2fastql tool. The paired end reads were
quality checked using FastQC2. The raw reads having primer
sequence and high quality bases were selected. The reads
were further stitched using Fastq-join3. These stitched reads
were considered for further analysis using QIIME4 pipe-
line. The query sequences were clustered using UCLUSTS
method. The taxonomy of these clusters was assigned based
on> =97% sequence similarity against the curated chimera
free 16S rRNA database (Greengenes 6 v 13.8).

Statistical analysis
Statistical analysis for sample size determination.

The sample size was determined by running a Power analysis
with the G"Power 3.1.9.7 software considering the following
parameters, Effect size f=0.25 (medium); Type I error prob-
ability (a=0.05); Power (1- p err prob) =0.80; Number of
groups = 3. The power analysis with the F test and One way
ANOVA test statistic, yielded the total sample size of 159.
However, this study being a proof of concept (pilot study),
we restricted our sample size to 30 i.e., 10 samples in each
group of healthy, MAM and SAM.
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Normality tests

The Normality tests were performed to know if the selected
samples where from a population following Gaussian distri-
bution. The GraphPad PRISM version 9 was used to perform
the normality tests. Both the D’Agostino and Pearson omni-
bus normality test and Shapiro—Wilk normality test were
performed with a p value of 0.05. The samples passed both
the normality tests (D’Agostino and Pearson omnibus nor-
mality test, p value: 0.385, 0.670, 0.282 for healthy, MAM
and SAM respectively. Similarly, Shapiro—Wilk normality
test, p value: 0.584, 0.586, 0.062 for healthy, MAM and
SAM respectively).

Statistical analysis of absolute quantification data
of gut bacteria

Univariate analysis

The standard curve for absolute quantification was gener-
ated using the Microsoft Office Excel package. The log copy
number of cells in the samples were determined by solving
the straight-line equation of the standard curve. The data
pertaining to the log copy number of cells for each target
phyla/genera comprising the three categories of subjects i.e.,
healthy, MAM and SAM were compared using GraphPad
PRISM version 9. One-way ANOVA was applied as a test
statistic to compare the means among the three group of
subjects at 5% level of significance. The Tukey’s Multiple
Comparison test was used as a post hoc test in cases where
significant results were observed, to identify the pairs of
groups that gave significant differences.

Multivariate analysis

The multivariate analysis like unsupervised Principal Com-
ponent Analysis (PCA) and supervised Partial Least Square
Discriminant Analysis (PLS-DA) were performed with the
MetaboAnalyst 4.0.

Results
Selection of children for the study

The Z score is a widely used parameter to differentiate the
healthy from the malnourished children. Based on Z score,
samples from a total of 30 children i.e., 10 in each category,
healthy (10), MAM (10) and SAM (10), were considered
for the study. The average age of children in each group was
3.01+1.11 (healthy), 3.66 +0.89 (MAM) and 2.99 +0.68
(SAM) years. Similarly, the average Z score was recorded
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tobe —0.21+0.6,—2.25+0.79 and — 3.58 +0.55 in healthy,
MAM and SAM groups of children respectively (Table S1).

Extraction of metagenomic DNA from faecal
samples

The metagenomic DNA extraction using Zymo Research
Mini Prep. Kit yielded DNA of sufficient quantity and
satisfactory purity for downstream applications like PCR,
cloning and subsequent absolute quantification of targeted
bacterial groups using Real Time PCR (qPCR). The aver-
age concentrations of the extracted metagenomic DNA
for healthy, MAM and SAM children were found to be
111.23 +42.84, 129.56 +58.95 and 181.69 +62.19 ng/
pl respectively. The purity of the DNA was in the range
of 1.75-1.85. Running a 0.8% agarose gel for analyzing
integrity of DNA yielded satisfactory results as depicted
in Fig. S2.

Further, the PCR amenability of metagenomic DNA
determined through 16S rRNA gene amplification from
all the selected 30 samples, yielded PCR amplicons of
size ~1.5 kb as illustrated in Fig. S3., which confirms the
PCR amenability of metagenomic samples to be used in
absolute quantification of bacterial groups using qPCR.

