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ABSTRACT Diet and gut microbiota are known to modulate metabolic health. Our
aim was to apply a metagenomics approach to investigate whether the diet-gut
microbiota-metabolism and inflammation relationships differ in pregnant overweight
and obese women. This cross-sectional study was conducted in overweight (n = 234)
and obese (n = 152) women during early pregnancy. Dietary quality was measured
by a validated index of diet quality (IDQ). Gut microbiota taxonomic composition
and species diversity were assessed by metagenomic profiling (Illumina HiSeq plat-
form). Markers for glucose metabolism (glucose, insulin) and low-grade inflammation
(high sensitivity C-reactive protein [hsCRP], glycoprotein acetylation [GlycA]) were ana-
lyzed from blood samples. Higher IDQ scores were positively associated with a higher
gut microbiota species diversity (r = 0.273, P = 0.007) in obese women, but not in over-
weight women. Community composition (beta diversity) was associated with the GlycA
level in the overweight women (P = 0.04) but not in the obese. Further analysis at the
species level revealed a positive association between the abundance of species Alistipes
finegoldii and the GlycA level in overweight women (logfold change = 4.74, P = 0.04).
This study has been registered at ClinicalTrials.gov under registration no. NCT01922791
(https://clinicaltrials.gov/ct2/show/NCT01922791).

IMPORTANCE We observed partially distinct diet-gut microbiota-metabolism and inflam-
mation responses in overweight and obese pregnant women. In overweight women,
gut microbiota community composition and the relative abundance of A. finegoldii were
associated with an inflammatory status. In obese women, a higher dietary quality was
related to a higher gut microbiota diversity and a healthy inflammatory status.

KEYWORDS diet quality, metagenomic, microbiota diversity, metabolism, overweight,
obesity, obese

Diet has a fundamental role in human metabolism and health. Furthermore, there is
convincing evidence that various components of the diet, such as carbohydrates,

fat, and fiber (1, 2), influence the composition of the gut microbiota (3). There are fur-
ther factors that modulate metabolic health and the gut microbiota (i.e., the host’s
nutritional status, such as overweightness and outright obesity, two conditions com-
monly observed today). In this respect, it has been hypothesized that the link between
diet, gut microbiota and metabolic health may also be influenced by the host’s nutri-
tional status.

The healthy human gut microbiota comprises a variety of distinct bacterial species
and a reduced diversity has been associated with metabolic complications such as
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insulin resistance and dyslipidemia (4). In a similar manner, a good dietary quality, in ac-
cordance with national recommendations, has been demonstrated to confer health ben-
efits in reducing the risk of type 2 diabetes and cardiovascular diseases (5, 6).
Considerable work has been done to reveal this relationship, for example showing that
excess adiposity of the host is linked with a range of adverse metabolic outcomes, as
well as with deviations in gut microbiota composition (7, 8). The gut microbiota is malle-
able to changes in environment and diet (9). A recent review (10) provided information
regarding effects of various diets (such as animal-based diet, plant-based diet,
Mediterranean diet) and dietary components (such as fiber, resistant starch, polyphenols)
in modifying gut microbiota composition. Reports regarding diet quality and its associa-
tion with gut microbiota composition and metabolic functions are few (11–13). The evi-
dence thus far indicates that a higher dietary quality associates with beneficial bacteria
and its increased diversity (11, 12). Some indication also exists for the influence of diet
with gut microbial functional benefit (13). This small (n =144) longitudinal study reported
that, metabolic pathways related to an increased alpha-diversity were associated with
habitual diet. However, the association between the host’s nutritional status, diet and
gut microbiota remains to be elucidated further.

There are a myriad of mechanisms through which the gut microbiota may mediate
human health effects. One of the key routes is considered to be low-grade inflamma-
tion, which is also observed in obesity (14, 15). A low bacterial gene richness has been
associated with a more pronounced inflammatory phenotype (4). In our previous study
with overweight and obese pregnant women, a higher gut microbiota richness defined
by 16S rRNA gene sequencing was related to lower levels of GlycA, a novel marker of
low-grade inflammation (16). As compared to 16S rRNA sequencing, the metagenom-
ics approach provides a higher level of resolution at the strain- and species-level of
microbiota as well as functional potential of microbiota (17), which yields further bene-
fit in evaluation of the diet-microbiota-metabolism associations.

