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Abstract 

Aw ar eness is gr owing that human health cannot be considered in isolation but is inextrica b l y wov en with the health of the envi- 
ronment in whic h w e live . It is, how ever , under -recognized that the sustainability of human activities strongly relies on preserving 
the equilibrium of the microbial communities living in/on/around us. Microbial metabolic activities are instrumental for production, 
functionalization, pr ocessing, and pr eserv ation of food. For cir cular econom y, micr obial meta bolism would be exploited to produce 
building blocks for the chemical industr y, to achiev e effecti v e cr op pr otection, a gri-food w aste r ev alorization, or biofuel pr oduction, 
as well as in bioremediation and bioaugmentation of contaminated areas. Low pH is undoubtedly a key physical–chemical parameter 
that needs to be considered for exploiting the powerful micr obial meta bolic arsenal. Deviation fr om optimal pH conditions has pro- 
found effects on shaping the microbial communities responsible for carrying out essential processes. Furthermore, novel str ate gies 
to combat contaminations and infections by pathogens r el y on micr obial-deri v ed acidic molecules that suppress/inhibit their growth. 
Her ein, we pr esent the state-of-the-art of the knowledge on the impact of acidic pH in many applied areas and how this knowledge 
can guide us to use the immense arsenal of microbial metabolic activities for their more impactful exploitation in a Planetary Health 

perspecti v e. 

Ke yw ords: antimicrobial; biohydrogen; phytopathogen; organic acids; food pr eserv ation; w aste v alorization 
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Abbreviations 

AMR: Antimicr obial r esistance 
DF: Dark fermentations 
GAD: Glutamic acid decarboxylase 
GABA: γ -aminobutyric acid 

GRAS: Gener all y r ecognized as safe 
LAB: Lactic acid bacteria 
MEC: Micr obial electr ol ysis cells 
PAW: Plasma activated water 
PHA: Pol yhydr oxyalkanoates 
ROS: Reacti ve o xygen species 
VFA: Volatile fatty acids 
VS: Volatile solids 

Introduction 

The extr activ e and polluting nature of the linear econom y (tak e–
make–consume–w aste) has b y far passed the limits of environ- 
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r e pr oduction in any medium, provided the original work is properly cited. For com
ental sustainability (Despoudi et al. 2021 ). In the last two cen-
uries, especially since the second industrial r e volution, the an-
hr opocentric perspectiv e has pr e v ailed ov er that of the planet
nd the environments in which we live (Baporikar 2020 ). Though
atur e is r esilient and has an incr edible ability for self-r ene wal,

he rate at which humankind pollute and the kind of waste gen-
rated has now reached a point of no return, i.e. by far exceed-
ng that of Earth’s self-r egener ation (Folke et al. 2021 ). A circular
ioeconomy model (i.e. to stop waste accumulation and aiming 
t r educe–r euse–r ec ycle) w ould be more sustainable, and the de-
elopment of such an economy is now a stated target of govern-
ents and companies worldwide (Ne v es and Marques 2022 ). The

ircular bioeconomy model incor por ates two important notions: 
ener ation of r ene wable ener gy and pr oduction of c hemicals that
re less-toxic and, most of all, recyclable (Tan and Lamers 2021 ).
n a circular bioeconomy a fundamental role can be played by

icr o-or ganisms (arc hea, bacteria, and fungi), whic h ar e ca pa-
le of colonizing the most disparate environments and niches on
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ur planet and possess a very broad range of metabolic activities
Sauer 2022 ). Exploiting waste material is ther efor e a fundamen-
al component of the circular bioeconomy and its main aim is to
ener ate high-v alue pr oducts and bioener gy fr om waste str eams
Priya et al. 2023 ). For its pr actical r ealization to large scale waste

aterial refining, a considerable effort of interdisciplinary teams
s needed. This also applies to bioremediation and bioaugmenta-
ion when it comes to polluted sites. 

As we will discuss in this r e vie w, micr o-or ganisms hav e the po-
ential to be extr emel y v aluable in r egard to the abov e because
f their very broad range of different metabolic activities, many
f whic h hav e not yet been exploited (O’Connor 2021 ). Synthetic
iology is paving the way to microbial cell factories that will meet
uman needs in a greener way than current processes do (Sauer
022 ). 

K ey physical–c hemical par ameters that need to be understood
nd, when needed, manipulated for the full exploitation of the
icrobial metabolism include the presence/absence of molecular

xygen, the pH, the salinity, the osmotic pr essur e, and the tem-
er atur e (Br eznak and Costilow 2014 ). This is true regardless of
hether single species and microbial community are being con-

ider ed. In this r e vie w, we highlight the r ole and the importance
f acidic pH (low pH) in man y ar eas of a pplied sciences that can
ontribute to the circular bioeconomy. 

Acidic pH gr eatl y impacts foods shelf life and safety because
t r educes spoila ge and inhibits pathogens growth (Lund et al.
020 ), Acidity can be imposed by the addition of acidic molecules
for the most part organic) during food processing or generated
y the natural metabolic activities of beneficial micr o-or ganisms
hat ar e pr esent in food. As we will discuss in the following sec-
ion, the substances produced by microbial processes at acidic
H, mostl y driv en by fermentation, play a vital r ole not onl y in
ood pr oduction, pr eserv ation, and shelf life, but also in increas-
ng the final nutritional value, functional properties (i.e. benefits
eyond basic nutrition) and sensory quality of the final food prod-
cts . F ermented foods are “foods made through desired microbial
rowth and enzymatic conversions of food components” (Marco
t al. 2021 ), most of which are intrinsically acidic. Fermented acid
oods, including many traditional food and drinks (e.g. yogurt,
 heese, sour kr auts, pic kled v egetables, kefir, and different types
f fermented milks), are the result of the biotransformations per-
ormed by micr o-or ganisms and pr ovide additional health bene-
ts for human and animal health. 

Ho w e v er, the r ole and k e y importance of microbial activities
t low pH go beyond food safety, and plant, animal, and human
ealth and disease . T he acidification of soil and oceans is for ex-
mple a k e y parameter to monitor and ideall y mana ge, because
t shapes the microbial communities living in these environments
nd negativ el y impacts on the micr obial biodiv ersity (Peixoto et al.
022 ), with inevitable adverse consequences on food chains. Even
n clouds acidic pH is a k e y parameter that, in combination with
unlight, may influence the survival of bacteria and affect their
etabolism and ability to degrade organic acids in clouds (Liu et

l. 2023 ). 
On the other hand, weak organic acids, such as itaconic acid,

actic acid, and succinic acid, r epr esent important building blocks
ith the potential for microbial production under low pH, as it will
e discussed in one of the following sections. Itaconic acid, for ex-
mple, is a platform chemical the micr obial pr oduction of whic h
an be impr ov ed by str ain de v elopment and process optimiza-
ion at low pH. Lactic acid, the most commonly used term for 2-
ydr oxypr opionic acid, is mostl y pr oduced today by fermentation:

ts demand has incr eased significantl y due to its utilization as a
onomer for production of poly-lactides and poly-coglycolates.
hese pol ymers ar e thermostable , biocompatible , and biodegrad-
ble and also suitable for biomedical applications and food pack-
ging with significant advantages over petroleum-based polymers
or the mentioned applications (Djuki ́c-Vukovi ́c et al. 2019 , Maga-
hães Júnior et al. 2021 ). Bio-based production of succinic acid as
 building block has the potential to replace monomers obtained
rom fossil oil in the production, for example, of polybutylene suc-
inate, a biodegradable polymer of the polyesters family, suitable
or the production of disposable items (Mancini et al. 2020 ). Routes
or microbial production of succinic acid are still not sufficiently
e v eloped to make it competitive with the curr entl y dominant
etr oleum-based pr oduction, ho w e v er, initiativ es ar e activ e in the
uropean market ( https:// www.european-bioplastics.org/ ). 

As the above examples show, understanding and ultimately en-
ancing the activity at low pH of neutralophilic micro-organisms
nd acidophilic micr o-or ganisms, thr ough a ppr opriate biotec h-
ological applications and strategies can be channeled into the
eeds of the circular bioeconomy. This r e vie w aims to pr ovide an
pdated account of where we are in many applied science fields
hat exploit microbial responses to low pH to enhance both our
nd planet health. 

ow pH as a key parameter in food 

reserv a tion, pr ocessing, and pr otection: 
he impact of microbial acid stress 

esponses on food safety , quality , and 

unctionalization 

cidity is an inher ent pr operty of some foods, such as citrus fruits
nd juices, and can be also caused by fermentation processes
y autoc hthonous micr o-or ganisms or intentionall y added starter
ultur es (Pér ez-Díaz et al. 2017 ). Acidophilic micr o-or ganisms, like
ertain strains of lactic acid bacteria (LAB), generate organic acids
hat effectiv el y inhibit the gr owth of pathogens and spoila ge mi-
r obes. Hydr ogen per oxide and bacteriocins are other antimicro-
ial substances produced by LAB and also greatly slow down the
rowth of organisms that cause food spoilage (Singh 2018 ). In ad-
ition, man y ingr edients and ad diti v es ar e added to food to r educe
H of the end pr oduct, whic h hav e beneficial effects on shelf life
nd hence safety. Among them, se v er al or ganic acids, including
cetic , citric , formic , lactic , propionic , sorbic , ascorbic , and ben-
oic acid, are routinely used in food products mainly as acidity
egulators, but also (for some of them) as flavor enhancers, an-
ioxidants or substances with direct antimicrobial activity (Coban
020 ). Figure 1 summarizes the applied sectors in which the abo ve ,
s well as other organic acids discussed in this r e vie w, ar e mor e
r ominentl y emplo y ed or produced. 

cidic pH and food safety 

cidification is one of the most important pr etr eatments in some
ood industries, such as the canning industry, where it is com-

onl y a pplied befor e the thermal tr eatment to r educe the heat r e-
istance and inhibit the germination of bacterial spor es, ther efor e
llowing the reduction of the intensity of the thermal treatments
 pplied (Der ossi et al. 2011 ). Acidification by the food industry in
uch cases can be applied through blanching or immersion of the
ood ingredients in acidified aqueous solutions, direct batch acidi-
cation, or addition of acid raw materials to low-acid foods in con-
r olled pr oportion to conform with specific form ulations (Der ossi
t al. 2011 ). 

https://www.european-bioplastics.org/
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Figure 1. Organic acids of microbial origin that find important applications and/or are produced in different fields . T he graph mainly reflects the 
molecules discussed in this r e vie w. Cr eated with Gr a phP ad Prism 10.0. 
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Acidic pH also plays an important role contributing to the an- 
timicrobial effect of some recent technological interventions de- 
v eloped to impr ov e food safety. An example of suc h nov el tec h- 
nology is plasma-activated water (PAW), gener ated thr ough the 
dir ect exposur e of water to the action of nonthermal atmospheric 
plasma. During its production PAW is rapidly acidified, reaching 
values close to pH 3.0. This is mainly due to the dissociation of 
w ater caused b y the plasma treatment, and to the formation of 
nitric acid and nitrous acid, if nitrogen is present, either from 

ambient air or from the gas used in the process (Oliveira et al.
2022 ). Recent studies have shown that the microbial responses to 
PAW are quite similar to those triggered by acid pH (Fernández- 
Gómez et al. 2023 ). Se v er al r eactiv e species with strong antimi- 
crobial activity are present in PAW. These include ozone, atomic 
o xygen, reacti ve o xygen species (ROS, such as singlet oxygen, hy- 
dr ogen per oxide, hydr oper oxide, hydr oxyl, and super oxide anion 

r adicals), nitr ogen oxides (NO 2 , N 2 O 3 , N 2 O 5 , and N 2 O 4 ), and ni-
tric o xide deri vati ves , such as nitrates , nitrites , and peroxynitrites 
(Tian et al. 2015 , Risa Vaka et al. 2019 , Xu et al. 2020 , Hou et al.
2021 ). Although acidification is not the primary cause of micro- 
bial inactivation by PAW, it has been suggested that its low pH 

could contribute to (i) the stabilization of some r eactiv e c hemi- 
cal species present in PAW, (ii) the formation of new antimicro- 
bial compounds, and/or (iii) the penetration of the r eactiv e species 
through the cell wall, thus enhancing the antimicrobial effects at- 
tained (Nai¨tali et al. 2010 , Oehmigen et al. 2010 , Julák et al. 2012 ).
Considering the strong bactericidal properties of PAW, it is being 
curr entl y pr oposed as an attr activ e alternativ e for the pr etr eat- 
ment or washing of foods, or food-contact surfaces, taking also 
into account its potential for sustainable production with low en- 
ergy input, offsite generation, and storability under refrigeration 

(Herianto et al. 2021 ). 
The micr o-or ganisms that occur in acidic foods or that are ex- 

posed to acidic environments in the food industry are endo w ed 

with mechanisms to respond to low pH conditions. When acid 

str ess r esponses ar e activ ated in spoila ge and pathogenic mi- 
crobes, food quality and safety can be compromised, because the 
long-term surviv al/gr owth of these micr obes during food pr ocess- 
ing and stor a ge can lead to incr eased food waste and outbreaks of 
disease, e v en in high income countries (Eur opean Centr e for Dis- 
ase and Control 2023, Lakicevic et al. 2022 , Yang et al. 2017 ). On
he other hand, the enhanced growth and/or survival abilities pro-
ided by low pH responses are considered desirable attributes in
he case of beneficial microbes (micro-organisms added to food 

or technological, sensorial, or functionalization purposes) (Lund 

t al. 2020 ). Indeed, high acid tolerance or an ability to respond
o acidic pH is indispensable for industrial strains that are inten-
ionally added to food and has become one of the most impor-
ant standards for strain screening (Ko et al. 2022 ). Considering
he competence provided by enhanced acid tolerance, engineer- 
ng strategies have also been applied to improve the survival and

etabolic activity of beneficial microbes under acid stress. Some 
f these engineering a ppr oac hes involv e r andom m utation e volu-
ion in the presence of the stressor (i.e. acid pH), where parental
tr ains ar e r epeatedl y exposed to acidic pH while the pH is low-
r ed gr aduall y, and then selecting for str ains with enhanced ca-
abilities under acidity r elativ e to the parental strain (Zhu et al.
010 ). 

cidic pH and food quality 

r eada ptation to acid stress has been proposed as a valuable strat-
gy to impr ov e the surviv al of beneficial micr obes, suc h as LAB,
nder low pH conditions, where microbial cultures are pretreated 

preculturing) at a sublethal acid stress condition prior to expo- 
ure to a harsher or more lethal acid envir onment (Upadr asta et
l. 2011 ). In bifidobacteria, the enhanced survival of acid-adapted
ultures has been described to be mediated by a physiological
cid tolerance response which can include, analogously to other 
acterial species (Lund et al. 2014 ): (i) pH homeostasis by proton-
r anslocating F 1 F O -ATP ase, (ii) the alter ation of cell membr ane
roperties by modifications in the fatty acid composition, (iii) 
n increase in the alkalinity of the cytoplasm by the activity of
mino acid decarboxylase systems, and (iv) the production of sev-
r al str ess pr oteins (Ruiz et al. 2011 ). As an example, Settachai-
ongkon et al. ( 2015 ) demonstrated that the adaptation of the

r obiotic str ains Lactobacillus rhamnosus GG and Bifidobacterium an-
malis subsp. lactis BB12 to sublethal acid pH conditions (pH 4.5 or
H 5.0) impr ov ed their viability in yogurt during r efriger ated stor-
 ge. Like wise, the exploitation of acid stress responses, through
train engineering or acid stress adaptation of cultures, can 
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ncr ease the r obustness in the acidic envir onment of the stomac h
pon ingestion of probiotics (Sánchez et al. 2012 ). 

