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ABSTRACT KEYWORDS
Sub-Saharan Africa has one of the world’s richest selections of indigenous Fermented foods; uji; mursik;
fermented foods which constitute valuable cultural heritage with significant suusac; mnazi; nutrition
socio-economic impact. The review provides an in-depth examination of the

diversity of indigenous fermented foods of Kenya in the cultural practices

context, interlinked microbiome, associated nutritional and food security

aspects while positing valorisation perspective. The traditional fermented

foods are profiled into five clusters with significant valorisation potential for

food systems in: (i) non-alcoholic cereal-based thin porridge (uji) and (ii)

fermented milk products (mursik and suusac). This is informed by agro-

productivity resilience and evolving consumption preferences. Whereas

these foods are commonly processed via artisanal methods, often resulting

in inconsistent products, locally tailored starter culture trials in uji and suusac

have shown a promising model to guarantee microbiological safety, mitigate

contamination and assure stable sensory characteristics. It is thus plausible to

posit, that integrated microbial ecology of traditional fermentation and food

systems policy-level research targeted at a reengineering of the unit opera-

tions with the intent of improving safety and nutritional quality while being

cognizant of organoleptic traits and intertwined biocultural diversity is highly

desirable. Particularly, with a broader foresight for promoting sustainable

food systems at the base of the pyramid.

Introduction

The pursuit of agricultural productivity has led to the loss of food biocultural diversity coupled with
a general standardization of the global foodscape owing to the industrialization of food production since
the so-called “green revolution” after World War IL" =) In response to this shift, a new perspective
geared towards promoting indigenous varieties, safeguarding food and gastronomic heritage emerged. In
the late 1960s, European design and enactment of legislation about origin certification in the wine
industry was the first indication.””! The global north consumers’ attitudes towards food shifted to
a greater emphasis on nutritional and health benefits, methods of production, traits tied to regional
identity and sensory attributes.”~”! Interest in food products was further characterized by a new
awareness that challenged the dominance of commercial, mass-produced food. The awareness entailed
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encouraging new forms of production and consumption as a means of developing more socially just and
environmentally sustainable food systems alongside improving nutrition for the global vulnerable.'®"!
Consequently, food heritage, the collection of tangible and intangible aspects of food cultures (such as
ingredients, techniques, recipes, and food traditions) that are considered a common good in a given
agroecology and sociocultural setting, has been revitalized.!"'~**) This is in a quest to build an all-
inclusive capacity for food systems and food security at large!>"*!

Concurrently, studies have established a correlation between the ingestion of fermented foods and
an array of health promoting benefits.!">~'”! That is in complementation to fermentation leverages in
augmentation of the sensory characteristics, nutritional value and enrichment of foods” shelf life.!®!
The convergence of these advancements has prompted a renewed emphasis on research and innova-
tion concerning fermented foods. Specifically traditional fermented foods, in an effort to utilise this
knowledge for the creation of novel fermented foodstuffs and ingredients that can be commercially
available.!"'”) In the African context, milk, cereals, honey, fruits and starchy root crops are commonly
used to make a range of traditional fermented dishes and beverages.!'*'®2*2!1 Across Africa, indust-
rially prepared fermented food products coexist with indigenous fermented foods such as bushera,
mahewu, mabisi, kwerionik, munkoyo, fufu and ogi which are produced in rural and ethnic regions
utilising locally accessible raw materials and indigenous knowledge.!'”'®?!! The fermented foods are
primarily produced at the household level via spontaneous fermentation.*?!

In Kenya, most traditional fermented foods and beverages have socioeconomic value. Indigenous
fermentation technologies are widely engrained in culture as a way of life of most rural
communities.?* They provide a relatively inexpensive source of food and contribute significantly to
the rural populations’ food, health and nutritional security."***! Constrained structured upscaling to
fulfil local and urban inhabitants’ budding demand for traditional products’”****! is a common
phenomenon. Therefore, identification and prioritization of research to ensure the safety, quality,
and upscaling to advance food security is essential>>~*") Besides, the world population is predicted to
exceed 9 billion by 2050, putting a growing strain on food supplies. Indigenous fermentation
technology could be applied as a crucial pivot to reinforce reductions in food waste while boosting
sustainable food systems. !>

Given the above, first, we provide a comprehensive and in-depth examination of the diversity of
indigenous fermented foods and beverages of Kenya in the cultural practices context along with
interlinked microbiomes. Second, we examine the microbial diversity nexus with health benefits,
especially probiotic attributes and safety influences in the traditional fermented foods profiled. Cereals
and milk emerge as the predominant substrates for the diverse traditional fermented foods identified.
Consequently, we appraise agroproduction interplays that could influence traditional fermented
foods’ sustainability and subsequent valorisation prospects in food systems. SSA has one of the world’s
richest collections of traditional fermented foods which constitute a valuable cultural heritage. Across
the region, the indigenous foods and beverages diversity has a sizeable socioeconomic influence
among smallholder farmers and households food security.!"'*??! Particularly for countries like
Kenya and South Africa where indigenous fermented foods are integrated into national nutrition
guidelines.!"®*°! Thus, this article concludes by highlighting the existent prospects of the systematic
microbial ecology of natural fermentation research and interlinked food systems action cues for
traditional fermented foods valorisation. Among the indigenous foods and beverages, alcoholic
brews are historically highly entwined with substance use disorders.**?! Therefore, this review
does not elaborate on alcoholic fermented beverages in detail.

