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ABSTRACT

The human microbiota is a key contributor to many aspects of human health and its composition is largely influenced
by diet. There is a growing body of scientific evidence to suggest that gut dysbiosis (microbial imbalance of the
intestine) is associated with inflammatory and immune-mediated diseases (e.g., inflammatory bowel disease and
asthma). Regular consumption of fermented foods (e.g., kimchi, kefir, etc.) may represent a potential avenue to counter
the proinflammatory effects of gut dysbiosis. However, an assessment of the available literature in this research area is
lacking. Here we provide a critical review of current human intervention studies that analyzed the effect of fermented
foods on the composition and/or function of the human gut microbiota. A total of 19 human intervention studies were
identified that met this search criteria. In this review, we discuss evidence that consumption of fermented foods may
modify the gut microbiota in humans. Further, there is cursory evidence to suggest that gut microbiota compositional
changes mediate associations between fermented food consumption and human health outcomes. Although promising,
there remains considerable heterogeneity in the human populations targeted in the intervention studies we identified.
Larger longitudinal feeding studies with longer follow-up are necessary to confirm and enhance the current data.
Further, future studies should consider analyzing microbiota function as a means to elucidate the mechanism linking
fermented food consumption with human health. This review highlights methodologic considerations for intervention
trials, emphasizing an expanse of research opportunities related to fermented food consumption in humans. J Nutr
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Introduction

The human microbiota is comprised of trillions of microbial
cells and viruses that together have significant influences on
many aspects of human health and physiology (1). The term
microbiota refers to the microbial population (composition),
whereas microbiome refers to the genetic makeup of this
microbial population (2). Enhanced genomic strategies have
streamlined analysis of this microbial consortium, allowing
for the characterization of un-culturable microbial taxa (1).
Application of these -omics strategies in humans suggests the
microbiota may be modified by many environmental factors (3).
Dysbiosis is an imbalanced microbial state, often instigated by
environmental factors such as broad-spectrum antibiotic usage,
which kills both pathogenic and resident microbes, and poor
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dietary habits (3). For example, regular consumption of a diet
high in fat contributes to microbial dysbiosis by increasing the
ratio of Firmicutes to Bacteroidetes (4).

Probiotics are live microbes which, when ingested in
adequate amounts, confer a health benefit to the host (5). In
addition, in order for a microbe to be considered probiotic, it
also must adhere to the intestinal mucosa, because this is crucial
for microbial colonization of the gut (6). Proper adhesion to the
intestinal lining contributes to some of the benefits of consuming
probiotic microbes, namely, protection from pathogen invasion
and modulation of intestinal immune cells (6). Consumption
of probiotics or other beneficial microbial taxa via dietary
vehicles may also modify the host gut microbiota composition
toward a more balanced state and counteract the effects of
dysbiosis-promoting factors (7). In addition, many fermented
foods contain bioactive compounds as a result of microbial
fermentation (8). Regardless of whether or not the microbes
remain in the food, consumption of these compounds can confer
health benefits (8).

There is also increasing evidence to support the role of
specific genetic determinants as strong predictors of microbiota
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composition (9, 10). For example, expression of specific genes
in early life is reported to influence gut microbiota composition
into adulthood (9). Further, in a study of 1126 twin pairs, re-
searchers identified heritable microbes and associations between
specific gene loci and bacterial taxa (10). Thus, intervention
studies aimed at assessing the influence of dietary choices on the
gut microbiota in humans are particularly challenging, because
each person’s microbiota may be genetically primed to react
differently to the same intervention.

Fermented foods such as yogurt, sauerkraut, kimchi, and
kefir contain relatively stable microbial ecosystems comprised
primarily of lactic acid bacteria (LAB) and LAB primary
metabolites (e.g., lactic acid) (8). Some LAB are considered
probiotic (e.g., Lactobacillus spp.), whereas others are currently
being studied to better characterize their probiotic potential
(11). Nevertheless, these foods contain a variety of microbes
that exhibit health-promoting properties, which could be
integrated into one’s diet as a means to support the health of
the gut microbiota.

Fermentation is a common form of food preservation, in
which a resilient microbial ecosystem prevents colonization
by invading microbes that may cause spoilage (Erwinia spp.,
Pseudomonas spp.), maintaining the integrity of the food
over long periods of time (8, 11). The initial microbial
inhabitants of these ecosystems are preferentially selected from
the environment based on the particular nutrient components
and pH conditions of the food (4, 5). Over time, these
initial microbes contribute to changes in the pH of the food,
resulting in colonization by a succession of microbial species
(12). For example, although cabbage fermentations like kimchi
and sauerkraut are typically colonized by LAB, the particular
species and strains of LAB differ based on the acidity of the
food product (Leuconostoc mesenteroides dominates early in
the colonization of the food at a pH of 5.6-4.3, whereas
Lactobacillus sakei dominates later at a pH of 4.1) (13).

Observational and interventional studies in humans suggest
that consumption of fermented foods is associated with
protection from metabolic and immune-mediated diseases (14—
16). However, whether modification of the gut microbiota
composition mediates this association has yet to be determined.
To assess the relevant empirical evidence, we reviewed published
human intervention studies of fermented foods in which
the gut microbiota composition (via culture-dependent or
culture-independent methods) and/or metabolic function (i.e.,
production of bioactive metabolites) was analyzed. We present
the available data on the topic, discuss gaps in the scientific
literature and challenges in study design and implementation,
and make recommendations for future assessment of the gut
microbiota through dietary interventions in humans.

Fermented Foods Discussed in This
Review

In this review, we assess the influence of spontaneous or
multispecies starter-culture fermented food consumption on the
composition and/or metabolic function of the human gut micro-
biota. Fermented foods such as kimchi, sauerkraut, coffee, and
pickled vegetables (pickles, olives, etc.) undergo a spontaneous
fermentation process and are subject to microbial colonization
that is influenced by the surrounding environment (13) (Table
1). Yogurt, cheese, soy products, kefir, kombucha/fermented
teas, and wine are typically fermented with multispecies starter

cultures comprised of yeasts and bacteria [e.g., Kombucha
SCOBY (symbiotic culture of bacteria and yeasts)] (17-19)
(Table 1). There are many human intervention studies aimed
at analyzing the effects on the gut microbiota of probiotic
fortification of fermented food products (e.g., a comparison
of the microbiota or other health effects after consumption
of yogurt fortified with Bifidobacteria spp. or yogurt without
this taxon) (20, 21). The goal of this review is to assess the
effect of spontaneously or multispecies starter-culture fermented
foods on the microbiota. Although common probiotic taxa
may be used in the fermentation of the foods discussed in this
review, these taxa are primary fermenters of the food rather
than secondarily added to compare the probiotic effectiveness
of that specific microbe. Articles comparing effects of specific
probiotic-fortified fermentations are not included in this
review.