Apart from having an impact on the survival of microbes
n food and the gastrointestinal tract upon ingestion, microbial
cid stress responses also involve important alterations in the
etabolic activity of the microbial cells, which can lead to sub-

tantial changes in their technological and functional poten-
ial, and e v en in the bioc hemical and or ganoleptic c har acter-
stics of fermented foods (Serrazanetti et al. 2009 ). As an ex-
mple, Settac haimongk on et al. ( 2015 ), in the aforementioned
tudy, sho w ed ho w culturing the probiotic strains L. rhamnosus
G and B. animalis subsp. lactis BB12 under sublethal acid stress
onditions changed the relative abundance of various aroma
ompounds, mainly of volatiles derived from the catabolism of
r anc hed-c hain amino acids and sulfur-containing amino acids

n yogurt. These compounds included 1-methoxy-2-propanol
Val), 2-meth yl-1-butanol (Ile/Leu), 3-meth yl-2-butenal (Ile/Leu),
-meth yl-butanoic acid (Leu), 2-meth yl-propanoic acid (Val), and
ulfur-containing compounds (Cys/Met), which can considerably
nfluence the organoleptic quality of the product (Settachai-

ongkon et al. 2015 ). 
A paradigmatic case of both the negative and positive impacts

hat the metabolic changes induced by acid stress responses may
ave on human health outcomes is exemplified by the various
mino acid decarboxylases that are induced by cell exposure to
cid pH. Decarboxylation pathways are activated in acid condi-
ions as they catalyze the conversion of an amino acid into a bio-
enic amine, generating carbon dioxide and consuming a proton,
hus contributing to the maintenance of the intracellular pH and
mpr ov ed surviv al at lo w pH (P ennacchietti et al. 2016 , Lund et
l. 2020 ). On the negative side, some biogenic amines produced
y micr o-or ganisms thr ough the action of decarboxylases, suc h
s histamine (fr om His), tyr amine (fr om Tyr), 2-phen ylethylamine
from Phe), tryptamine (from Trp), putrescine (from ornithine or
hrough the agmatine deiminase pathw ay, which follo ws the de-
arboxylation of arginine to agmatine), and cadaverine (from Lys),
an cause se v er al adv erse r eactions to consumers, suc h as tingling
ongue, rash, vomiting, diarrhea, burning sensation, headache
nd dizziness , nausea, palpitations , or breathing difficulties . T hus ,
hile on one hand the acid stress causes a beneficial growth de-

ay, it can also increase the contents of putrescine , histamine ,
nd cada verine . Indeed, it has been extensiv el y demonstr ated that
he transcription of genes of many decarboxylase clusters in-
olved in biogenic amine synthesis are induced by low pH (Gar-
ini et al. 2016 ). On the positive side, in some micro-organisms
nder acidic conditions, including se v er al LAB str ains, the gluta-
ate decarboxylase (GAD) system catalyzes a r eaction pr oducing
ABA ( γ -aminobutyric acid), a metabolite associated with sev-
ral physiological functions in humans, such as strengthening
f blood vessels, insulin secretion modulation, increased blood
 holester ol pr e v ention, or mitigation of emotional unr est, among
thers (Rashmi et al. 2018 , Strandwitz et al. 2018 ). Various re-
earc h initiativ es ar e curr entl y exploring the possibility of ex-
loiting strains of LAB with capability to produce GABA to obtain
ABA-enric hed dairy pr oducts with health pr omoting pr operties.

n this respect pH is an important factor influencing the yield of
ABA in the fermented foods, given that the GAD enzyme of LAB

s onl y activ e under acidic conditions and shar pl y loses activity at
H values higher than 5.0 (Yang et al. 2008 , Li et al. 2010 , Renes
t al. 2017 , 2019 ). The recent studies on GAD in LAB confirm that
ome bioc hemical featur es ar e shar ed with GAD fr om Esc heric hia
oli , which is the most extensiv el y c har acterized GAD at the bio-
 hemical le v el (De Biase and Pennacc hietti 2012 ). Detailed c har-
cterization of decarboxylase systems is important for the selec-
ion of a ppr opriate liv e cultur es for food industry a pplications,
o counteract the accumulation of biogenic amines in foods or
o identify strains with desired functionalities . Moreo ver, modu-
ation of their activity through exogenous addition of their sub-
trates (e.g. glutamate in the case of the GAD system) or the strict
ontrol of the culture environment (pH, temperature, salinity, and
o on) can facilitate the production of safer fermented foods with
mpr ov ed functional attributes. 

Many substances of interest for food industries, as well as novel
oods, are or will be soon industrially produced through microbial
ynthesis processes in bioreactors or fermenters, where organic
cids accumulate as either products or by-products of fermenta-
ion, negativ el y affecting the productivity and yield along the pro-
ess (Yáñez et al. 2008 , Wang and Yang 2013 , Ghaffar et al. 2014 ,
iang et al. 2015 ). In the food industry, some of these organic acids,
ike propionic acid or lactic acid, are used for acidifying or regu-
ating the pH of food, reducing its water activity and enhancing
he effect of some antioxidants such as ascorbic acid (Sun et al.
020a ). In addition, organic acids can be added to food for their di-
 ect antimicr obial activity in fr esh or semipr ocessed pr oducts, or
sed for the decontamination of carcasses or meat cuts (BIOHAZ
011 ). As it will be discussed in more detail in the section "Rel-
 v ance of low pH in the production of valuable organic acids as
uilding blocks for the chemical industry", acid-resistant strains
an be regarded as potential cell factories for these biotechnolog-
cal processes. 

cidic pH and food properties 

ith regard to flavor de v elopment, pH conditions can influence
he production of volatile compounds during microbial fermen-
ation processes, leading to the development of unique flavors
nd aromas in foods (Sharma et al. 2020b ). Acidophilic micro-
r ganisms, suc h as certain LAB strains and yeasts, produce spe-
ific flavors that enhance the taste profile of fermented foods
nd be v er a ges (Hu et al. 2022 ). In addition to improving the di-
estibility and taste of the food, metabolic activities by these or-
anisms may also add pharmacological and nutritional benefits
o food (Xiang et al. 2019 , Han et al. 2022 ). A wide range of micro-
r ganisms that ar e deriv ed fr om the r aw material, starter cultur es,
ac hinery, and pr ocessing envir onments participate in fermen-

ation (Tamang et al. 2016 , Maicas 2020 ). In fermented foods, the
rincipal role of LAB is the fermentation of carbohydrates into lac-
ic acid, which, in addition to acidifying the food matrix increasing
helf life and thereby microbiological safety (Wang et al. 2022 ),
lso contributes in de v eloping their flavors (Anal 2019 ). Volatile
ompounds including alcohols , organic acids , aldehydes , hetero-
ycles , esters , ketones , terpenes , sulfur, and nitrogen compounds,
ave been detected in fermented foods (Dai et al. 2018 , Tian et al.
022 ). 

During the fermentation of meat products, a large number
f beneficial micr o-or ganisms ar e pr oduced that contr ol gr owth
f pathogenic and spoilage bacteria while also lo w ering the
mount of toxic compounds like nitrite. Zhong et al. ( 2021 ) in-
 estigated the r elationship between micr obial comm unities and
a vor in con v entionall y fermented sour meat. Lactobacillus , Weis-
ella , Staph ylococcus , K odamaea , Hyphopichia , and Yarrowia were the
or e micr o-or ganisms in fermented sour meat. These dominant
icr o-or ganisms corr elated with fla vor substances . Similar re-

ults identifying potential links between micr oor ganism and fla-
 or w er e also r eported for dry sausa ges (Hu et al. 2020 ), dry-cur ed
r ass car p (Zhao et al. 2022 ), and Suan zuo rou, a fermented meat
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from China (Wang et al. 2021 ). T hus , besides increasing the safety 
of meat products, these beneficial bacteria can also enhance the 
flavor. 

As for texture modification, the role of acidophilic micro- 
organisms in food is widely exploited in the food industry. The 
best examples are yogurt and cheese production. Yogurt, for ex- 
ample, is made from milk fermented typically with Lactobacillus 
delbrueckii subsp. bulgaricus , Lactococcus lactis , and Streptococcus ther- 
mophilus . These bacteria ar e gener all y used as starter cultures of 
yogurt (Chang et al. 2021 ) because they ensur e consistency, pr od- 
uct quality and safety (Ibrahim et al. 2021 ). The fermentation of 
lactose, the natural sugar present in milk, into lactic acid by lower- 
ing the pH causes proteins to coagulate and form a gel-like struc- 
ture . T his acid-induced coagulation contributes to the character- 
istic thick and creamy texture of yogurt (Nagaoka 2019 , Kamal- 
Eldin et al. 2020 , Wang et al. 2022 ). 

Acidophilic bacteria, along with yeasts, are also responsible 
for the fermentation process in sourdough bread. In a recent 
study Sevgili et al. ( 2023 ) investigated LAB and yeast of 36 home- 
made traditional sourdoughs . T he y re ported that sourdough con- 
taining Lactobacillus brevis , Leuconostoc mesenteroides subsp. mesen- 
teroides , Pedicoccus acidilactici , Lactiplantibacillus plantarum , Saccha- 
romyces cerevisiae , and Kluyveromyces marxianus gave the most pre- 
ferr ed br ead. T he sour taste , high volume , easy s wallowing and 

c he winess, minimal hardness and moistur e content wer e all at- 
tributed to the activity of the micr o-or ganisms involv ed. 

In addition to the abov e pr ocesses, acidophilic bacteria ar e 
involved in the fermentation of vegetables and fruits such as 
sauerkr aut and kimc hi (Ashaolu and Reale 2020 ). The incr eased 

acidity not only enhances the flavor but also affects the texture of 
the v egetables, r esulting in a crispy and crunc hy textur e as well as 
enhancing the bioavailability of amino acids , vitamins , bioactive 
peptides , and phytochemicals . 

T hus , acidic fermentation is an important biotechnological 
tool for enhancing the safety, and health-pr omoting pr operties of 
br ead, differ ent kind of fermented meat, dairy and vegetable prod- 
ucts (Melini et al. 2019 ). 

Acidic pH and probiotics activities 

There is also a strong link between low pH and the enhance- 
ment of functional properties when it comes to the addition of 
pr obiotics in food. Pr obiotics ar e defined as “liv e micr o-or ganisms 
whic h when administer ed in adequate amounts confer a health 

benefit on the host” (Hill et al. 2014 ). They can be present in the 
food matrix, but also in some be v er a ges or supplements or e v en 

medical food, and have the potential to greatly benefit human 

health. Resistance to low pH is particularly important for probi- 
otics. In fact, in order to exert positive effects, they should be ca- 
pable of preserving viability during storage and of colonizing gut,
oral cavity or vaginal mucosae after oral administration. Indeed,
the criteria for the selection of probiotic strains include in vitro 
tests for resistance of strains to pH of 2.5, typically encountered 

in the stomach, as well as in the presence of bile salts (Hill et al.
2014 ). These in vitro conditions ther efor e mimic gastric passage 
and allow to select strains suitable to colonize the gut. Ho w e v er,
anaer obic conditions, pr e v ailing in the distal gut, in contrast with 

the aerobic ones of the proximal gut as well as in food production 

and pr ocessing, pr esent ad ditional obstacles to selection, culti va- 
tion, and application of many probiotic candidates . T his limits re- 
searc h on a pplications of str ains natur all y pr esent in the gut but 
not cultivable in the lab yet. Ther efor e, micr o-or ganisms ca pable 
of producing and tolerating organic acids and o xygen lik e LAB,
easts and some Bifidobacterium spp. are currently among those 
ost r epr esented in both functional food and pr obiotic form ula-

ions in supplements (De Filippis et al. 2020 ). Due to the acidic
H-induced activity of GAD mentioned abo ve , GABA-producing
tr ains ar e also inter esting for the functional upgr ading of food,
uc h as GABA-enric hed Bifidobacterium adolescentis fermented milk 
Tames et al. 2023 ). In addition to this pr obiotic, industriall y r el-
 v ant and food-r elated pr obiotic str ains belonging to former Lac-
obacillus spp. (i.e, L. rhamnosus , L. plantarum , L. casei , and L. sakei )
ave been reported as good GABA producers (Diez-Gutiérrez et al.
020 ). 

Recentl y, the tr emendous expansion in the r esearc h on gut
icrobiota and the decrease in the pricing for metagenomics 

equencing (a valuable culture-independent technique) allo w ed 

o discover very promising new probiotic strains from species 
ike Akkermansia muciniphila , Roseburia intestinalis , Faecalibacterium 

rausnitzii , and different Eubacterium spp. or Bacteroide s spp. (De
ilippis et al. 2020 , Cunningham et al. 2021 ). Metabolomic data
rom fecal samples helped to gain insight into the mechanisms
f probiotic’s action. In this respect, the composition of the micro-
ial communities along the gastrointestinal tract and their effects 
n host cells, has been shown to be str ongl y dependent on pH,
hich is known to change significantly along the gastrointestinal 

r act (Fallingbor g 1999 , De Biase and Lund 2015 ). Pr obiotics able
o hydr ol yzing bile acids into deconjugated bile acids ar e also r e-
eiving attention. Primary bile acids released into the proximal 
ut lumen by the bile duct are digestive surfactants that cause a
tress to transiting bacteria. Probiotics belonging to the Lactobacil- 
us and Bifidobacterium genera possess the enzyme bile salt hydro-
ase, whic h catal yzes hydr ol ysis of the amide bond between the
teroid nucleus and the glycine/taurine moiety (Prete et al. 2020 ,
ernandez-Gomez et al. 2021 , Ruiz et al. 2021 ). Bile salt hydrolase

s maximall y activ e at acidic pH and its acti vity offers a survi val
dv anta ge in the small intestine, a pr er equisite to persistence in
he gut. The composition of the gut microbiota and the amount
f one or other type of bile acids metabolites changes insulin sig-
aling, lipid metabolism in the liver and energy management in
he organism (Winston and Theriot 2020 ). Also, the composition of
ile acids shapes the intestinal microbiota favoring some cohorts,
hich can be linked to the occurrence of diabetes and obesity-

elated pathologies in the population (Fiorucci and Distrutti 2015 ,
unningham et al. 2021 ). 

In gener al, man y nov el pr obiotics str ains and gut micr obiota
r oduce conv entional volatile fatty acids (VFAs; which include
cetic , propionic , and butyric acid) and unconventional branched
hort chain fatty acids in mM concentration, mainly in the colon.
eing important modulators of immune response, they affect dif- 
erentiation of regulatory T cells and IgA levels with numerous
ffects on host metabolism and health (Guo et al. 2019 ). 

Altogether the abovementioned examples indicate an impor- 
ant role for low pH tolerating bacteria in improving food nutri-
ional, sensory, and health promoting properties. 

xploiting low pH in waste management 
nd in the rev aloriza tion of 
gricultur al/food w aste 

alorization of waste material is a fundamental component of 
he circular economy, i.e. getting significant support fr om gov ern-

ents and companies worldwide . T his concept aims to generate
igh-v alue pr oducts and bioener gy fr om waste str eams (Priya et
l. 2023 ). A considerable effort of many scientists representing
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Figure 2. Ov ervie w of the main benefits of exploiting low pH in waste 
management and revalorization of waste streams. Pink arrows signify 
ar eas wher e input issues exist, whic h can be effectiv el y addr essed 
thr ough the a pplication of low pH. Conv ersel y, the blue arr ows r epr esent 
the outcomes that can be obtained as a result of these treatments. 
Created with BioRender.com. 
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nterdisciplinary teams is needed for the practical realization of
his vision and of the current ideas for waste material refining. 

