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Consumer wishes for “clean label” products have prompted the rise of these products available in the market.
With dietary choices directly influencing market trends, developing novel meat products with natural nitrate and
nitrite alternatives is a sought-after premise. Cured meats like ham have been under scrutiny due to their po-
tential harm to human health, having sodium nitrite been theorised to trigger dysbiosis of the gut microbiota and
impair faecal short-chain fatty acids (SCFAs) production. Four novel ham formulations with a natural nitrate
source coupled with nitrate-reducing starter cultures were subjected to an in vitro gastrointestinal digestion
simulation (INFOGEST) and followed by in vitro colonic fermentation. The impact of each novel ham formulation
on the gut microbiota and their fermentation metabolites, namely SCFAs, was assessed by quantitative Next
Generation Sequencing and High-Performance Liquid Chromatography, respectively. No significant differences
have been found for SCFAs levels or microbial communities throughout colonic fermentation. Further research
should provide insight into how these alternatives can be associated with nitrosamine formation. The potential
benefits of "clean label" alternatives need to be thoroughly demonstrated. While these solutions are often
considered preferable to traditional nitrite-containing products, their implementation should be approached with
caution. In addition to their antimicrobial efficacy and consumer acceptance, it is essential to assess their impact
on product cost and compare their performance and health impact (positive or negative) with that of traditional
nitrite formulations. Extensive research is needed to ensure that any move to "clean label" formulations is based
on solid evidence rather than market trends.

1. Introduction the composition of this ecosystem may lead to gut dysbiosis, linked to

many intestinal disorders such as irritable bowel syndrome, Crohn’s

The impact of nutrition on the human gut microbiota has been a
widely discussed, especially when considering innovative products that
are still a novelty within consumer choices (Conlon & Bird, 2014). Di-
etary practices have a major influence on the human gut microbiota,
which explains the variations seen in people of different ages. What we
eat not only provides fuel for us, but also for the bacteria that live in our
gut, regulating the diversity and composition of our gut microbiota
(Carlstrom, Moretti, Weitzberg, & Lundberg, 2020; de Carvalho, Oli-
veira, Costa, Pintado, & Madureira, 2022; Nagpal, Indugu, & Singh,
2021). Even though the core gut microbiota of healthy humans may be
difficult to fully establish due to several variables, it is well-known and
researched that small or abnormal changes, based on dietary choices, in
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disease, inflammatory bowel disease, among others (Cao et al., 2020;
Mansour, Moustafa, Saad, Hamed, & Moustafa, 2021). The impact of
macronutrients (ie., carbohydrates, fats and proteins) and micro-
nutrients (i.e., vitamins and minerals) on the gut microbiota has been a
major focus of research in recent years. However, there is a growing
interest in understanding how food preservatives in modern diets affect
the gut microbiota (Rinninella et al., 2019; Scott, Gratz, Sheridan, Flint,
& Duncan, 2012). An increase in the consumption of food preservatives
within Western cultures and in the Westernization of dietary habits over
the last few decades has led to the need to study their impact on gut
modulation (Rinninella et al., 2019). Sodium nitrite is the most
commonly used preservative in the curing of meat products due to its
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ability to inhibit foodborne pathogens and spoilage microorganisms. It is
considered a multifunctional food preservative because it confers cured
products with their characteristic colour and odour, as well as antimi-
crobial and antioxidant properties, which are crucial for ascertaining
their microbiological safety (Oliveira et al., 2020). Sodium nitrite has
been hypothesized to induce dysbiosis of the gut microbiota and the
production of faecal short-chain fatty acids (SCFAs), such as acetate,
propionate and butyrate, among others, which are essential for host-
microbiota interactions and directly influence the maintenance of the
colonic epithelial cells by being used as an energy source (Cao et al.,
2020; Oliveira et al., 2020; Rinninella et al., 2019; Singh et al., 2017).
The impact of excessive nitrite intake has been widely discussed, with
concerns raised regarding its effects on the human gut microbiota
(Carlstrom et al., 2020; Oliveira et al., 2020). While processed meats like
ham are known sources of dietary nitrite, it is important to recognize
that vegetables, especially leafy greens such as spinach and lettuce,
contribute significantly to nitrite intake due to their high nitrate content,
which is converted to nitrite in the body (Hord, Tang, & Bryan, 2009). In
fact, vegetables are the primary source of nitrates and nitrites in the diet,
accounting for the majority of intake. This broader perspective is
essential when evaluating the impact of dietary nitrite on health, as it
underscores the need to consider all dietary sources, not just processed
meats (Kotopoulou, Zampelas, & Magriplis, 2021).

