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Abstract

High-fat diets adversely affect both glycemic control and the composition of the intestinal microbiota.
Yacon syrup, which is rich in fructooligosaccharides (FOS) and antioxidants, offers a promising
nutritional solution. This study aimed to investigate the impact of Yacon syrup consumption on the
intestinal microbiota profile, body weight, food consumption, and glycemic control in rats exposed to a
high-fat diet (HFD). Our experimental design involved placing the animals into four distinct groups:1.
Rats maintained on a standard diet throughout the experimental protocol, 2. Rats consistently fed a high-
fat diet, 3. Rats exposed to an initial phase of HFD followed by HFD supplemented with 1% FOS in the
second phase, and 4. Rats following a similar two-phase HFD regimen but with 2% FOS supplementation.
We carefully monitored dietary intake and conducted glucose tolerance tests. After the treatment, we
performed a 16S rRNA gene analysis of the intestinal microbiota. Our findings revealed a notable
increase in the glycemic peak within the first 15 minutes of high-fat consumption when compared to the
supplemented groups. Further, we observed a significant increase in specific pathogenic phyla (notably
Proteobacteria and Firmicutes) in the group with rats consistently consuming a high-fat diet. There were
no statistically significant differences in food intake between the experimental groups. The
administration of Yacon syrup effectively mitigated the adverse effects of the high-fat diet on glycemic
control and the composition of the intestinal microbiota. This underscores the prebiotic potential of
Yacon syrup and its promise as a valuable dietary intervention in the context of high-fat diets.

1. Introduction

Dietary intake plays an important role in preventing and treating obesity, diabetes, cancer and other
inflammatory diseases [1]. While high-fat diets are associated with reduced intestinal microbiota
diversity and altered membrane integrity, inducing increased permeability, increased lipopolysaccharide
(LPS) translocation, causes metabolic endo-toxemia, considered a causal factor of inflammation
associated with many chronic diseases [2].

The intestinal microbiota plays a fundamental role in supporting both the immune system and nutrient
metabolism. Modulating the composition of the microbiota is closely linked to the development of many
health conditions, including metabolic syndrome, inflammatory bowel disease, colorectal cancer, and
even respiratory disease [3, 4]. There are several factors that contribute to a healthy microbiota.

Consuming an adequate amount of dietary fiber is a key factor in promoting a healthy microbiota. The
short-chain fatty acids produced through the fermentation of fiber play a beneficial role as intermediaries
in various metabolic pathways. These pathways include glucose metabolism, appetite regulation,
hormonal interactions and immune response among others that have a significant impact on human
health [5].

The Yacon (Smallanthus sonchifolius) potato is a tuberous root native to the Andean region and is
known for its high concentration of fructooligosaccharides (FOS). FOS are non-digestible carbohydrates
that play a role in controlling glycemic and lipid metabolism while also regulating the intestinal
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microbiota [5—-7]. Besides its rich FOS content, the Yacon tuber contains other bioactive compounds,
such as phenolics which are associated with enzyme inhibition and antioxidant properties. These
characteristics make Yacon a multifunctional food [8, 9].

Based on the above, the objectives of the present study were to (1) evaluate postprandial glycemia, and

(2) examine intestinal microbiota composition and any changes to assess how blood sugar levels after

meals (postprandial glycemia) are influenced by the consumption of a high-fat diet when supplemented
with Yacon syrup in different concentrations. The results from this study may offer valuable guidance to
healthcare professionals to make informed dietary recommendations to patients dealing with glycemic

control issues, microbiota disequilibrium, and those who must adhere to hyperlipidic (high-fat) diets due
to specific clinical conditions.

2. Materials and methods

2.1 Yacon syrup: preparation and centesimal
characterization

Preparation of the Yacon syrup used in this study took place at the Brazilian Agricultural Research
Corporation (EMBRAPA, Fortaleza, Ceard, Brazil), following the method described by Adriano et al. [10].
The roots were acquired at the Ceara Supply Center — S/A (CEASA, Maracanad, Cear4, Brazil), with pre-
selection according to integrity. Subsequently, all of the roots were weighed so that it was possible to
calculate the process yield. The selected roots were then washed in running water and sanitized.

The roots were peeled and cut into cubes of approximately 1 cm?. These root cubes were then immersed
in a citric acid solution at 2.4% w/v to inhibit enzymatic browning. After eight minutes of immersion, all
of the cubes were removed from the water and crushed in an industrial blender as described by Dionisio
etal. [11].

The Yacon pulp was treated with Celluclast® 1.5 L, and Pectinex® Ultra SP-L (500 mg L™ of each
enzyme) and filtered through a microfiltration system. The material was then concentrated to 68 °Brix in
a vacuum (560 mmHg) and at 60 * 5°C until reaching a syrup-like consistency. Subsequently, the
samples were stored at 5°C to be used for analysis.

The centesimal composition of 100 g of the Yacon syrup sample was analyzed according to
methodologies found in the literature. The syrup presented 17.22 + 0.28% FOS, 29.48 + 0.89% moisture,
2.49 +0.07 ash and 1.61 £ 0.05% protein. The remaining 49.20% was attributed to water.