Harnessing the benefits of acidic conditions, the exploitation
f acidophiles in waste management, and the revalorization of
 gricultur al/food waste offer an innov ativ e a ppr oac h that holds
reat potential for effective waste treatment and resource recov-
ry. Acidic pH environments provide unique opportunities for var-
ous waste mana gement a pplications, including the degradation
f or ganic matter, r emov al of contaminants, and the tr ansforma-
ion of waste materials into valuable products (Mallick and Das
023 , Razia et al. 2023 ). This a ppr oac h not onl y offers sustainable
aste management solutions but also holds an enormous poten-

ial to the circular economy by reconsidering agricultural and food
aste into valuable resources as illustrated in Fig. 2 . 
In the pr e vious section, how the ada ptation in acidic envir on-

ents allows micr o-or ganisms’ exploitation in the food sector
as discussed, while in the following section, the biotransforma-

ions for the production of valuable chemicals are discussed. As
or the main molecular mechanisms that allow growth and/or
urvival at low pH, it is possible to refer to excellent r e vie ws pr e-
iousl y published (Krul wic h et al. 2011 , Kanjee and Houry 2013 ,
und et al. 2014 , Schwarz et al. 2022 ). In this section of the r e vie w,
he acid stress response of micro-organisms is viewed in the per-
pective of how it can be harnessed in waste management. 

Organic waste materials are in different aggregate states, which
 epr esents a first factor to take into consideration when selecting
 ppr opriate waste r efining str ategies. Liquid waste str eams ar e
ore suitable for conducting various types of fermentations, as

or example for biopolymer production. Solid waste material can
e used in anaer obic pr ocesses for biogas production (see the sec-
ion “Production of fuels under low pH conditions”) and can also
e pr epr ocessed using physical or enzymatic tr eatment to extr act
acro- and micro-elements for further revalorization (Fisgativa

t al. 2016 ). 
Food and a gricultur al waste fr om households, r estaur ants,
chools , markets , and farms represent a source of different or-
anic compounds which can be used per se or after pr etr eatment
or v aluable c hemicals and materials pr oduction. Ho w e v er, the

ain challenge in refining food and agricultural waste material
s their heterogeneous chemical composition, which varies de-
ending on source, region, and seasons and ability to support the
rowth of specific microbial groups (Ren et al. 2018 , Sindhu et al.
019 , Mengqi et al. 2023 ). In addition, food and a gricultur al waste
as often low pH ( < 4.0) possibly caused by anaerobic fermen-
ation during stor a ge and tr ansport but also during controlled
iopr ocess de v elopment (Zhan et al. 2022 ). Starter cultures can
ir ect the biopr ocess into the desir ed metabolic conv ersion, but
he substrate must be usually pretreated using high temperature,
V or chemicals, to inhibit or suppress the natural microbiota, a

tep that r epr esents a cost burden in waste material valorization
Sharma et al. 2020a ). 

ow pH in the management of agriculture and 

ood waste material 
n this section, the management of agricultural and food waste
ill be consider ed fr om thr ee perspectiv es: (i) micr obial mana ge-
ent of low pH waste material of food and a gricultur al origin, (ii)
anagement of food and agricultural waste material that become

cidified during fermentation, and (iii) low pH medium caused by
 hemical pr etr eatment of food/a gricultur al waste material for fi-
al microbial revalorization. 

As for micr obial mana gement of low pH waste material of food
nd a gricultur al origin, bioethanol pr oduction fr om food waste,
nd feedstock is certainly one of the best-established biotechno-
ogical pr ocesses, of whic h the global market is still under an in-
r ease in tr end. Since a lar ge part of the product cost depends
n the substrate, a low-value nonsterile organic waste material
nables mor e cost-effectiv e ethanol fermentation. The high-yield
thanol-pr oducing micr obial comm unities m ust first be selected
rom complex native microbial consortia. The ethanol producers,
elonging to the Zymomonas genus and different yeasts species,
ompete for carbohydrates with VFA and lactic acid-producing
AB. In this environment, the pH < 5 enables the establishment
f an effective consortium of LAB and homo-ethanol producers,
eading to robust and competitive ethanol yields (Moscoviz et al.
021 ). 

A fungal fermentation was used to v alorize c heese whey per-
eate into oil-rich fungal biomass as a potential feedstock for

iofuel production and nutraceutical applications (Chan et al.
018 ). Triac ylglycerides w ere the major lipid class (92%), contain-
ng pr edominantl y oleic (41%), palmitic (23%), linoleic (11%), and
-linolenic acid (9%). The pH 4.5 in combination with a tempera-
ure of 33.6 ◦C, yielded the highest biomass content of the oleagi-
ous fungal strain Mucor circinelloides f. lusitanicus . Another exam-
le of cheese whey valorization is the production of polyhydrox-
alkanoates (PHA) as a sustainable and pr omising alternativ es to
etr oc hemical plastics. PHA ar e secondary pr oducts of the micr o-
ial metabolism of some heter otr ophic and photosynthetic bacte-
ia or mixed microbial cultures . T he composition of PHA can vary
y controlling the pH in the acidic phase of the anaerobic bio-
rocess working with a microbial consortium originating from a
aste treatment plant. At pH 4 the LAB pr e v ailed, with Lactococcus
eing dominant over Lactobacillus , while the opposite occurred at
H 4.5 and 5.0. The microbial consortium was very robust, mean-

ng that by varying the pH, without restarting the bioprocess, the
ermentation profile necessary for particular PHA composition
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can be easily manipulated (Gouveia et al. 2017 ). T his pro vides an 

excellent example of how low pH can be used to fine modulate 
the community composition for different purposes. 

The high amount of soluble and insoluble carbohydrates in the 
citrus peel makes it also an attr activ e biopr ocessing substr ate. It 
can be utilized dir ectl y to pr oduce hydr ol ytic enzymes (El-Sheekh 

et al. 2009 ). A straightforw ar d and cost-effective medium w as 
pr epar ed for exopol ygalactur onase pr oduction by Aspergillus so- 
jae (Buyukkileci et al. 2015 ). The medium comprised orange peel,
an industrial food by-product, and an inorganic nitrogen source.
The submerged process, under uncontrolled pH, successfully ran 

at pH from 4.3 down to 2.5. The low pH was also adv anta geous 
to decrease the risk of bacterial contamination (Buyukkileci et al.
2015 ), which is indeed a gener al featur e of the low pH over the 
man y a pplications described in this r e vie w. 

Notabl y, div erse or ganic food and a gricultur al waste material 
become acidified during fermentation and this is instrumental for 
the process . T he following ar e some inter esting examples. 

Chinese cabbage is the most widely produced vegetable in 

China. Ho w e v er, about 30% of its yield r epr esents waste for which 

anaerobic fermentation by LAB has been established for organic 
acid pr oduction, primaril y lactic and acetic acids (Li et al. 2023b ).
The acids cause pH to decrease to values around 4.0. The study 
sho w ed that fructose and molasses addition enriched the acid- 
tolerant bacteria Lactobacillus paralimentarius and Lactobacillus hei- 
longjiangensis , promoting fiber degradation and inhibiting unde- 
sir ed bacteria, suc h as pathogenic and biofilm-forming str ains.
The selected strains are thus directing the cabbage waste reval- 
orization into efficient acid production in a safe microbiological 
bioprocess (Li et al. 2023a ). Another example is that of biohydro- 
gen fermentation liquor produced from rice-straw, with pH 4 (due 
to the presence of acetate , propionate , butyrate , and valerate) suc- 
cessfully used by Bacillus fusiformis , Bacillus subtilis , and Bacillus 
flexis for pol ysacc harides pr oduction with flocculation capacities 
of kaolin suspension (Siddeeg et al. 2020 ). Citric acid is another 
acid, widely used in beverages , detergents , foods , and cosmetics .
The choice of the substrate for its production plays an important 
r ole in r educing costs. Differ ent food and a gricultur al waste ma- 
terial, such as coffee husk, rice br an, wheat br an, carr ot waste,
cassav a ba gasse, banana peel, vegetable wastes, br e wery wastes,
decaying fruits pineapple peel, or pomaces of grapes, among oth- 
ers can be used by citric acid-producing micro-organisms . T he fil- 
amentous fungi Aspergillus niger is the workhorse for its produc- 
tion. The acidic pH in these processes is important for inhibiting 
oxalic and gluconic acids production and to pr e v ent contamina- 
tion by other micr o-or ganisms (Beher a et al. 2021 ). In recent years,
a product named “Agricultural Jiaosu,” with high enzymatic activ- 
ity was produced from one or more food wastes (Gao et al. 2022 ).
The product has biocatalytic and antimicrobial activities and has 
been used, for example, in w astew ater treatment, soil remedia- 
tion, compost quality impr ov ement, and so on. The product has 
low pH ( ∼3), high content of beneficial organisms, and of different 
organic acids, besides other metabolites (Gao et al. 2023 ). 

A low pH medium can also be the r esult of a c hemical pr e- 
tr eatment of food/a gricultur al waste material. It is the case of the 
production of β-carotene, used as a nutrition supplement and in 

medicine due to its antioxidant and pro-vitamin A activities, and 

to its anticancer effect, r espectiv el y. In order to enhance its yield 

and reduce the cost of its production by microbial fermentation,
food wastes containing significant amounts of sugars can be used 

as a medium for microbial growth (Cheng and Yang 2016 ). How- 
e v er, the sugars m ust be first extr acted b y w ater or acid hydr ol y-
sis. A r ecent study pr esented an efficient sequential two-step pr o- 
ess for β-carotene production with yeast Rhodotorula glutinis in a
rowth medium obtained from orange and grape wastes (U ̆gurlu
t al. 2023 ). Both steps r esulted in acidic pH: water extr action at pH
.5–6.0, and acid hydr ol ysis with H 2 SO 4 at pH 5.5. The β-carotenes
n these media are produced very efficiently, i.e. without using
ny additional nutrients, which is extremely positive for the eco-
omic feasibility of the process and waste management perspec- 
i ve. In another stud y, the yeast Sporobolomyces roseus was used for
he coproduction of lipids and carotenoids using pasta process- 
ng waste . T he sugars wer e r eleased fr om wastes after enzymatic
reatment using Aspergillus luchuensis . After centrifugation and fil- 
r ation, the substr ate was adjusted to pH 5.0, supplemented with
elected salts and successfully used for simultaneous lipids and 

ar otenoid pr oduction (Villegas-Méndez et al. 2023 ). A highly de-
anded product in medicine, cosmetology, and pharmacy is bac- 

erial cellulose membrane . T he acid and thermal hydrolysate of
r a pe pomace was successfully used for bacterial cellulose pro-
uction b y K omagataeibacter melomenusus solel y in a gr a pe pomace
xtract at pH 4.5 (Gorgieva et al. 2023 ). 

During the degradation of organic waste through fermentation 

y acidogenic micr o-or ganisms, or ganic waste streams are con-
erted into carboxylic acids such as VFA and lactic acid (Kim et al.
015 , Kibler et al. 2018 ). As said, these carboxylic acids can be used
n many different wa ys , such as the production of bio-based mate-
ials like biogas , bioplastics , medium-chain fatty acids , and micro-
ial proteins (as discussed in the following sections). Furthermore,
hese carboxylic acids can also be r ecov er ed as r aw materials for
e v er al industries, suc h as the c hemical industry, personal car e,
edical, and animal feed (Str azzer a et al. 2018 ). Importantly, the

cidic environment during fermentation plays a crucial role in in-
reasing the hydrolysis rate of waste, resulting in higher end prod-
ct yields, and also influences the product profile based on the in-
ended application (Zhou et al. 2018 , Luo et al. 2021 ). Ho w e v er, as

entioned befor e, the pr oduction of carboxylic acids during the
ermentation process leads to a further decrease in pH, requir-
ng the addition of alkali to maintain pH stability, and ther efor e
void halting of the metabolic activities (Chen et al. 2015 ). Approx-
mately 15% of the operational costs are imputable to this practice
Joglekar et al. 2006 ). On the other hand, acidic conditions can fa-
ilitate the separation and purification of target products, as pre-
ipitation or separation of specific compounds are favored (Tang 
t al. 2016 ). 

The benefits of acidic conditions for carboxylic acid production 

s exemplified by the study of Pau et al. ( 2022 ) who investigated
he effects of hydraulic retention time and organic loading rate
n lactic acid pr oduction fr om food waste . T hey found that an
cidic pH < 3.5 favored lactic acid production by inhibiting the
roduction of VFAs and enhancing the performance of Lactobacil- 

us strains . T he highest lactic acid production (8.72 g l −1 ), with an
2% conv ersion r ate, was attained at pH 3.11, at 14 days hydraulic
etention time and 2.14 g volatile solids (VS) l −1 day −1 (Pau et al.
022 ). 

ow pH and the ability to manipulate product 
rofiles 

n the process of anaerobic digestion for organic waste streams,
he breakdown of the carbon source into methane typically oc-
urs within a pH range of 6.5–8.2. Ho w ever, the acidic pH in-
ibits the activity of methanogens, which are responsible for 
he production of methane. Qui et al. ( 2023 ) demonstrated a
omplete suppression of methanogenesis at pH 4.0, in contrast 
o neutral pH conditions (pH 7.0), and attributed to the acidic
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nvironment the observed reduction in abundance of aceto-
lastic methanogens . T his strategy can be emplo y ed to inhibit
ethanogenesis and increase the production yield of carboxylic

cids. 
Atasoy and Cetecioglu ( 2022 ) demonstrated that acidic con-

itions (pH 5.0) enhanced VFA (also known as short chain fatty
cids) production by 4.4-fold compared to neutral pH (pH 7) con-
itions using cheese production w astew ater . Moreover , adjusting
he pH of the system to w ar d acidic conditions not only influences
he product spectrum, but also drives the selection of the pre-
ominant acid type. In a study by Candry et al. ( 2020 ), it was ob-
erved that when the pH level increased from below pH 6 to above
t, the product distribution distinctly switched from a medium
hain fatty acids mixture (primarily composed of butyric , valeric ,
nd ca pr oic acids) to a mixtur e dominated by acetic and pr opi-
nic acids .T hus , by understanding and utilizing the acid stress
esponse of micro-organisms, the waste management processes
an be optimized for impr ov ed efficiency and the production of
 aluable pr oducts . For this , it is crucial to consider the specific
 equir ements of the fermentation pathways and microbial com-
 unities involv ed to ac hie v e the desir ed outcomes. Mor eov er, as

lready mentioned, an acidic environment creates unfavorable
onditions for the survival and pr olifer ation of pathogenic micr o-
rganisms (Lund et al. 2014 , Li et al. 2022 ) and this is extr emel y im-
ortant because acid-tolerant micro-organisms present in waste
an outcompete and suppress the growth of pathogens, leading
o a reduction in their overall abundance and activity (Mokoena
t al. 2021 ). This strategy can be used for microbial protein pro-
uction from waste streams. Microbial protein, also known as
ingle-cell protein, holds great promise as a sustainable and
r otein-ric h source, offering versatility in terms of feedstock se-

ection. Its unique adv anta ges, including independence fr om cli-
ate, soil c har acteristics, and weather conditions, as well as re-

uced greenhouse gas emissions and nitr ogen losses, r a pid pr o-
uction with a small ecological footprint, and abundant protein,
arbohydr ate, vitamin, miner al, and nucleic acid contents (Anu-
ama and Ravindra 2000 , Matassa et al. 2016 ), make it an at-
r activ e option. Ho w e v er, the cost of substr ates r emains a signif-
cant limitation for ac hie ving sustainable and pr ofitable micr o-
ial pr otein pr oduction. To addr ess this c hallenge, waste str eams
av e emer ged as a ppealing substr ate sources for micr obial pr o-
ein pr oduction. Ne v ertheless, the pr esence of pathogens poses
 major concern (Lee et al. 2015 , Khoshnevisan et al. 2019 , Zhou
t al. 2019 ). In this regar d, the fermentation of food w aste under
cidic conditions offers a 2-fold solution: (i) it provides a rich sub-
trate source for microbial protein production, thereby contribut-
ng to enhanced productivity and (ii) the inherent acidity of the
nvironment acts as a pr otectiv e barrier, r educing to a significant
xtent pathogen contamination during the fermentation process.
y utilizing food waste as a substrate and creating acidic condi-
ions, micr obial pr otein pr oduction can effectiv el y ca pitalize on
 aste resour ces while mitigating the risk of pathogen-related is-

ues . T his a ppr oac h not only maximizes the economic viability
f microbial protein production but also aligns with sustainabil-
ty goals by reducing waste and ensuring the safety and quality of
he final product (Anupama and Ravindra 2000 , Raziq 2020 ). How-
 v er, it is important to note that the effectiveness of acidic envi-
onments for pathogen inactivation varies, depending on factors
uch as the specific pathogen types, their tolerance to acidic con-
itions, and the intricacies of the waste management process (Li et
l. 2022 ). Consideration of parameters like pH levels, contact time,
nd the nature of the waste materials being treated is, therefore
rucial to ensure optimal pathogen inactivation while minimiz-
ng any potential adverse effects on the environment or beneficial
icr o-or ganisms. 
Ov er all, exploiting the low pH conditions in waste management

nd harnessing the potential of acidophilic micr o-or ganisms
resent a promising pathw ay to w ar d sustainable waste treatment
nd resource reco very. T his approach offers innovative solutions
or efficient waste management and for the generation of valuable
r oducts fr om waste materials, full y in line with circular bioecon-
my model. 

