
Dietary and plasma carotenoids are positively associated with 
alpha diversity in the fecal microbiota of pregnant women

Kristen M. Schmidt1,*, Eliot N. Haddad1,*, Kameron Y. Sugino1, Karin R. Vevang2, Lisa A. 
Peterson2,3, Revati Koratkar4, Myron D. Gross4, Jean M. Kerver5, Sarah S. Comstock1

1Department of Food Science and Human Nutrition, Michigan State University, East Lansing, MI, 
USA.

2The Masonic Cancer Center, University of Minnesota, Minneapolis, MN, USA.

3Division of Environmental Health Sciences, University of Minnesota, Minneapolis, MN, USA.

4Department of Laboratory Medicine and Pathology, University of Minnesota, Minneapolis, MN, 
USA.

5Department of Epidemiology and Biostatistics, College of Human Medicine, Michigan State 
University, East Lansing, MI, USA.

Abstract

Since microbes use carotenoids as an antioxidant for protection, dietary carotenoids could be 

associated with gut microbiota composition. We aimed to determine associations among reported 

carotenoid intake, plasma carotenoid concentrations, and fecal bacterial communities in pregnant 

women. Pregnant women (n=27) were enrolled in a 2-arm study designed to assess feasibility 

of biospecimen collection and delivery of a practical nutrition intervention. Plasma and fecal 

samples were collected and women were surveyed with a 24-hour dietary checklist and recalls. 

Plasma carotenoids were analyzed by HPLC using photodiode array detection. Fecal bacteria were 

analyzed by 16S rRNA DNA sequencing. Results presented are cross-sectional from the 36-week 

gestational study visit combined across both study arms due to lack of significant differences 

between intervention and usual care groups (n=23 women with complete data). Recent intake 

of carotenoid-containing foods included carrots, sweet potatoes, mangos, apricots, and/or bell 

peppers for 48% of women; oranges/orange juice (17%); egg (39%); tomato/tomato-based sauces 

(52%); fruits (83%); vegetables (65%). Average plasma carotenoid concentrations were 6.4ug/dL 

α-carotene (AC), 17.7ug/dL β-carotene (BC), 11.4ug/dL cryptoxanthin (CR), 39.0ug/dL trans-

lycopene (TL), and 29.8ug/dL zeaxanthin and lutein (ZL). AC and BC concentrations were higher 

in women who recently consumed foods high in carotenoids. CR concentrations were higher in 

women who consumed oranges/orange juice. Microbiota α-diversity positively correlated with 
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AC and BC. Microbiota β-diversity differed significantly across reported intake of carotenoid 

containing foods and plasma concentrations of AC. This may reflect an effect of high fiber or 

improved overall dietary quality, rather than a specific effect of carotenoids.
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1 Introduction

The extensive physiological needs of pregnancy require a nutrient-dense diet to support 

the health of both the mother and her baby during gestation and post-partum (Gernand, 

Schulze, Stewart, West, & Christian, 2016). Poor maternal diet quality during pregnancy is 

a significant predictor of obesity and cardiometabolic problems for the infant in later life 

(Fraser et al., 2010; Godfrey et al., 2017; Mamun et al., 2010). Conversely, a high-quality 

maternal diet can have positive long-term effects like improved child cognitive development 

(Borge, Aase, Brantsæter, & Biele, 2017). Overall dietary diversity, in terms of food choices, 

is a driving factor of microbial variation and stability (A. J. Johnson et al., 2019). A 

recent study in primates discovered that a high-fat diet consumed during pregnancy and 

postpartum was related to the reduction of commensal Campylobacter spp. in the juvenile 

gut, demonstrating that maternal diet may influence her child’s microbiome (Ma et al., 

2014). In another study, germ-free mice were colonized with stool microbes from 2-week-

old infants born to obese or normal-weight mothers. The mice colonized with the stool 

from obese mothers showed clinical signs of pediatric non-alcoholic fatty liver disease and 

decreased immune function (Soderborg et al., 2018). Combined, these studies suggest that 

the effect maternal characteristics have on child health outcomes may, in part, be facilitated 

by the gut microbiome.

Carotenoids are fat-soluble chemical compounds found in foods, some of which humans can 

metabolize into vitamin A. Carotenoids commonly found in the human diet include alpha-

carotene, beta-carotene, beta-cryptoxanthin, lutein, zeaxanthin, and lycopene (Russell & 

Paiva, 1999). Carotenoids are known for their antioxidant and anti-inflammatory properties 

(Eggersdorfer & Wyss, 2018), as well as their importance in immunity (Vaishnava & 

Hooper, 2011). Intake of certain carotenoids may be especially important for pregnant 

women, as their infants are susceptible to oxidative stress which can lead to retinopathy of 

prematurity (Giordano & Quadro, 2018; Zielińska, Wesołowska, Pawlus, & Hamułka, 2017). 

The importance of lutein and zeaxanthin in cognitive development in infants and adults 

alike stresses the value of adequate carotenoid intake during pregnancy (E. J. Johnson, 2014; 

Zielińska et al., 2017). Consumption of fruits and vegetables accounts for most carotenoid 

intake—so plasma carotenoids have been established as a biomarker for fruit and vegetable 

intake in pregnant women and other adults (W. K. Al-Delaimy et al., 2005; Brantsæter et al., 

2007; Couillard, Lemieux, Vohl, Couture, & Lamarche, 2016).