Here, our first aim was to investigate the association between dietary quality (18)
and gut microbiota composition, analyzed by metagenomics. Our second aim was to
examine the relationship between the composition of the gut microbiota and the
metabolic and inflammatory status of the individual. We investigated whether the
overweight and obese individuals would reveal distinct associations between dietary
quality, gut microbiota composition and metabolic and inflammatory status. Finally,
we also investigated the association between microbial functional pathways with die-
tary quality and body mass index (BMI) groups (overweight and obese).

RESULTS
Characteristics. Baseline characteristics of the women and the values for dietary

quality, gut microbiota diversity indices, and serum metabolic markers are presented
in Table 1. The majority of the women (61%, 234 out of 386) were overweight, 39%
were obese (152 out of 386), and 47% had a good dietary quality (IDQ score above
10.0). No difference in the IDQ score was seen between overweight (median [interquar-
tile range; IQR] of 9.7 [8.0–11.0]) and obese women (median [IQR] of 9.7 [7.7–11.0]).
Overall, the prepregnancy BMI was related to gut microbiota species diversity (i.e., the
higher the BMI, the lower the species diversity; r = -0.147, P = 0.004). Top taxa observed
included bacterial species Clostridiales sp., Bacteroides vulgatus, Bacteroides uniformis,
Clostridia sp. and Lachnospiraceae sp. No significant differences in the relative abun-
dances of bacterial taxa were observed between overweight and obese women.

Dietary quality in relation to gut microbiota diversity and serum markers.
Positive correlations with IDQ scores and species diversity (r = 0.273, P = 0.007) were
detected in obese women, but not in their overweight counterparts (r = -0.039, P = 1).

Furthermore, when the dichotomized IDQ was evaluated (The quality of the diet
was defined as poor when the score was less than 10 out of the maximum 15 points
and good when points were 10 or more out of 15) (18), obese women with poor diet
quality manifested a lower species diversity (median [IQR] species diversity = 2.60
[2.40–2.77]) compared to obese women with good dietary quality (median (IQR)
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species diversity = 2.68 [2.52–2.94], P = 0.03). No such similar association was detected
in overweight women (poor dietary quality: median [IQR] species diversity = 2.74
(2.54–2.91); good dietary quality: median [IQR] species diversity = 2.69 [2.51–2.94],
P = 0.51). No relationship between IDQ scores and beta diversity (permutational multi-
variate analysis of variance (PERMANOVA) analysis with Aitchison distance) was
observed when all women were examined as a single group or when overweight and
obese women were evaluated separately (Table 2).

The association between dichotomized IDQ and beta diversity was also evaluated but
no significant associations were observed for all (P = 0.10) or obese women (P = 0.38),
although borderline significance was observed for overweight women (P = 0.09).

An inverse correlation was observed between dietary IDQ scores and GlycA in all
women (r = -0.162, P = 0.007) and in obese women (r = -0.222, P = 0.04), but not in
overweight women (r = -0.125, P = 0.39). No such associations were observed with
hsCRP or in the other examined metabolic markers either in all pregnant women or in
the overweight and obese subgroups (data not shown).

Gut microbiota in relation to metabolic and inflammatory markers. First, when
all women were analyzed together, a borderline significant finding was detected for the
relation between gut microbiota species diversity and markers of glucose metabolism
and low-grade inflammation. Namely, the lowest quartile of species diversity was related

TABLE 2 Associations between beta diversity (PERMANOVA) and diet quality (IDQ) and
serum variables

Variables

All women Overweight Obese

Adj. Pa R2b Fc Adj. P R2 F Adj. P R2 F
IDQ 0.20 0.0039 1.504 1.00 0.0046 1.063 0.32 0.0094 1.436
Insulin 0.04 0.0057 2.225 0.24 0.0059 1.381 0.16 0.0101 1.537
HOMA 0.04 0.0059 2.309 0.36 0.0058 1.359 0.12 0.0105 1.606
GlycA 0.04 0.0066 2.562 0.04 0.0089 2.094 1.00 0.0069 1.054
aAdj.P: PERMANOVA P-value corrected for multiple testing. Adjusted p-value, 0.05 was considered significant
(marked as bold).

bR2-value for PERMANOVA.
cF Value for PERMANOVA.