Diversity of the traditional fermented food products and associated microbes

Indigenous fermented foods and beverages of Kenya can be clustered into five domains: (i) non-
alcoholic cereal-based thin porridge (uji, kirario, kimere and ikii), (ii) fermented milk products (kule
naoto, suusac/suusa, mursik, amabere amaruranu and iria ri matii), (iii) alcoholic beverages from
maize and/or sorghum or millet malt (busaa), (iv) fermented fruit mashes/wine (mnazi and muratina),



FOOD REVIEWS INTERNATIONAL (&) 3

(panunuod)
snaspsojuad sn2020ipad
DSNJuO> bJjassiam
snsouwbyJ snjji2pqo1dn7]
(D00€—07) 21n1e19dWa) s1ub dziew AIp Jo uonRIUBWIDY wnupjupd snj(pbqo1ID]
—— jualquie 1e sinoy gz 0idn ‘Alunwwod equiey eAusy uislsed ay) buowe uowwo) winuawiiay snjIbqoidnT] sb aziew Lig
DSNJuO> bJjassiam
snpdsiid snjj1>0qodT
“J9pIo $1A21Q SN|[17Dqo1DT
9y ul buljjiw-1am pue Buljjiw-Aip saajoaur Ajiofew wnipjupyd snjj1>pqoD7T
(D00€—07) @inesadwa)  ‘31eIS HunuaWIY SAIDE SH Ul PAWNSUOD ‘AHUNWWOD 1auydNq snjj1PpqoIdLT
Lb—sv] juslque 1e sinoy gy—¢1L 2493q\ eAudy| uiaise3 syl buowe uowwo) wnjuawiiay snjjabqolan] 19|l [Jead EYETN)Y
snjiydoidod snjj1ppqodn]
§1121Q SN|[12DqOIDT
S1IDjOULYDI SN22001ID]
SI12D| $N2202010D7]
winaJyi 20150U0INIT
SapI0Ja1UasaW J0}SOUOINIT
(D00€-67) d4n3eIadWa} ‘Bul)iw-19m sanjoaul Ajofew wnjuauiiay snjjippqoInT
" 1usiquie je sinoy gy ‘eAuay Jo AlUnwwod NI 3y1 buowe uowwo) wnupjupid snjjpbqo1ID7] wnyb10s/13]|1W pue SZIBW UIIID ouelry
'spoylaw Jejiwis
Buimoj|oy Ajjernuassa buissadold yum sabueydxs
|eanynd-4a3ul 0} anp epuebn pue eAudy UISISIM
JO sanUNWWOod Ag pawnsuod Ajuowwod S| :eidysng
‘wnyblos—enessed $1A21Q SN|[17Dqo1DT
pue 19||iw J9buy—eaessed ‘131w Jsbuy-aziew 12sp2p.pd $njj1>0qoIILT
‘wnybios—aziew ase saysodwod |:| Jejndod Isopy 1auyonq snj|13pqodn]
“Aijige|ieAe [e0] wnjuawiiay snjjobqolan]
uo paseq suonJodoid pue suoneUIqUIOD JUBIRYIP SNs01qo|ja> snj|2bqo1oD] “(lquim)
eale bupjood/aiy Jesu  ul paxiw sinoy Aq pawuoyul abpuiod ayi Jo Alsisnip snaxpojuad sn23020ipa4d  13[|1w J3buy Jo wnybios ‘(jeswuiod) elaysng
10 (J00€-57) dinjesadwa)l 3y} yum eAuady SSOJOE SIIUDIUYID snosswnu Ag IDIIDJIPIID SN22030Ipad 9zlew Jo suleib pa|iw-ajoym pue :sjuelien
—_— Jualquie 1e sinoy g/—yg  pasedaid osje Inq eAusy uia1sam ul Jueujwopaid 1sop wnupjupjd snjjiobqo1dp]  BABSSED JO SINOY 31Is0dwiod Jo papus|qun IETIeRIN
abpuiod uiy) paseq-jeatad >1j0yodje-uon ‘1
ERIIEIETEN] aumesadwa | 9dods djuyig/euoibay paledijdwi ejoiqonI alensqns 1Npoid

/aWil uoeIuaWIR

*2}0IGOIIW P3IRIDOSSE J13Y} pue S36RIIASG PUB SPOO) PRIUSWIDY [UOIIPEI} URAUSY *| d|qel



4 (&) C KHAYEKA-WANDABWA ET AL.

(panunuod)

"(2,0€-97)
ainesadwa) Juaique 1y
*SINOY @y~ 10} UOIIRIUBWIIDS

suolbal plie-1Was pue plie Y} ul BulAll SSRIUNWIWOD
Jsijesoysed ayy Aq padnpoud Ajpueujwopald

wnaubnd uoiodsoydL|
lpuownaljinb ppipup)
SnpIqIp sn220203dA1)
113UaInD| $N230303dA1)
abjubyisn| bpipup)
psouibpjionw pjniojopoyy
DpIpWDY DPIPUD)
sap1oonw uoiodsoydli|
pnadsuodul bpipup?)
psouibpjionw pjniojopoyy
wnpjjIuad Wnys13095
125N DpIpUD)
aDISINGIAI $aIAWOIDYIIDS
saploJajuasayy “dsgns
$S9pI0J2JUISAU D0}SOU0INAT
S112bJoUYYDI SN2303012D7
SNLDAIIDS SN|[12Dq0)IDT
wnipjupjd snjj1ppqoID]
SNIDAIND SNJ[12DqOIDT

Ilewos pue euelog Y3 |

24N3{ND JMIBIS Se Y|IW [SWed PAINos
+)[IW [SWed> MeyY  eSNNG/2esnng

[65-5S]
aDISINIFI $22AWOIDYIIDS
winiaby sN23030433u3
(snsnyuod snj12pqo3dv7)
DSNJUOd DJ[3sSIAM
SapI0J2]UaSa 20}S0U0INAT
1250I04pd SNj|17Dq0IL]
snjiydopidp snjj1ppqoID]
(000£-52) snsouwbyJ snjj1>bqopT
ainjesadwial Jusiquie 1y 12502 SN|[1PDGoIDT
EERIEIETEN s WSTHTEN winjuawidy snjjippqodn]
uo apuadap bulyas (snop| ‘ling Ayyeay e
pue Buimelp pauyap yum $N330203da.1§ pawpu A}1dUiioy) woJy poo|q SNOUIA pajeuliqyap
spouad 1abuoj 1o skep o| 0} suolbai yoleN S112D| SN2202012D7 JO UOLIPPE UE SI 343y} ‘Sbu1as swos u|
Ire-0s] puRIXd ued ‘shep g—¢ 1ses| 1y pue opeifey ul Apueuiwopald ‘ANunwiwod jeseely wnipupyd snjj1ppqoIp] 'SMOD WO Y[IW P3jiog 10 mey o0joeU 3Ny
spnpoad Yjiw pajudwiadg i
ERIIEIETEN] ainjesadwa | 9dods d1uyiz/euoibay paeddwi e101qoDIN ajensqns 1Npoid