Health trends and sustainability concerns are the main drivers of
consumer awareness of the ingredients in the food they eat. The search
for products with short ingredient lists, recognizable ingredients and
that are perceived by the public as healthy falls under the scope of the
so-called “clean label” umbrella. As the demand for these types of
products continue to rise, alternative meat-curing substitutes have
focused on pre-converted nitrate sources, mainly from vegetables,
including celery, spinach, beet, radish, and many others (Yong et al.,
2020). However, their effect on human gut microbiota is still poorly
documented (Cao et al., 2020). Research suggests that antimicrobial
food additives, including sodium nitrite, may alter the composition of
the human gut microbiota by selectively suppressing certain gut mi-
crobes. This can potentially affect gut health and the immune system
(Hrncirova, Machova, Trckova, Krejsek, & Hrncir, 2019). On the other
hand, natural nitrite alternatives may have different effects on the gut
microbiota than synthetic nitrites. The potential of dietary nitrates as
functional foods to support gut health and mucosal integrity in dysbiosis
has been suggested, highlighting their broader health benefits beyond
meat preservation (Rocha et al., 2019; Xu et al., 2022). As research
progresses, understanding the interplay between dietary nitrates and gut
microbiome dynamics may pave the way for innovative dietary strate-
gies aimed at improving overall well-being. The complex relationship
between functional foods and gut health highlights the critical role that
nutrients from vegetables play in maintaining mucosal integrity,
particularly during periods of dysbiosis (Zhang, 2022). As our under-
standing of nitrates and the dynamics of the gut microbiome deepens,
we are on the verge of developing innovative dietary strategies that
could revolutionise the way we approach gut health. This holistic
perspective not only emphasises the importance of a plant-rich diet but
also opens up new avenues for improving overall well-being through
targeted nutritional interventions.

In this context, in vitro batch-culture fermentation models are
feasible and accurate for evaluating the impact of novel foods, as the
simulation of colonic fermentation using real human faecal inoculum
will help to evaluate changes in microbiota composition and SCFAs
production (de Carvalho et al., 2022; Leite, Fonteles, Filho, Da Silva
Oliveira, & Rodrigues, 2022). Thus, this study aimed to assess the effect
of novel ham formulations with an alternative natural curing method on
the modulation of the gut microbiota composition and metabolic ac-
tivity. A comprehensive gastrointestinal simulation model that encom-
passed the phases of gastric and intestinal digestion, intestinal
absorption and colonic fermentation was used for this evaluation. High-
Performance Liquid Chromatography (HPLC), an ammonium ion-
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selective electrode, and Next-Generation Sequencing (NGS) were used
to evaluate the effects of each combination on fermentation metabolites
(i.e., SCFAs and ammonia) and gut microbiota profile, respectively.

2. Material and methods
2.1. Experimental matrices and controls

Hams were manufactured at an industrial scale by Primor Charcutaria
- Prima, S.A., a Portuguese charcuterie company, as described by Bento
de Carvalho et al. (2024). Briefly, the base formulation, which was the
same for all treatments, consisted of 85.9% minced pork leg, 11.5%
water, 1.4% sodium chloride, 0.7% sodium tripolyphosphate and 0.3%
carrageenan. One formulation (E) served as the conventionally pro-
duced ham (control), while four formulations (A, B, C and D) were
produced with complete replacement of sodium nitrite by natural nitrate
sources coupled with commercial nitrate-reducing food cultures (Bento
de Carvalho et al., 2024). Nitrate-rich powder was used for samples A
and B, and the final concentration was based on manufacturer’s in-
structions. Vegetable blanching water with a final concentration of 6.9%
was used for samples C and D. After mixing all the ingredients, the final
mixture was matured for 48 h at 4 °C to allow the conversion of nitrate to
nitrite and then vacuum stuffed into 3.9 kg blocks using a PA/PE plastic
casing. The blocks were then pressed into ham moulds and thermally
processed until the core of the block reached 70 °C and cooled overnight
at 4 °C. Slicing into 1.2 mm thick ham slices took place after the stabi-
lisation period. The slices were then packed under a modified atmo-
sphere (O3 < 0.3%; COy ~ 22.5-34.5; Ny = 70.0%) in thermoformed
multi-layer PET/EVOH/PE cuvettes and kept under refrigerated condi-
tions until use. Formulations are presented in Table 1.