Each study included in this review meets the following
criteria: 1) the study analyzed a spontaneously fermented
food or a food fermented with a multispecies starter culture
commonly used in the commercial production of these foods,
2) the study was a human intervention (feeding) study (no
observational studies were included), and 3) the composition
and/or metabolic function of the gut (fecal) microbiota was
analyzed. Three researchers (LTS, REN, and JGN) inde-
pendently reviewed the scientific literature and consistently
identified a total of 19 studies meeting these criteria using
the following search terms in the PubMed database: “mi-
crobiome” or “microbiota” in combination with “fermented
food,” “fermented,” “kefir,” “yogurt,” “wine,” “kimchi,”
“sauerkraut,” “pickled food,” “cheese,” “fermented cabbage,”
“fermented milk,” “kombucha,” “coffee,” and “fermented tea”
(Table 2).

The Micro- and Molecular Environment of
Fermented Foods and Their Potential Role
in Human Health

The fermented foods discussed in this review are fermented
predominantly by LAB (e.g., Lactobacillus spp., Streptococcus
thermophilus), Bifidobacteria spp., and, in the case of red wine
and coffee, Saccharomyces yeasts (Table 1). Introduction of
specific LAB and Bifidobacteria species and strains into both
humans and animal models suggests these bacterial taxa are
capable of modifying host metabolism and immunity (22-24).
In addition, Saccharomyces yeasts are reported to exhibit anti-
inflammatory properties, which may contribute to immune-
supporting characteristics of modest wine consumption
(25, 26).

Microbial fermentation can also modify the bioactive
properties of the food itself. Through the process of fer-
mentation, many microbes participate in the conversion of
complex carbohydrates and phenolic compounds to bioactive
metabolites (8, 27). Bioactive metabolites such as SCFAs
are essential energy sources for host cells and are reported
to have significant impact on host immune, neuronal, and
metabolic functions (27-29). These particular metabolites also
modulate gut immune function and energy production by
colonic cells, affecting host-microbiota interactions (28, 30).
Thus, consumption of fermented foods may introduce both
probiotic microbes and their beneficial by-products, alluding to
a mechanism by which these foods support aspects of human

health.
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TABLE 1 Microbial compositions of fermented foods addressed in this review'

Citations Type of fermented food

Mode of initial bacterial

Microbial components colonization

Unno et al. (31); Tillisch et al. (32);
Veiga et al. (33); Yilmaz et al. (34)

Fermented milk

Lactobacillus brevis, Lactobacillus casei, Lactobacillus
acidophilus, Bifidobacterium longum, and Streptococcus

Starter culture

thermophilus (31); Bifidobacterium animalis, S. thermophilus,

and Lactobacillus bulgaricus (32); B. animalis subsp. lactis, S.
thermophilus, Lactobacillus delbrueckii subsp. bulgaricus, and
Lactococcus lactis (33); Lactobacillus spp. (34)

Lisko et al. (19); Yang and Sheu (35)

—~

Yogurt

acidophilus, Bifidobacterium lactis, L. bulgaricus, S.

Starter culture

thermophilus, and L. casei (18 only)

Firmesse et al. (36); Lay et al. (37) Camembert cheese

S. thermophilus, Lactobacillus spp., L. lactis, Leuconostoc, Hafnia

Starter culture or spontaneous

alvei, and Geotrichum

Not specified in the study cited in Wine
this review. General fermenters of
fermented soybean milk were
identified from Marzano

Predominantly Saccharomyces yeasts

Starter culture

et al. (38).
Han et al. (15) Kimchi Lactobacillus spp. Spontaneous
Nielsen et al. (39) Sauerkraut Lactobacillus spp. (L. plantarum and L. brevis), Leuconostoc spp., Spontaneous
Weissella confusa, L. lactis, and Enterobacteriaceae
Not specified in the study cited in Coffee Primarily Klebsiella, Leuconostoc, LAB, Erwinia spp., Enterobacter ~ Spontaneous

this review. General fermenters of
coffee were identified from Lee
etal. (40).

Yamamoto et al. (41) Fermented tea

Aspergillus luchuensis var kawachii kitahara, Lactobacillus spp. (L.

spp. And a variety of yeasts (e.g., Kloeckera apis apicualata,
Candida guilliermondii, Saccharomyces cerevisiag)

Starter culture

sakei, L. acidophilus, L. casei, L. plantarum), B. longum

Not specified in the study cited in
this review. General fermenters of
fermented soybean milk were
identified from Sirilun et al. (42).

Not specified in the study cited in
this review.

Fermented soybean milk

Fermented plant extract

Lactobacillus paracasei, L. casei, Lactobacillus mali, and
Bifidobacterium breve

Starter culture

Not specified Not specified

TLAB, lactic acid bacteria.

Review of Human Intervention Studies

Of the 19 studies identified in our literature search, 8 ana-
lyzed fermented milk, yogurt, or cheese; 4 analyzed red wine;
and 7 analyzed other varieties of fermented foods, including
fermented tea, coffee, kimchi, fermented soybean milk,
sauerkraut, and fermented plant extract (Table 2). We did not
identify feeding studies that assessed the effect of pickled foods
(olives, pickles, etc.) on the gut microbiota.

Studies testing fermented dairy products

Eight studies analyzed the gut microbiota after consumption
of fermented dairy products, including fermented milk, yogurt,
and cheese. Fermented dairy products are typically fermented
by LAB (namely, Streptococcus thermophilus and Lactobacillus
spp.) in addition to Bifidobacterium spp. (Table 1) (19, 31—
37). Camembert cheese is also fermented with Leuconostoc
spp., Hafnia alvei, and Geotrichum fungi (Table 1) (36, 37).
These additional fermenters of the cheese could account for
the varied effects of its consumption on the gut microbiota.
However, it is important to note that although the fermented
milks and yogurts tested were fermented with similar bacteria,
the specific LAB and amounts of LAB in each product are not
identical. These differences may account for the variability in
results between the fermented milk and yogurt intervention
studies.

1682 Stiemsma et al.

Fermented milk.