Although humans must obtain carotenoids from the diet, some microbes in the environment 

have been shown to synthesize carotenoids for protection against oxidative damage (Saejung 
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& Ampornpat, 2019; Vila, Hornero-Méndez, Azziz, Lareo, & Saravia, 2019). Therefore, it 

is plausible to consider that some of the biological effects that carotenoids have in humans 

may be related to the activities of the gut microbiota, but this has neither been adequately 

studied nor demonstrated within the literature (Lyu, Wu, Wang, Shen, & Lin, 2018). Despite 

most carotenoid absorption occurring within the upper gastrointestinal tract, recent research 

has demonstrated that some important lipid transporters involved in carotenoid uptake are 

located in the colon as well (Reboul, 2019). Considering the high proportion of carotenoids 

that reach the colon in humans (Rodríguez-Rodríguez et al., 2020), this further substantiates 

the plausibility of gut microbe-carotenoid interactions.

The objective of this study was to examine relationships between dietary carotenoid 

intake, plasma carotenoid concentrations, and the gut microbiota of pregnant women. We 

hypothesized that consumption of foods high in carotenoids during pregnancy would be 

positively associated with plasma carotenoid concentrations and alpha diversity of the fecal 

microbiota.

2 Materials and Methods

2.1 Subjects

Employing a 2-arm, randomized, controlled feasibility trial, women (n=27) in mid-

pregnancy were recruited from a prenatal care clinic serving a rural population in the 

northwest region of Michigan’s Lower Peninsula. To meet inclusion criteria, participants 

needed to be at least 18 years old, pregnant (22-30 weeks gestation), and have no 

contraindications to receiving a healthy food basket. Participants were then randomized 

to a practical nutrition intervention (n=13) or usual care group (n=14) and followed to 6 

weeks postpartum. At 32 weeks pregnancy (M1 time point), the intervention group received 

a one-time delivery of a non-perishable healthy food basket (whole wheat cereal, oatmeal, 

dried fruit, canned beans) along with olive oil, vinegar, recipes for salad dressing and side 

dishes, and general nutrition information. From M1 until the baby was born, the intervention 

group received a weekly delivery of perishable foods, including: 3 large prepared salads, 2 

quarts of soup including either legumes or whole grains (e.g., beans, barley), and 5 pieces 

of fresh fruit (e.g. apples, oranges). The usual care group did not receive any food packages 

or nutrition information. The purpose of the practical nutrition intervention was not to track 

exact nutrients consumed or deliver a set diet, but rather to test the feasibility of food 

delivery and assess participant satisfaction. Participants collected fecal samples at home and 

shipped them to the lab (described below). Fecal 16S rRNA DNA amplicons were only 

sequenced from participants with full fecal sample sets from both the woman (32 weeks 

gestation, pre-intervention (M1); 36 weeks gestation, mid-intervention (M2); and six weeks 

after child is born, post-intervention (M3)) and her infant. In total, four participants were 

excluded due to missing fecal samples, so 23 participants were used for this analysis of M2 

samples (Figure 1). The Michigan State University Human Research Protection Program 

approved this study (IRB #16-1515).
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2.2 Sample Collection

Fecal samples were collected from women at M1, M2, and M3. Samples were sent to the 

lab by mail, and fecal aliquots were stored at −80°C upon reaching the lab. Average time 

from sample collection to receipt by the laboratory was 3.8 ± 1.9 days (median of 3.5 

days). Biospecimens (blood and urine) were obtained at the time of routine prenatal glucose 

tolerance test (M2). These were immediately aliquoted and stored at −80°C.

2.3 Dietary Carotenoid Analysis

Due to gut microbial variation at any one time depending most on the previous 24 hours 

of dietary history (A. J. Johnson et al., 2019), participants were asked to record the 

foods that they consumed in the 24 hours immediately prior to collecting their fecal 

sample at about 36 weeks gestation (M2). They were instructed to write out what they 

ate open-endedly, and given a checklist to select specific foods. Using the open-ended 

responses in combination with the checklist, dietary carotenoid intake was considered 

positive among participants who reported consuming one or more foods determined as 

“high vitamin A” by the Food and Agriculture Organization’s Minimum Dietary Diversity 

for Women Index (FAO and FHI 360, 2016): carrots/sweet potatoes/mangos/apricots/bell 

peppers (CSMAB). If the participant did not report consumption of any of these foods, they 

were categorized into the no pro-vitamin A carotenoid group. Participants also completed 

several 24-hour recalls throughout the study period using the Automated Self-Administered 

24-hour (ASA24) Dietary Assessment Tool, version 2016, developed by the National Cancer 

Institute, Bethesda, MD (Subar et al., 2012). The data collected from these 24-hour recalls 

were used to validate classification of carotenoid consumption groups through both the 

proximal dietary intake data (within two weeks of M2 fecal sample collection) and habitual 

intake data (throughout study period).

2.4 Plasma Carotenoid Analysis

The Minnesota CHEAR Exposure Assessment Hub performed carotenoid measurements on 

all M2 plasma samples. Five carotenoids were measured: alpha-carotene (AC), beta-carotene 

(BC), cryptoxanthin (CR), trans-lycopene (TL), and zeaxanthin & lutein (ZL). They were 

quantified by HPLC using photodiode array detection, using a previously published protocol 

(Bieri, Brown, & Smith, 1985; Craft, Brown, & Smith, 1988) with slight modification 

(Gross, Yu, Hannan, Prouty, & Jacobs, 2003). In this study, TL was measured since it is the 

major isomer constituting the lycopene profile in food (Clinton et al., 1996).