2.2. Preparation of Faecal Inoculum

Human faecal samples from six healthy volunteers were collected
according to internally established protocols for stool collection prac-
tices, previously accepted and validated by Universidade Catélica Por-
tuguesa Health Ethics Committee within the premises of the Alchemy
project (Universidade Catélica Portuguesa, Escola Superior de Bio-
tecnologia, Porto, Portugal). Stool samples were stored in Oxoid™
AnaeroJar™ 2.5 L containers with an OxoidTM AnaeroGen™ 2.5 L
sachet (Thermo Fischer Scientific, Waltham, CA, USA) and solely opened
inside an anaerobic cabinet (nitrogen 80%, carbon dioxide 10%,
hydrogen 10%), a Whitley A35 workstation (Don Whitley Scientific,
Bingley, UK). Faecal content of each donor was weighed to obtain a
pooled faecal inoculum to have a uniform and representative inoculum.
The former inoculum was diluted at 10% (w/w) in a 0.1 M phosphate-
buffered saline pH 7.3 (PBS) (Thermo Fischer Scientific, Waltham, MA,
USA) solution with 30% (v/v) glycerol (Fisher Scientific, Loughborough,
UK) and homogenised. Aliquots of the pooled faecal inoculum were
stored at —20 °C to avoid repeated freezing and thawing cycles. Ac-
cording to de Carvalho, Oliveira, Saleh, Pintado, and Madureira (2021),
inocula were subjected to two glycerol wash-out cycles to remove the
glycerol, which was employed as a cryopreservative during storage.

Table 1

Formulations of the five ham prototypes manufactured.
Code Composition
A Commercial dry blend of chard, carrot and acerola + Meat culture 1
B Commercial dry blend of chard, carrot and acerola + Meat culture 2
C Spinach blanching water + Meat culture 1
D Spinach blanching water + Meat culture 2
E Control with the nitrifying salt (150 mg/kg sodium nitrite)
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2.3. Information regarding the faecal donors

In accordance with the Declaration of Helsinki conduct guidelines
and the regulations for the collection and processing of personal data set
forth by Regulation 2016/679 of the European Parliament and the
Council (EU), all subjects voluntarily completed a questionnaire about
their dietary and lifestyle habits before beginning the study . The par-
ticipants did not present or possess any intestinal disorders, had a typical
omnivorous diet, had not used antibiotics or any other medications
known to alter the microbiota for at least a year before donation, and
were not regular users of probiotics or prebiotics. Furthermore, the
previous hospitalisation they had was over a year before the start of this
study. Volunteers were three males, and three females aged 33.33 +
4.78 years, with a body mass index (BMI) of 26.68 + 4.56 kg/m?.
Detailed information on the volunteers participating in this study is
displayed in Supplementary material S1.