/aWI1 UOIIRIUSWIIS

“(panuiuod) °1 3|qe]



FOOD REVIEWS INTERNATIONAL 5

(panunuo))
‘skep ¢
10§ (Do§TZ~ J0) dInesadws)
judlquie e paulejulew ‘pajUBWLIDY
s1 panob padded ay] "pajioq 9q 01 ¥|iw Buippe a10j9q pinob ay1
SIYJIW BY3 JI weasd 3y} jo UOINPUOD 0} Pasn sI Yjiw uoreyde| Aieg
|erows. |efued Jsye pinob pa1e|os] d4am ‘(bubdLyy bajQ) 04N Jo siuljds
9y} ol painod si i 1220203d343S pup 1f]10q01ODT Buimo|b yum pajoos s panob sy
(9] pajioqun Jo pajioq pajood 3y eAUSY I\ Jo sadojs uislseq syl uo NIy ayy buowy ‘uonesyads pajieIsp oYUM [l Mod pajioqun Jo pajiog 1new U ey
Dp2LaDYdS DpIpUD)
psonaijjad bpipup)
pnaidsuodul/1asniy bpipub)
sup2iqp bpIpub)
DibWDY DPIPUD)
saploanwi uoJodsoydLi|
aDISINGIAI SIIAWOIDYIIDS
snjiydowJay) sn20203da.)s
saploajuasayy “dsqns
S9pI0JaIUISaW J0]SOUOINIT
snoupbing
pR4S “dsqns snoupbing snjj1ppqoIdD] 2J000WO
-0 anjesadway Juslquie 3y SNI1aAJRY SNjjIPpqoIdDT se umouy 3onpoid pajuswiidy e
"injesadwa) efuay] Jo Med uis1saMYyINOoS SI12D| $N2202010D7 asedaud 01 poojq pajioq yum paxiw nueinjewe
[z9-co] juaique je skep y—z 3y} ul spuejybiy nsty burgeyur ‘lisnbeqy ayy buowy wnupjupyd snjj1>pqodp] SI YW Y3 ‘SaWI} 3y f|iw MOd pajiog al19gewy
aDIsINIAD SaIAWOIDYIIDS
"(J00€ DSNJuO> DJjassIaM
—0g) a4njesadwial Juslquie 1y S9PI0JaIUISaW J0]SOUOINIT
‘syjuow | 01dn oy pauadu (wnpapy
3q ued } ‘aualbAy pue $N22030)da.3§ K|JawWioy)
ainjesadwa) *6'a suorpuod wniaby sn33030123u3
[e2160]023 9|qeINOAR) JapUN (suowas
‘sdUdIajR.d AIosuas $n23003da.1s Aj1dWi0y)
uo juspuadap uoiodoid SLOWaJd SN22030)007
pauyap e ul I Ysaly 12502 SNJ[12DqoIDT
yum buijjyas pue buimesp $1A21Q SN|[12DqoIDT "paJISap saINquUNe
Jo (Ajiep *6°3) |easayul wnjuawiiay snjjippqonT sndajouebio pue Aujedo| 9|qe|ieAe
JU1SISU0D B AQ Pamo|oy snipaind snjj1ppqodp7  suondo Jad pinob ay) 100s 03 sapads
sfep QL 0} puaixs ue) spuejybiy 19]00> uj Ajpueujwopaid $132D] $N22030)2D7 jued pausyaud Jo suds Buimoln
[49-09'L5] 'shep G—¢ Joj buluadu jemiu)  ‘As)jeA Wiy Ul Buial Anunwwod uifusiey ayy Apiolep wnupjupd snjjpbqo1ID] N|iw mod pajiog LI
ERITEIETEN] aimesadwa | adods djuyig/euoibay pajedijdwi ejoiqonI alensqns Npoid

/3WI1 UOIIRIUBWLIDS

“(panunuo)) °1 3|qe]



6 (&) C KHAYEKA-WANDABWA ET AL.

‘eesnq Ui eIoy [RIGODIN

‘PalInsIp

uay} pue sdois uondnpoud
SpIXOIp uogJed [un
JUBWIRY 0} PAIMO|e SISSB|O|A
10 Jebns pauyal aUymMm