According to a crossover intervention study of 6 healthy
women, consumption of fermented milk may be associated with
changes in gut microbiota composition (31). Specifically, the
authors report increases in the Firmicutes:Bacteroidetes ratio
after consumption of fermented milk for 3 wk (31). Tillisch
etal. (32) reported in a double-blind parallel-group intervention
study comprised of 36 healthy adult women (12 received
fermented milk, 11 received nonfermented milk, and 13 received
no intervention) that changes in midbrain connectivity were
associated with consumption of the fermented milk product for
4 wk. However, in a post hoc analysis of the gut microbiota, the
authors report that these changes in neuronal activity were not
mediated by shifts in the bacterial diversity of the gut (32). Thus,
whether fermented milk products modify the gut microbiota of
healthy participants remains inconclusive. The study by Unno
et al. (31) was comprised of only 6 participants, limiting the
researchers’ ability to detect small to medium shifts in microbial
abundance. These studies also do not provide evidence of
the gut microbiota mediating associations between fermented
milk products and other physiological aspects in healthy
participants.

Two studies analyzed the gut microbiota after consumption
of fermented milk among immune-compromised patients. Veiga
et al. (33) analyzed the gut microbiota before and after fer-
mented milk consumption for 4 wk in 28 women with irritable
bowel syndrome (IBS). After the intervention, the researchers



(panuruoy)

(50°0 > ) pasesioul
$8109s ,poob Buljsay,
pue paonpal aiam
31035 Bueo|q “ym
Z1sej ay1ul ‘uonippe
u| uigojBoway

U1 asealoul

ue pue uisjoud
aA1}9BaI-7) Ul 3SB3II8P
e sem a1ay} ‘(dnolb
uawleal) sy ul
S1}1109 BAI}RIBI|N YHUM
350y} Y1Im pasedwod)

‘dno.B
JUBWIEAI} Y} JO $898) AU}

pajeaiun
02 "llw pajuswLiay yym
pajeal} Gz ‘8seasip [8moq

uonuaNIBIUI
0U PBAIBIB] OYM
$193(ns 4o e301GOJIIW
ay} yyim paledwod yjiw

8seas|p Uyos) Yum ul paseasaul Ajpueayiubis Ajiep Aojewweur yym (18pjo pajuswlay Jo uondwnsuod ubisap
sjuaiied ul ‘Ajjeayioads S1UN09J Snjj198G03987] 90IM} "W 00Z M § 10 A g|)saned ynpe Gy 181JE B10IGOIDIN 31w pajuaLLIa, dnoub-|ajeied (7€) |e 18 Zew|Iz
(7000 > d) UOIJUBAIBIUI OU PAAIBJal
Aynnoe ulelgpiw uonuaAaul OUM 10 3|1 pajuswIauou
paanpal ul paynsal ou paAladal g1 i pawnsuod oym
|Iw pajuawLay) “UoIIUBAIBIUI B} JB}jR pajusWIBjuOU PaWNSU0d sjuedioned Jo e301G0I9IW
0 uonndwnsuod uo1sodwod e301qoIoIW L }|lw pajuswiay 3y} YHm pasedwod 1w
"|Se} uouane 1B ayy ul sabueya pawnsuod z| ‘A gG-8| pajuaLuIa) pawnsuod oym ubisap
|BUOIIOWS UB Ja))y Jueayiubis ou a1em aiay | Ajrep aaimy ‘6 Gz AN p pabe uswom 1npe Ayyjeay 9g sjuedioiued Jo e101Go.dII |1 pajuauLIa, dnoub-|aj|eied (z€) "|e 18 Yos:
(500 > 4) wnjAyd (1noysem) uorjuaalalul ou
SaIN3IWII4 BY} JO Slaquiaw (1noysem) JO S)99M Ja}je B}01goIaIuW
Ul 8sealaul pue (00 > 4) uonuaAaul 8y} yym paedwod 1w
"passasse 8Iam wnjAyd ss1apiolaloeq Ajiep 0U JOIM € Ayz—0z pajuswlay Jo uondwnsuod uonuaAIBIUI
S3U02}N0 Y3|eaY Jayio oN 3y} 4O Slaquial Ul 8sealds( 90IM} W Y| Aq pamojjoy M ¢ pabe uswom ynpe Ayyeay g 181JE B10IGOIDIN 3|IW pajuaLLIa, 1810SS017) (1€) ‘|e 18 ouun
"e101goJaiw 1nb ayy
g (1000 > 4 "a1elhing
Ajrenaned) uoianpold
V408 Ul asealoul
Jueayiubis e os|e sem
aiay] (G0'0 > d) eualoeq
Buionpoid-aieiAing 0gaae|d paniadas oym
ul asealoul ue 0ga2e|d pawnsuod G|, sjuediared Jo e101GoIdIW
pue (o' > 4 ‘wuoiqoyied “Y|1W pausWIS) PaWNSU0I 3y} yym pasedwod 1w
"Passasse alam e) ely1omspem ¢ ‘A g9—0z pebe pajuaLuIg) pawnsuod oym ubisap
SBWO2IN0 Y3|eaY Jayio ON ejiydoyig u1 8seadaq Ajiep saimy ‘6 67| My Sg| yHm sjuaned uswom gz sjuediaied Jo eJ0IGoIdIIN |1lw pajuauLia4 dnolb-|ajeled (€€) "|e 18 BBIAA
SUO[BAIBS(qO £101q0J0IW uoiuaAIalUl uonuaAIaul sjuedioied apew uosuedwo) uouaAIa}Ul ubisap Apnig uoney)
|eaibojoisAyd N6 ay3 uo 10843 8y} Jo asop ay} jo uoneunq ay} ul palsal

10 yljeay JayiQg

pue Aouanbaly

1onpoud poo4

,B101g0JOIW INB 8U1 JO UONIUNS JO/PUE UONISOAWOD 8} UO UOIAWINSUOD POO) PalUBWIS) JO 10848 8yl BuIssasse salpnls UollUsAISIUI Alelslp UewnH g J19VL

1683

Do fermented foods modify the gut microbiota?