For moisture analysis, the Association of Official Analytical Chemists (AOAC) methodology was followed,
with the samples placed in porcelain crucibles and taken to an oven at a temperature of 105°C + 5°C to
remove water though heating. The procedure was performed until obtaining a constant weight [12].
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For ash quantification, the samples were weighed in previously tared porcelain capsules, charred on an
electric plate, and incinerated in a muffle furnace at 550°C for 3 hours. Subsequently, they were cooled in
a desiccator for 30 minutes and weighed until a constant weight was obtained as described [13].

The Kjeldahl methodology was used for protein analysis, expressing the results in total nitrogen [11].
Lipids were determined by hot extraction using the Soxhlet method [11]. The results were expressed in
percentages. Fructo-oligosaccharides (FOS) were quantified as described by AOAC, and the results were
expressed as % FOS by sample [14].

2.2 Preparation of high-fat feed and supplemented high-fat
feed

The preparation of the high-fat diet (HFD) followed the protocol used by Estadella et al. [15]. It was
prepared at the Pharmaco technical Laboratory of the Federal University of Ceara (UFC), (5kg) consisting
of: 1875 g of standard feed (Presence®), 1250 g of milk chocolate, 1250 g of unsalted and skinless
peanuts, and 625 g of cornstarch biscuits to yield a ratio of 14% protein, 38% carbohydrates, and 48%
lipids. This composition, used for the preparation of the HFD was previously reported by Estadella et al.
[16].

The supplemented feed was prepared and constituted with the same ingredients as the HFD, being
supplemented with different concentrations of Yacon syrup; one with approximately 1% FOS - (300 g of
Yacon syrup in 5 kg of feed) and the other with approximately 2% FOS - (600 g of Yacon syrup in 5 kg of
feed). The percentages adopted for the current study align with other research that utilized
supplementation with FOS and Yacon for Wistar rats, despite differing sources. Both supplementations
were used in hyperlipidic diets as described by Honoré et al. [17], and as reported by Santos et al. [18] the
gavage method was applied.

2.3 Animals and Treatment

All of the experimental procedures were performed in accordance with Ethical Principles in Animal
Experimentation, and the project was submitted to and approved by the Ethics Committee for the
Utilization and Use of Animals (CEUA) of the University of Fortaleza (UNIFOR) under protocol number
6078030719.

The treatment method was established and referenced to the method established by Estadella et al. [15].
Male Wistar rats were used, weighing an average of 235.6 grams (DVP * 25.35), supplied by UNIFOR. The
rats were kept in the experimentation vivarium of the Superior Institute of Biomedical Sciences of the
State University of Ceard in collective boxes (46 x 24 x 20 cm, with 3—4 animals/box), under controlled
environmental conditions at a temperature of 25°C, with a light/dark cycle of 12/12 hours (light period
starting at 6:00 am), and controlled ammonia exhaustion. The animals were fed during treatment with a
standard diet, or the HFD, or the supplemented HFD, and received water ad /ibitum.
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During the experiment, animal weights and food consumption were monitored weekly. The treatment
dosages were adjusted according to weight evolution, being directly added to the feed for the animal's
consumption and to avoid oral gavage. While the technique of gavage is normally employed during
substance administration in laboratory contexts, it comes with apprehensions. A principal concern is its
potential to elicit stress and discomfort in the subject animals. The procedure, which involves the
insertion of a feeding needle or tube into the esophagus, can be perceived as invasive, potentially
provoking both physical discomfort and subsequent stress responses as described by Turner et al. [19]
Such induced stress can present physiological manifestations, potentially impacting the animals'
appetite and well-being.

The animals were treated for ten weeks (70 days), divided into two phases: Phase 1 to the 38th day, and
Phase 2 from the 39th to the 70th day. The animals were divided into four groups: Group 1, rats fed
standard diet (SD) throughout the treatment; Group 2, rats fed with HFD throughout the treatment; Group
3, rats that received HFD in the 1st phase and in the 2nd phase HFD with 1% supplement of FOS (HFD +
FOS 1%), which corresponded to an average of 100mg/day of FOS, and Group 4, rats that received HFD in
the 1st phase and HFD supplemented with 2% FOS (HFD + FOS 2%) in the 2nd phase, which
corresponded to an average of 200 mg/day of FOS.

In the 10th week, the animals were euthanized by carbon dioxide (CO,) inhalation for 3 minutes after
fasting for 12 hours.

For the oral glucose tolerance test (OGTT), the animals were fasted for 12 hours and then received 75
mg/100 g/kg of glucose by gavage. Blood samples were collected through the caudal vein at: 0, 15, 30,
60, 90, and 120 minutes. From the values of the glycemic curves of each animal, the incremental area
under the curve (IAUC) was calculated using the GraphPad Prism Version 6.0 software. The test was
performed before treatment (the 38th day), and after treatment (the 70th day).

2.4. Microbiota analysis and bioinformatics

Microbiota analysis was performed using fecal samples obtained during laparotomy from the animals'
intestines after euthanasia. Total genomic bacterial DNA was extracted employing the PowerSoil DNA
Kit (Qiagen, CA, USA) following the manufacturer's instructions. The V4 hypervariable region of the 16S
rRNA gene was amplified using 515F-Y [20] and 806R [21] primers. Polymerase chain reactions were
conducted with 10 ng of template DNA, 15 pl of 2 x Kapa HiFi HotStart ReadyMix (Roche, Cape Town,
South Africa), 0.75 pl of each primer (10 pM), and 9.5 pl of nuclease-free DNA/RNA water to achieve a
final reaction volume of 30 pl.