elevance of low pH in the production of 
aluable organic acids as building blocks 

or the chemical industry 

roduction of building blocks , i.e . organic compounds that are
sed for the synthesis of more complex molecules, from renew-
ble substrates by microbial biotransformation is an alternative to
etr oleum-based c hemicals. Curr entl y, bio-based c hemicals r ep-
 esent ar ound 3% of the global market for c hemical compounds
Spekreijse et al. 2019 ). Support of policymakers for transition to-
 ar d bio-based chemicals, including through microbial produc-

ion, gr e w in recent decades in the framework of Sustainable De-
elopment Goals. Recent legislation in the EU-identified bio-based
roducts as a k e y enabling technology and a priority area for
e v elopment (Spekr eijse et al. 2019 ). Man y micr obial bio-based
uilding blocks are still not economically competitive with the
hemical synthesis processes using hydrocarbons, which are fos-
il fuel-based, but significant growth is expected. Among bio-
ased chemicals lactic acid production is already economically
ompetitive , i.e . 1.17 EUR kg −1 for bio-based versus 1.75 EUR kg −1 

or fossil-based (Spekreijse et al. 2021 ). Spekreijse et al. ( 2019 ) from
he European Joint Research Centre analyzed the current status
f the market and projected the annual growth rate for platform
hemicals in the EU at 10%. A similar annual growth rate of 9%–
0% is predicted globally for the next 5 years (Fortune 2021 , Es-
imates 2022 ). It is expected that the demand from the chemical
ndustry for biomass will grow until 2050 with a sta ggering r ate of
27% for wheat only (Nong et al. 2020 ), which could have a huge
ffect on ecosystems globally and could question the sustainabil-
ty of the transition to bio-based chemicals if it is not implemented
 esponsibl y, i.e. considering the planet health. This emphasizes
he role of efficient biocatalysts, robust micro-organisms capable
o convert substrates with high efficiency and minimal wasting of
esources. 

Bio-based chemicals are produced either by direct fermenta-
ion with the final product obtained by micr obial tr ansforma-
ion using whole cell-based process from renewable substrate or
art of the synthesis is done by fermentation and deri vati ves
re obtained by different routes (Bozell and Petersen 2010 ). Al-
hough whole-cell microbial production of many bio-based chem-
cals is modest in scale, microbial products have significant poten-
ial for derivatization into commercially important chemicals that
r e curr entl y petr oleum-based. Micr obial pr oduction of c hemicals
lso has the adv anta ge of being stereospecific, while chemical
ynthesis results in racemic mixtures, which require additional
eparation of isomers for downstream applications . T his is partic-
larly important when microbial products are used for polymer-

zation, since the ratio of isomers defines the physical–chemical
roperties of polymers (Abdel-Rahman et al. 2013 ). 

Or ganic acids, whic h could be pr oduced by micr o-or ganisms,
r e r ecognized as being among the most promising bio-based
hemicals obtained from biomasses . T he y included: dicarbo xylic
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acids (fumaric, 2,5 furan, glucaric, itaconic, malic, and succinic 
acid), 3-hydr oxy pr opionic, le vulinic , glutamic , and aspartic acids 
(Werpy and Petersen 2004 ). A later r e vised list addressed advances 
in microbial and biochemical production of building blocks and 

included, by similar criteria, among the top ten promising bio- 
based c hemicals, fiv e or ganic acids , i.e . lactic , succinic , 3-hydroxy 
pr opionic, 2,5 fur an dicarboxylic, and levulinic acid (Bozell and Pe- 
tersen 2010 ). In the 28-members EU market, acetic and lactic acid 

are the most represented organic acids among bio-based platform 

c hemicals (Spekr eijse et al. 2019 ). 
The main reasons for the low market share of bio-based chem- 

icals lay in low process productivity on second and third genera- 
tion substrates and the high costs related to substrate pretreat- 
ment and final product extraction and purification (Magalhães 
Júnior et al. 2021 ). Cheaper biomass substrates like by-products 
and wastes from the agri-food industry and lignocellulose are very 
complex and often contain many inhibitory substances, such as 
metals in molasses. Inhibitors are also generated during substrate 
pr etr eatment, hydr ol ysis, and sterilization. End-pr oducts induce 
media acidification during the process and affect the productiv- 
ity , viability , and r ecov ery of pr oduced or ganic acids . T hus , robust 
micr o-or ganisms ca pable of ac hie ving high yields in the presence 
of multiple stressors, including low pH, are needed. 

To k ee p costs lo w er for extr action of or ganic acids fr om fer- 
mentation media, it is pr efer able to run the process at low pH,
as this avoids neutralization and production of excessive amounts 
of salts during purification steps . T he use of micr o-or ganisms that 
ar e natur al pr oducers of acids, like wildtype strains of LAB for lac- 
tic acid, Aspergillus terreus for itaconic acid and other Aspergillus 
spp. for malic and citric acid or Rhizopus strains for fumaric acid 

(Lee et al. 2011 ) is a clear adv anta ge because they already possess 
se v er al mec hanisms to cope with low pH and other stresses, as 
pr e viousl y explained. Ho w e v er, yields and pr ofiles of biotr ansfor- 
mation in media are still greatly affected by deviations in pH and 

concentrations of acids in media (Djuki ́c-Vukovi ́c et al. 2012 , Burgé
et al. 2015a , Asunis et al. 2019 ). For example, Lactobacillus reuteri 
pr oduces 3-hydr oxypr opionic acid natur all y and toler ates con- 
centrations of up to 2.5 g l −1 of a by-pr oduct, 3-hydr oxypr opionic 
aldehyde, when grown on glycerol and at pH above 5.0; in contrast 
below pH 5.0, this compound is toxic (Burgé et al. 2015b ). In gen- 
er al, neutr al or mildl y acidic conditions favor a dissociated form 

of acids and make it more difficult for the acid to enter micro- 
bial cells and hinder viability and productivity (Guan and Liu 2020 ,
Lund et al. 2020 ). The pK a of the carboxylic groups in lactic acid 

(3.8), itaconic acid (3.8 and 5.5), fumaric acid (3.1 and 4.4), and sim- 
ilar pK a values for other microbial organic acids, require that the 
majority of industrial fermentations for organic acid production 

is carried out at pH values between 5.0 and 7.0, with pH control, so 
as to avoid affecting cell viability and pr oductivity. Neutr alization 

of media, usually with the addition of CaCO 3 , NaOH, or Ca(OH) 2 
during fermentation, leads to the generation of large quantities 
of side streams of salts like gypsum, thus adding a negative en- 
vironmental footprint of the process (Salek et al. 2015 , Shi et al.
2015 ). 

To overcome this problem heterologous and nonconventional 
str ains, engineer ed by ada ptiv e e volution and genetic manipula- 
tion to tolerate low pH, can be used (Thorwall et al. 2020 ). These 
genetic manipulations can be coupled with alternatives in pro- 
cess design like differ ent substr ate feeding strategies (Hossein- 
pour Tehrani et al. 2019a ), reactive extraction of organic acids or 
electr oc hemical pH s wings , which can be well coupled with engi- 
neering of strains for high yield of specific products (Becker et al.
2020 , Gausmann et al. 2021 ). 
taconic acid production 

taconic acid is an unsaturated dicarboxylic acid that can be used
s a building block for polymers production (in alternative to
crylate), following its transformation into esters. Itaconic acid- 
eriv ed pol ymers can be used in corr osion pr e v ention but also in
ental and drug delivery applications (Robert and Friebel 2016 ).
he advances in strain and process engineering have been stud-

ed in detail for the production of itaconic acid, because this acid
s an important precursor for applications in the pharmaceuti- 
al industry (Steiger et al. 2013 , 2016 , Hosseinpour Tehrani et al.
019a , b , c , Trivedi et al. 2020 ). Aspergillus terreus is the dominant
ndustrial micr oor ganism for itaconic acid production because it
ro vides high yields , and we ha ve a good kno w-ho w in process de-
elopment with this microorganism (Steiger et al. 2016 ). A techno-
conomic assessment estimated costs for itaconic acid fermen- 
ation by A. terreus at 1.13 US$ kg −1 and compared costs of dif-
er ent downstr eam pr ocessing str ategies. Costs wer e estimated at
.63 US$ kg −1 for adsorption, at 0.88 US$ kg −1 for r eactiv e extr ac-
ion, while electr odial ysis-based pr ocess adds 1.50 US$ kg −1 (Ma-
alhães et al. 2019 ). Downstream processing significantly affects 
r ocess pr ofitability and Ma galhães et al. ( 2019 ) identified c hea p
arbon sources and fermentation with high itaconic acid titres 
s critical steps to make the pr ocess financiall y viable, empha-
izing the importance of r esilient pr oduction micr o-or ganisms.
dditionall y, c hanges in the morphology of micr o-or ganisms, and

he solubility of end product, plus its interaction with other com-
ounds present in media, particularly in the case of cheaper waste
ubstrates, depend on pH during production and processing and 

ffect upscaling, due to technical difficulties like clogging, mix- 
ng, mass transfer and aeration during the process (Alonso et al.
015 , Trivedi et al. 2020 ). Although highly productive, A. terreus
s susceptible to impurities which are present in cheaper sub-
trates used for itaconic acid production (Steiger et al. 2013 , 2016 ).
o overcome this limitation, Becker et al. ( 2020 ) optimized non-
onventional Ustillago maydis strain MB215 to produce itaconic 
cid at theor etical maxim um le v els, at pH 4.0, in shaken culture
y cutting off carbon flux into the side product pathwa ys , fa vor-

ng yeast-like morphology and enabling transport of metabolites 
ithin basidiospore compartments to pr e v ent bottlenec ks in the
ain metabolic pathway. 
Another nonconv entional str ain, Ustilago cynodontis has a low-

H resistance and after engineering and deletion of the fuz7 gene,
t ac hie v ed 82.9 g l −1 concentr ation of itaconic acid at pH 3.6 while
 ee ping the yeast-lik e mor phology (Hosseinpour Tehr ani et al.
019b ) proving the applicability of the proposed strategy on a dif-
er ent str ain. Engineer ed str ains ac hie v ed itaconic acid concentr a-
ions of up to 220 g l −1 with process engineering and optimization,
howing that there is great potential for commercial implementa- 
ion and scaling up of the production (Hosseinpour Tehrani et al.
019a ). These significant advancements in production of itaconic 
cid will pr obabl y soon increase the share of microbial itaconic
cid in the market. 

actic acid production 

actic acid is a very good example of a bio-based platform chem-
cal already produced by fermentation on large scale today. Over
0% of all available lactic acid on the market today is produced
y fermentation and it is widely used in bulk, as an acidulant, to
nhance flavor, and as pr eserv ativ e in the food, be v er a ge and cos-
etic industry or e v en as a descaling agent in the marine indus-

ry or as a platform chemical for the production of poly-lactides
Abdel-Rahman et al. 2013 , Djuki ́c-Vukovi ́c et al. 2019 , Sauer and



10 | FEMS Microbiology Reviews , 2024, Vol. 48, No. 1 

H  

o  

p  

a  

2
 

p  

t  

m  

i  

o  

e  

i  

u  

2  

t  

2  

i  

a  

n  

t  

T
 

t  

S  

t  

t  

t  

w  

a  

T  

l
 

a  

g  

e  

s  

x  

s  

e  

l  

g  

s  

a  

s  

m  

d  

t  

B  

2  

2
 

f  

p  

i  

o  

s  

b  

t  

c  

a  

d  

(

 

o  

w  

i  

b  

f  

t  

2  

c  

t  

c  

n  

u  

(

S
S  

g  

p  

l  

s  

e  

2  

a  

i  

c  

f  

t  

b
 

c  

e  

(  

a  

m  

e  

t  

t  

o  

c  

s  

a  

s  

p  

e  

e  

i  

r  

n  

o  

w  

g  

p  

p  

b  

P  

a  

n  

o  

b  

(  

c

an 2021 ). Innovations in lactic acid production and the devel-
pment of very productive processes have been driven by the ex-
anding range of applications of lactic acid polymers in medicine
nd pac ka ging (Castr o-Aguirr e et al. 2016 , Mur ariu and Dubois
016 ). 

Competition of lactic acid polymers with petroleum-based
olymers on the market set maximal costs for lactic acid produc-
ion and pushed r esearc h efforts into the de v elopment of novel,

or e pr oductiv e str ains. A number of natur al lactic acid pr oduc-
ng bacteria use the homofermentative route for the conversion
f glucose into l - or d -lactic acid with yields of over 95%. How-
 v er, pH contr ol is still r equir ed and lactic acid concentrations
n batch fermentation are most often below 90 g l −1 when nat-
ral lactic acid producing bacteria are used (Chen and Nielsen
016 , Djuki ́c-Vuko vi ́c et al. 2019 ). T he potential of LAB as cell fac-
ories is huge and was extensiv el y r e vie w ed (Upadhy ay a et al.
014 , Sauer et al. 2017 , Börner et al. 2019 , Sauer and Han 2021 )
ncluding the benefits of the systems biology a ppr oac h (Liu et
l. 2019 ). Other than LAB, Rhizopus oryzae ranks among the top
atural lactic acid producing strains, with concentrations of up
o 230 g l −1 but also at a medium pH above 4.5 (Yamane and
anaka 2013 ). 

The robustness of yeasts to survive at very low pH qualified
hem as potentially very good hosts for lactic acid production.
ome yeasts, like Kluyverom yces thermotolerans , hav e genes for lac-
ic acid production at low pH, although productivity is low,. As in
he case of other organic acids, lactic acid yields are higher at neu-
ral pH, but extraction and purification are much more expensive
hen neutr alizing a gents ar e used, with the gener ation of salts
nd consumption of acids used later to release free lactic acid.
his is not financially viable and production of free lactic acid at

ow pH is pr eferr ed. 
Ada ptiv e labor atory e volution has been widel y used to impr ov e

cid resistance among both natural lactic acid producers and en-
ineer ed str ains (Singhvi et al. 2015 , 2018 , Liang et al. 2018 , Börner
t al. 2019 , Cubas-Cano et al. 2019 ), and it is also a convenient
tr ategy for ada ptation to nonconv entional carbon sources, like
ylose, whic h ar e pr esent in c hea per lignocellulose or waste sub-
trates (Cubas-Cano et al. 2019 , Mladenovi ́c et al. 2019 ). Ada ptiv e
v olution w as combined with genome shuffling in S. cerevisiae for
actic acid production (Wang et al. 2018 ), while err or-pr one whole
enome amplification was used in the case of a Lactobacillus pento-
us stain, enabling its growth at pH 3.6 and the production of lactic
cid with 95% yield during 25 subcultures (Ye et al. 2013 ). Bacillus
pp. were also reported as good and robust lactic acid producing
icr o-or ganisms . T hey are , suitable for low-pH lactic acid pro-

uction on very complex substrates with mixed carbon sources
o avoid catabolic r epr ession or e v en in open fermentations, with
acillus coagulans being the most promising candidate (Ma et al.
014 , 2016 , Zhang et al. 2014a , Glaser and Venus 2018 , Wang et al.
018 , 2019 , Alexandri et al. 2020 ). 