TABLE 1 Baseline characteristics and concentrations of serummarkers of glucose metabolism and low-grade inflammation, gut microbiota
diversity and dietary index scores of the womena

Variables All Women (n = 386) Overweight (n = 234) Obese (n = 152) Pb

Age (yr) 30.5 (27.6–34.0) 30.3 (27.6–33.7) 30.8 (27.3–34.4) 0.40
University or college degree 56.5 (218/349) 56 (130/213) 42 (88/138) 0.58
Smoked before pregnancy 19.4 (75/351) 22 (51/213) 16 (24/138) 0.14

Dietary quality
IDQ score 9.7 (8.0–11.0) 9.7 (8.0–11.0) 9.6 (7.7–11.0) 0.57
Good dietary quality 47 (182/386) 46 (108/234) 49 (74/152)

Gut microbiota diversityc

Species diversity 2.7 (2.5–2.9) 2.7 (2.5–2.9) 2.6 (2.4–2.8) 0.01
Species richness 237.0 (195.8–279.5) 241.5 (199.0–289.0) 231.0 (192.75–266.75) 0.02

Glucose metabolism
Insulin (mU/l) 10.0 (7.0–13.0) 8.0 (7.0–10.75) 13.0 (9.0–17.0) ,0.001
Glucose (mmol/l) 4.7 (4.5–5.0) 4.7 (4.5–4.9) 4.8 (4.6–5.1) 0.002
QUICKI 0.3 (0.3–0.4) 0.35 (0.3–0.4) 0.33 (0.31–0.35) ,0.001
HOMA2-IR 1.3 (0.9–1.7) 1.0 (0.9–1.4) 1.6 (1.2–2.2) ,0.001

Low-grade inflammation
GlycA (mmol/l) 1.2 (1.1–1.3) 1.2 (1.1–1.3) 1.2 (1.1–1.3) ,0.001
hsCRP (mg/l) 5.5 (3.2–8.9) 4.5 (2.6–7.2) 6.7 (4.0 – 10.7) ,0.001

aThe values represent median (IQR) and percentages (Number of all or overweight or obese women).
bGroup differences between overweight and obese women tested by Mann-Whitney U-test.
cSpecies diversity (Shannon index) and species richness were calculated with vegan package in R.
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to higher concentrations of insulin (P = 0.07) and HOMA2-IR (homeostasis model assess-
ment 2- insulin resistance) (P = 0.08) and lower QUICKI (quantitative insulin sensitivity
check index) (P = 0.11) compared to the highest quartile, but no relationship was evident
with glucose levels (P = 1.0) (Table 3). In addition, in the lowest quartile of species diver-
sity, the level of the novel inflammatory marker, GlycA, was higher compared to the
highest quartile (P = 0.07), but the more traditional marker of low-grade inflammation,
hsCRP was not related with the species diversity index (P = 1.0) (Table 3). With higher in-
sulin (P = 0.01) and GlycA levels (P, 0.001), and HOMA2-IR (P = 0.006), but lower QUICKI
(P = 0.02), compared to the highest quartile (Table 3).

When the women were subdivided into either overweight or obese, no relation was
found between quartiles of species diversity and any of the serum metabolic and inflamma-
tory markers (Table 3). The same was found when the correlation between gut microbiota
species diversity and the markers mentioned above were inspected (Table 4). However, the
lowest quartile of species richness was associated with higher insulin, HOMA2-IR, and GlycA
and lower QUICKI (all, P, 0.001) only in overweight women. Similar results were observed
with the correlation between gut microbiota species richness and insulin (P = 0.006),
HOMA2-IR (P = 0.01), QUICKI (P = 0.02), and GlycA (P , 0.001) (Tables 3 and 4).

In addition, we examined the association between the community composition
(beta diversity) and pre-selected serum metabolic and inflammatory markers. Beta di-
versity was associated with serum metabolism markers i.e., insulin, HOMA2-IR and
GlycA (PERMANOVA analysis with Aitchison distance, P = 0.04, in all cases) (Table 2).
When overweight and obese women were analyzed separately, the GlycA level was
found to be associated with beta diversity in overweight (P = 0.04), but not in obese
women. No such associations were observed between beta diversity and other serum
markers (i.e., insulin and HOMA2-IR). Due to the association between beta diversity and
GlycA, we further investigated whether any specific bacterial species would be related
to GlycA. We found a positive correlation between Alistipes finegoldii abundance and
GlycA levels in overweight (P = 0.03), but not in obese women (P = 0.99).

Functional analysis. When associations between IDQ and 195 KEGG pathways
were investigated, we observed one pathway, Iron complex transport system (M00240)
that showed borderline negative correlation (Spearman rho = 20.18, P = 0.09) with
IDQ score. No other statistically significant associations were observed (data not
shown). Also, no statistically significant associations were observed between over-
weight or obese BMI groups and KEGG pathways (data not shown).