(panuiuoy)

“(Ajennnoadsal
100>d

pue 6o >4)
SUOIBIIUBI0D

Sd YHM pale|a1iod

wnugaeqopyig (10°0 > 4) 8uepunge uib pue
pue ej/a10/a44 winiaaeqopyg pasealaul Arep ‘8UIM pal pazl|oyoajesp
Ul suonanpay (pazijoyoajesp pue 89u0 uIb pawnsuo0d oym
*SUOIJUBAIBIUI UBBMIA] pazijoyo|e) sjouaydAjod 001 ‘(BuIm pal sjuediared Jo e101qosaIw
SUOIIBIIUBIU0I 4gT 10 auIM pal ‘(100 > o) pazijoyoa|esp 8y} yyum pasedwod
Sd7104 panIasqo aiem 99UBPUNQE BJ/810A3)4 pue auIm pai) sinoysem A oG-St 3UIM Pal paWNsuod oym UOIUBAIBIUI (v%) e 18
$a3uaIBIp Jueaylubis oN pasealaul auIm pay Ajiep 8auo qw z/z ou 'ydea p oz pabe sajew ynpe Ayyeay | sjuedonued Jo e301G0JdI auIM pay 19A0SS017) 0b1sod-ayuswal)
‘papua
UOIUBAIBIUI B} JaYje P G|
paisisiad saplossjuasau
7 "uoiuaAIBUl 8y}
Bulinp sajdwes |eaay ul
painseauw saploajuasaw 85882 J0 uoNdwnsuod
“UoIUBAIBII 20150109N37 81043q 101q0JIIW BY}
8y} Burinp pasealdap pue s1198/ $N2302039€7 (pal Unm pasedwod 8saayd Jo ENEEITR] ubisap (9¢)
AvA19e Bse1anpal 81esN 10 SUOIBIIUBIU0I YBIH Ajiep aaimy ‘6 gy My abe ou) s1aaun|on Ayyjeay z| uondwnsuod Jaie e3oIqoldIN| Jaquawe) 18)4e pue 8104ag ‘|B 18 8SSauUlI4
(500 > 4) pouad 85989 40 uondwnsuod
UOIUBAIBIUI B} Ja)je 810J8( £101q0.IIW BY}
‘pPassasse alam 8ouepuUNge Ul pasealaul (paioads ynm pasedwod 8ssayd Jo ENEEIV) ubisap (ev)
$3U02)N0 Y}|eay Jayio oN 18398} SN2902019)UF Ajrep aaimy ‘6 gy I § abe ou) s1aaun|oA Ayyeay z| uoidwnsuod Jae eloIqoIdI|A| Usquiawe) J181)e pue alojag ‘|e 18 8ssaulll4
(10000 > d)
SUOIRIIUBIUOD “UBIp|IY9 paydsyuI-ojAd
|| uabouisdad pue B ‘HUL(ED0 >d) Azl-v 1nBoA jo uonndwnsuod
WwinJas paleAs|a pue 01181 WNLIB1ILGOPYIG:1/0I pabe ualp|iya Ayyjeay 810J8( £101q0.IIW BY}
(500 > 4) speo| LojAd e1ya1Iayasy Ajep 8¢ pue pajasjul—o/Ad ynm pasedwod 1nBoA jo ubisap (ge)
‘H Paanpal uouaAIau| 8y} paanpal uonuaAalU| 80IM) "W 00Z I § 18198G031|3H 8E uoidwnsuod Jale eloIqoIdI|A| 1nbBoA dnoub-|ajeied nays pue Bue
1nboA jo uondwnsuod
‘PanIasqo 810J8( €101q0.IIW BY}
"passasse aIam a1am “dds eusjoeqopiig Ay5-81 yym pasedwod 1nBoA Jo ubisap
$BWOJINO0 Y}|eay Jayio oN Ul S11Ys Jueaubisuon Ajiep aauo ‘6 gz Mg pabe synpe Ayeay g uondwnsuod Jaie eloIqoldI| unBop dnolf-|ajelegd (61) 1218 OYs!
SuoleAIBSq0 £101¢0JoIW uoUaAId}UI uonUaAIBUI sjuedioied apeuw uosiedwoy UoIUBAIB}UI ubisap Apmg uoneuy
|eaibojoisAyd 6 8y} uo 19843 a1 Jo asop ay1jo uoneing a1 ul palsal

1o yyeay JayiQ

pue Aouanbaly

1onpoud poo4

(penunuo))  31avL

1684 Stiemsma et al.



(panunuoy)
liw ueagAos
pajuaWIBjUOU PALINSUOI
(100 >4) I ueagAos oym sjuedioned
uondwnsuod (500 > 4) uondwnsuod pajuaWIBUOU PaLINSUOD J0 €101G0J2IW BY} Y}M
Aliw uesgAos l1W UBSQAOS pajuswiay G Y|1W UesgAoS paluswia) paledwod yjiw uesgAos
pajuauwIay Jaye 19148 BIPLIISO|) Pasealdsap pawnsuod G ‘A gz—|z pajUsWIB) PAWNSUOI OYM y|IW ueagAos UOIUBAIBIUI
pasealaap apy|ns [eaa4 pue snj/19eqo3ae7 ul asealou| Ajiep aauo ‘6 o1 Mz pabe synpe Ayjeay g sjuedioied Jo e101GodIIN pajuswIa4 191088019 (8v) e 18 1yanbouj
(50°0 > d) eyfauojjian
pue ‘eLio1e(19sg
'18)98GI1UOPI0L
(1000 > o) eaes ‘exel
JUBPUNGE-MO| 31}198ds Aq Ayoede
UsALIp Sem sIy] (100 >d) Buizijoqeaw jouaydAjod auIM pal Jo uondwnsuod
£101q0J01W N6 8y} J1ayy 03 Buipioaae J1a1ye sdnoib Buizijogelsw
‘Passasse alam 40 AYISIBAIP |B10} pasealaul padnolb (payioads JouaydAjod Juaiayip ubisap
$BWOJIN0 Y}|eay Jayio oN auIm pal Jo uonduwnsuo) Ajiep aauo w g5z M 10u abe) synpe Ayyeay 0z ur syuedanted Jo sejolqoldipy auIm pay dnolb-|ajeleyd (L) e 18 0SOLIRY
"(50°0 > 4) swusned 8saqo
ul eliaaeq buianpoid-gd1
paanpal sjouaydAjod auim
“WOIpUAS pai Jayun{ ‘synpe 8saqo
J1j0gelaw 4o Ul (500 > 4) eUslIeq
slaylew Jayio Buowe Buionpoid-aielhing 8UIM pal pazi|oyodjesp
‘(50°0 > 4) |oss1s8|042 pue ‘snjj1oeqojoe] pawnsu0d oym
7QH:1a7 pue ‘wbiem 'B11819240PIYIg JO (auim pau sjuediarued Jo sejoiqouoiu
‘|G ur uonanpal $8IUBPUNQE BY} Pasesldsp pazijoyoo|eap usamiaq ay} ym pasedwod
UM PBJEII0SSe 818M (sjouaydAjod) auim pai pue auIm pai) ur Inoysem A 0G—Gy pabe sajew 3npe 3UIM Pal pawnsu0d oym UonUaAIBIUI (9v) e
sjouaydAjod auim pay paz1|0yo9|eap pue auim pay Ajiep 8auo W z/z p-Gl M 85840 (| pue Ayyeay g sjuediaied Jo e101Go.dIIN auIM pay 19A08S01) 18 SBIPU|-0UBIO|N
1500>4)
SUOI1BLIUBIU0I
aseulwesues)
pue ‘uiajoid
9A1}0B8I-)) '|0181$8|0Yd
70H ‘joie1s8|oyd 500>4 uib pue
|B10} ‘8pl18aA|bLy ‘winialoeqopylg pue ‘aUIM pal pazi|oyod|esp
pue ‘sainssaid poojq 'Sapl0.a1oeg 'e|/a10A8id 39u0 ulb pawnsu0d oym
91|01SBIP pUE 31|01SAS 'sn29090.83u7 "*6°8) 001 ‘(BuIm pal sjuediaryed Jo sejoiqouoiu
8Se8198p 0} PAAIASqo elauab [e1a1oeq aij19ads pazijoyoo|eap ay} ym paledwod
sem s|jouaydAjod pasealoul sjouaydAjod pue auim pal) sinoysem A 05—Gp BUIM paJ PaWNSuU0d oym uonuaAIBIUIl (Sp) e
aUIM pal Jo axelul Ajleq auIm pal Jo uondwnsuo) Ajiep @auo W z/z ou ‘yaes p 0z pabe sajew 1jnpe Ayyeay gl sjuediaied Jo e101GodIIA auIM pay 181085017 18 ounyQ-odianp