Validation of primers for target gut bacteria

Real-time qPCR melt curve analysis conducted with all the
selected primers, to ascertain their specificity under opti-
mized conditions using metagenomic DNA, yielded single
peak at a particular melting temperature. The clear and spe-
cific bands obtained by running the real-time PCR products
on a 2% agarose gel further confirmed the specificity. The
PCR amplification using the target phyla/genera specific
primers of (Bacteroidetes, Firmicutes, Proteobacteria, Act-
inobacteria, Lactobacilli, Bifidobacteria, Faecalibacteria,
Roseburia, Escherichia and Klebsiella) delivered expected
results by yielding products of expected amplicon sizes (Fig.
S4).

Absolute quantification of target bacterial groups

For absolute quantification of target bacterial groups,
PCR products of specific bacterial groups were purified,
ligated into pPGEMT—easy vector and subsequently trans-
formed into E. coli DH5a. The recombinant plasmids
were extracted from respective clones of DH5a cells on
visualization under Gel Doc (Fig. S5). The screening
for target DNA, among the extracted plasmids by PCR
using primers specific for the target genes, yielded ampli-
cons of respective product sizes as illustrated in (Fig.
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S6), which further confirmed the successful transforma-
tion. The concentration of cloned plasmids that was used
to determine the copy number of target DNA showed
that the cloning yielded plasmid copies in the range of
4.97%10°-1.34 x 10'°, sufficient in number to construct
standard curve in the downstream data analysis.

The standard curve was derived as per the procedure
mentioned earlier in the Methods Section (Construction
of standard curve for absolute quantification). From the
slope of each standard curve, PCR amplification efficiency
(E) was calculated according to the equation (Rasmussen
2001): E = 10~'/slere Al the standard curves constructed
for the target gut microbial groups showed the R* Values in
the range of 0.9819-0.9999 with the respective slope values
within the accepted range from —3.32 to—2.5. The above
trend hints at a superior efficiency (nearly equal to 1 or 100%
efficiency) in the amplification of standard target DNA with
varied concentrations (Table S2).

The results of absolute log copy numbers of all the stand-
ard target DNA of the selected gut bacteria [total bacteria
(Eubacteria), Bacteroidetes, Firmicutes, Proteobacteria,
Actinobacteria, Lactobacilli, Bifidobacteria, Roseburia,
Faecalibacteria, Escherichia and Klebsiella] were derived
from the average of obtained C, values (in duplicate), using

the linear regression equation deduced out of the standard
curve. The results have been tabulated below (Table 2) and
have also been graphically elucidated as univariate data in
Fig. 1 for targeted bacterial phyla and Fig. 2 for targeted
bacterial genera.

Comparison of abundance through Univariate Analysis

In comparative gut microbiota studies, it is essential to enu-
merate the total gut bacterial abundance and diversity in
the study populations. Hence in our study, we compared
Eubacterial abundance in healthy, MAM and SAM children.
However, on comparison, no significant differences in the
total abundance of Eubacteria was reported among the three
nutritional groups as is evident from Fig. la. Similarly, no
significant differences were observed in the abundance of
major bacterial phyla like Bacteriodetes (Fig. 1b) and Fir-
micutes (Fig. 1¢). Nevertheless, Actinobacteria were signifi-
cantly the most abundant in the Healthy gut in comparison to
the malnourished (SAM) gut as depicted in Fig. le, whereas
in case of phylum Proteobacteria, no significant difference
was observed in relation to its abundance between healthy
and SAM gut (Fig. 1d).