DISCUSSION

We demonstrated here that there are partially distinct associations between micro-
biota, diet quality, and metabolic and inflammatory markers in overweight and obese
pregnant women (please see a summary in Fig. 1). Our findings suggest that the

TABLE 4 Correlations between gut microbiota diversity and richness indices and glucose metabolism and low-grade inflammation in all
women as well as in overweight and obese women

Variables Insulin Glucose HOMA2-IR QUICKI hsCRP GlycA
All women ra Adj. Pb r Adj. P r Adj. P r Adj. P r Adj. P r Adj. P
Species diversityc -0.145 0.02 -0.75 0.75 -0.144 0.03 0.141 0.03 -0.086 0.55 -0.123 0.09
Species richnessc -0.166 0.006 -0.105 0.23 -0.168 ,0.001 0.161 0.01 -0.112 0.16 -0.235 ,0.001

Overweight r Adj. P r Adj. P r Adj. P r Adj. P r Adj. P r Adj. P
Species diversity -0.151 0.12 -0.013 1.0 -0.145 0.16 0.139 0.198 -0.061 1.0 -0.131 0.27
Species richness -0.0210 0.006 -0.055 1.0 -0.205 0.01 0.192 0.02 -0.141 0.13 -0.273 ,0.001

Obese r Adj. P r Adj. P r Adj. P r Adj. P r Adj. P r Adj. P
Species diversity -0.048 1.0 -0.128 0.70 -0.055 1.0 0.049 1.0 -0.065 1.0 -0.027 1.0
Species richness -0.030 1.0 -0.140 0.51 -0.041 1.0 0.041 1.0 -0.001 1.0 -0.111 1.0

ar = Spearman’s correlation coefficient.
bAdj. P : multiple testing corrected P-value from Spearman’s correlation analysis. Adjusted P-value, 0.05 was considered significant; Adjusted P-value, 0.1 was considered
borderline significant (both marked as bold).

cSpecies diversity (Shannon index) and species richness were calculated with vegan package in R.
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metabolic and inflammatory profiles of overweight women benefit from gut micro-
biota species richness and overall bacterial composition (beta diversity), but in obese
women, the quality of diet may influence species diversity and modify the inflamma-
tory profile, particularly the GlycA level.

Our findings show that the diversity of gut microbiota species reflects dietary qual-
ity in obese women in early pregnancy. As far as we are aware, this is the first study to
have applied a metagenomics approach to explore the relationship between dietary
quality and gut microbiota diversity, richness and function in pregnancy. The metage-
nomics approach provides a higher level of resolution at the strain- and species-level
of microbiota compared to previous studies using 16S rRNA gene sequencing.
Metagenomics allows us to explore more specific taxonomic and functional classifica-
tions for the microbial community (17). In previous studies, two dietary measures,
described as the healthy eating index (compliance with the U.S. Dietary Guideline for
Americans) and the Mediterranean diet score (adherence to a Mediterranean diet) cor-
related with gut microbiota diversity indices in non-pregnant subjects (19). In another
study in women with gestational diabetes, no differences were observed in gut micro-
biota diversity between the women who adhered to the dietary recommendations and
those not eating according to these guidelines (20). In our smaller scale study of 84
women, the dietary quality correlated positively with gut microbiota diversity (11).
Unlike the previous studies, here we differentiated the participants according to their
overweight and obesity status. Indeed, if the women were classified as either over-
weight or obese, this altered the correlation between dietary quality and gut micro-
biota species diversity (i.e., the relationship was only observed in obese women). The
reason for this observation remains unclear. The dietary quality per se did not differ
between overweight and obese women, but the result suggests that the gut micro-
biota of obese individuals is more adaptable to dietary modifications.