SU0NeAIdSqo
|eaibojoisAyd
10 yieay JjayiQ

£101¢0JoIW
nb ayy uo 30843

ITENNET]
a1 Jo asop
pue Aguanbai4

uonuaAlaul
ay} jo uoneing

sjuedioied

apew uosuedwoy

uonuanIalul
a1 ul palsal
1onpouid poo4

ubisap Apmg uoney)

(penunuo))  31avL

1685

Do fermented foods modify the gut microbiota?



(panunuoy)

600>4d)
BXE] |B1I9}E(]
UHM paje|aliod
0s[e yaiym ‘(50'0 > )
uonsabip pue
‘Ajunwwi ‘wsijogelsw
U1IM pa]eIoosse
sauab jo uonenfaidn
PaAIasqo os|e
dnoiB siy] (500 >4)
99UJaJWNAIID ISIEM
pue wniiajoeqopiyig
usamiaq

uore[a.1100 anebay

(500> 4) aiyoud
pidi| ayy pasealosp
pue (Go'0 >d)
Anoedea juepixoijue
|B10] PASEaIDUl 1IRIIXD
1ue(d pajusuLey

J0 uondwnsuoy

'$8100S
Al1snas Sg| pasesidsp
Ul pay|nsal Inesyisnes
pazinajsedun

pue pazinaised yiog

"BXE) [BLIB1OB] JBU10
ul syIys wueayiuBisuop
M g 1o} uondwinsuod
14owry Je14e souepunge
wns12eqOpIYIg

Ul 8sealoul Jueayiubig

500 >d)

suabutiiad - pue 10 3
pasesio8p pue (1070 > 4)
“dds snyjiaeqojoey pue
(50°0 > d) euaroeqopyig
b pasealoul

paAedsip 1oeixa

jue(d pajuswiay ay}

PaWNSUOI OYM S[ENPIAIpY|

‘Ineyianes pazinajsedun
pawNsuod oym sjusiied
J0 s1nB ul pasealaul
Apueayiubis alam

g\ parejal-nenjianes
(1000 > o) sabueyd
|euo131Sodwod ejoIqolaiw
1n6 Jueaylubis 01 pa)
nesylanes pazinasedun

pue pazinaised yiog

1500 >4d)

dds snjjioeqojoey

pue wniajoeqopyig

U1 asealul

(500 > ) susbutiyiad

Altep aouyy ‘6 09 Mg

dn-moj|o4
M-z e

Altep 81m I 0g Aq pamoj|o} ym g

dn-moj|o}
M-z e

Ajrep aauo ‘6 G/ Aq pamojjo} ym g

1YoWI pajuswLIa)
paWNSU0 | | ‘Iyawiy ysaip
pawnsuod z| ‘A 09-0€

pafie uawom 8saqo £z

0ga2e|d paAIadal 7z
"19e11x8 Jue(d pajuauliay
panigdal zz ‘A 09—0¢ pabe
elWa|0Ja}sa|oydladiy

yrm suaned pi

nesyianes
pazinasedun pawnsuod
1 ‘Inenylanes pazinased
pawnsuod G| ‘Agg-g|

pabe s| yum sjusned pg

A

ueagAos pajuswiajuou
pawNsu0d 4|,

“J|lw ueagAos pajuswIa)

14awy

palualLLIB) PBLINSUOI OYM

sjuedioned Jo e301q0IdIW

au1 Yyum paledwod 1yawiy

/S81) PaWINSU0I OYM
sjuedoned o e301G0JdI

o0gaoe|d

paniadal oym sjuedioned

10 B101GOJIIW BY} YHM

paJedwod 1oenxs jueld

pajusWIa) PaWNSUOI OYM
sjuedoned Jo e301G0IdI

nesyianes pazinaised
pawnsu0d oym
sjuedioned Jo e301q0IdIW
3y} yum pasedwod
nenyjianes pazinsisedun
pawnsud oym
suedioed Jo BI0IGOIDIIA|
I ueagAos
pajuaWIBJUOU PaLINSUOI
oym syuediaied
10 101GOJIIW BY} YHM
paJedwod ¥|iw ueagAos

ubisap
1yowry dnoub-|a||esed (1) ‘|e 18 uey
10B.1X8 ubisap
jue|d pajuswia4 dnoub-|aj|eied (0g) ‘e 3@ NIyg

nesyjianes ubisap

poUBWIB)-010€7] dno.B-|a|esed (6€) e 18 uas|aIN

"passasse 8Iam wnipL3soj7 pue swsiuebio Ajiep pawnsuod | ‘A Gz—0z palusW.a) pawnsuod oym YW ueagAos uonuaAIBIUI
$BUI00}N0 Y3|eay Jayio oN W041]09 Ul 8sea108(Q 90IM) "W 0GZ Mg pabe synpe Ayeay gz sjuediaied Jo e101GoIdIIN pajusuIa 19A0SS0.9) (6%) e 18 Buayy
NIGEIVER] £101q0J0IW uonuaAIdUl uonuanIaul syuediaied apew uosiedwoy uonuaAIaul ubisap Apmg uoneuy
|eaibojoisAyd b ay1 uo 1983 ay1Jo asop ay1jo uoneing a1 ul palsal