The PCR conditions involved an initial denaturation step at 95°C for 3 min, followed by 35 amplification
cycles for 20 seconds at 98°C, for 30 seconds 55°C, and for 30 seconds 72°C, with a final extension of 5
minutes at 72°C. Libraries were prepared with Nextera XT indices (Illumina, San Diego, CA, USA), purified
with Ampure XP beads (Beckman Coulter Genomics, Danvers, MA, USA), and quantified with a Qubit®
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2.0 Fluorometer (Invitrogen, Carlsbad, CA, USA). The libraries were pooled in equimolar reactions, diluted,
and denatured for sequencing.

The samples were sequenced (paired, 2 x 150 bp) using the MiSeq Reagent v2 kit for 300 cycles
(Illumina), at the Genomics and Bioinformatics Center (CeGenBo) of the Nucleus for Research and
Development of Medicines (NPDM) at the Federal University of Ceara (Fortaleza, Ceard, Brazil).

After the run, the machine's program filtered the data, and the relative sequences were sent to the user's
account. The data were used for bioinformatic analyses.

After sequencing, lllumina adapter sequences were cut from demultiplexed raw fastq files using
Cutadapt v1.8 [22] in paired mode, and the quality of the reads was assessed using FastQC v.0.11.8
(Andrews, 2010) and vsearch v2.10.4 [23]. Subsequent analyses were performed in the R v4.1.1
environment [24], following the DADA2 v1.18 package pipeline [25], to obtain a table of non-chimeric
amplicon sequence variants (ASVs; sequences that differ by only one nucleotide) [26]. Taxonomy
assignment and removal of sequences of non-bacterial elements was performed using the SILVA
reference database (version 132) [27].

2.5 Data analysis

All analyses were performed using the MetaboAnalyst 5.0 program. Phyla abundances were normalized
to a log scale (base 10), and comparisons of means were performed using the one-way ANOVA test with
multiple Tukey comparisons. A sparse Partial Least Squares Discriminant Analysis (sPLS-DA) was
performed to determine the most discriminative phyla contributing to each intervention group. To
analyze the ability of the sPLS-DA to classify the intervention groups, the Receiver Operating
Characteristic Curve (ROC curve), and area under the curve (AUC) were used. AUC values of greater than
0.9 were used, for high discriminant power. The Benjamini and Hochberg's method in multiple
comparisons was used for false discovery rates (FDR). An FDR of < 5% was applied.

3. Results and discussion

The abundant presence of fructooligosaccharides (FOS) in Yacon root has been linked to health
advantages in rodent models. One study revealed that FOS in Yacon root can reduce both the glycemic
index and body weight [6]. Another study has reported that Yacon root consumption does not increase
blood glucose levels [28]. Consumption of Yacon root has also demonstrated preventive effects against
development of colonic neoplasms [6, 29]. In human subjects, one study found that consumption of
Yacon flour improved body composition and intestinal function in individuals characterized as in
overweight status [30]. In a separate study focusing on a similarly overweight demographic, it was
observed that Yacon flour reduced oxidative stress while enhancing antioxidant capacity within plasma
[31]. Pertinent to both human studies, consumption of Yacon was well-tolerated, yet it is important to
emphasize that restrictive dietary practices were adopted on both occasions [30, 31]. Consequently,
integrating this root into dietary practices may help individuals aiming to control their blood glucose
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(such as those with diabetes), and also have a role in preventing the development of neoplasms.
Nevertheless, it must be acknowledged that while there is substantial evidence regarding the benefits of
Yacon root consumption, additional research is needed to thoroughly understand the correlations
between FOS and the health benefits of consuming Yacon root.

The results of the oral glucose tolerance test (OGTT), on the male Wistar rats utilized in this study
offered insights into the impact of high-fat diets (HFD) as well as supplementation with varying
concentrations of fructooligosaccharides (FOS) on glycemia (Fig. 1). In Fig. 1A, it is evident that there
was a significantly higher surge in blood glucose levels in the animals subjected to the HFD during the
initial 30 minutes following the administration of glucose. This glycemic peak is particularly prominent
between the 15 and 30 minutes, revealing a sharp, acute glycemic response in the HFD group. In
contrast, the groups that received the FOS-supplemented HFD (HFD + FOS 1% and HFD + FOS 2%)
exhibited attenuated glycemic curves, a positive modulation of glycemic response. However, the
differences did not reach statistical significance (p < 0.01).

Figure 1B offers a graph of the incremental area under the curve (iAUC) for each group. The HFD, HFD +
FOS 1%, and HFD + FOS 2% groups present significant iAUCs (p < 0.05). Notably, the iAUC of the HFD
group was greater than the FOS-supplemented HFD groups, reflecting the ability of FOS to mitigate
undesirable glycemic responses associated with consuming a high-fat diet. Regardless of concentration,
the FOS-supplemented groups exhibited lower iAUC values than the HFD group, indicating a limited
dose-dependent efficacy in this specific context.