Interestingly, species richness and community composition were related to both
the metabolic and inflammatory profiles, but only in the overweight women. An inverse

FIG 1 Summary of the findings related to associations between diet quality, alpha and beta diversity,
gut microbiota, and serum markers in the overweight and obese women. In overweight women, a
higher gut microbiota species richness correlates with glucose metabolism and low-grade
inflammatory markers, whereas dietary quality does not associate with either species richness or
species diversity (Shannon index), the indices for alpha diversity. Further, there are correlations
between inflammation marker and beta diversity as well as with one bacterium species Alistipes
finegoldii in only overweight women. Although the species diversity of obese women seems to be
linked with higher dietary quality, this is not reflected in maternal metabolism and inflammatory
status. Instead, in obese women, dietary quality correlated with maternal inflammatory marker. When
all women were studied together, beta diversity associated with glucose metabolism markers. In
addition, borderline significant associations were observed between species diversity and markers of
glucose metabolism and inflammation. Another index, species richness was significantly associated
with these markers. BMI: body mass index; IDQ: index of diet quality. Black dots indicate all women,
orange dots represent only the overweight pregnant women and purple dots refer to only obese
pregnant women. Associations are indicated as- solid black arrow: significant (P , 0.05), solid black
arrow with two crossed lines: non-significant (P $ 0.1) and dashed blue arrow: borderline significant
(P , 0.1) (P: multiple testing corrected P-values).
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correlation was observed between the gut microbiota species richness and markers of glu-
cose metabolism and inflammation, here assessed via the GlycA level. Further, the commu-
nity composition was associated with the GlycA level. In the taxonomic analysis, only one
association (i.e., a positive association was found between GlycA and A. finegoldii and only
in overweight women). A. finegoldii is a bile resistant bacterium, and lower counts have
been found in patients with nonalcoholic steatohepatitis (NASH) when compared to
healthy adults (21), and a higher abundance has been associated with elevated blood
pressure (22). GlycA is a novel marker for low grade inflammation which has been associ-
ated with metabolic complications including incident type 2 diabetes and cardiovascular
diseases (23, 24). The traditional marker, hsCRP, was related to neither of the richness indi-
ces. In a previous study with a subset of the same study population, where 16S rRNA gene
sequencing was utilized to explore gut microbiota alpha diversity, a negative correlation
was found with GlycA in a combined group of overweight and obese women (16).
Another study in normal weight, overweight, or obese pregnant women detected a nega-
tive correlation between the species diversity index and the level of hsCRP in the third tri-
mester (7), but unlike in our current study, the overweight and obesity status was not con-
sidered. Nonetheless, as the metabolic burden is increased in association with maternal
BMI (25), and in obese women compared to overweight women (26), we propose that a
higher gut microbiota species richness may benefit the overweight women by alleviating
disturbances in glucose metabolism and reducing the extent of low-grade inflammation.
On the contrary, this was not observed in obese women; in these individuals, a higher IDQ
was related to higher species diversity, indicating that the obese women with a more dis-
turbed metabolic phenotype may benefit from dietary modification. This is evidenced by
the finding of our study; the dietary quality in obese women was reflected in the maternal
inflammatory status, and this relationship was independent of gut microbiota taxonomic
diversity, but rather it seemed to originate from the direct effects of the diet on the moth-
er’s health.

We also explored associations of diet quality and the BMI groups (overweight and
obese) with gut microbiota functional potential. Although such associations might
exist (11–13), we did not find any statistically significant associations. We observed one
pathway, iron complex transport system that showed borderline negative correlation
with diet quality, but its exact role is not yet understood. Reports investigating the rela-
tionships between diet quality and gut microbial function are all in all few (11–13).

Our study has several strengths. Firstly, we applied high resolution (i.e., at species-
level) metagenomics analytics to assay the gut microbiota’s richness and diversity as well
as performed functional analyses. Secondly, we used a validated method (18), for analyz-
ing the dietary quality. Furthermore, due to the well-known effects of adiposity on dietary
intake, gut microbiota and circulating metabolic profile, in this comprehensive approach,
we took into account the possible influence of the prepregnancy BMI value. Another
strength was that our study population was homogeneous with a similar age range and
gender. The robustness of statistical analyses was ensured by applying multiple correc-
tions. There are also limitations in our study. Even though the physiological alterations
are mild in early pregnancy, it is not clear whether the study results are generalizable to
non-pregnant conditions. It also needs to be clarified whether women in late pregnancy
or normal weight pregnant subjects behave similarly. Although no statistically significant
associations with species diversity and serum markers were observed, the complementary
analyses using species richness indicate that such associations might well exist. These
indices are complementary indicators and focus on the different aspects of the microbial
community. These associations need to be confirmed in larger studies to determine the
clear effects. In our study the group of obese women was smaller than that of overweight
women which might limit observing statistically significant differences.