Industrial lactic acid pr oduction pr ocesses ar e mostl y per-
ormed by engineered strains . Car gill , one of the largest lactic acid
r oducers globall y, r eported that the engineered yeast strain CB1

s capable to produce over 135 g l −1 of lactic acid at pH 3, with 90%
f free lactic acid, decreasing extraction and purification costs
ignificantl y. Scr eening of promising strains was first performed
ased on the resistance of over 1200 yeast isolates to low pH and
emper atur e. Following the screening, the nine most promising
andidates were engineered by deleting pyruvate decarboxylase
nd introducing lactate dehydrogenase genes, together with intro-
ucing random and targeted mutations for further optimization

Miller et al. 2011 ). 
The potential of natural LAB strains as probiotics, their status
f gener all y r ecognized as safe (GRAS) micr o-or ganisms and their
ide utilization in the food industry wer e consider ed positiv el y

n some processes for lactic acid production because the micro-
ial biomass after the fermentation can be used as added value
eed product (Mladenovi ́c et al. 2018 , Sadiq et al. 2019 ) or for silage
o impr ov e the cost-effectiv eness of the pr ocess (Hatti-Kaul et al.
018 ). Ho w e v er, the need for valorizations of the remaining mi-
robial biomass in feed production is accompanied by aversion
o w ar d genetically modified micro-organisms in food and feed
hains . T his has affected to some extent the development of engi-
eering tools for LAB and has limited commercial genome manip-
lation of LAB e v en for the production of lactic acid as a chemical

Börner et al. 2019 ). 

uccinic acid production 

uccinic acid is an organic acid mostly produced chemically from
lucose and is very important as a platform chemical for the
roduction of oil-based polymers. Its natural producers are very

imited. Biosuccinic acid can be produced by fermentation from
econd-gener ation feedstoc ks b y Acinobacillus succinogenes or b y
ngineered E. coli with yields of around 30 g l −1 (Mancini et al.
020 , Putri et al. 2020 , Magalhães Júnior et al. 2021 ). The limited
vailability of suitable micro-organisms in terms of productivity
s curr entl y a k e y factor that limits a wider adoption of biosuc-
inic acid production. Ho w ever, the importance of succinic acid
or the production of a large number of chemicals makes it an at-
r activ e candidate for the de v elopment of microbial producers of
iosuccinic acid. 

Costs in all phases of fermentative production of platform
 hemicals v ary significantl y and de pend on the n umber of param-
ters. Tec hno-economic anal yses wer e done for some pr ocesses
Kwan et al. 2015 , Gezae Daful and Görgens 2017 , Magalhães et
l. 2019 ) and should be performed more often for the assess-
ent of impr ov ements in industrial micr o-or ganisms and pr ocess

ngineering. The majority of these studies considered fermenta-
iv e pr oduction on r ene wable biomass as a mor e sustainable op-
ion, ho w e v er, critical assessment r e v eals that the substitution
f synthetic chemicals with bio-based ones at the estimated in-
rease in demand requires huge consumption of biomass as sub-
trates . T his would cause deforestation, arable land deterioration
nd possibly loss of biodiversity and it argues against the overall
ustainability and impr ov ed CO 2 footprint of bio-based c hemicals
r oduction. (Mor one and D’Amato 2019 , Nong et al. 2020 ). How-
 v er, significant tr ansition to w ar d cir cular economy a ppr oac h, as
mphasized earlier, considers utilization of waste streams of one
ndustry as raw materials for other. The metabolic potential and
ole of micro-organisms in this respect is unprecedented and still
ot fully exploited. Diversity , versatility , and adaptability of micro-
rganisms, as well as additional spectra of biotransformation,
hich can become available through metabolic and genetic en-

ineering of strains are among the most po w erful tools on our
lanet for r esource r ecov ery. Ev en highl y polluting fossil-based
ol ymers, whic h ar e not biodegr adable in r easonable time, could
e degraded, under the specific conditions, by Aspergillus spp.,
seudomonas spp., Brevibacillus spp ., Mucor spp., and so on (Ru et
l. 2020 ). A circular design concept, that involves the design of
e w pol ymers based on the knowledge on metabolic capabilities
f micr o-or ganisms and suitability of specific bonds for micro-
ial cleav a ge in order to enable degr adation and r esource r ecov ery
Schink et al. 1992 ), could indeed play an important role for really
ircular and sustainable solutions in the future. 
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Harnessing microbial activity in 

contaminated acidic environments: 
biotec hnological appr oac hes and str a tegies 

The application of biotechnological methods that harness the 
benefits of acidic environments in microbial communities holds 
significant potential for optimizing resource recovery, pollutant 
r emediation, and ecosystem r estor ation. Various tec hniques hav e 
been emplo y ed to le v er a ge the acid str ess r esponse of micr obial 
communities, as well as benefit of the metabolic activity of aci- 
dophile . T hese techniques include bioremediation, bioaugmenta- 
tion, bioleaching, chemotaxis, synthetic biology, and genetic en- 
gineering, depending on the aim of the study (Zhang et al. 2018 ,
Calero and Nikel 2019 , Muter 2023 ). 

Enhancing metabolic capabilities could significantly improve 
bior emediation, a widel y emplo y ed tec hnique, whic h offers im- 
mense potential to combat environmental contaminations. Biore- 
mediation harnesses the po w er of micr o-or ganisms or their 
metabolic processes to degrade contaminants or convert them 

into less detrimental/toxic substances (Calero and Nikel 2019 ).
Bior emediation str ategies can be emplo y ed to stimulate indige- 
nous acidophilic micr o-or ganisms natur all y pr esent in contam- 
inated sites, thereby amplifying their activity and effectiveness. 
This a ppr oac h encompasses v arious methods suc h as bioaugmen- 
tation, biostimulation, bioattenuation, and biosparging, tailored to 
in situ and ex situ applications (Vishwakarma et al. 2020 , Shweta 
et al. 2021 ). 

Bioaugmentation and biostim ulation r epr esent essential sub- 
groups within the field of bioremediation. Biostimulation focuses 
on the enhancement of indigenous micr o-or ganisms alr eady 
present in the environment, harnessing their existing metabolic 
ca pabilities to ac hie v e r emediation objectiv es via the addition of 
one or more limiting nutrients or other specific compounds to 
the system (Kouzuma and Watanabe 2011 , Yagnik et al. 2023 ).
Bioaugmentation on the other hand entails the deliberate intro- 
duction of specific micr o-or ganisms or micr obial gr oups into a 
system to enhance targeted applications such as pollutant degra- 
dation or transformation, as well as the amplification of desired 

metabolites pr oduction (Herr er o and Stuc k e y 2015 , Butler and 

Hung 2016 , Nzila et al. 2016 , Raper et al. 2018 ). Bioaugmenta- 
tion can be deliv er ed via se v er al methods including direct injec- 
tion of micr o-or ganisms, construction of biogranulation (i.e. mi- 
cr obial a ggr egation), biocurtains (biobarriers), or gene-mediated 

methods (Gough and Nielsen 2016 ). By utilizing the natural adapt- 
ability and abilities of acidophiles to survive in acidic environ- 
ments, bioaugmentation can be designed for remediation of acidic 
mine dr aina ge (Anekwe and Isa 2023 ), r emov al of metal contam- 
inants from acidic sites (Ayangbenro et al. 2018 ), treatment of 
acidic industrial w astew ater (e.g. acidic food processing, acidic 
metal planting, and acidic petr oc hemical waste water tr eatment) 
(Nzila et al. 2016 , Anh et al. 2021 ), remediation and r estor ation of 
acidic soil/sediment and water bodies (Kumar et al. 2018 , Adetunji 
and Anani 2021 ), and r ecov ery of v aluable pr oducts fr om waste 
streams under acidic conditions (Zhang et al. 2022b ). 

Zhang et al. ( 2022b ) de v eloped a bioaugmentation a ppr oac h 

aimed at enriching autochthonous acid-tolerant LAB, enhancing 
the production of lactic acid from source-sorted organic house- 
hold waste at pH 4. The findings r e v ealed that bioaugmentation 

with a specific acid-toler ant str ain ( L. reuteri DTUAT 04) resulted 

in a 29% increase in lactic acid production at pH 4 compared to 
the non-bioaugmented control group (Zhang et al. 2022b ). 

Additionall y, Sánc hez-Andr ea et al. ( 2012 ) devised a bioreme- 
diation a ppr oac h to addr ess the tr eatment of acid mine dr aina ge 
t  
n conjunction with domestic w astew ater at bioreactors under pH
. The study emplo y ed sediments sour ced from the Tinto River in
pain, c har acterized by an exceedingly acidic environment and a
igh concentration of metals, as the inoculum. Through this strat-
gy, the r esearc hers accomplished the successful r emov al of dis-
olved metals exceeding 99% (with the exception of Mn), sulfate
 emov al by over 75%, and iron removal surpassing 85% (Sánchez-
ndrea et al. 2012 ). 
Similarly, Anekwe and Isa ( 2022 ) implemented an innova-

iv e bior emediation str ategy to addr ess acid mine dr aina ge-
ontaminated soils . T heir a ppr oac h involv ed the combination of
iostim ulation, biov enting (i.e. injection of air or molecular oxy-
en into the system), and bioattenuation (i.e. utilization of native
icr o-or ganisms) tec hniques. In a micr ocosm experiment utiliz-

ng 1 kg of polluted soil, the r esearc hers employed domestic and
r e w ery w astew aters for biostim ulation to enhance the micr obial
omm unity thr ough nutrient and carbon source enric hment. For
ioventing, atmospheric air was introduced alongside w astew a- 
er as a form of biostimulation, while for bioattenuation, the re-
earchers focused on monitoring the growth rate of the micro-
ial communities without additional interventions . T he results 
emonstrated that the highest efficiency in metal removal was 
c hie v ed thr ough the syner gistic combination of biov enting and
iostim ulation, yielding a r emov al r ate of 56%–70%. Biostim ula-
ion alone resulted in a r emov al r ate of 50%–66%, while bioat-
enuation ac hie v ed a r emov al r ate of 12%–31%. This study high-
ights the significance of employing m ultiple a ppr oac hes in tan-
em, as their combined effects can lead to enhanced degradation
fficienc y (Anekw e and Isa 2022 ). 

In addition to the gr owing inter est in the de v elopment of syn-
hetic cultures for targeted pollutant degradation, several studies 
av e successfull y patented bioaugmentation str ategies employ- 

ng micr o-or ganisms. Notabl y, BioTiger TM , a consortium of 12 aer-
bic bacteria isolated from an oil refinery in Poland, has demon-
tr ated pr omising r esults in the bior emediation of hexanoic acid
nd phenanthrene present in oil sands. It is important here to
ecall that hexanoic acid, a naphthenic acid, and phenanthrene,
 polycyclic aromatic hydrocarbon, are recognized as the princi- 
al toxic compounds found in oil refinery w astew ater. Within a
4-hour timeframe, BioTiger TM exhibited significant degradation 

apabilities, with ∼55% degradation of hexanoic acid and ∼80% 

egradation of phenanthrene (Red d y et al. 2020 ). 
Bioaugmentation str ategies ar e commonl y a pplied in r esource

 ecov ery a ppr oac hes, facilitated by the controllable environment
f bioreactors and for ex situ applications targeting the degra-
ation of pollutant sites . Nonetheless , despite its inherent com-
lexity, bioaugmentation can also be effectiv el y implemented in
itu within ecosystems. Dybas et al. ( 2002 ) conducted a study in
c hoolcr aft, MI, USA, focusing on the remediation of a carbon
etr ac hloride and nitrate-impacted aquifer. They implemented a 
ombined a ppr oac h of bioaugmentation and biostim ulation, uti-
izing a biocurtain. In this method, they introduced Pseudomonas 
tutzeri KC strain, a denitrifying bacterium capable of cometaboli- 
all y degr ading carbon tetr ac hloride without gener ating c hlor o-
orm, for bioaugmentation. Additionally, the wells wer e stim u-
ated through the external addition of an electron donor (acetate),
hosphorus, and pH adjustment using a base. Over a span of 4
ears, their findings demonstrated that the biocurtain ac hie v ed a
arbon tetr ac hloride r emov al r ate exceeding 99% and successful
olonization of the bioaugmented species , i.e . P. stutzeri KC (Dy-
as et al. 2002 ). Although in this specific case the de v eloped solu-
ion did not involve the application of acidic conditions, it paves
he way to the implementation of a bioaugmentation strategy for
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emediating in situ acid mine drainage or rehabilitating acidic soil,
ediments, and aquatic ecosystems. 

In situ applications of bioremediation strategies have demon-
trated success on contaminated sites; ho w ever, the complexi-
ies inherent in in situ ecosystems present significant challenges.
hese challenges include complex environmental factors, con-
amination heterogeneity, limited nutrient availability, the pres-
nce of inhibitory substances, and long-term monitoring r equir e-
ents. Such complexities make the application of bioremedia-

ion mor e c hallenging compar ed to contr olled labor atory or ex situ
n vironments . To o vercome these difficulties , the integration of
odeling a ppr oac hes into bior emediation str ategies can pr ovide

aluable insights into the long-term effects of bioaugmentation or
iostimulation. Genome-scale models have emerged as po w erful
ools for understanding microbial interactions and metabolic net-
orks, primarily in bioreactor settings. By utilizing genome-scale
odels, r esearc hers can gain valuable insights into the interac-

ions of microbial communities and ecosystem processes. As sug-
ested by Wang et al. ( 2023a ), the combination of mathematical
odels with the construction of synthetic microbial communities

ffers a quantitative approach to validate theoretical studies of
icrobial ecology. These modeling approaches have the potential

o ease the difficulties associated with in situ bior emediation, pr o-
iding a foundation for predicting and optimizing the outcomes of
ioaugmentation or biostim ulation str ategies when dealing with
omplex environmental settings (Wang et al. 2023b ). 