2.5 DNA Extraction and Amplification

Extraction of bacterial DNA was conducted using MoBio Powersoil DNA Isolation kit 

(Qiagen MoBio, Carlsabad, CA), and the specific processes of DNA extraction, V4 16S 

rRNA gene amplification, and sequencing were performed using a previously described 

protocol (Sugino, Paneth, & Comstock, 2019).

2.6 Processing and Analysis of Sequence Data

In mothur, processing of sequence reads occurred with the Illumina MiSeq SOP (Kozich, 

Westcott, Baxter, Highlander, & Schloss, 2013) using the High-Performance Computing 
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Cluster at Michigan State University. Utilizing the SILVA reference taxonomy (v128) (Quast 

et al., 2013), operational taxonomic unit (OTU) taxonomies were specified by phylotype. 

Each sample was rarefied to 9000 reads 999 times, averaged, and rounded to the nearest 

integer prior to additional analysis. Adequate community coverage was confirmed with 

rarefaction curves.

2.7 Data Analysis

All comparisons of population characteristics were conducted using SAS software version 

9.4 (SAS Institute, Cary, NC, USA). Comparisons were using a chi-square test for 

categorical variables or ANOVA for continuous variables. The intervention and usual 

care groups from the original study design were compared for carotenoid intake using 

Fisher’s exact test to detect differences in reported intake within these food groups. 

Savage one-way analysis two-sided p > ∣Z∣ was used to test for significant differences 

between plasma carotenoid concentrations and reported intake of high-carotenoid-foods. 

Differences in 24-hour dietary recall between no pro-vitamin A carotenoid and pro-vitamin 

A carotenoid groups were determined with the Welch Two Sample t-test for parametric 

data and the Wilcoxon Mann-Whitney U test for nonparametric data. Normality of dietary 

intake data was confirmed with a Shapiro-Wilk test. Pearson correlation tests were used 

to determine associations between proximal carotenoid intake and the respective plasma 

concentration. Women’s pre-pregnancy BMI and M2 BMI were calculated using self-

reported height and weight of the participants (Shin, Chung, Weatherspoon, & Song, 

2014). Differences in BMI measures by reported high pro-vitamin A carotenoid food 

intake were tested using the Wilcoxon Mann-Whitney U test. Correlations between plasma 

carotenoid concentrations and BMI measures were tested using Spearman’s correlation 

coefficient. Alpha (within-sample) diversity (Chao1, inverse Simpson and Shannon indices) 

was calculated in R (R Core Team & Team, 2011) with the vegan package (Oksanen et 

al., 2015). Normality of the alpha diversity was confirmed using the Shapiro-Wilk test 

and ANOVA was used to test for differences by carotenoid intake. Correlations between 

plasma carotenoid concentrations and alpha diversity were tested using Pearson’s correlation 

coefficient. Sorensen (community composition) and Bray-Curtis (community structure) 

dissimilarities were calculated in R from the abundance data using the vegan package 

and plotted using principle coordinate analysis (PCoA). Permutational multivariate analysis 

of variation (PERMANOVA) was performed using the adonis function (vegan package in 

R) to test for significant differences in beta-diversity between carotenoid intake groups or 

across plasma carotenoid concentrations. Permutational analysis of multivariate dispersion 

(PERMDISP) (betadisper function in the vegan package) was used to test for differences in 

group dispersion. Individual taxa were compared between carotenoid intake groups using 

a negative binomial model in the MASS package (Venables & Ripley, 2002). Rarefied 

count data of taxa that composed ≥1% abundance (on average) were compared to plasma 

carotenoid concentrations using a negative binomial model in the MASS package. Post-hoc 

power analysis for the alpha diversity analyses was conducted through G*power version 

3.1.9.2 (Faul, Erdfelder, Lang, & Buchner, 2007). The Benjamini-Hochberg method was 

used for false discovery rate correction. P-values less than 0.05 were considered significant.
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3 Results and Discussion

The relationship between consumption of specific micronutrients, such as the B vitamins, 

and the gut microbiome have been examined (Das, Babaei, & Nielsen, 2019; Putnam & 

Goodman, 2020; Yoshii, Hosomi, Sawane, & Kunisawa, 2019). However, the association 

between the gut microbiome and other dietary microconstituents, such as carotenoids, 

is poorly understood. This is especially true in relation to pregnancy. Therefore, in this 

population of pregnant women, we investigated the relationship between consumption of 

carotenoid-rich foods, plasma concentrations of carotenoids, and the gut microbiota.

3.1 Subject Characteristics (Table 1)

Of the participants, 9% (n=2) reported “mixed race” and 91% (n=21) reported “white” as 

their race. From those reporting a race of “white”, 10% (n=2) reported Hispanic/Latina 

ethnicity and 5% (n=1) did not respond. While 48% (n=11) of women had a bachelor’s 

degree or higher, 39% (n=9) attended some college or had an associate degree, and 13% 

(n=3) of women had a high school diploma or equivalent. All of the participants (N=23) 

reported that they lived with the baby’s father, while 22% (n=5) participants reported having 

Medicaid as their health insurance, and 35% (n=8) reported ever smoking. The average 

pre-pregnancy BMI of the participants was 27.4 (range 20.0-41.6) and the average M2 BMI 

was 31.1 (range 24.4 - 44.1). The mean age of the participants was 29.7 years old (range 

22-40).