Conclusions. Our results demonstrate that overweight and obese women may dis-
play partially distinct metabolic and inflammatory responses to the diet and that they
exhibit differences in their gut microbiota species richness and diversity, and community com-
position. A higher dietary quality was reflected in a richer gut microbiota species diversity, but
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only in obese women. In overweight women, a higher gut microbiota species richness was
related to lower levels of markers of glucose metabolism and both species richness and com-
munity composition and one species (i.e., A. finegoldii) associated with low grade inflamma-
tion. The different responses to diet and gut microbiota species richness and diversity
observed in overweight and obese women may originate from the differences in the meta-
bolic and inflammatory burden related to the excess adiposity. The fact that we observed no
relationship between metabolic and inflammatory status with gut microbiota species diversity
in obese women suggests that other factors, such as diet as observed in our study, could have
regulatory effects of maternal metabolism and inflammation in obese women, although
the findings will need to be verified in larger studies. We also propose that the dietary
quality index may be used as a tool for controlling the dietary intake in gut microbiota studies,
but at the same time, one needs to consider the adiposity of the participants.

MATERIALS ANDMETHODS
This was a cross-sectional study investigating overweight and obese pregnant women participating

in a mother-infant dietary single-center intervention trial (ClinicalTrials.gov, NCT01922791) being con-
ducted in Southwest Finland. The recruitment took place between 10/2013 and 7/2017. The inclusion
criteria for the study were overweight (self-reported prepregnancy BMI $ 25 kg/m2) and early preg-
nancy (,18 weeks of gestation). The exclusion criteria were gestational diabetes diagnosed during the
current pregnancy, multifetal pregnancy, and the presence of metabolic or inflammatory diseases,
including type 1 and type 2 diabetes, celiac disease, and inflammatory bowel disease. The presence of
allergy was allowed. Here we describe the interaction between dietary quality, fecal gut microbiota
alpha diversity (species richness and Shannon diversity index), community composition i.e., beta diver-
sity and species abundance, and serum markers of glucose metabolism and low-grade inflammation at
baseline prior to the onset of the intervention. Women who had consumed antibiotics within 8 weeks
before the study visit, and those who did not provide fecal or serum samples and did not fill in the die-
tary questionnaire were excluded, resulting in 386 out of 439 women being included in the analyses.

Prepregnancy BMI (kg/m2) was calculated by dividing self-reported weight in kilograms, obtained
from welfare women clinic records, by height measured in the study visit with a wall stadiometer to the
nearest 0.1 cm. Other characteristics of the women (Table 1), including age, education and smoking
were collected by interviews and questionnaires.

This study was conducted according to the guidelines laid down in the Declaration of Helsinki as re-
vised in 2013, and all procedures that involved human subjects were approved by the Ethics Committee
of the Hospital District of Southwest Finland (permission number 115/180/2012). All participants pro-
vided written informed consent. The metadata are not publicly available due to their containing infor-
mation that could compromise the privacy of research participants.

Quality of the diet. The overall dietary quality with reference to that recommended was measured
with the validated index of diet quality (IDQ) questionnaire (18), which contains 18 questions regarding
the frequency and amount of consumption of foods during the week preceding the study visit. The cri-
teria for a health-promoting diet were derived from dietary recommendations and consisted of con-
sumption of whole grain, vegetables, fruits and berries, dairy and choice of foods that will yield a good
quality of dietary fat intake. The quality of the diet was defined as poor when index points were less
than 10 out of the maximum 15 points and good when points were 10 or more out of 15 (18). Here, the
IDQ score was used both as a continuous variable and as dichotomized in accordance with the previous
article describing score (18).

DNA extraction. Fecal samples were collected in sterile plastic pots on the morning of the study
visit or the previous evening, delivered to the study unit and kept at 220°C until DNA extraction. DNA
was extracted from 50 mg of homogenized feces using GTX stool extraction kit and fully automated
GenoXTract machine (Hain Lifescience, Nehren, Germany) as previously described (27). Prior to extrac-
tion, mechanical lysis was performed by bead-beating the samples in ceramic bead tubes with MOBIO
PowerLyzerTM 24 Bench Top Bead-Based Homogenizer (MO BIO Laboratories, Inc., USA). The DNA con-
centrations were measured with Qubit 2.0 dsDNA HS assay kit (Life Technologies), after which the DNAs
were stored at 280°C until sequencing.