Based on all the abo ve , it is possible to conclude that the appli-
ation of acidic environments in microbial communities through
 arious a ppr oac hes, suc h as bior emediation, bioaugmentation, bi-
leac hing, and mor e, has been used effectiv el y for pollutant re-
ediation, ecosystem r estor ation, and r esource r ecov ery. These

tr ategies ar e being further enhanced through the continued de-
elopment and application of synthetic biology, along with the in-
egration of diverse modeling methods, including metabolic and

icr obial comm unity models. 

roduction of fuels under low pH conditions
he transition to a low-emission economy will strongly depend
n green fuels, the production of which is both sustainable
nd economically viable. Among these, a leading role is ex-
ected to be played by “green hydrogen,” as hydrogen is a pre-
ursor of most synthetic fuels . T he global demand for hydro-
en is expected to nearly double between 2021 and 2030. In
021, worldwide demand for hydrogen stood at 94.3 million met-
ic tons per year ( https:// www.statista.com/ statistics/ 1121206/
lobal- hydrogen- demand ). Most hydrogen is consumed in the
 hemicals and r efining sectors and still lar gel y deriv ed fr om fos-
il fuels, in the process called natural gas reforming. The US De-
artment of Energy has proposed the goal of producing green
ydrogen at a cost of below 2$ kg −1 by 2025 and 1$ kg −1 by
030. In the near- and mid-term these goals are expected to be
ulfilled by electr ol ysis, howe v er, in a slightly longer perspective
aste-to-hydr ogen tec hnologies should be included. This expec-

ation gave a strong impulse to new research studies on bio-
ydr ogen pr oduction in dark fermentation (DF) and also micr o-
ial electr ol ysis cells (MEC) and photofermentation. The num-
er of new research papers related to DF has grown substan-
ially in the last few years (from 3562 articles in 2020 to already
451 as of July 2023) (source: ScienceDirect.com). When refer-
ing to biohydrogen, it is meant hydrogen produced through bi-
logical pr ocess (e.g. DF pr ocess and algae photobiological water
plitting). 
DF is an anaerobic fermentation with inhibition of methano-
enesis, which is the process of methane generation. DF was found
rom a life-cycle perspective by Estevez et al. ( 2023 ) to be signifi-
antl y mor e envir onmentall y friendl y than other waste mana ge-
ent pr ocesses, suc h as composting. 

iohydogen process conditions 

s expected, process results strongly depend on substrates and on
he microbial consortia applied in fermentation. Table 1 presents
he most popular wastes and residues (as well as their c har acter-
stics) that are anaerobically digested to produce biohydrogen and
ther bioproducts. Some w astew aters or activated sewage sludge
ay need to be cofermented with another substrate in order to in-

r ease pr ocess efficiency (Yang and Wang 2017 ). Although sludge
ight contain high organics and nutrients content, the biohydro-

en yield often is lo w er than 25.2 ml g −1 of VS added (Alemahdi
t al. 2015 ) due to low carbon/nitrogen ratio (C/N ratio 4–9), low
arbohydrates content ( < 10% dry mass), and the presence of in-
ibitors (e.g. toxic organics and heavy metals). This is solved by
ofermentation of se wa ge sludge with other or ganic wastes, suc h
s crude gl ycer ol, cr op r esidue, gr ass r esidue, flo w er w aste, food
 aste, molasses w astew ater, tofu residue, or fallen leaves (Yang

t al. 2019 ). This helps to impr ov e the C/N r atio (i.e. 20–30), pr o-
ide mor e bioav ailable carbohydr ates , and dilute the inhibitors .
uch as ammonia (Grosser and Neczaj 2018 ). The cofermentation
rocess sho w ed a synergistic effect on biohydr ogen pr oduction;
he optimal mixing ratio of sludge to leaves was 20:80 (VS ba-
is) with a biohydrogen yield 37.8 ml g −1 VS added. The mono-
ermentation of sludge gives yields of 10.3 ml g −1 VS added and
or leaves 30.5 ml g −1 VS added. 

In order to increase the biohydrogen yield the substrates should
e pr etr eated. Nissilä et al. ( 2014 ) anal yzed the effects of v arious
r etr eatment methods, including physical, chemical, and physic-
chemical ones, and identified the best one for corn stover fer-
entation, namely steam explosion, a physical pr etr eatment us-

ng steam and sudden pr essur e dr op, and diluted sulfuric acid (the
ydrogen yield on hexose was 3 mol mol −1 ). The diluted acid or
ydr othermal pr etr eatments of wheat straw enabled yield of 2.8
ol ·mol −1 and 2.6 mol ·mol −1 , r espectiv el y. In a r ecent study of
 ater-hy acinth DF, it was found that ultrasonic-assisted alkaline
r etr eatment, whic h is needed to enhance delignification, can in-
r ease hydr ogen yield by 350% (Thu Ha Tran and Khanh Thinh
guyen 2022 ). 
Inoculation of a mixed microbial consortium is preferred for

table operation and control of the process for a wide range of
ubstrates (Dessì et al. 2017 ). Ho w ever, mixed consortia, while pre-
err ed fr om a pr actical point of vie w, ma y contain some species ,
hich do not produce hydrogen or even consume hydrogen as a
art of their metabolism. In order to inhibit methogenesis and re-
ove those often non-sporulating species from the inoculum a

r oper pr etr eatment (called also str essing) is used, whic h may
nclude heat shock (i.e. boiling or freezing even up to 60 min)
Hernández et al. 2019 ), sudden change of pH e v en below 4.0 (Yang
t al. 2019 ), micro w aves interaction (Rafieenia et al. 2018 ), sonica-
ion, twisting (which consists in a fast rotation) (Perez-Pimienta
t al. 2016 ), or addition of c hemical a gents (Hu and Chen 2007 ).
porulating species are unfortunately more resistant to such pre-
r eatment, whic h is the case of the spore-forming thermophilic
omoacetogenic bacterium Moorella glycerini (Dessì et al. 2017 ). 

In some cases , e .g. cofermentation of se wa ge sludge and fallen
ea ves , microbial community analysis sho w ed that the cofer-

entation influenced the microbial consortium; cofermentation
nriched Clostridium , Bacillus , and Rummeliibacillus genera, which

https://www.statista.com/statistics/1121206/global-hydrogen-demand
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er e r esponsible for the synergistic effect of biohydrogen pro-
uction. Mor eov er, Dauptain et al. ( 2020 ) sho w ed that some in-
igenous bacteria from varied organic substrates can also effec-
iv el y gener ate H 2 . Ferr ar o et al. ( 2020 ) pr oposed inoculum enric h-

ent (i.e. bioaugmentation) using sequential r einoculation, wher e
horter (24 and 48 h) reinoculum times favored hydrogen and
onger (96 h) methane pr oduction. Gener all y, the r esult of inocu-
um and substrate pretreatment depends on the interactions of
ndigenous and exogenous bacteria, suppressing some nonspore-
orming bacteria. 

Ther e ar e se v er al important pr ocess par ameters whic h deter-
ine the process efficiency (Nissilä et al. 2014 ) e.g. optimal C/N

atio between 20 and 30; 5 < pH < 6, optimal temper atur e ( > 50 ◦C)
Yin et al. 2023 ) and substr ate concentr ation between 10 and 20 g
 

−1 . Some were confirmed by a r ecentl y performed meta-analysis
hic h r elates high pr oductivity to 6 ≤ pH ≤ 6.8 and 35 ◦C ≤ T ≤ 37 ◦C
nd H 2 high yield to 5.5 ≤ pH ≤ 7.5 (Lopez-Hidalgo et al. 2022 ).
uch lo w er pH is postulated in installation implementing patent

Ignaciuk and Ignaciuk 2018 ). 
Another important parameter is hydraulic retention time: if it

s too lo w, w ash out of granular bacterial biomass occurs; if it is
oo high, product inhibition appears due to accumulation of VFAs.
ar ger cellulose particles, whic h take longer to decompose into
imple sugars, r equir e longer hydr aulic r etention time . Remo val of
roduced H 2 gas from the system prevents its partial pr essur e to

ncrease and to reduce the formation of unnecessary by-products.
he pH value has tendency to e volv e (i.e. acidify) during fermenta-
ion, but its control and stabilization as well as process microaer-
tion sho w ed increased H 2 yield (Cetecioglu et al. 2022 ). 

hallenges/barriers and proposed solutions for 
iohydr ogen pr oduction 

n order to make the process of biohydr ogen pr oduction tec hni-
all y and economicall y feasible one needs to ov ercome se v er al
arriers and challenges which include: (i) the choice of inoculum
nd its pr etr eatment (str essing) in order to eliminate hydr ogen
onsuming bacteria; (ii) the choice of substrate and suitable pre-
reatment methods (they vary for different substrates); (iii) lack of
r ace elements, especiall y ir on and nic kel, essential for hydr oge-
ases (including (F e), (NiF e)-, and (NiF eSe)-hydrogenase); (iv) high
ydr ogen partial pr essur e, whic h r esults in the r eduction of oxi-
ized ferredoxin, thus hindering hydrogen production; (v) scale-
p methods—ho w e v er, ther e ar e cases (still r ar e) of full-scale in-
tallation for biomethane , e .g. Ignaciuk and Ignaciuk (2018 ), Cete-
ioglu et al. ( 2022 ); and (vi) low hydrogen yield (and inhibition
aused by by-products , e .g. acetate , butyrate , and propionate). 

As an example, with respect to point (iii), Cieciur a-Włoc h et al.
 2020 ) sho w ed that Fe 2 O 3 addition gr eatl y enhanced biohydr ogen
r oduction fr om sugar beet pulp, whereas iron salts (FeSO 4 and
eCl 3 ) were not effective. 

As for the low biohydrogen yield, it can be changed into an ad-
 anta ge by the exploitation of the emerging by-products for ex-
r a ener gy/fuel (two sta ge pr ocess) or for bioplastics suc h as PHAs
r oduction, in a bior efinery fr ame work (see also the section “Ex-
loiting low pH in waste management and in the revalorization
f a gricultur al/food waste”). A second sta ge tr eatment of the DF
ffluents helps also to reduce their organic load, hardly decreased
uring DF, before being discharged into the environment. 

wo-sta ge pr ocess for fuel pr oduction 

F is a process with a rather low hydrogen yield (chemical oxy-
en demand—COD; H 2 /COD feedstock) below 17% (Lee et al.
022 ). Ho w e v er, the pr ocess r ate is m uc h faster (up to 192 m 

3 H 2

m 

3 _reactor) −1 day −1 ) than the other MEC or photofermentation
18 m 

3 H 2 (m 

3 _r eactor) −1 day −1 in MECs) (Alexandr opoulou et al.
018 ). DF can utilize complex organics to initiate waste digestion.
his is possible due to the diversity and functional redundancy of
ermenting bacteria (e.g. Clostridium , Ethanoligens , Esc heric hia , Cit-
obacter , and so on). The by-pr oducts gener ated by DF, suc h as VFAs
re the main source for hydrogen production by microbial consor-
ia in photofermentation and MECs, with hydrogen yield as high
s 98% (Kim et al. 2019 ). DF combined with MEC can support up
o 105 million metric ton of hydrogen gas from 1.3 billion met-
ic food waste. Production potential is thus 120% higher than the
ydrogen demand in 2021 (i.e. ∼ 90 million metric ton) (Lee et al.
022 ). 

The DF effluents can be also utilized for biomethane produc-
ion (Nathao et al. 2013 , An et al. 2024 ). As discussed abo ve , the
r ocess is alr eady implemented in lar ge scale installation (Cete-
ioglu et al. 2022 ). 

ioplastic production 

t is important here to recall that different types of wastes and
 astew aters can be used for bioplastic production (see also “Ex-
loiting low pH in waste management and in the r e v alorization of
 gricultur al/food w aste”). These w astes often m ust be tr eated in
rder to ac hie v e high concentr ation of VFAs. Notabl y, this tr eat-
ent is not needed in the postprocessed effluents after DF be-

ause VFA are already present at a high concentration (Kora et al.
023 ). 

Summing up, DF may not al ways pr ovide high biohydrogen
ield, ho w e v er, its economic feasibility increases when DF is com-
ined with follow-up pr ocess (r elated to extr a fuel or bioplastics
r oduction). Although ther e ar e se v er al par ameters crucial for DF,
uch as substrate composition, bacterial consortium, applied pre-
r eatment, temper atur e, pH, and so on, emer ging mac hine learn-
ng pr ocedur es could help in the near future to the optimization
f the process. 

r ops pr otection: pH-dependent 
athogenicity and possible interventions at 

ow pH 

ungal plant pathogens pose significant threats to global food
ecurity, causing substantial crop losses and damaging agricul-
ur al pr oduce . F e w examples of economicall y impacting phy-
opathogens include the broad host range Botrytis cinerea causing
re- and post-harvest gray mold in many agronomically impor-
ant crops, Blumeria graminis causing powdery mildews of wheat
nd barley, the mycotoxinogenic Fusarium spp. causing the de-
tructiv e cer eal head blight disease, v ascular wilt on a wide r ange
f plants and postharvest fruit rot in many important crops, and
olletotric hum , whic h is one of the most common and important
enera of plant-pathogenic fungi for crop plants worldwide (Dean
t al. 2012 ). Fungal pathogens employ various molecular mech-
nisms to promote infection of their plant host, which include
he secretion of degrading enzymes, production of toxins, initi-
ting an o xidati ve burst, and modulation of environmental pH.
hese mechanisms perturb the host immunity and induce host
ell death, from which the pathogens acquire nutrients for their
rowth. 

The success of fungal infections is affected by environmen-
al factors, particularly pH (Xu et al. 2015 , Barda et al. 2020 , Han
t al. 2021 , Jimdjio et al. 2021 , Li et al. 2022 , Yang et al. 2022 ).
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Recent findings indicated that extracellular or cytosolic acidifica- 
tion r a pidl y induce the highl y conserv ed mitogen-activ ated pr o- 
tein kinase signaling cascades, which regulate various aspects of 
fungal pathogenicity and promote infection of host plant (Fernan- 
des et al. 2023 ). Pathogenic fungi have the ability to manipulate 
the pH of the surrounding environment when infecting plants,
creating a more favorable condition for their growth and repro- 
duction (Kesten et al. 2019 ). Fungi employ different strategies to 
manipulate pH in their favor. Acidifying or alkalinizing pathogens 
decr ease or incr ease the pH ar ound their infection site, r espec- 
tiv el y (Prusky et al. 2016 ). While various fungi employ different 
strategies, the specific fungal response is also m uc h dependent 
on carbon and nitrogen availability (Bi et al. 2016 , Ziv et al. 2020 ,
Van Laethem et al. 2021 ). 

Acidifying fungi 
These fungi acidify the colonized tissue by secr eting or ganic acids 
(pH from 3.6 to 3.0), which subsequently facilitates colonization 

and pathogenicity (Bi et al. 2016 ). Oxalic acid, one of the most 
pr e v alent or ganic acids , pla ys a k e y role affecting pathogenicity of 
fungi while in parallel modulating plant host response (Palmieri 
et al. 2019 ). The best-studied example is of the broad host range 
pathogenic fungi Sclerotinia sclerotiorum and B. cinerea , which are 
known for their oxalic acid production as part of their pathogenic 
attac k (v an Kan 2006 , Mbengue et al. 2016 ). In these fungi, ox- 
alic acid serves as a major pH-dependent virulence factor act- 
ing thr ough m ultiple pathwa ys . As a strong acid, oxalate acidi- 
fies the environment to stimulate the production and activity of 
a spectrum of fungal secreted enzymes including pectinases, pro- 
teinases , and laccases . T his arsenal of enzymes plays an impor- 
tant role in plant tissue maceration and degradation to facilitate 
fungal colonization and pr olifer ation. In addition, due to its metal- 
c helating pr operties oxalate sequesters calcium ions that further 
weaken the plant cell wall facilitating fungal colonization. Fur- 
thermore, oxalate inhibits the host defense-process by reducing 
the o xidati v e burst in plant tissues and by dir ectl y triggering pr o- 
grammed plant cell death, which facilitates the necrotrophic in- 
fection. Altogether, oxalic acid has been shown to play a signifi- 
cant role in the pathogenicity of many fungi and bacteria. How- 
e v er, partial r estor ation of the virulence phenotype of Sclerotinia 
mutants that cannot produce oxalic acid, by exogenous acidifi- 
cation of host tissue, suggests that low pH and not a specific or- 
ganic acid is r equir ed for pathogenicity (Xu et al. 2015 ). T hus , not 
only oxalic acid can modulate plant host pH, rather this effect can 

be ac hie v ed by other or ganic acids. As suc h, it was r eported that 
B. cinerea relies also on the production of citric acid and succinic 
acid during colonization of sunflo w er (Mbengue et al. 2016 ), while 
other pathogens like Penicillium expansum acidify the colonized tis- 
sue by generating d -gluconic acid and citric acid that aid fungal 
colonization and pathogenicity (Barad et al. 2012 ). The same strat- 
egy has been reported also for Penicullum digitatum and Penicillum 

italicum (Costa et al. 2019 , Kanashiro et al. 2020 ). Collectiv el y, these 
reports indicate that production and secretion of organic acids for 
lo w ering plant host pH is an important virulence factor of these 
pathogens. 