3.2 Dietary Intake & Plasma Carotenoid Measurements

There were no significant differences between the intervention group and the usual 

care group in reported consumption (yes/no) of high-pro-vitamin A carotenoid foods 

(Supplementary Table 1). Overall, 48% (n=11) reported consuming CSMAB (p=0.200), 

17% (n=4) consumed oranges or orange juice (p=0.396), 39% (n=9) consumed egg 

(p=0.252), and 52% (n=12) consumed tomato or tomato-based sauces (p=0.320). Fruit 

and vegetable intake were also assessed and was not significantly different between the 

usual care and intervention group. Overall, 83% (n=19) consumed fruits (p=0.396), and 

65% (n=15) consumed vegetables (p=0.315). Upon analysis of reported intakes of 100 

dietary constituents (same as those analyzed between carotenoid consumption groups; 

Supplementary Table 2) collected from the proximal dietary recalls, there were no 

significant differences in reported consumption between the practical nutrition intervention 

and usual care groups (p-values not reported).

Of the 10 participants who received the food packages, 7 (70%) reported consuming “all” 

or “most” of the food package in the past week and 3 (30%) reported consuming “little” or 

“some”. However, there were no significant differences in plasma carotenoid concentrations 

between the 10 participants in the intervention group and the 13 participants in the usual 

care group. Furthermore, there was no significant overlap between intervention/usual care 

groups and consumers of pro-vitamin A carotenoids (Fisher’s exact; p=0.4136). This, along 

with the lack of significant differences in reported intakes of carotenoid-rich foods and other 

dietary constituents, validated combining the practical nutrition and intervention groups into 
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a single study population for more robust analysis of the relationship between diet and gut 

microbial parameters.

Among all (N=23) participants, the total number that reported intake of at least one of 

the high-pro-vitamin A carotenoid foods (CSMAB) in the 24 hours prior to fecal sample 

collection was 11 (48%). Twelve (52%) participants did not report intake of a high pro-

vitamin A carotenoid food. Of the participants, 78% (n=18) completed a proximal 24-hour 

recall (ASA24) within two weeks of M2 fecal sample collection. Throughout the study 

period, these 18 individuals completed an average of 5.3 ± 1.9 24-hour dietary recalls. 

Proximal dietary intakes of AC, BC, fiber, lycopene, tomatoes and tomato products, total red 

and orange vegetables, other vegetables, and total dark green, red and orange, starchy, and 

other vegetables (excluding legumes) were all consumed in significantly greater amounts 

amongst the pro-vitamin A carotenoid group (Table 2). Habitual dietary intake confirmed the 

significant differences in BC, fiber, tomatoes and tomato products, and total red and orange 

vegetables (Supplementary Table 2).

Plasma concentrations of several carotenoids were significantly associated with reported 

consumption (yes/no) of foods known to contain those carotenoids (Supplementary 

Table 3). All of the participants exhibited plasma carotenoid concentrations reflective of 

adequate dietary pro-vitamin A carotenoid intake. Pregnant women who consumed foods 

high in pro-vitamin A carotenoids (CSMAB) had higher plasma concentrations of AC 

(overall 6.45±4.67ug/dL, consumed 9.48±4.65ug/dL, did not consume 3.68±2.51ug/dL; 

p=0.0017) and BC (overall 17.7±11.6ug/dL, consumed 23.2±11.6ug/dL, did not consume 

12.7±9.26ug/dL; p=0.0465). Women who consumed oranges/orange juice had significantly 

higher concentrations of CR (overall 11.4±6.99ug/dL, consumed 19.0±11.0ug/dL, did 

not consume 9.84±4.91ug/dL; p=0.0245). ZL concentrations were significantly higher in 

pregnant women who consumed egg (overall 29.8±12.3ug/dl, consumed 36.4±15.4ug/dL, 

did not consume 25.6±7.81ug/dL; p=0.0174). TL concentrations (39.0±18.4ug/dL) did 

not differ by reported tomato intake, and total plasma carotenoid concentrations 

(104±39.8ug/dL) did not differ by consumption of any of these food groups. Correlations 

between proximal carotenoid intake from the 24-hour recalls and the respective plasma 

carotenoid concentrations were also found, with AC dietary intake positively correlating 

with AC plasma concentration (r=0.62, p=0.006) (Supplementary Figure 1A).

Significant gaps exist in the understanding of carotenoid metabolism, and carotenoid 

bioavailability is highly variable (Reboul, 2019). After a meal high in carotenoids, it has 

been shown that carotenoids in plasma chylomicrons increase 3-4 hours after ingestion and 

return to near baseline after 12 hours (though this varies with the proportion of fat in the 

meal) (Brown et al., 2004). Longitudinal endogenous carotenoid concentrations, however, 

are largely stable over time (Wael K. Al-Delaimy, Natarajan, Sun, Rock, & Pierce, 2008). 

Previously, three-day food records and dietary recalls within a three-week period have been 

shown to provide adequate dietary coverage to establish associations with plasma carotenoid 

concentrations (Pierce et al., 2006; Prasad et al., 2018). Additionally, results from the 

present study are consistent with other studies where reported dietary intake of carotenoids 

served as an accurate proxy for plasma carotenoid concentrations (W. K. Al-Delaimy et 

al., 2005; Tucker et al., 1999). Specifically, the women who reported consumption of 
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foods high in certain carotenoids (CSMAB, orange juice, and egg) also had higher plasma 

concentrations of the associated carotenoid (AC, BC, CR, and ZL). The one food and plasma 

carotenoid pairing where this was not observed was TL and tomato intake, which may be 

due to the poor absorption of TL in the human body relative to other lycopene isomers 

(Rao & Agarwal, 2000; Stahl & Sies, 1992). Nonetheless, the plasma concentrations of 

most carotenoids suggest a confirmation of reported carotenoid intake. Collectively, this 

demonstrates that our method of diet data collection is a feasible way to measure women’s 

dietary intake and qualitatively estimate plasma carotenoid concentrations.