2.4. Human in vitro gastrointestinal tract (GIT) simulation model

An in vitro simulation of the gastrointestinal tract based on the study
by Brodkorb et al. (2019), commonly referred to as INFOGEST 2.0
protocol, was performed with some modifications as previously
described by de Carvalho et al. (2021), namely the colonic fermentation
protocol. To simulate the oral phase, different ham formulations with
different nitrate sources were homogenised in a stomacher (Seward,
Worthing, UK) for 5 min and mixed with simulated salivary fluid and
salivary amylase (20.0 U/mg; Sigma, St. Louis, MO, USA), with pH
adjusted to 7.0, for 2 min at 37 °C. The pH was then lowered to 3.0 to
begin the gastric phase, where a 1:1 simulated gastric fluid with added
pepsin (571.3 U/mg; Sigma, St. Louis, MO, USA) and rabbit gastric
extract (15 U/mg; Lipolytech, Marseille, France) was added to the
samples and incubated at 37 °C with moderate agitation for 2 h. For the
intestinal absorption phase, a pancreatin (6.10 U/mg; Sigma, St. Louis,
MO, USA) and bile solution (1.77 mmol/g; Sigma, St. Louis, MO, USA)
was prepared, and pH was adjusted to 7.0 and incubated for 2 h with
moderate agitation at 37 °C.A dialysis step to simulate the absorption in
the small intestine was performed All samples were transferred to 1 kDa
molecular weight cut-off regenerated cellulose dialysis tubing (Spec-
trum, New Brunswick, NJ, USA), and a dialysis was performed against
10 mM NacCl (LabChem, Zelienople, PA, USA) at room temperature with
constant stirring, to remove low molecular mass digestion products.
After this step, all samples were freeze-dried (Armfield SB4 model,
Ringwood, UK) to obtain a powder to be used for in vitro faecal fer-
mentations. For colonic fermentation, the previously prepared frozen
pooled faecal inoculums were used, and six conditions (in duplicate)
were tested: (I) inoculum control; (I) ham formulation A; (III) ham
formulation B; (IV) ham formulation C; (V) ham formulation D; (VI) ham
formulation E. Faecal batch-culture fermentation was carried out ac-
cording to de Carvalho et al. (2019). Fermentation vessels, set up
aseptically, were filled with sterile basal nutrient medium (peptone
water (2 g/L); yeast extract (2 g/L); NaCl (0.1 g/L); KoHPO4 (0.04 g/L);
KH3PO4 (0.04 g/L); MgS0O4-7H20 (0.01 g/L); CaCly-6H0 (0.01 g/L);
NaHCOs3 (2 g/L); Tween 80 (2 mL/L); hemin (0.05 g/L); vitamin K (10
pL/L); L-cysteine HCI (0.5 g/L); bile salts (0.5 g/L) and resazurin (4 mg/
L)) and gassed overnight with O - free N, with constant shaking. Each
condition was performed in duplicate, and digested ham substrates were
added at 1% (w/v) aseptically (by flaming the entry/sampling port).
Substrates were mixed with the basal media, and each vessel was
inoculated with 15 mL faecal inoculum. Six stirred pH-controlled batch
fermenters, FerMac 260 (Electrolab Biotech Ltd., Gloucestershire, UK),
were run in parallel with each vessel between 6.7 and 6.9 (the pH of the
human distal colon), and the temperature was kept at 37 °C with the
help of a water bath.

A static in vitro batch fermentation model was conducted for 48 h.
This is the recommended period to prevent nutrient depletion and
metabolite accumulation that can restrict microbial fermentation and
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growth (Dixit, Kanojiya, Bhingardeve, Ahire, & Saroj, 2023; Isenring,
Bircher, Geirnaert, & Lacroix, 2023). Samples (10 mL) were taken
aseptically from each vessel, at time points 0, 24 and 48 h, and imme-
diately put in ice to stop the reaction. After that, samples were centri-
fuged at 4 °C, 4696 xg for 5 min, and the supernatant was collected for
SCFAs and branched-chaine fatty acids (BCFAs) analysis done by HPLC
and ammonium (NHJ) concentration measurement, using an ion-
selective electrode 9663 of ammonium. From the centrifugation of the
supernatant, the obtained pellet was resuspended in 10 mL of a 0.1 M
PBS (Thermo Fischer Scientific, Waltham, MA, USA) solution, vortexed,
and centrifuged once again in the same conditions (Thermo Fischer
Scientific, Waltham, MA, USA). The supernatant was discarded, and the
pellet was washed one more time. Pellets for NGS analysis and super-
natants for HPLC from 0, 24 and 48 h were stored at —20 °C until further
analysed.