Table 2 Absolute log copy

Phyla/Genera Healthy MAM SAM Statistical significance Figure
numbers of all the standard
target DNA of the selected gut Phyla
bacteria Eubacteria 8.58+0.17 871+0.11  8.68+0.12  Non-significant 1(a)
(P>0.05)
Bacteroidetes 7.75+0.71 8.10+0.59 8.35+0.31 Non-significant 1(b)
(P>0.05)
Firmicutes 6.83+0.60 7.24+0.47 6.79+0.28 Non-significant 1(c)
(P>0.05)
Proteobacteria 5.81+1.24 5.88+0.64 5.35+1.20 Non-significant 1(d)
(P>0.05)
Actinobacteria 7.65+0.36 7.41+0.38 7.13+0.47 Significant decrease 1(e)
(P<0.05)
Genera
Probionts
Lactobacillus 3.70+1.89 6.32+1.28 5.95+0.93 Significant increase 2(a)
(P<0.05)
Bifidobacteria 7.50+0.41 7.15+£0.41 6.73+0.97 Significant decrease 2(b)
(P<0.05)
Butyrogenic
Faecalibacterium 4.55+0.97 5.04+0.53 5.15+0.38 Non-significant 2(c)
(P>0.05)
Roseburia 5.83+1.64 6.73+0.97 6.59+0.85 Non-significant 2(d)
(P>0.05)
Pathogenic
Escherichia 6.73+0.96 6.40+0.68 5.28+0.00 Significant decrease 2(e)
(P<0.05)
Klebsiella 3.86+1.16 345+1.23 2.88+0.89  Non-significant 2(f)
(P>0.05)
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At the genus level, interesting trends were observed. A
significant difference was encountered in the abundance of
Bifidobacteria, wherein the healthy child gut had a higher
abundance of these probionts in comparison to their mal-
nourished (SAM) counterparts (Fig. 2b). However, an
inverse trend was observed with other important probiotic
genera Lactobacillus with its significant higher abundance
in the malnourished gut (SAM and MAM) in comparison
to the healthy gut (Fig. 2a). Significant differences were
also encountered in the abundance of Escherichia genera,
wherein the healthy gut was found to have significantly
higher proportion of Escherichia in comparison to the gut
of SAM children as depicted in Fig. 2e. Though differences
in abundance were observed in other genera of Faecalibac-
terium, Roseburia and Klebsiella, these differences were not
significant between different nutritional groups (Fig. 2c, d
and f).

Comparison of abundance through Multivariate Analysis

Apart from the univariate analysis, multivariate analy-
sis methods like PCA and PLS-DA were subsequently
employed to understand the gut microbiota patterns or clus-
ters associated study populations (healthy, MAM and SAM
children) based on the observations (log copy number of

@ Springer

targeted bacterial genera) recorded with the individual sam-
ples under the study category. The individual samples were
represented by isolated points in the PCA score plot, and the
study populations were clustered into three separate regions
depending on their similarities. On analysis, the three nutri-
tional groups i.e., Healthy, MAM and SAM were not clearly
distinct at the Phylum level, however the discrimination was
more pronounced at the Genera level as depicted in Figs. 3a
and 4a respectively. These trends suggest certain changes in
the abundance of bacterial genera among the Healthy, MAM
and SAM population. Besides, PCA Biplots revealed that a
greater proportion of healthy samples are aligned towards
Actinobacteria phyla and the same trend was also reflected
for the Bifidobacteria genera of the same phylum group as
elucidated in Figs. 3b and 4b, respectively.

Later, partial least squares discriminant analysis (PLS-
DA), a supervised pattern recognition model was used
to reveal microbiota variation between different nutri-
tional groups (healthy, MAM and SAM) in the score plots
(Fig. 5a, b). Each dot in this score plot depicts an observa-
tion of individual sample, and the distance between two
dots reflects the similarity of the sample composition.
The score plot of PLS-DA at the Phyla level (Fig. 5a)
clustered the samples to a greater extent, hence is more
discriminative than the one revealed by PCA. The more
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pronounced separation of nutritional groups at genera
level as visualized by the 2D score plots of PLS-DA fur-
ther indicated variation in the abundance of gut bacterial
genera between the nutritional groups (Fig. 5b). Hence,
it can be concluded that the gut bacterial genera showed
varied abundance in children of different nutritional
health status.

Faecal metagenome 16S rRNA illumina sequencing

The 16S rRNA amplicon sequencing and its resultant data
analysis was done only for two samples that is one each of
healthy and SAM. Such an approach was selected based
on our absolute quantification data, as no significant
changes could be found between healthy vs MAM as well
as MAM vs SAM. Hence, we performed the sequencing
only for the extreme cases i.e., healthy and SAM and the
data pertaining to that has been illustrated in Fig. 6a and
b respectively. The bacterial taxonomy results obtained
from QIIME (Quantitative Insights Into Microbiologi-
cal Ecology), the widely used software tool in microbial
diversity and taxonomy analysis were also compared for
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the abundance of bacterial groups at higher and lower
taxonomic levels like phylum and genera as shown in
Fig. 6a and b.