"sayly

sassejow 10 Jebns pauyal aYm Jo

lo (K1abbe( yoe|q) Jebns uedlyy Bury ayy ul SI91pjos dsauepns ‘ueligny wolj (K166ef yde|q) JEBNS UMOIG SpNId pue uib ueignN
[8z-0r'Ls] UMOIQ 3pNnId $$9X3 + eesng  uIbLIO Pale[al10d Yum eAUDY UIDISam wol) paleulbuQ - }Jew 13)|jiw 4o wnybios J0/pue Inoy dziep Jo ee,buey)
syuids pa[Insig A
SHNJJ euRRINW NANY LY
ul (puboyp pijabry) Jo suni4
(D00E-0T) JUSWUOIIAUD ‘(equiey pue N3N ‘nquig ‘nAnyjy) 12502 SNj[12DQ0IID] pue Jebns aued auljeishi)
[S£'v9'09'L€] waem e uj skep /—g $9qu1 hjueg uldise3 pue [ejudd buowe Ajpueuiwopald aDISINGIAI $2AWOIDYIIDS + 92In[ duediebnsio Asuoy plIm euneiniy
"(200€-57)
aJnjesadwa) Jusalquiy
“uup d1joyode
ue se juajod asow S| pue sijjin ppipup)
9)5e) INOS e sey ‘sinoy gy ADISINIAI $a2AUWO0IDYIIDS
—{¢ 01 dn Joj uoneIUBWIDY (S1yp2apy sN3202031da11S
|einleu saobiapun ojejry se paynuapl Asnoiaaid) ofeny
"uolleIUBWIDY SI|p2abj sN22070423U3 10 ysaly
Jeanieu yum buiddey S132D] SN2202010D7 se papeib
e S} JO SINOY Z UIYLM JUSIUOD SaIMUNWIWOD eAUdY [e1SR0D BPUAMNIIN wrnipjup|d snjj13pqo3dp] (duIm
or'o9'Le] |OYOD[R %%t SAYDeIY {Ysai{  pue ‘ljiyems ‘eweuin ‘owoyod buowe Ajpueuiwopald 12sp2pipd snjj12pqoIdDT] (p43y1>nu $020)) des-wijed 1nuod0) wied) 1zeupyy
dUIM/SBYSBW }INJ} PAJUdIWLIRS ‘Al
(D00€—27) d4nesadwal
JudlqWie Je ylog
‘skep
€— 10} UOIIRIUDULIDY Jjew “J9||1W ysning jo Aujiqejiene
wnyb1os 10 W||IN + J91eM Jeuoibal 01 anp NN aYy1 buowe panIasUO) :emiepy
+ squinud pajseoy :abexs ‘ewobung
“InoAeyy pue eisng jo eAyn| ay} buowe panIasuo) MY emiey
paiseos pue uoneziuneRb ‘uoriejndod aAizeu ay3 Jo uonesbiw Jo duINUI Y} “J9||Iw ysning :emiejy 104 amyayd
10} pa1seOl SSeW paInos pue 01 anp A1unod a3yl Inoybnoiyy pawnsuod KPP SISeIA 19| 1w 136Ul :PmyaY) 104 ‘SJueLIeA
sAep €—g 10} uonRIUBWIDY 's9q ) LY pue ISy ‘onT ‘eAyn ayy winjuawiidy snjjippqodDTy Jew 19|jiw 1RYI0
levoogets]  191BM + Inoj) dzlepy :abeys | Buowe Aliofew eAudyl uIsisam woyy djeulblQ eesng wnupjupyd snj|1ppqodvT, 10 wnybios 10/pue INoj dzie|y :eesng Jo4 eesng
sabelanaq paseq-|ealad s1jo0yod|y
DUIRYIY ainyesadwa] 2dods d1uyiz/jeuoibay paiedijdwi eoiqodI a1eisqng 1Nnpold

/W11 uonejuswe

“(Panunuo)) °1 3|qeL



FOOD REVIEWS INTERNATIONAL 7

and (v) distilled spirits (chang’aa/nubian gin). The diversities and associated predominant microbiota
characterized so far are depicted in Table 1. For a map of Kenya with regional diversity, see
Supplementary material. The foods and beverages have varying adaptabilities as exemplified by the
different tribes/ethnic groups of Kenya and/or region of origin (Table 1) in conjunction with
ingredients, techniques, recipes, and inherent food traditions. A vast majority of the fermentation
process is via earthen pots, gourds or calabashes as preferred vessels. By extension, containers made of
plastic are being embraced because of their durability, ease of use, low cost and availability. The
microbial structure is not significantly impacted by the container material.l”**"!

(i) Fermented uji is a thin gruel (porridge) widely prepared from unblended or composite flours
(Table 1). The variability of recipes depends on cultural practices, the predominant crops
grown in the area, and the price and availability of raw materials. After allowing the slurry (30%
w/v solids) to ferment, it is diluted with water (to 8-10% w/v solids), boiled, sweetened, and
consumed while still hot.*”) Among the implicated microbiota (Table 1), Lactobacillus plan-
tarum accounts for the majority of the lactobacilli in uji. Fermentation by both traditional
backslopping or the use of starter cultures (as the preferred approach) with lactic acid bacteria
(majorly Lactobacillus plantarum, L. brevis, L. buchneri, L. paracasei ssp. paracasei and
Pediococcus pentosaceus) are effective in uji preparation.**4*#21 The use of a starter culture
is denoted to impede the occurrence of different pathogenic and spoilage microbes.!*>#>#3]
Kirario, kimere and ikii variants of non-alcoholic cereal-based thin porridge (Table 1) are
uniquely characterized by exploiting wet-milling involving green maize as an ingredient,
a combination of dry-milling + wet-milling and dry maize grits in the order of major con-
sumption habits routinely or during special celebrations commonly observed in the respective
ethnicities of origin!**~**! Notably, kimere was more of a staple food before the initiation of
maize.'*”! Regarding the distribution of microbiota for the cereal-based beverages, lactic acid
bacteria were the most dominant microbial flora (Table 1) except for busaa (an anaerobically
fermented alcoholic beverage from maize) in which the lactic acid bacteria (LAB) are
limited.[**5!

(ii) For the traditional fermented milk products (Table 1), the LAB were the predominant micro-
bial flora with some variations in the product traits. In kule naoto, wherein blood is added
before fermentation, high levels of protein®" are present. Due to the high iron content in blood,
which is a cofactor in various cellular physiological processes, the mixing of blood and milk for
fermentation might impact microbial metabolism.’****! However, to our understanding, no
evidence validates the notion of the influence of blood in the fermentation process regarding
a correlation between microbial flora diversity and volatile compounds along with sensory
characteristics.