Based on the data presented and results from previous studies by Honoré et al. [17], certain parallels
were observed. In our findings, a significant elevation in blood glucose levels of rats subjected to an HFD
was revealed, with marginal (not statistically significant) modulation from supplementation of FOS with
Yacon syrup in various concentrations. This was evidenced by attenuated glucose curves and reduced
iAUC (Fig. 1). On the other hand, Honoré et al. [32] reported that FOS supplementation with Yacon flour
significantly improved glucose homeostasis and insulin resistance in HFD rats, demonstrating a
decreased glycemic peak and an improvement in the OGTT metrics. Honoré et al. [17] also underscores
the beneficial role of Yacon-derived FOS in attenuating pro-adipogenic gene expression and regulating
glycolipid metabolism. In these models Yacon FOS emerges as an effective antidiabetic agent.

In the present study, the average weight of the animals before the start of supplementation in the group
that received a 1% FOS diet (100 mg/day) was 321.8 + 32.5 grams, and in the group that received a 2%
FOS diet (200mg/day) it was 323.7 + 41.2 grams. The 1% diet group received an average of 0.31g FOS/kg
body weight, and the 2% diet group received an average of 0.63g FOS/kg body weight.

Oliveira et al. [33] conducted a study with rats with Type | diabetes mellitus; the administration of an

aqueous extract of Yacon tuberous roots (0.76g of fructans/kg of body weight) presented a significant

effect on both water and food consumption, and hyperglycemia and dyslipidemia. Short-chain fatty acids

(SCFA) are intestinal microbiota metabolites, and the main fermentation products of a high-fiber diet.

They present neuro-active properties and produce important effects on the signaling pathways of the
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intestine and brain axis, including the endocrine system. Short-chain fatty acids help control hunger and
the satiety center [34].

The food consumption results presented statistically significant differences between the group fed the
HFD diet and the groups fed the supplemented HFD diet. The group fed the standard diet presented
higher food intake throughout the treatment, which may be due to the standard diet's lower energy
density (Fig. 2 and Fig. 3).

However, in another study where a symbiotic product based on Yacon and soy was used, it was not
possible to verify significant differences in feed consumption between the groups of animals that
received the product and the untreated groups. And no differences in weight modulation were observed
[35].

As for weight modulation, there was no significant difference between the groups treated or not with
Yacon syrup. Only the control group presented a small curve variation and greater weight. It is important
to note that Yacon syrup presents considerable caloric value, adding energy value to the HFD diet if we
compare the supplemented with the non-supplemented diet. Despite this, the weight gain curves of the
three groups that received a high-fat diet are similar.

For intestinal microbiota, the present study revealed substantial variation of the microbial communities
found in the feces of the different treated groups. Significant differences were observed between the
phyla according to group, the phyla that responded to the interventions were: Euryarchaeota (p < 0.001),
Actinobacteriota (p < 0.001), Proteobacteria (p < 0.001), Elusimicrobiota (p < 0.001), Cyanobacteria (p <
0.001), Campylobacterota (p < 0.001), Fusobacteriota (p < 0.001), Thermoplasmatota (p < 0.001),
Patescibacteria (p = 0.001), and Firmicutes (p = 0.012) (Fig. 4).

Two components presenting 23.1% of the data variance were obtained. Component 1 determined the
differences between the control groups, HFD + FOS 1%, HFD + FOS 2%, and the HFD group. The principal
phyla were Euryarchaeota, Actinobacteriota, Proteobacteria, Elusimicrobiota, Fusobacteriota,
Thermoplasmatota, and Patescibacteria (Fig. 5).

Four phyla presented excellent discriminating power: Actinobacteriota (AUC: 0.962; 95% Cl: 0.848-1),
Euryarchaeota (AUC: 0.943; 95% Cl: 0.771-1), Proteobacteria (AUC: 0.924; 95% CI: 0.771-1), and
Fusobacteriota (AUC: 0.924; 95% CI: 0.771-1) (Fig. 6).

High-fat and fiber-poor diets, in addition to altering microbial metabolism, lead to increased intestinal
permeability, allowing for translocation of intestinal bacteria and imbalances between Gram positive and
negative bacteria [36]. Lipopolysaccharides (LPS) present in the outer membrane of Gram negative
bacteria, such as the phylum proteobacteria, are associated with metabolic endotoxemia, a mechanism
that promotes systemic inflammation and insulin resistance [37].

Notably, both our research and that of Higashimura et al. [38] underline significant Actinobacteriota
modulation in response to dietary interventions: our study indicated a decline with an HFD without FOS,
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while Higashimura et al. [38] demonstrated the influence of Yacon intake in which Actinobacteria and
Firmicutes increased while Bacteroidetes and Verrucomicrobia suffered reductions. Perhaps these
results underscore the flexible adaptability of gut microbiota to dietary compositions, and more
specifically the potential role of distinct dietary fibers in selectively fostering beneficial microbial taxa.
However, Utami et al. [39] studied Yacon and FOS separately and their results revealed proliferation of
both Lactobacillus acidophilus and Bifidobacterium species, which align with a beneficial microbiota.
The shifts in microbial communities, particularly with Yacon, imply that the tuber may exhibit time-
dependent effects on the gut microbiota, differentiating it from FOS. Interestingly, the study suggests
that the effects of FOS manifest more rapidly than Yacon.