Metagenomic sequencing. The genomic DNA was randomly sheared into fragments of approxi-
mately 350 bp. The fragmented DNA was used for library construction using NEBNext Ultra II Library
Prep Kit for Illumina (New England Biolabs). The prepared DNA libraries were evaluated using Qubit 2.0
fluorometer quantitation and Agilent 2100 Bioanalyzer for the fragment size distribution. Quantitative
real-time PCR (qPCR) was used to determine the concentration of the final library before sequencing.
The library was sequenced using 2 � 150 bp paired-end sequencing on an Illumina HiSeq platform.

Bioinformatics processing. (i) Data preprocessing. The raw FASTQ files were quality controlled using
KneadData (v.0.6.1) to remove low-quality bases and reads derived from the host genome as follows: Using
Trimmomatic (v.0.36), the reads were quality trimmed by removing Nextera adapters, leading or trailing bases
with a Phred score below 20, and trailing bases in which the Phred score over a window of size 4 drops
below 20. Trimmed reads shorter than 100 bases were discarded. Reads that mapped to the human reference
genome GRCh38 (with Bowtie2 v.0.2.3.2 using default settings) were also discarded. Read pairs in which both
reads passed filtering were retained; these were classified as high-quality non-host (HQNH) reads.
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(ii) Mapping reads to gene catalog. HQNH reads were mapped to the integrated gene catalog
(IGC) (28), using BWA mem (v.0.7.16a) with options to increase accuracy (-r 1 -D 0.3). PCR/optical dupli-
cates were removed using samtools (v.1.6). A read pair where both reads had a mapping quality
(MAPQ)$ 20 and an alignment of at least 100 bp and with$ 95% identity to a single IGC gene was con-
sidered mapped. However, the mapping was rejected if . 10 bases at either end of the read failed to
align to an existing gene sequence (i.e., alignment beyond the IGC gene sequence was accepted). The
read counts were used to estimate the abundance of the Clinical Microbiomics proprietary set of IGC
metagenomic species (MGS) (29) derived from abundance profiles across 3200 reference samples. For
each MGS, the “core” genes have been defined as the 100 genes with the highest correlation of abun-
dance across the reference samples. A table of MGS counts was created based on the total gene counts
for the 100 core genes of each MGS. However, an MGS was considered detected only if the read pairs
were mapped to at least three of the 100 core genes; MGSs that did not satisfy this criterion were set as
zero counts. The relative abundance estimate of each MGS was made by normalizing the counts for
gene lengths. Rarefied (downsampled) MGS abundance profiles were calculated by performing the
above procedure on a rarefied gene counts table (generated by random sampling, without replacement,
of HQNH read pairs).

The species diversity (Shannon index) and richness were calculated with vegan R package (30), from
the number of metagenomics species (MGSs) that were detected and their relative abundances in the
rarified (7,281,907 read pairs) data. Richness describes the number of species that is detected in a sam-
ple, whereas the Shannon diversity index also takes the relative abundance of the species into account.
Shannon diversity is less sensitive to sampling errors than species richness, as it gives a higher weight to
the more abundant species than to their rarer counterparts.

(iii) Functional annotation of gene catalog. Emapper software (v. 1.0.3, HMM mode) was used to
compare each gene in the gene catalog to the EggNOG (v. 4.5) orthologous groups database (http://
eggnogdb.embl.de/). These genes were then mapped from EggNOG to Kyoto Encyclopedia of Genes
and Genomes (KEGG) orthologies (KO) and modules (http://www.genome.jp/kegg/kegg1.html) using
MOCAT2 lookup tables (http://mocat.embl.de/). KEGG pathways that had . 40% prevalence (i.e., path-
ways which were observed in more than 40% of study population) were selected. Altogether, 195 KEGG
pathways were selected for microbial functional analyses out of a total of 530 pathways present in the
data.

Sequencing statistics. On average about 21% reads were discarded being low quality, 0.5% for
mapped to the host genome, and 10% for not mapping to the gene catalog, leaving about 69% mapped
reads (Table S1 in the supplemental material). Information about read counts (%) per sample is provided
as a figure (Fig. S1).

Taxonomy reads annotation. Reads with an unknown taxonomy were reported as unmapped (if
reads not mapped to the gene catalog) and orphan genes (if mapped to the gene catalog but not attrib-
uted to an MGS). Mean relative abundances (%) were calculated for bacterial taxa for overweight and
obese (Table S2). The differences in the relative abundances of bacterial taxa between overweight and
obese were analyzed with Mann-Whitney test and were corrected with Benjamini-Hochberg method.
Adjusted P-value, 0.05 was considered as significant.