While plant pathogens can activ el y modify host tissue pH, their 
physiology and virulence is in turn m uc h affect by the pH of the 
infected tissue (Eshel et al. 2002 , Sánchez-Rangel et al. 2018 , Barda 
et al. 2020 , Li et al. 2022 ). Ho w e v er, alter ed pH can also modu-
late host physiology that subsequentl y activ ates its r esponse to 
the pathogen. In line with that, fruit susceptibility to P. expansum ,
causing blue mold in apples, was reported to be significantly de- 
endent on pH. Inoculated apple fruits at pH 2.5 and 8.5 impr ov e
esistance to P. expansum b y modulating R OS metabolism, com-
ared with pHs 5.0 and 7.0. Colonization and pathogenicity of P.
xpansum in apple fruit was delayed under acidic or basic condi-
ions, possibly due to the activation of fruit antioxidant capaci-
ies, namel y the upr egulation of both the nonenzymatic antiox-
dants (glutathione and ascorbate), as well as antioxidant activi- 
ies by various enzymes (such as catalase, superoxide dismutase,
nd peroxidase), that enhanced the efficient scavenging of ROS 
etabolites and protected the plant cell (Jimdjio Kouasseu et al.

023 ). 

lkalizing fungi 
ther pathogens like Colletotrichum spp., Alternaria alternate and 

richothecium roseum alkalize the host tissue to enhance their 
athogenicity (Prusky et al. 2001 , Eshel et al. 2002 , Han et al. 2021 ).
his modulation of host pH is ac hie v ed by r eleasing ammonia,
hich is produced as a result of protease activity and deamina-

ion of amino acids . For example , Colletotrichum gloeosporioides has
een reported to turn l -glutamate or glutamine into ammonia 
nd increases the pH of colonized fruit from 5.6 to 8.5 (Vylkova
017 ). Other pathogens like the vascular wilt pathogen Fusarium 

xysporum , raise the extracellular pH (from pH 5 to 7) by secret-
ng a peptide with homology to plant r a pid alkalinizing factors.
his pH modulation suppresses host immunity, although its role 

n virulence is still debated. Ne v ertheless, r a pid alkalinizing fac-
ors encoding genes are found in many fungal pathogens, suggest-
ng the pr e v alence of this mec hanism for alkalinizing infection
ites and inhibiting host immunity (Rodriguez-Moreno et al. 2018 ,
ánchez-Rangel et al. 2018 ). Similarly, Fusarium sulphureum inocu- 
ation of muskmelon led to pH increasing of the tissue around the
noculation site, resulting in a weak alkaline environment that in-
reased its pathogenicity by stimulating ROS metabolism (Yang et 
l. 2022 ). The pH modulation of host tissue described above is a
ommon strategy emplo y ed b y necr otr ophic fungal pathogens to
eaken the host defense, ultimately leading to r a pid tissue death
nd enhancing pathogenicity. Ho w e v er, host tissue pH modula-
ion is not limited to necr otr ophic pathogens. In fact, a poplastic
lkalinization of leaves during biotrophic interactions was also 
eported during powdery mildew ( B. gramini s f . sp . Hordei) infec-
ion of barley ( Hordeum vulgare ), ho w e v er, this may be the plant
esponse and not an active process by the pathogen (Felle et al.
004 ). 

Furthermore, the pH modulation of host tissues is not re-
tricted to fungal pathogens but also occurs during interac- 
ions with bacterial pathogens. For example, Pseudomonas syringae ,
hich causes lesions on bean lea ves , induces apoplastic alkalin-

zation upon infection (Geilfus et al. 2020 ). This alkalinization fa-
ilitates bacterial colonization and leaf lesions by increasing the 
vailability of apoplastic sucrose to the pathogen. Interestingly,
oliar application of a synthetic auxin or acidic pH buffer attenu-
ted apoplastic alkalinization and by that reduced the number of
olony forming units and area of bacterial lesions on bean lea ves .

Because of the abo ve , preharvest application of organic acids
as reported to be effective in reducing fungal infections. Cit-

ic acid foliar application (30 mM) during Capsicum cultivation 

 as sho wn to increase fruit epidermis and cuticle thickness,
hich was suggested to account for the reduced gray mold
isease incidences observed on pepper fruits in cold stor a ge

Mekawi et al. 2019 ). In ad dition, spraying pe pper plants with cit-
ic acid increased peroxidase and polyphenol oxidase activities 
n the fruit that can further increase fruit natural resistance to
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ungal pathogens . Furthermore , the increased antioxidant capac-
ty of plants treated with malic and oxalic acids as elicitors was ac-
ompanied by the accumulation of phenolic compounds with an-
ifungal properties (El-Zaeddi et al. 2017 ) that can promote plant
nnate immunity. 

While the pr eharv est a pplication of or ganic acids to contr ol
lant pathogens is r ar el y implemented, postharv est a pplication to
isinfect fruits and vegetables and to extend fr esh pr oduce shelf

ife is well-established (Feliziani et al. 2016 ). Organic acid as disin-
ectants and sanitizers of fruits are considered safe and not harm-
ul to humans or the environment (Visconti et al. 2021 ). As said,
cetic , citric , malic , tartaric , and propionic acids are collectively
llo w ed in the food industry as pr eserv ativ es and ar e classified by
he FDA as GRAS compounds. Similar results for postharvest fun-
al pathogens inhibition was reported for oxalic acid. These or-
anic acids have been shown to directly modulate fungal physiol-
gy (e.g. inhibition of fungal r espir ation by acetic and malic acid or
ausing membrane damage and triggering intracellular ROS pro-
uction by cinnamic acid) or by inducing host defense response
nd delaying senescence (e.g. inhibition of ripening and c hlor o-
hyll degradation by oxalic acid) (Feliziani et al. 2016 ). 

The use of acetic, formic, and propionic acids vapors for the
ontrol of postharvest decay of fruit and vegetables is promis-
ng as minimal handling is r equir ed, thus it has been investigated
or the last couple of decades. Encour a ging r esults hav e been col-
ected on apples , pears , tomato, kiwi, and table gr a pes, among oth-
rs. Ho w e v er, car e should be taken as high doses may be problem-
tic causing phytotoxic responses (Feliziani et al. 2016 , Zhang et
l. 2023 ). 

To meet the demand for high-quality, c hemical-fr ee fr esh pr o-
uce, nonc hemical tr eatment tec hnologies hav e gained signif-

cance. Among these alternatives, hot water treatments have
mer ged as pr omising str ategies for postharv est disease contr ol,
eplacing synthetic fungicides (Fallik et al. 2021 ). Ho w e v er, when
sed individually, these techniques may offer limited effective-
ess in controlling postharvest diseases. Interestingly, integrating
onc hemical a ppr oac hes as hot water tr eatments with GRAS or-
anic acid applications can yield reliable and more reproducible
utcomes , impro ving disease control and extending fresh produce
helf life . T his w as demonstrated b y combining hot water treat-
ent and sorbic acid (in the form of potassium sorbate) that ef-

ectiv el y contr olled gr ay mold r ot in kiwifruit (Ge et al. 2020 ). The
ombined treatment inhibited in vitro mycelial growth and elim-
nated spore germination of B. cinerea and was very effective to
uppress lesion expansion caused by the pathogen. Another com-
ined a ppr oac h of mixing v arious or ganic acids with c hitosan
oating w as sho wn to reduce fruit rot and to increase the shelf
ife of litchi, plum and grape fruits (Xu et al. 2021 ). The use of
AW (plasma activated water) is also gaining significant interest
n recent years for postharvest treatments of fruits and vegetables
Rahman et al. 2022 ) and it was shown to be effective in inhibiting
onidial germination of Colletotrichum spp. on avocado (Siddique
t al. 2021 ). For more details on PAW and low pH see the section
Low pH as a k e y parameter in food preservation, processing, and
rotection: the impact of microbial acid stress responses on food
afety , quality , and functionalization”. 

A pr omising ne w a ppr oac h in de v eloping impr ov ed deliv ery
f antifungal compounds is based on the pH-dependent release
f activated compounds/fungicides from nano-capsule for higher
ntifungal effect and low biotoxicity (Shan et al. 2020 , Liang et
l. 2021 , Xiao et al. 2021 , Xu et al. 2021 , Zhang et al. 2022a ). The
elease of various fungicides has shown a pH sensitive response
ue to a weak acidic group in the structure, causing the rate of
elease to be faster under acid condition ( < 7). As said abo ve , at
he early stage of infecting the host plant, acidifying fungi like B.
inerea produce and secret acidic substances, such as oxalic acid,
hic h ar e conduciv e to acidification and trigger the r a pid r elease
f fungicidal compound, which penetrates the fungal pathogen at
he onset of the pathogenic attack. The early contact of the fungi-
ide with the pathogen results in a more effective killing, while
he biotoxicity is reduced due to a mor e tar geted r elease of the ac-
ive compound. This suggested nanoparticles platform for smart
ontr ol ov er fungal pathogens, holds a great potential to impr ov e
r aditional c hemical a ppr oac h to contr ol cr op diseases in a mor e
conomic and ecological manner. 

Collectiv el y, the v ast arr ay of mec hanisms for pH modu-
ation during interactions between micro-organisms and host
lants highlight the importance of pH in shaping the outcome
f pathogenic process, and holds promise for its harnessing to
mpr ov ed antifungal a pplications. Thus, understanding and ma-
ipulating pH modulation by fungal and bacterial pathogens can
ontribute to the de v elopment of effectiv e str ategies for disease
anagement in agriculture. 

ow pH and organic acids in the fight 
gainst a silent pandemic 

he worrying scenario in front of us is that another pandemic (by
ome called “silent pandemic”) (Mahoney et al. 2021 ) may arise be-
ause of the lack of antimicrobials to fight the fast spread on our
lanet of antimicrobial resistance (AMR) in bacterial pathogens

Laxminara yan 2022 ). T his affects not only humans , but also our
ets and feedstock. In 2019, six pathogens were to a similar ex-
ent responsible for close to 1 million human deaths attributable
o AMR, a figur e v ery similar to the sum of HIV deaths and malaria
eaths , globally. T hese pathogens are E. coli , Klebsiella pneumoniae ,
taphylococcus aureus , Acinetobacter baumannii , Staphylococcus pneu-
oniae , and Pseudomonas aeruginosa . All together in 2019 close to
 million deaths were calculated to be attributable to or associ-
ted with AMR (Antimicrobial Resistance 2022 ). We cannot k ee p
eglecting the pr oblem, whic h is e v en exacerbated in low and
iddle income countries and, in general, affects poor individuals
ho cannot afford second-line antibiotics that are more expen-

ive than the first-line ones (Laxminarayan 2022 ). 
Ther e ar e man y ways to combat the spr ead of AMR. The first is

o limit the use of antibiotics only to those pathological conditions
hat specifically require them, something that was even more wor-
yingly neglected during the COVID-19 pandemic, in high-income
s well as in low- and middle-income countries (Amarsy et al.
022 , Rizvi and Ahammad 2022 , Gul et al. 2023 ). The second ap-
r oac h is to de v elop ne w str ategies to combat infectious diseases
y a ppl ying good pr actices in the healthcar e settings wher e the
isk of becoming infected by a pathogen increases significantly
Frost et al. 2018 ). The third a ppr oac h is to de v elop ne w str ategies
y combating the formation of persisters, that ar e tr ansientl y tol-
r ant v ariants intrinsicall y r esistant to antibiotics. Persister for-
ation makes pathogens impossible to eradicate by antibiotic

reatment and on the contrary increases their chance of acquir-
ng antibiotic resistance genes (Van den Bergh et al. 2017 ), and is
ence considered as one of the routes by which AMR can orig-

nate (Balaban et al. 2019 ). Finally, expanding our arsenal with
ew molecules or improving the efficacy of those already available
an potentially combat AMR by hitting different targets or physi-
logical processes in bacteria (Blaskovich et al. 2017 ). Avenues for
e v eloping nov el ther a peutics and dia gnostics hav e to take into
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Figure 3. Combating AMR by exploiting the properties of acidic 
compounds and the effect of low pH on micr obes. Cr eated with 
BioRender.com. 
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account current (and future) knowledge on how bacteria e v ade 
antibiotics and e v entuall y de v elop r esistance to them. In this r e- 
spect, the bacterial stress responses (including those to low pH) 
can suggest ther a peutic str ategies and alternativ es to antibiotics 
as well as possible new targets for novel antibiotics (Dawan and 

Ahn 2022 ). 
As for the latter two a ppr oac hes , low pH pla ys indeed an im- 

portant role as summarized in Fig. 3 . 

Persisters formation 

An increased frequency in the formation of persisters (a clonal 
subpopulation of cells with a “dormant” phenotype highly toler- 
ant to antibiotics and other stresses) has been associated with an 

acidification of the intracellular pH (i.e. deviation from neutrality) 
and to the activity of some acid resistance genes (Hong et al. 2012 ,
Van den Bergh et al. 2016 , 2022 , Goode et al. 2021 ). In pathogenic E.
coli , complex I of the r espir atory c hain has been found to be a tar- 
get for spontaneous mutations associated with the formation of 
persisters, follo wing ev olution experiments where pathogenic E.
coli UTI89 w as c yclically exposed to the antibiotic amikacin (Van 

den Bergh et al. 2022 ). The mutants that displayed the highest per- 
sister frequency were found to be those with Complex I impaired 

in its proton translocation activity, which lead to significant cyto- 
plasmic acidification. The studies sho w ed that intracellular acidi- 
fication induces the persistent state in two ways: through the acti- 
vation of the regulon of RpoS (the sigma factor of stationary phase 
RNA pol ymer ase) and, in the case of more significant cytoplas- 
mic acidification, through the arrest of protein synthesis (Van den 

Bergh et al. 2022 ). The same authors also provided preliminary ev- 
idence that gadC , coding for the glutamate/glutamine-GABA an- 
tiporter, an essential structural component of the major acid re- 
sistance system in many bacteria, i.e. the AR2(_Q) system (Lund 

et al. 2014 , Pennacchietti et al. 2018 ), is also a target for muta- 
tions that lead to an incr eased fr equency of persisters. Goode et 
al. ( 2021 ) demonstrated that in E. coli persisters have an intrinsi- 
cally lo w er intracellular pH than susceptible cells and that this pH 

does not decrease further during ampicillin treatment. This ob- 
servation was linked to the activity of tryptophanase (encoded by 
the gene tnaA ) in a growth phase-dependent manner: the loss of 
roduction of indole (a w ell-kno wn signaling molecule) in a �tnaA
 utant incr eased ampicillin persisters in stationary phase but not

n exponential phase. 
Heterogeneity in a population can be the basis for the forma-

ion of a clonal subpopulation that has a fitness adv anta ge due
o its ability to survive a stress . T he connection between intra-
ellular acidification and persisters formation may be part of this
acterial strategy as well as that of activating the acid resistance
enes in a bet-hedging perspective of improving fitness (Van Riet
t al. 2022 , Wang et al. 2023a ). Though still at the le v el of under-
tanding fundamental mechanisms, the cited studies provide a 
 ery str ong connection between intr acellular acidification (with
espect to physiological pH) and antibiotic resistance, and the 
nowledge ma y pa ve the wa y to no v el antimicr obial str ategies
hat interfere with persister formation mechanism, one of the 
outes to AMR (Van den Bergh et al. 2017 ). 