3.3 Associations with BMI

Reported Intake: Those who reported no consumption of high-pro-vitamin A carotenoid 

foods had a significantly higher pre-pregnancy BMI (30.8 kg/m2) compared to those who 

reported consumption (23.6 kg/m2) (S=91 , p= 0.0106), and tended to have a higher M2 

BMI (33.5 kg/m2) compared to those who did not (28.5 kg/m2) (S=103 , p= 0.0764).

Plasma: Pre-pregnancy BMI was negatively associated with plasma concentrations of AC 

(ρ= −0.567, p=0.005), BC (ρ= −0.690, p=0.0003), CR (ρ = −0.504, p=0.014), TL (ρ = 

−0.453, p=0.030), and total plasma carotenoids (ρ= −0.625, p=0.001). BMI at M2 was 

negatively associated with AC (ρ = −0.418, p=0.047), BC (ρ = −0.469, p=0.024), and CR (ρ 
= −0.419, p=0.047), and tended to be negatively associated with total plasma carotenoids (ρ 
= −0.384, p=0.071). ZL plasma concentrations were not associated with BMI at either time 

point.

3.4 Alpha Diversity

Reported Intake: Comparing participants by reported intake of high-pro-vitamin A 

carotenoid foods, the fecal bacterial alpha-diversity of the women who reported consuming 

high-pro-vitamin A carotenoid-foods was significantly higher than those who did not 

consume such foods (Figure 2; Chao 1 (F=4.33, p=0.0498), Shannon (F=9.82, p=0.00502) 

and Inverse Simpson (F=7.75, p=0.0111)).

Our study confirms the increase in microbial diversity that arises in conjunction with 

regular consumption of fruits and vegetables, which has been reported by others (Klimenko 

et al., 2018; Simpson & Campbell, 2015). Previously, it has been shown that vitamin 

A-sufficient children have higher alpha diversity than vitamin A-deficient children, indicated 

by significant differences in Shannon and Inverse Simpson scores but not Chao1 scores 

(Lv et al., 2016). Herein, all three measures of alpha diversity (Chao1, p=0.0498; Shannon, 

p=0.005; Inverse Simpson, p=0.011) were significantly positively associated with carotenoid 

consumption.

Plasma: Overall, fecal bacterial alpha diversity was positively associated with participant 

plasma carotene concentrations (Figure 3). AC and alpha diversity were significantly 

positively associated as measured by Chao 1 (ρ=0.437, p=0.037), Shannon (ρ=0.492, 

p=0.017), and Inverse Simpson (ρ=0.426, p=0.043) (Figure 3A-C). BC tended to be 

positively associated with Chao 1 (ρ=0.401, p=0.059), and BC was significantly positively 

associated with Shannon (ρ=0.464, p=0.027) and Inverse Simpson alpha diversity (ρ=0.425, 
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p=0.044) (Figure 3D-F). None of the fecal bacterial alpha diversity measures were 

associated with CR, TL, or ZL (data not shown). Differences in plasma carotenoid 

concentrations have long been known to be mediated by multiple factors such as diet, 

absorption, and metabolism, and we cannot be sure which of these affected the relationships 

observed. Experimental studies are needed to truly elucidate the nature of these carotenoids’ 

associations, or lack thereof, with gut microbial diversity.

The power and effect sizes for all alpha diversity analyses are included (Supplementary 

Table 4).

3.5 Beta Diversity

Reported Intake: The fecal bacterial community composition (beta diversity) in pregnant 

women (M2, 36 weeks gestation) who reported intake was significantly different than those 

who did not report intake (Figure 4; Sorenson (F=2.10, p=0.0493), Bray-Curtis (F=1.96, 

p=0.0421)). Those who reported a higher intake of carotenoids were often characterized 

by higher abundances of Ruminococcaceae_UCG 002 (Supplementary Figure 2; R2 =0.52). 

This finding is valuable in shedding light on possible dietary factors that may shape the 

Ruminococcus enterotype. While it is well established that the Bacteroides enterotype 

is associated with protein and animal fat, and the Prevotella enterotype with fiber and 

carbohydrate intake, dietary associations with the Ruminococcus enterotype are not as 

well-defined (Arumugam et al., 2011; Wu et al., 2011). The current literature suggests 

that Ruminococcus is variably related to both plant and animal consumption due its 

associations with resistant-starch (Abell, Cooke, Bennett, Conlon, & McOrist, 2008; Ze, 

Duncan, Louis, & Flint, 2012), but also with low fiber diets (Whisner, Maldonado, Dente, 

Krajmalnik-Brown, & Bruening, 2018) and trimethylamine n-oxide (a microbial metabolite 

associated with animal proteins) (De Filippis et al., 2016; Tomova et al., 2019). Evidently, 

Ruminococcus has complex and species-specific relations with diet that are difficult to 

characterize, but our study suggests that in terms of dietary microconstituents, carotenoids 

may be a piece of the puzzle.