Bacterial abundance at the Phyla level

The bacterial abundance analysis at the phylum level
revealed Firmicutes, Bacteroidetes, Actinobacteria and Pro-
teobacteria as major gut phyla; however, their abundance
was quite different between healthy and SAM (Fig. 6a).
Among these phyla, Firmicutes was identified as major phy-
lum in both healthy and SAM nutritional group of children
with respective contributions of 55.77% and 57.09% to total
bacterial phyla. Bacteroidetes was recorded as second major
phylum with percentage contribution of 34.83% and 32.97%
to the total phyla of healthy and SAM children, respectively.
However, the abundance of phylum Actinobacteria was con-
siderably distinct between healthy and SAM children as its
predominance was fairly higher in healthy (8.83%) chil-
dren compared to SAM (1.69%) children. Conversely, the
abundance of Proteobacteria was rationally higher in SAM
(7.53%) as compared to healthy children, where its abun-
dance is less than one percent (0.34%).

100%

75%

50%

25%

0%

Healthy

M Prevotella

® Faecalibacterium

m Coprococcus

M Blautia

W SMB53

H Bifidobacterium

M Oscillospira
Mitsuokella

m Collinsella

M Lactobacillus

M Desulfovibrio

M Parabacteroides

W Roseburia
Sutterella
Methanobrevibacter

M Lachnobacterium

M Bilophila

SAM

M Succinivibrio
Ruminococcus

M Dialister

M Catenibacterium

M Eubacterium

M Bacteroides

m Dorea
Turicibacter

m Megasphaera

W Akkermansia

m Odoribacter

W Streptococcus
Lachnospira
Clostridium
Haemophilus

W Anaerostipes

M Eggerthella

b Comparative abundance at the Genera Level

Fig. 6 a Comparative abundance at the Phyla level. b Comparative abundance at the Genera Level

@ Springer



3982

European Journal of Nutrition (2021) 60:3971-3985

Bacterial abundance at the Genera level

In our analysis pertaining to gut bacterial abundance at the
genera level, we encountered a total of approximately 55
genera in the healthy and 80 genera in SAM sample. Among
these, the dominant genera (having contribution> 1%) in
healthy gut were of Prevotella (23.42%), Faecalibacte-
rium (21.88%), Ruminococcus (11.05%), Bifidobacterium
(10.12%), Bacteroides (10.40%), Blautia (4.05%), Oscillo-
spira (1.07%) and Dorea (1.44%). Similarly, in SAM gut,
Prevotella (43.63%), Faecalibacterium (7.77%), Ruminococ-
cus (5.63%), Bifidobacterium (1.36%), Bacteroides (1.35%),
Blautia (4.05%), Oscillospira (1.32%) and Dorea (0.96%)
were recorded as major genera. On comparison of abun-
dance data of different bacterial genera, butyrogenic bacteria
such as Bifidobacteria and Faecalibacterium were found to
be considerably higher in the healthy gut in comparison to
the SAM gut. Besides, other commensal genera like Bac-
teroides and Ruminococcus showed the similar trend with
higher abundance in healthy gut. However, the other bacte-
rial genera of health importance, Lactobacillus depicted an
anomalous trend, with its higher abundance (0.55%) in the
SAM gut in comparison to the healthy gut (0.10%) as elu-
cidated in Fig. 6b.

Discussion

The human gut harbors a plethora of diverse microbes, form-
ing a complex ecological niche that is influenced by several
host and environmental factors. Of all the exogenous fac-
tors affecting gut microbiome, a long-term diet and nutrition
appears to have the largest effect to date [33, 34]. Often,
decreased gut microbial diversity has been found to be asso-
ciated with the poor nutritional status of the host (children)
[4]. Further, it has also been observed that children suffering
from SAM during their early years of life experience signifi-
cant delays in shaping of a healthy gut microbiota [35]. The
subtle changes in microbiota composition at the early devel-
opmental stages of life lead to “dysbiosis” characterized by
the enhancement of gut permeability which ultimately leads
to inflammation [36, 37]. Alternatively, chronic inflamma-
tion triggered by increased susceptibility to recurrent enteric
pathogens could also lead to villous atrophy, anorexia and
finally cause impaired growth ending up in malnutrition [19,
38].

To assess the actual difference in microbial diversity, it
was imperative to enumerate the total bacterial content. On
comparing the results of total abundance of Eubacteria, with
previous observations, we found subtle differences in linking
decreased Eubacterial population with the poor nutritional
status of children as reported by [2] through metagenomic
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approach and [18] by culturomics approach. All of this dif-
ference could be due to the differences in the region and size
of the population selected for the study and use of different
quantification approaches i.e., “High Throughput Sequenc-
ing” (HTS), q-PCR and “Culturomics” used in these studies.