Studies have shown that the intestinal microbiota is associated with the development of metabolic
diseases, and individuals living with obesity and diabetes present proportional changes in Firmicutes,
Bacteroidetes and Proteobacterias [40, 41]

In a study performed with Wistar rats (after two months of Yacon supplementation), benefits in intestinal
health were observed, with a significant reduction in pH and an increase in the number of lactobacilli and
bifidobacteria. However, there was no significant reduction in Enterobacteriaceae and Enterococci
counts [42].

Due to its high level of FOS, Yacon is considered to possess prebiotic potential. In animal models,
consumption of a diet rich in FOS from Yacon promoted the growth of bifidobacteria and lactobacilli,
resulting in high levels of short-chain fatty acids, a sure health benefit [43, 44].

In addition, it has been observed in other studies that with Yacon supplementation, intestinal health
improves in general with the recovery of the intestinal mucosa. This anatomical modification of the
intestine (an increase in the absorption layer), leads to improvements in nutrient absorption [45, 46].

Caetano et al. [6] highlighted that in various clinical and preclinical studies, the consumption of
fructooligosaccharides (FOS) fostered proliferation of beneficial bacteria while reducing the presence of
pathogenic bacteria. Short-chain fatty acids represent end-products of FOS fermentation by the intestinal
microbiota, and function as signals, regulating the immune response and improving both glucose
homeostasis and lipid metabolism. This potentially leads to reduced blood glucose levels and a
decreased risk of associated conditions like colon cancer.

4. Conclusion

Yacon (Smallanthus sonchifolius) syrup presented significant impact on glycemic metabolism as
observed in the immediate response during the postprandial period. Additionally, Yacon root offers
benefits towards regulating the intestinal microbiota by decreasing the abundance of pathogenic phyla.
However, it was not possible to discern an influence on dietary intake. Further studies employing other
supplementation and treatment techniques are needed to enhance our understanding of the advantages
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of Yacon and its derivatives as supportive therapies for preventing and treating chronic diseases that
might benefit from its use.

Declarations

Authorship contribution statement

Conceptualization: AAFC; Formal analysis: PAF, BCSF, FASO, ACOMM, APD, LSA, MAFC and IFA; Funding
acquisition: BKMA,; Investigation: BKMA, ACO and VMMM; Methodology: AAFC, BKMA, MADN, ACO and
VMMM,; Project administration: AAFC; Supervision: AAFC, ACO and VMMM,; Validation: AAFC; Writing —
original draft: AAFC, BKMA and MADN; Writing — review & editing: AAFC, MADN, APD and LSA. All
authors read and approved the final manuscript.

Competing interest

The authors have no competing interests to declare that are relevant to the content of this article.
Funding

No funding was received for conducting this study.

Data availability

Data will be made available on request.

Acknowledgements

The authors acknowledge and thank the University of Fortaleza (UNIFOR), State University of Ceara
(UECE) and Federal University of Ceara (UFC) for technical support, and we also express our gratitude to
the Brazilian Agricultural Research Corporation (EMBRAPA) for logistical and production support

References

1. Gul K, Singh AK, Jabeen R (2016) Nutraceuticals and functional foods: The foods for the future
world. Crit Rev Food Sci Nutr 56(16):2617-2627. https://doi.org/10.1080/10408398.2014.90338

2. Candido TL, Silva LS, Tavares JS, Conti ACM, Rizzardo RAG, Alfenas RCG (2020) Effects of dietary
fat quality on metabolic endotoxaemia: A systematic review. Br J Nutr 124(7):654-667.
https://doi.org/10.1017/s0007114520001658

3. Flint HJ, Duncan SH, Scott KP, Louis P (2015) Links between diet, gut microbiota composition and
gut metabolism. Proc Nutr Soc 74(1):13-22. https://doi.org/10.1017/S0029665114001463

Page 11/21



10.

11.

12.

13.

14.

15.

. Couto MR, Goncalves P, Magro F, Martel F (2020) Microbiota-derived butyrate regulates intestinal

inflammation: Focus on inflammatory bowel disease. Pharmacol Res 159:104947, 1-8.
https://doi.org/10.1016/j.phrs.2020.104947

. Kumar J, Rani K, Datt C (2020) Molecular link between dietary fibre, gut microbiota and health. Mol

Biol Rep 47:6229-6237. https://doi.org/10.1007/s11033-020-05611-3

. Caetano BFR, Moura NA, Almeida APS, Dias MC, Sivieri K, Barbisan LF (2016) Yacon (Smallanthus

sonchifolius) as a food supplement: Health-promoting benefits of fructooligosaccharides. Nutrients
8(7):436. https://doi.org/10.3390/nu8070436

. Cao Y, Ma ZF, Zhang H, Jin Y, Zhang Y, Hayford F (2018) Phytochemical properties and nutrigenomic

implications of yacon as a potential source of prebiotic: Current evidence and future directions.
Foods 7(4):59. https://doi.org/10.3390/foods7040059

. Silva MFGD, Dionisio AP, Abreu FAPD, Brito ESD, Wurlitzer NJ, Silva LMA, Ribeiro PRV, Rodriges S,

Taniguchi CAK, Pontes DF (2018) Evaluation of nutritional and chemical composition of Yacon syrup
using TH NMR and UPLC-ESI-Q-TOF-MSE. Food Chem 245:1239-1247.
https://doi.org/10.1016/j.foodchem.2017.11.092