The concept of thermophilic or mesophilic lactic acid cultures, being typically utilized in mini-
production trials of fermented milk under regulated conditions, has been observed in suusac and
cow milk fermentation mimicking mursik to a good extent.°”#*%7] The mesophilic lactic
cultured milk showed certain benefits in warm areas (as is the case of Kenya) on capacity to
be incubated at room temperature (20-30°C) with optimum fermentation at 1-1.2% lactic acid,
avoiding the requirement for refrigeration to stop additional souring as occurs with
yoghurt.!””#! 1t is therefore apparent that developments in sequence-based molecular technol-
ogies for exploring the diversity and functionality of microbiota in traditional fermented foods at
metagenomic and metabolomics scale,!®®! offer the chance to enrich our understanding of
traditional fermenting microbial ecosystems. Such findings could have practical implications
for ecology-driven process design to upscale and standardize indigenous fermentation or for
optimization of context-fit starter cultures.

In fermented dairy products like kule naoto, a definite correlation between the occurrence of yeasts
and pathogenic and/or spoilage microbes like Enterobacteriaceae was noted where no
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Enterobacteriaceae were detected in samples where yeasts were profiled.”>**! In addition to the yeasts
being major players in the metabolism of lactic acid with a consequent increase in pH, thus supporting
the growth interactively of less acid-tolerant microorganisms.”®*>*") As well, yeasts can produce
proteolytic and lipolytic enzymes that are important in the formation of flavour compounds.!**¢>#%°]
Still, the low pH of fermented milk provides a favourable environment for yeast growth, but is
unfavourable for the majority of bacteria. Spoiling becomes apparent when the yeast population
reaches 10°-10° cells g~ #>?»%2] Yet, except for amabere amaruranu and suusac (in which the
dominant species of yeast was S. cerevisiae, Table 1), there is little data on the characterization of
yeasts across the majority of the foods and beverages studied. They were mostly enumerated but not
characterized. This limits the understanding of their interplays in the indigenous spontaneous
fermentation setting, for instance, their interaction with LAB and the ensuing metabolic properties
and safety effects.

A fermentation vessel (i.e., gourd or calabash) for milk processing usually originates from the
plant Lagenaria leucantha or Lagenaria siceraria. The gourd is commonly sooted on the inside
with glowing splints of Olea Africana chopped stem as a preparatory step (Fig. 1). More diverse
plant species (Fig. 1) can be applied in mursik and kule naoto processing bearing in mind
preferences and availability.[**?>**] The benefits of soot application are still debatable and wide-
ranging: a) improves flavours, b) slows down the fermentation process and the growth of
coliforms thus enhancing safety and extended shelf life of the fermented products ¢) functions
to inactivate potential spoilage organisms in the milk, allowing lactic acid bacteria to establish as
the dominant flora, d) suppresses naturally-occurring yeasts, moulds and bacterial contaminants
brought in by the raw milk, and e) protects the gourd from wearing out fast and erases the
gourd natural smell when milk is drunk from it.***°") Notwithstanding, there is paucity of
evidence on the origin of plant species used and the associated sooting impact on the microbial
ecology interplays in the fermentation process.

(iii) The Kenyan traditional beers, wines and spirits are commonly denoted as “pombe” but
distinctively differ from each other based on the substrate used (Table 1) and methods of
preparation besides variations in alcohol and/or lactic acid proportion. For busaa, which is
a beer, spontaneous fermentation results in the formation of, among others, alcohol and lactic

Olea europea subsp. cuspidata
Senegallia mellifera Senna didymobotrya

Lippia kituiensis Croton macrostachyus

Olea capensis Searsia natalensis

Prunus africana Euclea divinorum

Dombeya torrida Bridelia micrantha

Acacia mearnsii Vachelia gerrardi

Figure 1. Diversity of plant species for which chopped stems are used to prepare glowing splints for sooting the fermentation vessel
(calabash/gourd) inner surface. A case example of the gourd smoking in progress (shown in the centre) with the charcoal from the
burning wood. This process is repeated until the inside is smooth and even. After it has been suitably sooted, the extra dust from the
charcoal is gently removed. The gourd is now regarded as ready for usage and is covered and left to cool.
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acid. The final product contains varying amounts of alcohol (2-4% v/v)(volume/volume) and
lactic acid (0.5-1.0% w/v)(weight/volume). In chekwe beer, the final product has a pleasant,
refreshing sour taste (acidity approximately 0.5-0.8% w/v as lactic acid) and usually contains 4-
5% v/v alcohol. The alcohol content of marwa remains indeterminate. Among the wines, the
alcohol content of muratina varies from 3-6% v/v with that of mnazi depending on the chemical
composition of the sap, the duration of fermentation, and the temperature during the fermenta-
tion, thus typically varying between 0.5-7% v/v. Changaa, which is a spirit, contains 25-60% v/v
alcohol, contingent on manufacturing conditions.

Microbiota health benefit aspects and safety influences in traditional fermented foods

We next examine the microbiota diversity nexus with health benefits, especially probiotic attributes
and safety influences in the traditional fermented foods profiled. Indigenous fermentation takes place
by a mixed colony of microorganisms such as moulds, bacteria and yeasts in a food substrate.!”® The
resulting microbiota are beneficial with enzymes such as proteases, amylases and lipases that hydrolyze
food complexes into simple nontoxic products with desirable textures and aromas that make them
palatable for consumption. 7?8101

In the traditional foods and beverages examined (majorly cereal and milk-based), LAB are the
dominant microorganisms, which include those of the genera Leuconostoc, Lactococcus
Streptococcus, Lactobacillus, Enterococcus, Aerococcus and Pediococcus. However, the genera
Lactobacillus, Lactococcus and the yeast species Saccharomyces cerevisiae are predominant
across =5 of the fermented products (Fig. 2) four of which are milk-based. Overall, the yeasts
isolated from different fermented products were mainly of the genus Saccharomyces and
Candida. The reviewed literature lacks detailed descriptions of moulds but moulds that have
been established in milk and cheese fermentation include Penicillium, Mucor, Geotrichum, and
Rhizopus species."*”!'%) Cereals of major importance as identified in the reviewed cereal-based
fermented products (Table 1) are maize (Zea mays), sorghum, and millets, especially pearl millet