2.5. DNA extraction and bioinformatics analysis

DNA extraction from the stored pellets from two independent colonic
fermentation was carried out using the Invitrogen PureLink™ Micro-
biome DNA Purification Kit (Thermo Fischer Scientific, Waltham, MA,
USA) protocol for stool samples. Extraction was performed according to
the manufacturer’s instructions.

Pooled DNA from two replicates per condition was performed and
amplification of the V3-V4 region of the 16S rRNA gene using the spe-
cific 515F (5GTGCCAGCMGCCGCGGTAA) and 806R (5-GGAC-
TACHVGGGTWTCTAAT) primers (Caporaso et al., 2010), was selected
due to being regarded as the most suitable for gut microbiota analysis as
well as due to being the region used on the official Illumina sequencing
protocol (Kameoka et al., 2021). DNA purity and quantity were assessed
by spectrophotometric measurement using NanoDrop One UV-Vis
spectrophotometer (Thermo Fisher Scientific, Inc., Massachusetts, USA).
Amplicons were sequenced using an Illumina paired-end platform. Raw
reads were then quality filtered with PRINSEQ version 0.20.4, according
to Schmieder and Edwards (2011), to remove sequencing adapters, trim
low-quality bases (<Q25) and eliminate reads of less than 100 bases.
Paired-end reads were overlapped using AdapterRemoval version 2.1.5.
(Schubert, Lindgreen, & Orlando, 2016). Quality-controlled reads were
analysed using the EZBioCloud 16S-based MTP pipeline (Yoon et al.,
2016), which includes chimaera detection and removal with UCHIME
and the definition of OTUs using a cut-off of 97% similarity. For alpha-
and beta-diversity analysis, samples were normalised to 98,145 reads.
The 16S rRNA gene sequences are available in the NCBI SRA archive
under BioProject number PRINA1179443.

2.6. Determination of organic acids produced throughout fermentation

Supernatants obtained after centrifugation were filtered with a 0.22
pm sterile filter and directly analysed by HPLC in duplicate, as described
by de Carvalho et al. (2022), with minor adjustments. The HPLC analysis
was performed using an Agilent 1260 II series system equipped with a
refractive index (RI) detector and a diode array detector (DAD) set at
220 nm. The separation utilized an ion-exclusion Aminex HPX-87H
column maintained at 50 °C. The mobile phase consisted of 5 mM sul-
furic acid (H2SO4), with a flow rate of 0.6 mL/min, a total run time of 40
min, and an injection volume of 10 pL. Calibration curves (ranging from
2 mM to 80 mM) were used to identify and quantify lactate, acetate,
propionate, butyrate, isobutyrate, and isovalerate.

2.7. Measurement of total ammonia nitrogen concentration

Total ammonia nitrogen concentration was measured according to
de Carvalho et al. (2022). Ammonium concentration was measured
using an ion-selective electrode (model 9663) under controlled condi-
tions, including room temperature (20 °C) and a stable pH range of
6.7-6.9. Following the manufacturer’s protocol, 300 pL of 1 M MgSOa
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(used as an ionic strength adjuster) was added to 3 mL of the superna-
tants obtained after centrifugation. Measurements were performed in
duplicate with the electrode. Quantification was achieved using a
standard calibration curve of NH4Cl ranging from 2 mM to 55 mM. The
total ammonia nitrogen concentration was determined using the equa-
tion provided below:

NH,"] 1
[NH; + NH, "] 1 + 1QPKa—pPH

where (NHZ) is the ammonium ion concentration, (NH§ NHJ) is the
total ammonia nitrogen concentration, and pKa is the acid dissociation
constant that can be expressed as a function of temperature (T) using the
following equation:

pKa=4x1078T% + 9 x 10™° T>-0.0356 T + 10.072

A standard calibration curve of NH4Cl (Sigma, St. Louis, MO, USA)
(2 mM to 55 mM) was used for quantification.
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2.8. Statistical analysis