Plasma: Sorensen beta diversity was significantly associated with plasma AC 

concentrations (F=2.03, p=0.0439) and tended to be associated with plasma BC 

concentrations (F=1.74, p=0.089) (Supplementary Figure 3A-B). Bray-Curtis beta diversity 

tended to be associated with TL (F= 1.82, p=0.061), but was not significantly related with 

any other plasma carotenoids (Supplementary Figure 3C). Neither Sorenson nor Bray-Curtis 

beta diversity were significantly related to plasma CR or ZL.

3.6 Individual Taxa

Reported Intake: When classifying participant microbiota communities by reported 

consumption of carotenoids, significant differences in the genera and phyla were observed 

(Table 3). Genus level mean percent abundance among those reporting high-pro-vitamin 

A carotenoid food consumption (Akkermansia [4.1 ± 2.8], Prevotella [1.4 ± 3.8], and 

Acidaminococcus [0.7 ± 2.1]) were all significantly lower (p<0.001) than individuals who 

reported no high-pro-vitamin A carotenoid food consumption (Akkermansia [5.9 ± 6.8], 

Prevotella [2.0 ± 5.9], Acidaminococcus [2.6 ± 6.7]). At the phylum level, mean percent 

Schmidt et al. Page 9

J Food Sci. Author manuscript; available in PMC 2023 March 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



abundance of Verrucomicrobia was also significantly lower (p<0.001) among individuals 

who reported high-pro-vitamin A carotenoid food consumption (4.1 ± 2.8) in comparison to 

the individuals who did not (5.9 ± 6.8).

One study utilizing food frequency questionnaires administered to pregnant mothers in 

their second trimester found that reported retinol intake was positively associated with the 

Preoteobacteria phylum in maternal fecal samples collected four days after delivery (Mandal 

et al., 2016), but we found no such relation among our participants in the third trimester 

of pregnancy. In mice, Akkermansia, both in fecal and cecal samples, has been shown to 

be highly responsive to fucoxanthin (a xanthophyll carotenoid) supplementation (Guo et 

al., 2019). The mice eating a normal chow diet supplemented with fucoxanthin exhibited 

significant decreases in fecal Akkermansia levels, and the high-carotenoid consumers in our 

study also exhibited significant reductions in Akkermansia.

Plasma concentrations: Plasma concentrations of carotenoids were also significantly 

related to fecal bacterial genera (Table 4). AC concentrations were negatively 

related to relative abundance of Akkermansia (p<0.0001) and positively related to 

Phascolarctobacterium (p<0.001). BC was positively related to relative abundance of 

Ruminococcaceae UCG002 (p<0.001). TL was negatively related to Akkermansia (p<0.05), 

Escherichia Shigella (p<0.01), Phascolarctobacterium, Ruminococcaceae UCG002, and 

Prevotella 9 (p<0.001), but positively associated with Ruminococcus 2 (p<0.001). CR 

concentrations were positively related to Phascolarctobacterium (p<0.001) and negatively 

related to Prevotella 9 (p<0.001). Lastly, ZL was positively related to Akkermansia and 

Phascolarctobacterium (p<0.001), and negatively related to Prevotella 9 (p<0.001).

In our study, Akkermansia was shown to be negatively correlated with AC, a pro-vitamin 

A carotenoid. However, in 2-year old girls, plasma retinol concentrations were significantly 

associated with increases in the Verrucomicrobia phylum and Akkermansia genus (Huda et 

al., 2019). Our study adds to the current body of evidence suggesting that carotenoids are 

significantly associated with Akkermansia, a mucin-degrading gut microbe. We hypothesize 

that the observed correlations between Akkermansia and carotenoid intake arise from 

regulatory and antioxidant functions that carotenoids play in maintaining gut mucosal 

integrity and function (Baralic et al., 2015; Biesalski, 2016; Lyu et al., 2018; Naguib, 

2000). Other notable plasma carotenoid correlations with genera abundances include 

the increases in Ruminococcaceae_UCG 002 in association with BC and TL. This 

finding again stresses the importance of exploration into the Ruminococcus enterotype 

and its possible associations with carotenoids, especially considering the previously-

demonstrated enrichment of atherosclerotic patients in the Ruminococcus enterotype 

with concurrent reductions in the phytoene dehydrogenase genetic pathway which is 

significantly associated with plasma BC concentrations (Karlsson et al., 2012). Similar 

to Akkermansia, some species within Ruminococcaceae, such as Ruminococcus gnavus, 

are mucin-degraders, which may explain the observed associations between Ruminococcus 
and certain carotenoids in our study as well as vitamin A deficiency in a previous study 

conducted in mice (Hibberd et al., 2017).
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3.7 Dietary Fiber vs. Carotenoid Effects

Elucidating the effects of a specific micronutrient on the individual, let alone the gut 

microbiome, while balancing the complex interactions from overall dietary intake remains 

an intrinsic challenge of nutritional research (Weaver & Miller, 2017). Due to the association 

between carotenoid-containing foods and dietary factors such as fiber, it is unclear whether 

the alpha and beta diversity differences observed between pro-vitamin A carotenoid groups 

are due to causative effects of the carotenoids themselves. This is especially the case 

since the pro-vitamin A carotenoid group reported a significantly higher fiber intake than 

those recording no consumption (Table 2). Dietary fiber can inhibit carotenoid absorption 

by interfering with micelle formation and interfacing with enterocytes (Palafox-Carlos, 

Ayala-Zavala, & González-Aguilar, 2011; Riedl, Linseisen, Hoffmann, & Wolfram, 1999; 

van het Hof, West, Weststrate, & Hautvast, 2000) and is also associated with increased 

gut microbial richness (Makki, Deehan, Walter, & Bäckhed, 2018; Tap et al., 2015). These 

interactions obfuscate our ability to differentiate between carotenoid versus dietary effects. 