Kule naota Suusac Amabere amaruranu

‘l |
|

Lactobacillus, Lactococcus, Saccharomyces
y y

|

Mnazi Mursik

Figure 2. Bacteria and yeast genera that commonly co-occur in five major Kenyan traditional fermented foods. Microorganisms
widely used as probiotics mostly belong to the genera Lactobacillus for bacteria and the yeast Saccharomyces.'°>'% in the five
fermented foods identified, the LAB and the yeast Saccharomyces have a predominant co-occurrence despite varied substrate and
processing variations that may shape microbial ecology attributes that influence mechanisms of microbial community formation 1'%
LAB and yeast co-exist synergistically in diverse traditional fermented foods by stimulating their growth and survival.*'% the co-
occurrence and anticipated beneficial interactions of LAB and yeast across the five foods give credence to their distinctive probiotic
viability while in their native forms and that, processing optimization through microbial ecology principles would positively influence
valorisation prospects."'”"'**1% Microorganisms commonly considered probiotics, and characterized and/or co-occurring in the five
foods: Kule naota; Lactobacillus plantarum, Lactobacillus paracasei, Lactobacillus rhamnosus, Lactobacillus acidophilus, isolates of
Lactococcus lactis and Saccharomyces cerevisiae. Mursik; Lactobacillus plantarum, Lactobacillus curvatus, Lactobacillus fermentum,
Lactobacillus brevis, Lactobacillus casei as well as Lactococcus lactis, Enterococcus faecium, Leuconostoc mesenteroides and
Saccharomyces cerevisiae. Amabere amaruranu; Lactobacillus plantarum, Lactobacillus bulgaricus, Lactococcus lactis, Leuconostoc
mesenteroides, Streptococcus thermophilus and Saccharomyces cerevisiae. Suusac; Lactobacillus plantarum, Lactobacillus curvatus,
Leuconostoc mesenteroides and Saccharomyces cerevisiae. Mnazi: Lactobacillus plantarum, Lactobacillus paracasei, Lactococcus lactis,
and Saccharomyces cerevisiae. Strain specific data to justify precise probiotic traits is scanty, there is need for further investigations to
delineate the subspecies and genetic differences if any and where necessary. Methods such as comparative genomics analysis have
the potential to provide insights into the genetic variation and evolutionary relationships among subspecies, while also facilitating
the precise detection of strains that display dual phenotypes.['%~1°¢!
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(Pennisetum glaucum) and finger millet (Eleusine coracana). For these cereal products,
L. fermentum, Pediococcus pentosaceus, W. confusa, L. plantarum, L. salivarius, L. casei,
L. acidophilus, and Leuconostoc spp. are some species that have been commonly isolated.
Fermentation of cereals provides optimum pH conditions for enzymatic degradation of phytate
and releases minerals such as manganese (which is an important growth factor of LAB), iron,
zinc and calcium.""'! Moreover, cereal and cereal component-based foods (like those herein
profiled) contain water-soluble fibre (such as B-glucan and arabinoxylan), oligosaccharides (such
as galacto- and fructo-oligosaccharides) and resistant starch, which are known for their prebiotic
properties.[lll’”ﬂ

Taken together, lactic acid fermentation is considered a major contributor to the beneficial
characteristics of indigenous fermented foods and beverages.!'>'”*!! Probiotics isolated from
a variety of sources including traditional fermented foods, mostly belong to genera Lactobacillus,
Bifidobacterium, Lactococcus, Enterococcus, Leuconostoc, Streptococcus and the yeast
Saccharomyces.!'9%19>114115] The respective strains, which are predominantly LAB and considered
to be of importance to food and nutrition, have been characterized, and validated for safety,
functionality and technological attributes!®>'°>!**-11¢] \ith more yeast strains identified as having
probiotic properties and capabilities."*>'%®! A selective range of the reported microorganism species
resonates with those that co-occur in traditional foods (Fig. 2) while in their native forms of
preparation. The utilization of wet-milling or a combination of dry-milling + wet-milling for the non-
alcoholic cereal-based porridges (kirario, kimere and ikii) confers them good traits for prebiotics and
probiotics.[*>1°>!1>117] prebiotic and probiotic bacteria are beneficial in that they favourably alter the
intestinal microflora balance, such as the reconstruction of normal intestinal microflora after disorders
caused by diarrhoea and antibiotic therapy inhibiting the growth of harmful bacteria, promoting good
digestion, boosting immune functions and increasing resistance to infections.!**"***! Further physio-
logical benefits include the removal of carcinogens, lowering of cholesterol, immunostimulating and
allergy-lowering effects, and synthesis and enhancement of the bioavailability of nutrients.!'' ']

In food and health safety, fermentation plays a crucial role in the reduction of fermentable
oligosaccharides, disaccharides, monosaccharides and polyols (FODMAP).!"*®) FODMAP ingestion
induces abdominal symptoms in people suffering from irritable bowel syndrome, which is
a common gastrointestinal tract disorder."'® Though not conclusive owing to limited studies,
fermented foods can support microbiota formation during pregnancy.”®® Antimicrobial effects of
LAB, inactivation and control of foodborne pathogens through fermentation can reduce the risk of
pathogenic diarrhea, which is the leading cause of infant mortality in sub-Saharan Africa.l'”-'!"!
For instance, raw sorghum flour contains ~ 2,400 colony-forming units per gramme (cfu/g) of
Escherichia coli, whereas fermented dough contains significantly fewer.!"”?”! The fermented dough
contains no Salmonella spp., which were found in several sorghum cultivars. Still, a variety of
spoilage and pathogenic microorganisms have been identified in traditional fermented foods and
beverages.!"?"'??] These microorganisms are primarily native microflora of fermenting foods in
addition to those from poor handling and processing methods.!"*****! They include non-spore-
forming pathogenic bacteria (e.g., Listeria monocytogenes, Salmonella spp., and Shigella spp.),
bacterial toxin producers (Staphylococcus aureus), yeasts (for instance Candida spp.), moulds
(such as Rhizopus spp., Penicillium spp.), and toxigenic fungi (like Aspergillus spp.).1123125-127]