Statistical analysis was carried out using IBM® SPSS Statistic Ana-
lytics 28.0 (IBM, Chicago, IL, USA). The Shapiro-Wilk test was used to
assess the normality of data distribution for colonic fermentations SCFAs
profile, organic acid and total ammonia nitrogen concentration, at each
sampling time. Since the samples exhibited normal distribution, one-
way ANOVA followed by Tukey’s post-hoc test was used to compare
the means, with a 95% confidence interval. The Bioconductor DESeq2
package was used in R with default parameters to normalize data and
identify differentially abundant genes across three food groups (Anders
& Huber, 2010). P values were corrected for multiple testing using the
Benjamini-Hochberg method, which evaluates the false discovery rate
(FDR). Principal coordinate analysis (PCoA) was used to assess microbial
beta diversity using Operational Taxonomy Units (OTUs) based Bray-
Curtis distance matrix. Permutational multivariate analysis of variance
(PERMANOVA) was used to compare microbial community differences
across groups using the “Adonis” function in the R package “vegan” with
9999 permutations.

Inoc

Inoc

Fig. 1. Numbers of shared OTUs of the bacterial community: (a) for ham A between ham E and inoculum control (inoc); (b) for ham B between ham E and inoc; (c)

for ham C between ham E and inoc; (d) for ham D between ham E and inoc.
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3. Results and discussion
3.1. Bacterial community structure and diversity

Bacterial community structure and diversity were assessed through
sequencing of the 16S rRNA gene amplicons.

To identify common OTUs between samples, comparisons were
made between the composition of bacterial communities in new ham
formulations (A, B, C, and D) and the control ham (E). Also, ham for-
mulations were compared to the inoculum control (Inoc). For these
purposes, the common OTUs were analysed and represented through
Venn diagrams (Fig. 1).

The Venn diagram analysis illustrates the distribution of OTUs be-
tween the novel ham formulations, control ham, and inoculum control.
Comparisons between ham A, control ham, and inoculum control
revealed 166 common OTUs, representing 38.9% of the total number of
OTUs (total OTUs = 519). For ham B, ham C and ham D, 186 OTUs
(41.2%), 187 OTUs (43.2%) and 177 OTUs (41.5%) were shared,
respectively. This suggests the existence of a core microbiota between
the samples, as expected, since the same faecal inoculum pool was used
during fermentation. Ham B had the highest number of unique OTUs
(58) when compared to both control ham and inoculum control, while
hams A and D presented the lowest number of unique OTUs (34 each).
Overall, these findings provide valuable insights into gut microbiota
diversity, showing the similarity between formulations in terms of mi-
crobial gut modulation indicators.

Alpha diversity is used to analyse the variety of microbial commu-
nities within the sample by examining the diversity of a single sample (Li
et al., 2022). This analysis was conducted on a single dataset generated
from a pool of two replicates per condition since this pooling approach
provides a composite representation of the microbial diversity within
each condition. All the samples analysed presented a Good’s coverage of
the library above 99.76 (Table 2, indicating whether the current se-
quences represent most of the bacterial community, allowing a statisti-
cally significant analysis of the bacterial diversity (Wang et al., 2012).
Alpha-diversity was assessed following two parameters: the Shannon
index to identify community diversity and the Chaol estimator to
identify community richness (Table 2).

Community diversity within samples was measured using the
Shannon index which is calculated with the number of OTUs. The
biodiversity index was observed between samples. Results show that the
inoculum control (Inoc) had higher bacterial diversity than the test
samples, with added digested lyophilised ham. However, no differences
were observed between samples. To identify community richness, the
Chao 1 index was used (Table 2), since it gives details on the different
species included in the sample (Chao, 1984). Chao 1 richness differed