10 yjjeay JayiQ

pue Aouanbalq

1onpoud poo4

(Penupuoy) T 319VL

1686 Stiemsma et al.



(Continued)

TABLE 2

Other health or

Frequency and

Food product

Effect on the gut physiological

dose of the
intervention

Duration of the

tested in the

observations

microbiota

intervention

Participants

Comparison made

intervention

Study design

Citation

Increase in T regulatory

4wk 2.14 g, once daily Increase in Clostridium

9 healthy adults aged

Microbiota after consumption

Before and after Fermented green

Yamamoto et al.

cells after

cluster XIVa and decrease
in cluster IX (P < 0.05).

25-47y

of Cha-Koji compared with
the microbiota before

tea (Cha-Koji)

design

(41)

consumption of
fermented tea

(P<0.01).
No other health outcomes

consumption of Cha-Koji

Increase in Bifidobacterium

3 cups/d

16 healthy adults aged 3wk

Microbiota after consumption

Coffee

Before and after

Jaquet et al. (51)

were assessed.

spp. (P < 0.05)

21-57y

of coffee compared with
the microbiota before

design

consumption of coffee

TIBS, irritable bowel syndrome; LAB, lactic acid bacteria; LBP LPS-binding protein.

observed a decrease in Bilophila wadsworthia (a pathobiont)
and an increase in butyrate-producing bacteria (33). They also
observed an increase in SCFA production, specifically butyrate,
in the gut after consumption of fermented milk (33). Among
45 adult patients with inflammatory bowel disease, researchers
reported increased Lactobacillus spp. counts in the feces of the
patients who consumed fermented milk for 4 wk (n = 25)
compared with untreated patients (7 = 20) (34). This increase in
abundance of Lactobacillus spp. was accompanied by decreased
bloating scores and increased “feeling good” scores among the
patients (34). These 2 studies suggest the gut microbiota as a me-
diator between fermented milk consumption and various health
outcomes among immune-compromised individuals. Compared
with studies in healthy participants, these works suggest that fer-
mented food consumption may be more effective at modulating
the gut microbiota among individuals with compromised gut

health.

Yogurt.

We identified 2 studies that tested the effect of yogurt
consumption on the gut microbiota. Consumption of yogurt
for 6 wk by 6 healthy participants was not linked to any
statistically significant shifts in bacterial abundance in the gut
(19). Conversely, a study by Yang and Sheu (35) reported that a
4-wk intervention with yogurt containing probiotic microbes
reduced the intestinal Escherichia coli:Bifidobacterium spp.
ratio in children infected with Helicobacter pylori compared
with controls (antibiotic consumption within 1 mo of study
start was an exclusion criterion). Notably, this intervention
also reduced H. pylori loads and elevated serum IgA con-
centrations in infected children, highlighting an avenue for
treatment of this infection with yogurt (35). Larger studies
and possibly studies of longer intervention duration testing
yogurt on the gut microbiota are necessary to shed more
light on the potential beneficial effects of consuming yogurt
products.

Camembert cheese.

We identified 2 studies that analyzed the gut microbiota
compositional effects of Camembert cheese consumption in
healthy volunteers (36, 43). Both studies reported increases in
specific microbial taxa in the guts of 12 participants consuming
Camembert cheese for 4 wk, some of which (Leuconostoc spp.)
persisted in the gut 15 d after completing the intervention (36,
43). Of note, the bacteria Firmesse et al. (36, 43) identified
in the feces of these participants are colonizers of Camembert
cheese, suggesting that the gut microbiota was effectively
seeded by microbes found in this cheese. However, aside from
the identification of cheese-colonizers in the guts of these
individuals, no additional microbiota compositional alterations
were observed.

Collectively, there are too few studies in each of these
fermented dairy categories to suggest a particular pattern
of gut microbiota modulation after consumption of these
food products. Focusing specifically on fermented milk and
yogurt, there is some evidence to suggest that consumption of
these dairy products alters the gut microbiota preferentially in
individuals with compromised gut health (33-335).

Studies testing red wine

Four studies analyzed the gut microbiota’s response to red wine
consumption (44-47). We did not identify any studies that
focused on other fermented alcoholic beverages, although gin
was used as a control in the studies by Queipo-Ortufio et al.
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(45) and Clemente-Postigo et al. (44). The specific fermenters of
the red wine tested in the following studies were not disclosed
in these publications (45). However, the goal of these studies
was to compare the effects of red wine polyphenols on the
gut microbiota, rather than the ethanol content. Red wine is
predominately fermented with Saccharomyces yeast (Table 1),
which, in addition to the production of ethanol, has the ability
to modify the polyphenolic content of red wine (52).

A 2017 study (47) analyzed the effect of red wine consump-
tion on the gut microbiota composition in 20 healthy individu-
als grouped according to their polyphenol metabolizing capacity
(metabotypes). After 1 mo red wine consumption, researchers
observed increased total gut microbial diversity driven primarily
by shifts in abundances of specific bacterial genera (e.g.,
Enterococcus, Prevotella, Bacteroides, and Bifidobacterium
spp.) (47). However, there was no association between red wine
consumption and the metabotype classifications, suggesting
significant gut microbiota interindividual variability (47).

Moreno-Indias et al. (46) assessed the effect of red wine
polyphenols on the gut microbiota of healthy and obese males.
The authors reported that consumption of both red wine
and dealcoholized red wine for 4 wk increased Bifidobacteria,
Lactobacillus, and butyrate-producing bacteria (e.g., Faecal-
ibacterium prausnitzii) and reduced LPS-producing bacteria
(e.g., E. coli) in obese males only (46). Notably, there were no
significant gut microbiota compositional differences between
the red wine and dealcoholized red wine interventions. This
suggests that polyphenol conversion by microbial fermentation,
rather than alcohol content, drove these gut microbiota changes
in the participants.