Taxonomic and functional analyses. Only those serum variables, which had significant associations
with species richness i.e., insulin, HOMA2-IR and GlycA were selected for beta diversity (community com-
position) analysis. Associations between beta diversity and these continuous variables as well as associa-
tion between beta diversity and dichotomized IDQ were quantified with PERMANOVA using the adonis
function from the vegan R package. For beta diversity analysis reads were not rarefied. PERMANOVA was
used to test the significance of association based on the Aitchison distance (centered log ratio (CLR)
transformation of abundance with Euclidean distance); the P-values were adjusted with the Bonferroni
method. We quantified the association between the GlycA level and individual taxonomic groups (bacte-
rial species) with DESeq2 (31), separately for overweight and obese women. For DESeq2 analysis, original
count data was used. The multiple hypothesis correction was done with Bonferroni method. Adjusted P-
value , 0.05 was considered as significant, whereas cases with adjusted P-value , 0.1 were considered
to be borderline significant. Associations of KEGG pathways with diet quality index (IDQ) and both BMI
groups (overweight and obese) were quantified with Spearman correlation and Wilcoxon test, respec-
tively. The multiple hypothesis correction was done with Benjamini-Hochberg method. The taxonomic
and functional analyses were performed in R (v.3.6.3).

Markers of glucose metabolism and low-grade inflammation. Fasting (10 h’ minimum) blood
samples were drawn from the antecubital vein, and the serum was separated and analyzed for insulin,
glucose, and hsCRP, and the rest of the samples were frozen in aliquots at 280°C until being analyzed
for serum metabolomics. A high-throughput proton NMR metabolomics platform (Nightingale, Helsinki,
Finland) was used to analyze (32), the level of serum glycoprotein acetylation (GlycA), a novel marker of
low-grade inflammation. GlycA consists of a complex heterogeneous nuclear magnetic resonance signal
originating from the N-acetyl sugar groups present on multiple acute phase glycoproteins in the circula-
tion; a1-acid glycoprotein, haptoglobin, a1-antitrypsin, a1-antichymotrypsin and transferrin (33). The
concentrations of glucose, insulin, and hsCRP were measured in an accredited Turku University Hospital
Laboratory according to its quality control system. The glucose concentration was measured using an
enzymatic method utilizing hexokinase (Cobas 8000 automatic c702-analyzer, Roche Diagnostics GmbH,
Mannheim, Germany). Insulin concentrations were determined with an immunoelectrochemiluminomet-
ric assay (a modular E170 automatic analyzer, Roche Diagnostics GMbH, Mannheim, Germany). Insulin
resistance, HOMA2-IR, was calculated from fasting plasma glucose and fasting insulin using HOMA calcu-
lator (http://www.dtu.ox.ac.uk/). Insulin sensitivity, QUICKI, was calculated as = 1/[log(FastingInsulin) 1
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log(FastingGlucose)] (34). HsCRP levels were determined using an automated colorimetric immunoassay
on the Dade Behring Dimension RXL autoanalyzer (Siemens Healthcare, Camberly, Surrey, UK). The lower
limit of detection was 0.1 mg/L.

Statistics. As not all variables were normally distributed (inspected using histograms and
Kolmogorov-Smirnov test), non-parametric tests were used for all statistical tests. The relationship
of IDQ and prepregnancy BMI with gut microbiota species richness and diversity with markers of
glucose metabolism and low-grade inflammation was analyzed by Spearman’s correlation. The cor-
relations of species richness and diversity with IDQ and serum variables were corrected for multiple
testing. The differences in gut microbiota species richness and diversity between the highest and
the lowest quartiles of IDQ, between the poor (IDQ , 10) and the good (IDQ $ 10) dietary quality
and between overweight (prepregnancy BMI , 30) and obese status (prepregnancy BMI $ 30) and
group difference between overweight and obese for baseline characteristics, were investigated
using Mann-Whitney U test. The differences in markers of glucose metabolism and low-grade inflam-
mation between the highest and the lowest species richness and diversity quartile were analyzed by
Mann-Whitney U test. The P-values obtained were corrected for multiple testing. Statistical analyses
were performed with SPSS for Windows, version 24 (IBM Corp., Armonk, NY) with adjusted P , 0.05
considered statistically significant, whereas cases with adjusted P-value , 0.1 were considered to be
borderline significant.

Data availability. The data sets are not available due to their containing information that could
compromise participant privacy and consent.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.2 MB.
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