Cereals are prone to contamination by toxigenic fungi that lead to mycotoxicosis.!'**'**) As an
indirect environmental influence, mycotoxins have been detected in milk as a result of feeding
livestock with contaminated agricultural produce.!"**'*°! Interlinkages of direct and indirect types
and sources of contaminants of milk and dairy products including those impacting the processing of
foods like mursik, kule naota, suusac and amabere amaruranu have been examined.''*"!*?
Considering the significant burden of mycotoxins in Kenya’s food systems, the mainstay control
strategy entails the use of chemical preservatives but their impact on health, nutritional and organo-
leptic qualities of food is a growing concern.'?*'?*! The LAB, including those from Lactobacillus,
Lactococcus and yeast strains of Saccharomyces cerevisiae predominant in the traditional fermented
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foods herein profiled (Table 1) are generally regarded as safe (GRAS). Apart from the LAB and the
yeasts” essential traits for application in food fermentation systems, their ability to produce bioactive
metabolites or enzymes with synergistic antifungal activity has been reported.!'!®-!212%133134] Tpe
traditional fermented foods thus act as reservoirs of beneficial LAB and yeasts that can aid in food
preservation and control of mycotoxins.

Agroproduction determinants and traditional fermented foods valorisation prospects

An important component of national nutrition policies is dietary recommendations. The guidelines
represent suggestions for optimal nutrition and overall health, devised by experts in the field of science
and health, drawing upon the most recent scientific data and information on food consumption.®**!
Fermented foods are consumed globally but national nutrition guidelines in the majority of countries
do not provide recommendations concerning the consumption of fermented foods. Australia,
Bulgaria, South Africa, India, Qatar, Kenya, Sri Lanka, and Oman are among the very few nations
that have national nutrition guidelines that include indigenous and traditional fermented
foods.!'®***") Fermented foods that are indigenous and traditional to these nations are accessible
and denote an integral part of the national ethos.!"®!"

While national dietary guidelines across the globe may contain similar recommendations, they
remain distinct to the population and country that established them and are country-specific./'®'*"!
They are interconnected and impacted by the accessibility of food products within a particular nation,
including dietary and cultural attributes that are specific to that country."®') Cereals and milk are the
predominant substrates for the diverse traditional fermented foods identified (Table 1). We, therefore,
explore the agroproduction of these substrates that would conceivably influence traditional fermented
foods’ sustainability and subsequent valorisation in food systems. Across many households in Kenya,
the staple food crop is maize, often consumed as stiff porridge (ugali), alongside cooked vegetables
and/or meat (with chicken as the most preferred meat in Kenya at 92%), beef (85%), fish (79%) or goat
with milk and related products as common features in the diet."**~'**! The Food Balance Sheet (FBS
2023) by the Kenya National Bureau of Statistics (KNBS) shows that milk and related products have
a per capita consumption of 93.3 kg, followed by maize and maize products (69.5 kg), wheat products
(41.3kg) and vegetables at 32.6 kg.!"*>14¢]

The projected value of Kenya’s dairy industry is 4% of its gross domestic product."*”'*¥) This
vitality is supported by rising domestic milk production (an average of 5.3% annually), processing
capacity (an average of 7% annually), yearly per capita milk consumption (an average of 5.8%
annually, now 110 litres), well beyond those of other African nations.!"**'*”*8) There is a growing
dairy production cutting across smallholder farmers (who are the majority), dominating mixed crop-
livestock (MCL) systems with small herds of superior dairy cattle breeds replacing the traditional
breeds.' #4514l Boyine and camel milk along with derivative products are the most produced and
consumed animal-sourced foods while ~70%-80% of the milk marketed in the country is sold through
informal markets.'****°"'*2) Of note, recent trends have positioned Kenya Arid and Semi-Arid Lands
(ASALs) to be in the lead in camel milk production with an annual production volume of 1.165 million
metric tonnes (MMT), followed by Somalia (0.958 MMT) and Saudi Arabia (0.271 MMT).[152:153]

The consumption of milk-based traditional fermented foods is at a rate of up to 2-3 litres
per day per person for kule naoto, majorly among the Maasai, irrespective of income or
number of cattle per household.®*'**"1*¢) Comparatively, mursik consumption is estimated at
500ml (2 cups) per person per day during main meals within the agropastoralists’ settings,
coupled with the “traditional fermentation technology export” spanning the country (Fig. 3)
and ~ 53% of milk produced in cooler Kenyan highlands consumed as fermented milk pro-
ducts 771 Camel milk products are equally gaining increased acceptability beyond the
usual ASAL settings."*'"1%?] Despite a robust legislative framework in the dairy sector, up to
80% of the milk is marketed informally providing livelihoods to households. Informal milk
markets are ascribed for proficiency in delivering dairy products that satisfies sociocultural
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Figure 3. A case of rural Kenya experience in mursik production and consumption: (a) an enterprising local farmer who produces
calabashes/gourd bottles for sale to the community and beyond, due to its high demand for use in the production of indigenous
fermented milk (mursik). (b) a demonstration of how the calabash/gourd is coated on the inside by smoking with special tree species
locally used for flavour and alluded medicinal benefits. (c) Fermented mursik in a calabash ready for consumption. (d) Mursik with the
dark effect due to smoking is aliquoted from the calabash to an open container for further mixing before consumption to ensure the
smoking effect from the fermentation process done in the calabash is properly mixed and for evenness.

expectations in quality, at reduced prices and in smaller quantities fitting low-income con-
sumers’ purchasing power."*! Mursik, is a archetypical case milk product bridging the pur-
suit for sustainable food systems especially at the bottom of the pyramid. It is plausible to
note, with valorisation, milk based products like mursik and suusac have a good potential to
add to food security as driven by the growing agroproduction sustained in the dairy sectors
over time.