The same research group also conducted 2 crossover
intervention studies in 10 healthy male volunteers (44, 45).
Participants consumed 272 mL red wine, dealcoholized red
wine, or gin once daily for 20 d each (44, 45). Fecal samples were
collected for gut microbiota analysis after each intervention
period, but each study focused on different metabolic and
immune outcomes (44, 45). Both studies reported similar
changes in the gut microbiota composition (i.e., increases in
Prevotella and Bifidobacteria spp.) after consumption of red
wine and dealcoholized red wine, in comparison with gin
(44, 45). The 2012 study also reported reduction in systolic
and diastolic blood pressures, triglyceride concentrations, and
total cholesterol and HDL cholesterol concentrations after
red wine polyphenol (red wine or dealcoholized red wine)
consumption (45). According to this group’s 2013 study, red
wine polyphenols had no effect on serum LPS or LPS-binding
protein (LBP) concentrations (44).

These works provide preliminary evidence that red wine
consumption modifies the composition of the gut microbiota.
Interestingly however, the effect of red wine consumption on
the gut microbiota may be driven primarily by the polyphenolic
content of red wine, rather than the ethanol content. Two
studies (45, 46) reported the polyphenol content of the red
wine and dealcoholized red wine tested, indicating that other
than the ethanol content, these 2 beverages were very similar
in their chemical compositions. Because similar effects on the
gut microbiota were observed with dealcoholized red wine, any
positive effect of alcoholized red wine should be weighed against
the carcinogenic effects of alcohol consumption.

Studies testing other fermented food products
We identified 7 human intervention studies that assessed
the effects of other fermented food products (fermented
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tea, sauerkraut, fermented plant extract, coffee, kimchi, and
fermented soybean milk) on the gut microbiota (Table 2).

All 7 studies reported that consumption of the fermented
food tested modified the composition of the gut microbiota
(Table 2). Four studies analyzed the gut microbiota of
healthy individuals, all of which reported increased abundances
of specific bacteria in the gut, which may exhibit health-
promoting properties (41, 48,49, 51). Consumption of 250 mL
soybean milk twice daily for 2 wk was associated with
increased abundance of Lactobacillus and Bifidobacteria spp.
and decreased coliform bacteria and Clostridium perfringens
(49). Some of these findings were corroborated in a 2012
study (48); consumption of 100 g fermented soybean milk once
daily for 2 wk was associated with increased abundance of
Lactobacillus spp. and decreased abundance of Clostridia spp.
in 10 healthy adults. A 4-wk intervention study with Cha-Koji
(fermented tea) increased the anti-inflammatory Clostridium
cluster XIVa in the gut microbiota of 9 healthy adults (41). This
shift in gut bacterial abundance was accompanied by an increase
in systemic T-regulatory cells, suggesting the gut microbiota
as a mediator between Cha-Koji consumption and these
anti-inflammatory effects (41). Finally, coffee consumption (3
cups/d) for 3 wk was linked to increased Bifidobacteria spp. in
the guts of 16 healthy adults (51). Notably, coffee beans are
traditionally roasted before consumption. This study did not
compare roasted with unroasted coffee beans or caffeinated
with decaffeinated coffee products, highlighting opportunities
for future investigation.

Three studies analyzed the gut microbiotas of immune-
compromised or metabolic syndrome patients (15, 39,
50). Consumption of fermented plant extract for 8 wk by
22 hypercholesterolemic patients was reported to increase
beneficial microbes, Bifidobacteria and Lactobacillus spp., and
decrease potential pathogens, E. coli and C. perfringens (50).
This shift in gut microbiota composition was accompanied by
an increased antioxidant capacity and decreased lipid profile of
these patients (50). In an 8-wk controlled clinical trial, kimchi
consumption was linked to an increase in Bifidobacteria spp.
abundance (15). Further, the abundance of Bifidobacterium
was inversely correlated with waist circumference (15). Lastly,
a 2018 intervention study by Nielsen et al. (39) compared the
effects of pasteurized and unpasteurized sauerkraut on the gut
microbiota composition. Fifteen IBS patients consumed 75 g
pasteurized sauerkraut, whereas 19 IBS patients consumed
unpasteurized sauerkraut for 6 wk (39). When the 2 groups
were compared, there was a higher abundance of sauerkraut
LAB in the fecal samples of patients in the unpasteurized group
(39). However, both pasteurized and unpasteurized sauerkraut
were linked to decreased IBS severity scores (39). This suggests
that the beneficial effects of consuming sauerkraut may be
attributed more to the enhanced bioactive properties (e.g.,
microbial metabolic content of the food after fermentation) of
the fermented cabbage rather than the microbial content. An
avenue for future studies testing sauerkraut would be to include
unfermented cabbage as a control, because this would allow
researchers to determine whether fermentation of cabbage is
truly linked to health benefits and/or changes in gut microbiota
composition.

The studies discussed in this review provide evidence that
fermented food products induce compositional changes in the
gut microbiota. However, there are too few studies within each
fermented food category to identify a pattern of microbiota
modulation that can be attributed to consumption of any
specific fermented food. Further, the bacterial and yeast species
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B2, and 12. BO, beginning of study; B1, baseline 1; B2, baseline 2; 11, intervention 1; |12, intervention 2.

used to ferment these foods and the amount of each of these
fermenters within the food may also vary significantly between
studies, increasing the variability of gut microbiota alterations
observed after fermented food consumption (Table 1). Finally,
many studies in which additional health outcomes were assessed
suggest the microbiota as a mediator of the immune and
metabolic benefits linked with fermented food consumption.
However, sample size calculations for the analyses of microbiota
composition were not reported for these studies and the
majority are insufficiently powered to conduct mediation
analyses to confirm this.

Challenges and Areas for Future Research

There are very few published intervention studies for the
majority of the foods discussed in this review (some foods are
represented by only 1 human intervention study). Consequently,
the study designs used to conduct these dietary interventions
are rather heterogeneous. Other than the duration of the
intervention, which averaged ~4 wk for most studies, the
amount of fermented food consumed, the number of partici-
pants included, and the comparisons made vary significantly
across studies (Table 2). The duration of intervention was
generally not well justified. Therefore, a lack of change in
the microbiota composition may be simply due to insufficient
intervention duration. A better understanding of the minimum
number of weeks required for a specific fermented food to
be consumed to instigate changes in the microbiota will be
essential to inform future research. Moreover, the choice of
the study population will likely impact the influence of the

fermented food on the microbiota. While some feeding studies
included only healthy participants, other interventions focussed
on populations with particular disorders. It is likely that
fermented foods affect balanced microbiota differently than
microbial dysbiosis. Future studies need to account for the
baseline microbiota as an important predictor.