. Khajehei F, Merkt N, Claupein W, Graeff-Hoenninger S (2018) Yacon (Smallanthus sonchifolius

Poepp. & Endl.) as a novel source of health promoting compounds: Antioxidant activity,
phytochemicals and sugar content in flesh, peel, and whole tubers of seven cultivars. Molecules
23(2):278. https://doi.org/10.3390/molecules23020278

Adriano LS, Dionisio AP, Abreu FAP, Carioca AAF, Zocolo GJ, Wurlitzer NJ, Pinto CO, de Oliveira AC,
Sampaio HAC (2019) Yacon syrup reduces postprandial glycemic response to breakfast: A
randomized, crossover, double-blind clinical trial. Food Res Int. 126:108682.
https://doi.org/10.1016/j.foodres.2019.108682

Dionisio AP, Wurlitzer NJ, Borgez MF, Modesto ALG, Araujo IMS, Pereira ACS, Goes TS, Vieira NM,
Figueiredo RW (2013) Desenvolvimento de bebida prebidtica de caju e Yacon. Fortaleza: Embrapa
Agroindustria Tropical. Embrapa Agroindustria Tropical — Boletim de Pesquisa e Desenvolvimento,
82. https://www.infoteca.cnptia.embrapa.br/infoteca/bitstream/doc/982060/1/BPD13011.pdf.
Accessed 11 June 2023

AOAC (1997) Official methods of analysis. Association of Official Analytical Chemists, Arlington, VA,
USA.

IAL (2008) Normas Analiticas; métodos fisico-quimicos parais andlise de alimentos. Instituto Adolfo
Lutz, Sao Paulo.

AOAC (2005) Official methods of analysis. Association of Official Analytical Chemists, Gaithersburg,
MD, USA.

Estadella D, Oyama LM, Damaso AR, Ribeiro EB, Oller Do Nascimento CM (2004) Effect of palatable
hyperlipidic diet on lipid metabolism of sedentary and exercised rats. Nutrition 20(2):218-224.
https://doi.org/10.1016/j.nut.2003.10.008

Page 12/21



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29

Estadella D, Oyama LM, Bueno AA, Habitante CA, Souza GlI, Ribeiro EB, Motoyama SM, Nascimento
CMO (2011) A palatable hyperlipidic diet causes obesity and affects brain glucose metabolism in
rats. Lipids Health Dis 10:168. https://doi.org/10.1186/1476-511X-10-168

Honoré SM, Grande MV, Gomez Rojas J, Sdnchez SS (2018) Smallanthus sonchifolius (Yacon) flour
improves visceral adiposity and metabolic parameters in high-fat-diet-fed rats. J Obes 2018:1-15.
https://doi.org/10.1155/2018/5341384

Santos KC, Bueno BG, Pereira LF, Francisqueti FV, Braz MG, Bincoleto LF, da Silva LX, Ferreira ALA,
Nakamune ACMS, Chen CO, Blumberg JB, Corréa CR (2017) Yacon (Smallanthus sonchifolius) leaf
extract attenuates hyperglycemia and skeletal muscle oxidative stress and inflammation in diabetic
rats. Evid Based Complement Alternat Med 2017:6418048. https://doi.org/10.1155/2017/6418048

Turner PA, Brabb T, Pekow C, Vasbinder MA (2011) Administration of substances to laboratory
animals: Routes of administration and factors to consider. J Am Assoc Lab Anim Sci 50(5):600-613.

Parada AE, Needham DM, Fuhrman JA (2016) Every base matters: assessing small subunit rRNA
primers for marine microbiomes with mock communities, time series and global field samples.
Environ. Microbiol. 18:1403-1414. https://doi.org/10.1111/1462-2920.1302

Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Lozupone CA, Turnbaugh PJ, Noah Fierer N,
Knight R (2011) Global patterns of 16S rRNA diversity at a depth of millions of sequences per
sample. Proc Natl Acad Sci USA 108:4516-4522. http://doi.org/10.1073/pnas.1000080107

Martin M (2011) Cutadapt removes adapter sequences from high-throughput sequencing reads.
EMBnet.journal 17(1):10-12. https://doi.org/10.14806/€j.17.1.200

Rognes T, Flouri T, Nichols B, Quince C, Mahé F (2016) VSEARCH: a versatile open source tool for
metagenomics. Peerd 4:€2584. https://doi.org/10.7717/peerj.2584

R Core Team (2020) R: A language and environment for statistical computing. Vienna: R Foundation
for Statistical Computing. https://www.R-project.org/. Accessed 6 October 2023

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP (2016) DADA2: High-
resolution sample inference from Illumina amplicon data. Nat Methods 13:581-583.
https://doi.org/10.1038/nmeth.3869

Callahan BJ, McMurdie PJ, Holmes SP (2017) Exact sequence variants should replace operational
taxonomic units in marker-gene data analysis. ISME J 11:2639-2643.
https://doi.org/10.1038/ismej.2017.119

McLaren MR, Callahan BJ (2021) Silva 138.1 prokaryotic SSU taxonomic training data formatted for
DADAZ2. Zenodo, Version v1. https://doi.org/10.5281/zenod0.4587955