Bacteriodetes and Firmicutes are the two predominant
human gut phyla [39] and non-significant increase in abun-
dance of both Bacteriodetes and Firmicutes was observed
in MAM and SAM children. This result was consistent with
the previous study of gut microbiota of healthy and mal-
nourished (Kwashiorkor) children by ‘culturomics’ approach
[18]. However, in other studies [3, 6] non-significant lower
abundance of Bacteriodetes, higher predominance of Firmi-
cutes was reported with increase in Firmicutes/Bacteroidetes
ratio in healthy children.

The dominance of Proteobacteria compounded with
decreased bacterial diversity was found to be detrimental
to the postnatal maturation of gut microbiota [4, 7, 40, 41].
However, in our study, we observed its lower predominance
in the malnourished [SAM] gut at non-significant level in
similar lines with the results of other studies by [2] and
Méndez-Salazar [6]. Contrary to this, the higher abundance
(7.8% and 17%) of Proteobacteria in malnourished children
was also reported in different studies carried out by [3, 9].

Members of Actinobacteria phylum are the early coloniz-
ers of infant gut [42]. A significant (P <0.05) lower abun-
dance of this phylum was observed in severely malnourished
(SAM) gut in comparison to the Healthy gut. Our results are
in agreement with those of [2] in malnourished children of
India, [6] in Mexican children and [18] in African children
who also observed depletion of Actinobacteria.

Being a vital component of intestinal microbiome, Lacto-
bacillus spp. plays a pivotal role in the establishment of gut
homeostasis besides improving the nutritional and immune
health [43]. However, we observed a significantly higher
abundance of Lactobacillus in the malnourished gut (MAM
and SAM) in contradiction to the expected significant deple-
tion of Lactobacillus in SAM children [2, 3, 5]. However,
Alou et al. [18] reported higher dominance of Lactobacil-
lus in malnourished children in culturomics study that is
in similar lines to the results of our study though it was
non-significant. These inconsistent results could be linked
to the differences in diet and geography as discussed earlier
in this study.

Being a putative gut probiont, depletion of Bifidobacte-
ria can pave the way for colonization of pathogenic genera
[43]. Accordingly, the malnourished gut was found to be
depleted in Bifidobacteria as reported by several other inves-
tigators i.e., [2, 3, 5, 7, 40]. These results clearly indicated
that the proportion of Bifidobacteria, a signature bacterium
of Healthy Mature Anaerobic Gut Microflora (HMAGM)
varies between the healthy and malnourished gut. Besides,
our data also implies that severe acute malnutrition leads
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to significant changes in the proportion of Bifidobacteria
in the gut.

The genera Faecalibacterium and Roseburia are butyro-
genic gut bacteria that are able to produce substantial
amounts of butyrate in the gut. The quantification of abun-
dance of these butyrogens becomes important and is often
studied in research involving gut dysbiosis. However, no
conclusions could be drawn as the results obtained were not
significant. On comparison, our results were contradictory
to those obtained by [40] who reported significant depletion
of Roseburia and Faecalibacterium in the malnourished gut.

Escherichia belongs to commensal gut flora with some of
its strains also known widely for their pathogenicity [44]. As
the bacterium frequently colonizes human infants, it bears
life long relationship with the host. Further, Klebsiella, a
Gram-negative enteric pathogenic genus has also been
found to be the most common cause of pneumonia among
malnourished children [45]. The results obtained were con-
tradictory to the expected higher abundance of Escherichia
in MAM and SAM children [3, 40]. However, the declined
abundance of Klebsiella in malnourished children [3] was
also observed in our study at non-significant level.

The Multivariate analysis of PCA and PLS-DA revealed
that the Healthy samples are different from the SAM sam-
ples on the basis of collective variables at Phyla and Genera
level. The results of multivariate analysis supplement the
findings of the univariate analysis where the significant dif-
ferences in Actinobacteria and Bifidobacteria were observed
between the Healthy and SAM samples as well as it also
showed the significantly higher abundance of Lactobacillus
in SAM samples. The same trend is reflected in the Multi-
variate analysis, especially at the genera level, the discrimi-
nation is more distinct in PLS-DA. In the Healthy samples,
the variable Bifidobacteria is the major determining factor
for the clustering of healthy samples. Similarly, Lactobacil-
lus contributes majorly to the clustering of SAM samples.