Suggestions for human intervention study design
Two study designs are most commonly used in dietary
interventions: the parallel-group design and the crossover study
design.

In the parallel-group design, participants are randomly
assigned to >2 interventions (Figure 1A). Evaluations may
be made by comparing 1 (or more) interventions with a no-
intervention arm. This design is often employed when studying
the effect of an intervention on 1 group of participants (e.g.,
healthy) and comparing the effects of the intervention to those
of participants in another group (e.g., diseased). However, the
parallel-group design presents many challenges with regard to
individual variability, particularly in studies aimed at analyzing
the human microbiota. Alternatively, in the crossover design,
individual variability is reduced because comparisons are made
within each participant. In this design, individuals are randomly
assigned into intervention sequences (Figure 1B) and samples
are collected before and after each intervention in the sequence.
Both designs are represented in studies discussed in this review;
additional benefits and pitfalls of each are discussed below.

Currently no benchmark for the “normal” human micro-
biota exists against which to measure “change” of the micro-
biota composition. There is significant baseline (noninforma-
tive) variability in microbiota composition between individuals
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(53). The main bacterial colonizers of the gut microbiota can be
grouped into 2 phyla: Bacteroidetes and Firmicutes (53). Even
at this high taxonomic rank, the Bacteroidetes:Firmicutes ratio
has been reported to differ by an order of magnitude between
healthy individuals (53). The genera and species that comprise
these phyla are highly variable and the presence of specific
species depends strongly on the individual’s genetic background
and environmental exposome (e.g., diet, medications) (53).
Further, there is differential responsiveness among people, with
one individual’s microbiota being responsive and another’s
being resilient to dietary modifications (54). For example,
1 study used a parallel-group design to analyze the effect
of inulin consumption on the gut microbiota compared with
placebo (maltodextrin) (55). The authors reported that the
increase in Bifidobacteria after the intervention was largely
driven by the baseline Bifidobacteria abundances (55). Thus,
a key flaw in the parallel-group design is the inability to
distinguish between microbiota compositional changes induced
by the food product and those induced by interindividual
differences at baseline.

In addition, when using the parallel-group design, the
study size needs to be generally double that of a crossover
design. In the crossover design, all participants complete
both interventions, effectively doubling the total number of
participants in each group. Although it may be necessary to
use the parallel-group design when testing a product among
2 different groups of participants (e.g., healthy compared with
diseased), this design should be avoided when analyzing the
effects of multiple interventions (e.g., fermented food compared
with nonfermented food).

The crossover design is often preferable for dietary inter-
ventions for the aforementioned reasons. However, this design
has its own set of limitations. If the interventions tested are
of significant duration (e.g., several months), it can be difficult
to enroll and maintain participants in the study because the
sequence of intervention doubles or triples the length of the
study. Secondly, gut microbiota composition can shift over time,
regardless of whether an individual has introduced a major
change to their lifestyle (53). Moreover, if the dynamics of
the exposure—-microbiota association are not well understood,
carryover effects may dilute comparisons between intervention
sequences. However, these challenges may be mitigated by
collecting new baseline samples after a washout period and
before beginning the next intervention in the sequence.

Each study type presents its own challenges and advantages.
However, if the research question is aimed at analyzing the effect
of fermented foods compared with nonfermented foods on the
gut microbiota, rather than comparing the effect of fermented
food consumption between 2 groups of people, the crossover
design is superior. This design reduces the impacts of genetic
and environmental variability and allows for maintaining the
same statistical power as a parallel-group study with a smaller
sample size. Ultimately, selecting an unbiased study design is
of the utmost importance because it can significantly affect the
interpretation of the results collected.

Functional analyses and the gut mycobiome

Two areas which future intervention studies might consider
expanding on include 1) analysis of the gut mycobiota (the
fungal complement to the bacterial microbiota) and 2) analysis
of microbiota function via metabolomics and metagenomics.
All of the studies discussed in this review focused solely on
characterization of the bacterial microbiota composition after
fermented food consumption. By focusing solely on bacteria,
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researchers are currently excluding the potential influence of
a large microbial population in the gut. There is growing
evidence that the mycobiota plays an equally significant role in
human health (56). Further, because many fermented foods are
colonized by both yeasts and bacteria, analysis of the fungal
populations would provide a more holistic view of the gut
microbial populations affected by fermented food consumption.

In addition, changes in bacterial composition after a dietary
intervention do not necessarily translate to functional changes
in the gut microbiota. Given that sample size is a limitation in
human intervention studies, many studies lack statistical power
to conduct mediation analyses that might address whether
the microbiota mediates the association between fermented
food consumption and other health outcomes. However, it
may be possible to address this mechanistic gap by conducting
functional analyses on the gut microbiota in addition to the
compositional assessment. Microbial metabolomics or meta-
transcriptomics (analysis of the microbiota’s gene expression)
could be applied to intervention studies in the future as a means
to elucidate the mechanisms by which diet-induced variation in
microbiota composition can lead to changes in health outcomes.

Conclusions

In this review, we identified 19 human intervention studies that
analyzed the effect of naturally fermented food consumption
on the gut microbiota. Currently, the data are too sparse
to suggest that 1 particular fermented food modifies the
gut microbiota in a specific pattern. However, because the
majority of these foods are colonized by LAB, Saccharomyces
yeasts, and Bifidobacteria spp., we conclude that consumption
of foods comprised of these particular fermenters may be
potential dietary targets to prevent or overcome gut dysbiosis in
humans. Further, a number of studies identified compositional
changes to the gut microbiota along with changes to immune
or metabolic factors in the human host. This suggests the
microbiota as a mediator between fermented food consumption
and these health outcomes. However, future studies should
consider functional analyses (microbial metabolomics, meta-
transcriptomics) to better characterize the mechanisms linking
fermented food consumption to changes in human health.
Researchers should also carefully consider the design of
their intervention study. Crossover designs would enhance
the statistical power owing to paired comparisons. Further,
the mycobiota is extremely understudied in this research
area, highlighting a novel opportunity for future intervention
studies.
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