Russo D, Valentao P, Andrade PB, Fernandez EC, Milella L (2015) Evaluation of antioxidant,
antidiabetic and anticholinesterase activities of Smallanthus sonchifolius landraces and correlation
with their phytochemical profiles. Int J Mol Sci 16:17696-17718.
https://doi.org/10.3390/ijms160817696

. Moura NA, Caetano BF, Sivieri K, Urbano LH, Cabello C, Rodrigues MA, Barbisan LF (2012) Protective

effects of Yacon (Smallanthus sonchifolius) intake on experimental colon carcinogenesis. Food

Page 13/21



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Chem Toxicol 50(8):2902-2910. https://doi.org/10.1016/j.fct.2012.05.006

Machado AM, da Silva NBM, Chaves JBP, Alfenas RCG (2019) Consumption of Yacon flour improves
body composition and intestinal function in overweight adults: A randomized, double-blind, placebo-
controlled clinical trial. Clin Nutr ESPEN 29:22-29. https://doi.org/10.1016/j.clnesp.2018.12.082

Machado AM, da Silva NBM, de Freitas RMP, de Freitas MBD, Chaves JBP, Oliveira LL, Martino HSD,
Alfenas RCG (2021) Effects of Yacon flour associated with an energy restricted diet on intestinal
permeability, fecal short chain fatty acids, oxidative stress and inflammation markers levels in adults
with obesity or overweight: A randomized, double blind, placebo controlled clinical trial. Arch
Endocrinol Metab 64(5):597-607. https://doi.org/10.20945/2359-3997000000225

Honoré SM, Grande MV, Gomez Rojas J, Sdnchez SS (2010) Smallanthus sonchifolius (Yacon) Flour
Improves Visceral Adiposity and Metabolic Parameters in High-Fat-Diet-Fed Rats. J Obes.
28(2018):5341384. https://doi.org/10.1155/2018/5341384

Oliveira GO, Braga CP, Fernandes HAA (2013) Improvement of biochemical parameters in type 1
diabetic rats after the roots aqueous extract of Yacon [Smallanthus sonchifolius (Poepp. & Endl.)]
treatment. Food Chem Toxicol 59:256-260. https://doi.org/10.1016/j.fct.2013.05.050

Dalile B, Oudenhove LV, Vervliet B, Verbeke K (2019) The role of short-chain fatty acids in
microbiota—gut—brain communication. Nat Rev Gastroenterol Hepatol 16:461-478.
https://doi.org/10.1038/s41575-019-0157-3

Roselino MN, Pauly-Silveira ND, Cavallini DC, Celiberto LS, Pinto RA, Vendramini RC, Rossi EA (2012)
A potential synbiotic product improves the lipid profile of diabetic rats. Lipids Health Dis 11:114.
https://doi.org/10.1186/1476-511X-11-114

Brownlee IA, Knight J, Dettmar PW, Pearson JP (2007) Action of reactive oxygen species on colonic
mucus secretions. Free Radic Biol Med 43(5):800-808.
https://doi.org/10.1016/j.freeradbiomed.2007.05.023

Mehta NN, McGillicuddy FC, Anderson PD, Hinkle CC, Shah R, Pruscino L, Tabita-Martinez J, Sellers
KF, Rickels MR, Reilly MP (2010) Experimental endotoxemia induces adipose inflammation and
insulin resistance in humans. Diabetes 59(1):172-181. https://doi.org/10.2337/db09-0367

Higashimura Y, Hirabayashi M, Nishikawa H, Inoue R, Nagai E, Matsumoto K, Enomoto T, Mizushima
K, Takagi T, Naito Y (2021) Dietary intake of Yacon roots (Smallanthus sonchifolius) affects gut
microbiota and fecal mucin and prevents intestinal inflammation in mice. J Clin Biochem Nutr
69(3):272-279. https://doi.org/10.3164/jcbn.20-203

Utami NW, Sone T, Tanaka M, Nakatsu CH, Saito A, Asano K (2013) Comparison of Yacon
(Smallanthus sonchifolius) tuber with commercialized fructo-oligosaccharides (FOS) in terms of

physiology, fermentation products and intestinal microbial communities in rats. Biosci Microbiota
Food Health 32(4):167-178. https://doi.org/10.12938/bmfh.32.167

Larsen N, Vogensen FK, Berg FW, Nielsen DS, Andreasen AS, Pedersen BK, Al-Soud WA, Sgrensen SJ,
Hansen LH, Jakobsen M (2010) Gut microbiota in human adults with type 2 diabetes differs from
non-diabetic adults. PLoS One 5(2):e9085. https://doi.org/10.1371/journal.pone.0009085

Page 14/21



41. Ley RE, Turnbaugh PJ, Klein S, Gordon JI (2006) Microbial ecology: Human gut microbes associated
with obesity. Nature 444(7122):1022-1023. https://doi.org/10.1038/4441022a

42. Jimenez ME, Rossi A, Samman N (2015) Health properties of oca (Oxalis tuberosa) and Yacon
(Smallanthus sonchifolius). Food Funct 6(10):3266-3274. https://doi.org/10.1039/c5f000174a

43. Campos D, Betalleluz-Pallardel I, Chirinos R, Aguilar-Galvez A, Noratto G, Pedreschi R (2012)
Prebiotic effects of Yacon (Smallanthus sonchifolius Poepp. & Endl), a source of
fructooligosaccharides and phenolic compounds with antioxidant activity. Food Chem 135(3):1592-
1599. https://doi.org/10.1016/j.foodchem.2012.05.088