An interesting and different case is that of trimethoprim, the
olate biosynthesis inhibitor, which has been shown to activate 
n acid stress response in E. coli (with increased gadBC expression,
he main structural genes of the GAD system) likel y pr ompted by
denine depletion (Mitosch et al. 2017 ). As observed also by others
sing gentamycin (K etc ham et al. 2022 ), the intracellular acidifica-
ion following antibiotic treatment seem to be a common causal
actor in bacterial cell death caused by antibiotics (Goode et al.
021 ). In support of this, genetic manipulations that increase in-
racellular pH also increase resistance (Ketcham et al. 2022 ). It has
ot yet fully clarified why intracellular acidification is associated 

ith death in susceptible cells, but not in persisters: this is an in-
eresting open question that highlights the importance of intra- 
ellular pH acidification as a parameter in determining antibiotic 
ffectiveness. 

ow pH and the efficacy of natural organic acids 

s antimicrobials 

her e ar e alr eady man y antimicr obial tr eatments whose effec-
i veness is lik ely to arise from the increased sensitivity of micro-
rganisms to some chemicals at low pH, and ongoing studies re-
orted in the liter atur e suggest that these have the potential to

ncrease in the future . T hese range from cases where the treat-
ent is itself an acid, to those where a treatment is pH sen-

itive and more effective at low pH. Detailed mechanisms of
he higher effectiveness at lo w er pH have often not been fully
lucidated. 

In the case of bacteria, se v er al anti-infection tr eatments used
s traditional remedies for hundreds or even thousands of years 
r e likel y to hav e low pH as an important component. The most
bvious of these is vinegar, whose use against infection was
ecor ded b y Hippocrates (Johnston and Gaas 2006 ). Acetic acid
along with other organic acids, notably citric) is used clinically as
 topical agent to pr e v ent or treat infection in wounds, though its
se is not widespread, and has significant biocide and antibiofilm
ffect against pathogens from burns wounds. It also turns out to
e effective for decontaminations in hospital settings (Sloss et al.
993 , Nagoba et al. 2012 , 2013 , Bjarnsholt et al. 2015 , Halstead et al.
015 , Stjärne Aspelund et al. 2016 , Agrawal et al. 2017 ). The mech-
nisms for this have been intensively studied, not least because
f the importance of weak organic acids (acetic , sorbic , citric , and
enzoic) as food pr eserv ativ es for pr e v ention of micr obial gr owth
Ng et al. 2023 ), as pr e viousl y pr esented in the section “Low pH
s a k e y parameter in food preservation, processing, and protec-
ion: the impact of microbial acid stress responses on food safety,
uality, and functionalization”. 
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Another example is honey, widely used in historical times as
n anti-infective. When applied to wounds, honey acidity trig-
ers molecular oxygen release from hemoglobin, which makes the
ound environment less favorable for destructive proteases; fur-

hermore, honey high osmolarity extracts fluid out of the wound
ed ther eby pr omoting an outflow of l ymph, just as occurs when
 negativ e pr essur e wound ther a py is a pplied (Molan and Rhodes
015 ). Acidity is only one component in a complex mixture, but
 recent study indicates that synergy between gluconic acid (the
ain acid in honey) and hydrogen peroxide is of particular signif-

cance in honey antibacterial effect. These two components syn-
rgize in causing depolarization of cell membrane and cell wall
estruction, that e v entuall y halted bacterial gr owth (Masour a et
l. 2020 ). 

The r e-emer ging inter est in natur al pr oducts, including the
bove mentioned examples, clearly offer an advantage to re-
earchers, who can take adv anta ge of the “logic of nature” (i.e. op-
imized by evolution, as it was for penicillin discovery by Fleming)
o exploit the immense arsenal of biologically active molecules,
ncluding antibiotics (Bachmann et al. 2014 ). 

A class of interesting natural products are phosphonic com-
ounds (Ju et al. 2015 , Kayrouz et al. 2020 , Shiraishi and Kuzuyama
021 ) and phosphinic compounds (De Biase et al. 2020 ), though
he latter occur less fr equentl y in natur e . T hese molecules act
y mimicking phosphoric and carboxylic groups (both acidic) that
r e pr esent in biological molecules . T hey ha ve the potential to in-
ibit novel targets of metabolic enzymes and can be used as lead
ompounds for the de v elopment of a v ariety of drugs. Fosfomycin
s a w ell-kno wn phosphonate, widely used as an antibacterial to
reat urinary tract infections, but also frequently used in combi-
ation with other antibiotics, with which it acts syner gisticall y,
hus effectiv el y r educing the risk of de v eloping AMR (Antonello
t al. 2020 ). A recent and intriguing example includes a study on
 ultidrug r esistant K. pneumoniae str ains (i.e. r esistant to > 10 dif-

erent antibiotics), isolated from patients, that were inhibited by
e ptides deri v ed fr om phosphinothricin (Demiank ov a et al. 2023 ).
his work also highlights that “repositioning” of some drugs can
e an effective strategy. 

The pH at which the treatment is done is also a k e y parameter
o be considered when applying treatments. For example, silver
as been used as an antibacterial treatment since historical times,
ut its effectiveness in the form of an alginate gel against a range
f pathogens, including those with high antibiotic resistance and
n biofilms, is enhanced at pH 5.5 compared to pH 7 (P er cival et al.
014 ). Further examples of weak organic acids with clinical use
nd whose antibacterial efficacy has been shown to increase at
ow pH include the antibiotic fusidic acid, an important alterna-
iv e tr eatment in combination ther a pies a gainst S. aureus infec-
ions (Lemaire et al. 2011 ), and azelaic acid, used as a topical treat-

ent for dermatoses, particularly acne. The pH-dependent mech-
nism of antibacterial action in the latter case has been care-
ull y inv estigated, and is associated with dissipation of the trans-

embr ane pH gr adient (Bojar et al. 1994 ). In general, human skin
s slightly acidic, ho w ever, w ounds cause an alkalinization over
ime: thus a multifactorial approach to w ar d controlling biofilm
hould take into account both wound pH and use of a ppr opriate
ntibacterial agents (together with a knowledge of their depen-
ence on pH for activity). This is an area ripe for further careful
tudy (Wiegand et al. 2015 ). 

As mentioned above and stressed in the literature, the pK a of
n organic acid is important (Lund et al. 2020 ) when it comes to
r e v enting bacterial growth either in food (Ng et al. 2023 ) or in
reating bacterial infections. As for the latter case, some exam-
les wer e alr eady pr ovided in this section, but man y mor e can be
rought to the reader’s attention in areas other than wounds and
kins infections. For example, the activity of the prodrug pyrazi-
amide, an important component of combination ther a pies used

or tr eating tuberculosis, whic h is activ e a gainst persister cells, is
lso heightened at low pH. This is thought to be because an en-
yme in Mycobacterium tuberculosis converts it to pyrazinoic acid,
hic h leav es the cell as a c har ged molecule but, when the ex-

ernal milieu is acidic, pyrazinoic acid becomes protonated and
an fr eel y diffuse bac k into the cell, wher e it is thought to act by
nhibiting the essential enzyme P anD, r equir ed for pantothenate
iosynthesis in this organism (Zhang et al. 2014b , Sun et al. 2020b ).

Ther e ar e other r easons for inv estigating the effects of pH
n antibacterial agents, in addition to cases where antibacterial
 gents ar e weak acids and hence likely to show a strong pH-
ependence in their effects. For example, if the agents are more
ctive at a low pH, tests done at neutral pH will not reflect biologi-
al reality and could lead to useful activities being missed. An ex-
mple of this is the fluoroquinolone antibiotic finafloxacin, which
hows higher activity under mild acidic conditions (pH 5.0–6.0),
nd which may hence be more indicated for use in environments
uc h as skin, r espir atory epithelia, and the urinary tract (Stub-
ings et al. 2011 ) that are themselves mildly acidic. Another mi-
r oenvir onment in which pH can be acidic is inside some biofilms,
ypicall y poorl y penetr ated by antibiotics, because of their na-
ure and size. For example, another flouroquinolone antibiotic,
elafloxacin, a weak acid with a pK a of ∼5.6, in its unc har ged
pecies can penetrate the biofilm and this correlates with the
cidic biofilm micr oenvir onment (Siala et al. 2014 ). It is important
er e to r ecall that an extr acellular low pH is a general trigger to
romote biofilm formation, but also the temper atur e as well as
ther factors play a role (To y ofuku et al. 2016 , Mathlouthi et al.
018 , Lin et al. 2021 ). 

A final example where pH has clinical microbiology relevance
s in treatment of uropathogens, as the pH of urine varies with dif-
erent clinical conditions and is also clinically malleable. A com-
r ehensiv e study of 24 different antibiotics and their effects on
ix differ ent ur opathogenic species sho w ed that se v er al of them
ad an increased activity at pH < 6, including tetracycline deriva-
iv es, nitr ofur antoin, and se v er al β-lactams (Yang et al. 2014 ). In
 pr e v entiv e a ppr oac h, the diet can affect the acidity of urine pH
her eby exerting pr otectiv e effects a gainst r ecurr ent urinary tr act
nfections (Chavez et al. 2021 ). The study by Yang et al. ( 2014 ) also
ho w ed a different efficacy of antibiotics (incr eased, decr eased,
nd unaffected) depending on pH, and this further supports the
otion that a very sensible way to increase antibiotic efficacy
ithout the need of too high doses (which promote AMR) is to
lways consider which is the best pH at which the treatment can
e applied or the environment in which the treatment is applied
skin, wound, biofilm, bladder, and so on) (Yang et al. 2014 ). 

onclusions 

n this r e vie w, we highlighted the importance of the exploitation of
he knowledge on the responses and activity at low pH of micro-
r ganisms, both neutr alophilic and acidophilic, for the de v elop-
ent of effective strategies for disease management in agricul-

ure, implementation of bioprocesses and biotechnological appli-
ations in waste v alorization, sustainable, and natur al pr eserv a-
ion of foods and their functionalization. 

Figure 4 shows the network analysis based on the literature (ti-
les and abstracts) used in this review visualized with the soft-
ar e VOS (v an Ec k and Waltman 2010 ). Using the par ameters
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Figure 4. Occurrence and links of terms found in abstracts and titles of the scientific and review articles cited in this review. The Network is generated 
using VOSviewer (version 1.6.19) (van Eck and Waltman 2010 ). Criteria for map generation included 15 minimum occurrences of a term. For network 
visualization, default settings were used for normalization and layout, except for clustering for which a minimum of six terms was set to generate a 
cluster. A total of 105 terms were extracted, of which the most relevant terms (60% of total, as set by default) were visualized after manually removing 
12 terms (mutant, host, water, response, ability, glucose, paper, factor, microbe, cell, bacterium, and mechanism) that though occurring frequently were 
m uc h less specific than other terms which could be better visible in the network. A thesaurus file was generated and used to count some terms as the 
same term (e.g. PAW as plasma activated water; LAB as lactic acid bacteria; and volatile fatty acids as VFA). 
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provided in the legend to Fig. 4 , the analysis generated five clusters 
of terms: the blue cluster includes mostly food-related terms; the 
green cluster includes terms related to bioproduction of platform 

c hemicals and v ery close to this cluster there is the y ello w clus- 
ter which includes waste valorization for biogas production and 

circular economy; the red cluster includes terms that are more 
related to crop protection and remediation of polluted environ- 
ments; finally, the violet cluster includes terms of medical inter- 
est. The proximity of “lactic acid” “yield” and “productivity” with 

“waste ,” “value ,” and “biogas production” highlights the dedica- 
tion to the circular econom y conce pt and the consideration of the 
financial and efficiency aspects . T his aspect will need to be ac- 
knowledged in future developments of highly productive micro- 
organisms, efficient in the presence of stressors, including acidic 
pH. Inter estingl y “lactic acid bacteria” (LAB) ar e closel y connected 

to “food” in the blue cluster, ho w e v er, “lactic acid”, though linked 

to LAB, belongs to another cluster: this highlights the transition 

of LAB fr om onl y food-r ele v ant micr o-or ganisms to pr oducers of 
a valuable platform chemical. This offers an elegant model for ex- 
panding the use of organic acids microbial producers to the large- 
scale bioproduction of platform chemicals. 

As discussed, engineering of highly productive micro- 
or ganisms and impr ov ement in pr ocess engineering could 

decr ease the envir onmental footprint of pr ocesses, maximizing 
substr ate v alorization and minimizing side str eam gener ation.
Huge advancements were already made for itaconic acid produc- 
tion and this path is expected to be follo w ed in future for other 
biobased organic acids . T he high-value applications of biodegrad- 
able polymers from platform chemicals was the driving force 
or innovations in fermentations and de v elopment of str ains for
actic acid and polylactides. A similar trend could be expected in
uture for others platform chemicals, in particular for biobased 

roduction of succinic acid. 
In particular the knowledge gathered on the mechanisms of 

icr obial r esponse to acid stress can be applied to the de v el-
pment of more robust acid tolerant industrial strains either 
hrough engineering at the genome-scale level to improve the 
cid stress tolerance or through metabolic engineering by over- 
xpr essing acid-r esistance elements detected by systems biology 
 ppr oac hes (Guan et al. 2016 , Deparis et al. 2017 ). 

In recognition of the need for wider application and exploita- 
ion of microbial products as probiotics , synbiotics , and so on,
 new category of live biotherapeutic products was recently in-
r oduced in Eur opean and earlier in US legislation (Cordaillat-
immons et al. 2020 ). This will hopefully pave the way to inno-
 ations and a pplications for next-gener ation pr obiotics and help
xploit the potential of micr oor ganism for the benefit of all. As
ho w ed in this r e vie w, low pH is a k e y parameter to best exploit
he beneficial effect of these micr o-or ganisms. 

As we have explained in this review, microbes are challenged
y acidic conditions during bioprocesses and these conditions hin- 
er product yields in many bioreactors and in open fermentations.
 hus , identifying or improving micro-organisms that can tolerate 
cidic conditions, coculturing different species and strains, and/or 

solating and c har acterizing acid-toler ant enzymes for r e v aloriz-
ng specific waste material will sur el y hav e a positiv e impact to
ackle the current limitation of product development under acidic 
onditions (Awasthi et al. 2018 , Li et al. 2018 , Ijoma et al. 2021 ).
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urthermor e, the pr oduction of specific bioactiv e compounds on
ood wastes may be anticipated through artificial neural network

odeling (Sabater et al. 2020 ). 
As for biogas production, the microalgal cultivation on DF ef-

uents is a solution intensiv el y studied in recent years (Lacroux et
l. 2023 ). In gener al, the r ole of artificial intelligence can indeed be
f help for such complex contexts: a machine learning a ppr oac h,
ncluding artificial neural networks to predict biogas production
n a biogas plant, was r ecentl y employed (Fr ank owski et al. 2020 ,
osseinzadeh-Bandbafha et al. 2022 ) and the use of nanotech-
ological solutions to impr ov e biohydr ogen pr oduction was also
roposed (Bosu and Rajamohan 2022 , Cao et al. 2022 , Vadalà et al.
023 ). 

As a large community of scientiists working in the areas of
 esearc h discussed in this r e vie w, we belie v e that interdisci-
linary r esearc h will sur el y make possible to de v elop str onger

inks between areas of research where scientists communicate
ess; this is particularly important in medicine, whic h typicall y is
ess connected with the others. No w adays, the paradigm micro-
rganism = pathogen has been revolutionized and microbes are
o w regar ded as important (if not fundamental) allies to promote
ur health as well as that of our planet. Liter atur e, mostl y on fun-
amental knowledge, and network expertise can also be accessed
ia a dedicated website ( https://eur omicr oph.eu/). 
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