Our study through the qPCR-based absolute quantifica-
tion approach was also validated through 16S rRNA ampli-
con sequencing approach with one healthy and one SAM
sample. The results obtained from the 16S rRNA amplicon
sequencing largely reiterate the findings of the qPCR based
absolute quantification. The lowered abundance of Actino-
bacteria and Bifidobacteria in the SAM gut encountered by
us was also reported by [5] in stunted Indian children and
also by [15]. All the studies being referred to i.e. [2-6, 15]
sampled children from low income families and resource
poor neighborhoods of cities like Dhaka (Bangladesh) [3, 4];
Vellore, Kolkata (India) [2, 5]; Chimalhuacan (Mexico) [6]
and Western African nations [7, 15]. In our study also, the
sampled subjects from anganwadis, were from low income
families and resource poor suburbs of Chandigarh. The poor
sanitation and hygiene prevalent in such resource poor set-
tings that cause environmental enteric dysfunction (EED),

could also be a cause for the observed shifts in microbiome
leading to the lowered abundance of anaerobes and a pre-
dominance of pathogens as observed in [2—7, 15]. The diet
could also bear a causal link to such a trend. The poor pur-
chasing power of these low income families could lead to a
diet poor in antioxidants probably due to the lack of access
to antioxidant rich foods like fruits and vegetables, which
could be a possible reason for a gut depleted in beneficial
anaerobes as hypothesized by [15].

The lowered abundance of Actinobacteria and Bifidobac-
teria in the SAM gut encountered by us was also reported
by [5] in stunted Indian children and also by [15]. How-
ever, results for Lactobacillus were contradictory to those
reported by [4-6]. Lactobacillus genera though harboring
the maximum number of probiotic bacteria is found to give
the most discrepant results among several association stud-
ies. In most of the association studies between gut micro-
biota and other diseases, this genera presented a complex
case of apparently inconsistent results [46]. Hence, it is
possible that the same trend was replicated in association
studies involving gut microbiota and malnutrition, as many
studies [4-6] including ours gave contradictory results. One
of the reasons for the observed lack of consistency could be
the species specific or strain-specific effects of members of
this genus.

The Proteobacteria phyla which showed an increased
abundance in the SAM gut in several studies [2, 4-7, 40]
was also found to reciprocate a similar trend in our study
though these changes could only be perceived through the
sequencing approach.

The differences in results obtained in various studies may
be due to variation in sample size, region specific factors
associated with gut microbiota, different dietary [food hab-
its] and life style factors associated with the developmental
programming of gut microbiota, host factors associated with
their diversification, the different methodologies adopted for
the metagenomic study and the large intra group variation in
data points. However, the difference in the results of these
studies is most likely due to methodological differences and
differences in host cohorts (age, health status) and other
dietary factors.

The current study though limited by a small sample size
revealed interesting patterns wherein the gut bacterial profile
varied with the nutritional status i.e. (healthy, MAM and
SAM). Although, certain general presumptions can be made
from the results of such gut microbiota study, the underlying
biological mechanisms leading to such dysbiosis needs to
be experimentally verified. Considering the small sample
size, it would be premature to state that the findings support
the hypothesis of a dysbiotic gut depleted mainly in Bifi-
dobacteria, a signature bacterium responsible for shaping
the Healthy Mature Anaerobic Gut Microbiota (HMAGM),
as a probable contributing factor to childhood malnutrition.
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However, the insights gained from the current study can
form the basis for more in-depth analysis of gut microbiomes
involving larger populations of diverse nutritional status and
geographies. Such studies would help to understand the role
of specific microbes responsible for nutrient assimilation and
their interactions that have an effect on host health. Further,
more of such all-inclusive and well-designed studies with
large sample sizes involving integrated advanced metagen-
omic, metatranscriptomic, metaproteonomic and metabo-
lomic approaches needs to be conceptualized to study the
compositional and functional aspects of the gut microbiome
in malnourished children to substantiate the findings of the
current study. Moreover, in-vivo and well-designed human
clinical studies are also necessary for designing any targeted
microbial therapies to prevent Severe Acute malnutrition in
children in the near future.
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