Nonetheless, several studies examining vitamin A deficiency find important changes in the 

gut microbiome (Hibberd et al., 2017; Huda et al., 2019; Lv et al., 2016), suggesting a 

potential role for pro-vitamin A carotenoids irrespective of diet. Furthermore, the agreement 

of dietary and plasma-level data suggests that some of the observed taxa associations, such 

as Akkermansia, arose from the carotenoids themselves due to the roles of carotenoids and 

Akkermansia in maintaining the integrity of the gut mucosa. The potential mechanisms 

by which pro-vitamin A carotenoids influence the gut microbiome are unclear, but some 

research in mice has hinted towards immunoregulation, mediated by vitamin A and 

commensal gut microbial interactions, having downstream effects that help prevent dysbiosis 

and maintain gut barrier function (Grizotte-Lake et al., 2018; Iyer & Vaishnava, 2019; 

Sirisinha, 2015; Spencer et al., 2014).

3.8 Strengths and Limitations

There are several limitations to this study. First, a small sample size (N=23) of women 

during late pregnancy (36-weeks gestation) restricts the generalizability of the results. In 

addition, volunteers were self-selected to be in this study, which was advertised as a program 

where participants would receive and eat a healthy food package. As a result, many of these 

self-selected participants were already eating healthy diets in comparison with the typical 

American diet. Despite the range of BMIs amongst the women, the observed correlations 

between BMI and dietary/plasma carotenoids are likely reflective of chronic dietary patterns 

(Kornatowski & Comstock, 2018), although further examination with long-term dietary 

tracking is needed to truly ascertain these relationships. Another possible limitation is 

that genetic polymorphisms in the metabolism of carotenoids were not measured, and 

such polymorphisms have been shown to affect plasma carotenoid concentrations (Moran, 

Erdman, & Clinton, 2013), which could unknowingly and unintentionally affect these 

results. However, considering the strong, repeatedly-demonstrated associations between 

dietary intake and plasma carotenoids (W. K. Al-Delaimy et al., 2005) and that dietary 

fruits/vegetables account for ~90% of carotenoid intake (Maiani et al., 2009), diet is 

likely to be the principle determinant of plasma carotenoid concentrations. Future studies 

would do well to account for genetic variants between participants in addition to dietary 

information to better elucidate these relationships. We do not account for the dilution of 
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blood during pregnancy, but this has no significant impact on our results since we only 

report cross-sectional associations at a common gestational age. A strength of this study 

is that reported recent intake of high-carotenoid foods was significantly related to plasma 

carotenoid concentrations, adding to the current body of evidence. Utilizing both dietary and 

plasma carotenoid markers provided a multifocal perspective to our study which increases 

the relevance to the average consumer, as plasma-level information is often inaccessible. 

Additionally, the use of 24-hour dietary recalls to substantiate classification of carotenoid 

consumer groups provided both a proximal and habitual view of the dietary patterns of the 

participants.

4 Conclusion

Overall, this study provides a first analysis of the relationship between dietary or plasma 

carotenoids and the gut microbiota in pregnant women. Higher dietary and plasma 

carotenoids were associated with a more diverse gut microbial composition (alpha diversity) 

in this population. Gut microbial communities were significantly different between 

participants who reported intake of pro-vitamin A carotenoids versus those who did not 

(beta diversity). These results may reflect an effect of high fiber or improved overall 

dietary quality, rather than a specific effect of carotenoids, on the microbiota. High alpha 

diversity is generally accepted to be a positive characteristic of gut communities. It is 

possible that a diverse microbiota could be one mechanism by which carotenoids promote 

health. Several taxa were significantly associated with dietary and plasma carotenoids. 

The associations with Akkermansia and Ruminococcus specifically merit further research 

due to the potential interplay of carotenoids with the gut mucosa. In the future, research 

examining the underlying mechanisms responsible for the observed associations between 

carotenoids and the gut microbiome may be useful in identifying the functional aspects 

of carotenoids in the gut microenvironment. A larger, targeted study which focuses on 

a carotenoid-only intervention, will be needed to determine if diets high in carotenoids 

influence the microbiota independently of diets high in other fruits or vegetables.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Nomenclature

AC α-carotene

BC β-carotene
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CSMAB high-carotenoid foods (Carrots/sweet potatoes/mangos/apricots/bell 

peppers)

CR Cryptoxanthin

M1 32 weeks gestation, pre-intervention

M2 36 weeks gestation, mid-intervention

M3 Six weeks after child is born, post-intervention

OTU Operational taxonomic unit

PCoA Principal coordinates analysis

TL trans-lycopene

ZL Zeaxanthin and lutein
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Practical Application:

Little is known about the association between the gut microbiome and specific dietary 

microconstituents, such as carotenoids, especially during pregnancy. This research 

demonstrates that a carotenoid-rich diet during pregnancy supports a diverse microbiota, 

which could be one mechanism by which carotenoids promote health.
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Figure 1. 
Flow Chart of Study Participants and Sampling
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Figure 2. 
Women (M2) who reported consuming pro-vitamin A carotenoid containing foods had 

a higher fecal bacterial alpha (within-sample) diversity as measured by (A) Chao 1 

(p=0.0498), (B) Shannon (p=0.00502), and (C) Inverse Simpson (p=0.0111). Abbreviations: 