44. Rodrigues FC, Castro ASB, Rodrigues VC, Fernandes SA, Fontes EAF, Oliveira TT, Martino HSD,
Ferreira CLLF (2012) Yacon flour and Bifidobacterium longum modulate bone health in rats. J Med
Food 15(7):664-670. https://doi.org/10.1089/jmf.2011.0296

45. Lobo AR, Colli C, Alvares EP, Filisetti TMCC (2007) Effects of fructans-containing Yacon
(Smallanthus sonchifolius Poepp. & Endl.) flour on caecum mucosal morphometry, calcium and
magnesium balance, and bone calcium retention in growing rats. Br J Nutr 97(4):776-785.
https://doi.org/10.1017/S0007114507336805

46. Lobo AR, Gaievski EHS, Carli E, Colli C, Alvares EP (2014) Fructo-oligosaccharides and iron
bioavailability in anemic rats: The effects on iron species distribution, ferroportin-1 expression, crypt
bifurcation and crypt cell proliferation in the caecum. Br J Nutr 112(8):1286—-1295.
https://doi.org/10.1017/S0007114514002165

Figures

Page 15/21



200+ %
. p<0,01 -e- Control
- HFD
150+ )
—+— HFD + FOS 1%
= -+ HFD + FOS 2%
< 100-
£ -—
50-
0 1 1 1 I I 1
S v S & S
Time (minutes)
B
800-
EZ&E Control
* . * 2 HFD
6004 = FEm

B2 HFD + FOS 1%
Il HFD + FOS 2%

*P<0.05 for the control group

Graphs of the oral glucose tolerance test. A. Time-course changes in the measured parameter (mg/dL)

Figure 1

over a 120-minute period with comparison between glycemic curves by time (minute) between groups,
control group, high-fat diet group (HFD), high-fat diet supplemented with 1% FOS group (HFD + FOS 1%),
and high-fat diet supplemented with 2% FOS group (HFD + FOS 2%). Each data point represents the
mean + SEM for each group. A one-way ANOVA was applied to compare the groups over time. The
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asterisk (*) denotes a statistically significant difference from the control group (p<0.01). B. Area under
the curve (IAUC) analysis for the measured parameter during the 120-minute observation. Bars represent
mean values + SEM. One-way ANOVA followed by a Tukey’s test was used. The asterisk (*) indicates
values that are significantly different from the control group (p<0.05).
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Figure 2

Weekly consumption progression (g/day) over a 12-week period to compare dietary intake between
groups: control group, high-fat diet group (HFD), high-fat diet supplemented with 1% FOS group (HFD +
FOS 1%), and high-fat diet supplemented with 2% FOS group (HFD + FOS 2%). Data points are presented
as mean values + SEM. One-way ANOVA was utilized to compare trends by week for the different groups.
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Figure 3

Graph of variation between groups, over a 12-week period: control group, high-fat diet group (HFD), high-
fat diet supplemented with 1% FOS group (HFD + FOS 1%), and high-fat diet supplemented with 2% FOS
group (HFD + FOS 2%). Data points are presented as mean values + SEM. One-way ANOVA was utilized
to compare trends by week for the different groups.
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Figure 4

Graphical representation of phyla differences among intervention groups. Each box plot depicts the
distribution of the relative abundance of microbial phyla for the groups specified: control, high-fat diet
(HFD), high-fat diet supplemented with 1% FOS (HFD + FOS 1%), and high-fat diet supplemented with 2%
FOS (HFD + FOS 2%). The following phyla are represented, with their associated significance levels:
Euryarchaeota (p<0.001), Actinobacteriota (p<0.001), Proteobacteria (p<0.001), Elusimicrobiota
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(p<0.001), Cyanobacteria (p<0.001), Campylobacterota (p<0.001), Fusobacteriota (p<0.001),
Thermoplasmatota (p<0.001), Patescibacteria (p=0.001), and Firmicutes (p=0.012). Distinct letters
above box plots indicate statistically significant differences between groups based on the Tukey post
hoc test (p<0.05).
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sPLS-DA plot showing model discrimination for microbial composition differences by dietary
intervention. Score plots depict the spatial distribution of samples from different groups: control, high-fat
diet (HFD), high-fat diet supplemented with 1% FOS (HFD + FOS 1%), and high-fat diet supplemented with
2% FOS (HFD + FOS 2%). Ellipses include the majority of samples within each group, highlighting the
variance and overlap among groups.
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Figure 6

ROC curves and bars plots for selected phyla. The ability of the sPLS-DA to classify between the high-fat
diet (HFD) group and the high-fat diet supplemented with Yacon is illustrated using ROC curves (left) for
Actinobacteriota, Euryarchaeota, Proteobacteria, and Fusobacteriota. Bar plots (right) depict the
distribution of bacterial abundance in HFD and HFD + Yacon groups. The area under the curve (AUC) for
each ROC curve is annotated, indicating the discriminant power, with values greater than 0.9 indicating
excellent discriminant capability. False discovery rates (FDR) in multiple comparisons were addressed
using Benjamini and Hochberg's method, with an FDR of <5% applied.
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