Maize, sorghum, finger millet and cassava have a diverse role in the food chain other than the
preparation of fermented products. The cereals are important raw materials for making thick
(ugali) and thin (uji) porridge, githeri (a boiled mixture of maize+beans) mainly in school meals
programme and mkarango (maize meal snacks) but their production is persistently less than the
demand.**371¢31¢4] The annual production of white maize is about 3.6 million tons with insuffi-
cient production to meet national demand spanning all the way from the 1980s to date!*®>'*® with
the shortage getting more severe. The productivity of sorghum is about 2.0 t/ha, which is below
the inherent potential of 3-4 t/ha, even with farmers increasingly adopting varieties with improved
genetic potential like Serena, Seredo, Gadam and E1291.°*'”) The average mean yield of finger
millet in Kenya is 2.9 t/ha with yields of improved varieties (such as P224 and Katumani) reaching
up to 3.3
t/ha.>*!%8) Cassava, an ideal food security crop for semi-arid regions, has average yields of 15
to 20 t/ha against a potential yield of over 50 t/ha.l**!

In contrasting the cereals’ productivity with fermented beverages utilizing the cereals or cereal flour
as substrate (Table 1), uji is commonly used as a vital weaning food along with being consumed by
individuals of all age groups as a breakfast meal or a refreshing beverage at any time of day.!**'*" It is
a highly preferred food among invalids as they are often weak and unable to consume food that
requires much energy to chew and swallow.”** Per capita consumption of uji is high in poor house-
holds, especially during a famine, because only a small amount of flour is necessary to produce
a significant quantity of the product, which can be consumed throughout the day.****! As earlier
detailed (Table 1), although the main substrates for uji comprise unblended or composite flours of
cassava and whole-milled grains of maize (cornmeal), sorghum or finger millet (wimbi), the most
popular 1:1 composites are maize — sorghum, maize - finger millet, cassava — finger millet and
cassava — sorghum. The growing adaptive premise of composites (blending of cereals) in traditional
cereal-based foods (like uji) and enhanced productivity of alternative cereals (mainly sorghum and
finger millet) is promising for food sufficiency in SSA where indigenous fermented foods continue to
gain acceptance.[29’170]
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Figure 4. Schematic model for interlinked microbial ecology of natural fermentation research and food systems policy action cues in
traditional fermented foods: understanding food products’ preference and perception (e.g. cereal or milk-based and alcoholic or non-
alcoholic) depending on the cultural context of the communities; investigating aspects of the microbial ecology of the traditional
fermented foods (e.g. studying the diverse bacteria, yeasts, and moulds that contribute to the fermentation process) and its role in
the substrates utilized; microbial ecology studies can assist in identifying biomarkers (measurable indicator of some biological state
or condition) for assessing fermented food quality and aid in the development of optimal ecology driven process design to upscale
and standardize fermentation while being cognizant of intertwined biocultural diversity (for instance preservation of organoleptic
properties). In the case of microbial ecology-driven biomarkers identification, some microbial metabolites, enzymes, and proteins can
be utilized to evaluate whether a food product has been properly fermented or contains harmful microbes. As an effect of the
interlaced actions, stimulate agro-enterprise development (e.g. shift from calabash/ gourd fermentation (top centre) to milk grade
controlled fermentation tank (top left) with a touch of typicity).

Conclusion and perspective

It is apparent that the traditional fermented foods examined are widely accepted and within the
socioeconomic means of the communities in which they are produced, based on the substrates
used. As a way of mitigating wastage under ambient temperatures, improving the nutritional
quality, organoleptic characteristics and enhancing the products’ shelf life at the production level,
indigenous spontaneous fermentation persists as a mainstay approach across different ethnicities
for varied substrates.

We profile the traditional fermented foods and beverages into five major clusters with significant
valorisation potential for greater nutritional value and assurance for food system progression in two: (i)
non-alcoholic cereal-based thin porridge (majorly uji) and (ii) fermented milk products (mainly mursik
and suusac) as informed by agroproduction resilience and evolving consumption preferences, especially
for the milk products. Likewise, some products such as uji, mursik and suusac have a likability that
transcends their ethnic jurisdiction of origin as a consequence of widely perceived and/or partly
established health benefits and organoleptic properties. Whereas these foods are commonly processed
and produced using empirical and artisanal methods, often resulting in inconsistent products, locally
tailored starter culture trials and related applications in products like uji and suusac have shown
a promising prototype to guarantee safety, mitigate contamination, assure stable sensory characteristics
and nutritional value. It is thus plausible to affirm, that integrated basic, applied and policy-level
research (Fig. 4) aimed at improving traditional processes by reengineering the unit operations with
the intent of improving safety and nutritional quality while being cognizant of organoleptic traits and
intertwined biocultural diversity is highly desirable. In the long run, this would potentially stimulate
assurance of sustainable food systems, especially at the base of the pyramid.
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From the declining productivity of maize (Zea mays) that spans decades coupled with known
unfavourable climate variability trends in the tropics and the growing adaptive premise of composites
(blending of cereals) in cereal-based foods and beverages, promotion of the productivity of alternative
cereals (mainly sorghum and finger millet) in the context of indigenous foods and beverages con-
sumption habits, would go a long way in invigorating food sufficiency at community and households
levels. Ultimately, such efforts would help alleviate or mitigate the overreliance on maize as the main
substrate for different cereal-based indigenous foods and beverage preparation among other compet-
ing needs (like home-grown school meal programmes). In doing so, this would proportionally advance
responsiveness to several SDGs, namely 2) Zero hunger, 3) Good health and well-being, 12)
Responsible consumption and production and 13) Climate action.
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