M2: 36 weeks gestation, mid-intervention.
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Figure 3. 
Fecal bacterial alpha diversity is positively associated with plasma alpha carotene 

concentrations as measured by (A) Chao 1 (p=0.0369), (B) Shannon (p=0.0170), and (C) 

Inverse Simpson (p=0.0430) and beta carotene concentrations as measured by (D) Chao 1 

(p=0.0588), (E) Shannon (p=0.0268), and (F) Inverse Simpson (p=0.0445).
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Figure 4. 
Fecal bacterial community composition (beta (across sample) diversity) in women (M2) 

was significantly associated with reported intake of pro-vitamin A carotenoid containing 

foods as measured by the (A) Sorenson metric (p=0.0493) and the (B) Bray-Curtis metric 

(p=0.0421). Reported consumption is based on the 24 hours immediately prior to collecting 

participant fecal sample. Abbreviations: M2: 36 weeks gestation, mid-intervention.
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Table 1.

Maternal characteristics at study enrollment

Race/Ethnicity N %

 Mixed Race 2 9

 White 21 91

  Hispanic/Latina 2 10

  Did not respond 1 5

Education Level

 High school diploma or equivalency 3 13

 Some college or Associate’s degree 9 39

 Bachelor’s degree or higher 11 48

Medicaid Health Insurance (yes) 5 22

Living with Baby’s Father (yes) 23 100

Ever Smoked 8 35

Body Mass Index (kg/m) Mean ± SD Range

 Pre-Pregnancy 27.4 ± 6.9 20.0, 41.6

 ~36 Weeks (M2) 31.1 ± 6.5 24.4, 44.1

Age (years) 29.7 ± 4.3 22, 40
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Table 2.

Selected dietary components from proximal 24-hour recalls exhibiting differences in reported consumption 

between no pro-vitamin A carotenoid and pro-vitamin A carotenoid groups.

Dietary Component (Subar et al., 2012) Mean +/− SE No
Pro-vitamin A

Carotenoid (n=9)

Mean +/− SE Pro-
vitamin A

Carotenoid (n=9)

P-Value BH-Adjusted
2

Energy (kcal) 2425.93 +/− 332.15 2189.3 +/− 117.55 0.931 0.991

Fiber, total dietary (g) 17.25 +/− 7.37 25.32 +/− 6.92
0.029

1 0.991

Carbohydrate (g) 270.31 +/− 31.86 277.26 +/− 20.54
0.857

1 1.000

Total whole and refined grains (oz. eq.) 6.27 +/− 0.77 7.34 +/− 0.75
0.334

1 0.991

Grains defined as whole grains and contain the entire grain 
kernel: the bran, germ, and endosperm (oz. eq.)

1.3 +/− 0.44 1.31 +/− 0.27
0.993

1 1.000

Vitamin A, RAE (mcg_RAE) 713.62 +/− 131.03 869.52 +/− 157.59
0.458

1 0.991

Retinol (mcg) 622.15 +/− 137.73 531.49 +/− 89.95
0.590

1 1.000

Carotene, beta (mcg) 945.38 +/− 281.94 3689.08 +/− 1142.91 0.019 0.991

Carotene, alpha (mcg) 189.99 +/− 93.59 684.17 +/− 237.67 0.040 0.991

Cryptoxanthin, beta (mcg) 90.19 +/− 26.02 54.99 +/− 17.98 0.340 0.991

Lycopene (mcg) 3297.50 +/− 2219.02 9335.26 +/− 3442.22 0.021 0.991

Lutein + zeaxanthin (mcg) 958.19 +/− 123.82 3433.88 +/− 1487.88 0.161 0.991

Other red and orange vegetables, excluding tomatoes and 
tomato products (cup eq.)

0.03 +/− 0.02 0.16 +/− 0.06 0.073 0.812

Tomatoes and tomato products (cup eq.) 0.18 +/− 0.13 0.45 +/− 0.09 0.029 0.487

Total red and orange vegetables (tomatoes and tomato products 
+ other red and orange vegetables) (cup eq.)

0.21 +/− 0.13 0.61 +/− 0.1 0.006 0.487

Total dark green, red and orange, starchy, and other vegetables; 
excludes legumes (cup eq.)

1.01 +/− 0.24 2.01 +/− 0.36
0.039

1 0.500

Other vegetables (cup eq.) 0.18 +/− 0.07 0.86 +/− 0.25 0.017 0.487

1
P-values computed with Welch Two Sample t-test for parametric data (Shapiro-Wilk; p>0.05); All others without superscript computed with 

Wilcoxon rank sum test for non-parametric data (Shapiro-Wilk; p≤0.05).

2
P-values adjusted using the Benjamini-Hochberg procedure.
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Table 3.

Genera and phyla in the maternal microbiota that differ between women who consumed carotenoid containing 

foods and those who did not consume such foods.

Genus
Reported Pro-Vitamin A
Carotenoid Food Consumption

No Report of Pro-Vitamin A
Carotenoid Food Consumption

P-

value
2

Akkermansia 4.1 ± 2.8
1

5.9 ± 6.8 <0.001

Prevotella 9 1.4 ± 3.8 2.0 ± 5.9 <0.001

Acidaminococcus 0.7 ± 2.1 2.6 ± 6.7 <0.001

Phylum

Verrucomicrobia 4.1 ± 2.8 5.9 ± 6.8 <0.001

1
Values reported as mean % abundance ± SD; negative binomial regression on the bacterial count data.

2
P-values adjusted using the Benjamini-Hochberg procedure.
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