Table 2
Diversity and richness indexes obtained for 16S rRNA gene sequencing.
Sample Good’s coverage of library Shannon Chaol
AOh 99.84 4.16 829.04
BOh 99.80 3.01 921.44
COh 99.88 2.84 630.56
DOh 99.87 3.42 698.00
EOh 99.78 3.47 978.36
InocOh 99.76 4.43 1090.44
A24h 99.90 3.22 536.22
B24h 99.89 3.21 516.11
C24h 99.83 3.36 783.57
D24h 99.81 3.66 841.29
E24h 99.86 3.52 684.44
Inoc24h 99.86 3.98 755.08
A48h 99.87 3.41 629.72
B48h 99.84 3.66 766.46
C48h 99.86 3.36 664.00
D48h 99.90 3.19 529.82
E48h 99.87 3.01 605.18
Inoc48h 99.90 3.77 610.78
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among the ham formulations, being highest for the inoculum control
sample (Inoc) and sample D, and lowest for sample C at the initial time
(0 h). Higher alpha diversity in the inoculum has also been reported by
Chung et al. (2016), in a study on dietary fibres. The availability of a
single substrate, the lyophilised digested ham formulations, as an energy
source is thought to be the primary cause of the overall decline in bac-
terial diversity in the test samples compared to the faecal inoculum.
Conversely, since normal human diets provide more diverse nutritional
properties than a single substrate, the relative stability of the environ-
ment within the fermentation vessels in comparison to the variations
that happen in vivo as a result of regular meals is probably another
significant aspect (Chung et al., 2016). Variations between formulations
may be directly related to which natural nitrate alternative was used to
manufacture the pilot hams, since the nitrate-rich powder and the
vegetable blanching water were coupled with two different starter cul-
tures that may rearrange the alpha-diversity of the bacterial community
of the product. The results evidence the shift in microbial diversity and
microbiota composition throughout the fermentation process, but do not
show differences between nitrite sources, either natural or synthetic.

The bacteria present were identified using microbiota analysis.
Taxonomic composition for all samples throughout colonic fermentation
can be observed in Fig. 2 A (Phylum) and B (Family).

The microbiota community structure was determined after fermen-
tation of digested ham samples for 48 h. The most abundant phylum
present were Bacillota and Pseudomonadota for all samples (A, B, C, D, E
and Inoc) and all time points (0, 24 and 48 h). One of the smallest groups
was the “Unclassified” category, with individual relative abundances of
less than 0.1%. A shift in bacterial communities was observed after 48 h
of fermentation, with significant differences having been observed for
Bacteroidaceae, Desulfovibrionaceae, Erysipelotrichaceae, Ruminococca-
ceae, Christensenellaceae, Enterococcaceae, Fusobacteriaceae, Sphigomo-
nadaceae, Veillonellaceae and Sutterellaceae (p < 0.05) across all samples.
No significant differences in taxonomic abundance have been observed
between ham formulations A-D and B—C (p > 0.05). However, signifi-
cant differences (p < 0.05) have been found for Erysipelotrichaceae and
Carnobacteriaceae between samples A-B, A-C, B—D and C-D; for Erysi-
pelotrichaceaefor between samples B-E and C-E; and for Carnobacter-
iaceae between samples A-E and D-E. A higher relative abundance of
Enterobacteriaceae (Pseudomonadota) was observed for all samples
compared to the inoculum control (Inoc) for all sampling times. Nissen
et al. (2023) have reported that due to the presence of fibre in the plant
extracts used to produce salami, a higher relative abundance of Bacter-
oidota was observed, as well as an increase in butyrate production
(Nissen et al., 2023; Pérez-Burillo et al., 2019). However, in our results,
such was not observed. After fermentation, the relative abundance of
Bacteroidota was higher for the ham control sample (added sodium ni-
trite) than for the samples formulated with natural plant nitrate coupled
with starter cultures. Nissen et al. (2023) have also reported that an
increase in the Bacteroidota phylum is a good indicator since species
belonging to this phylum are a large contributor to propionate produc-
tion, known for its anti-inflammatory properties, as well as known
fibrolytic capacity (Shon et al., 2023). The abundance of this phylum
after both 24 and 48 h of colonic fermentation is supported by SCFAs
concentration results (Fig. 4). Our results reveal that both new ham and
traditional ham formulations allow for Bacteroidota growth similar to
the inoculum control. On the other hand, Actinobacteria abundance de-
creases after 48 h when compared to the initial time. Actinobacteria have
been regarded as relevant microorganisms for the upkeep of gut ho-
meostasis, mainly due to the genus Bifidobacterium, due to the produc-
tion of acetate and maintenance of gut permeability (Binda et al., 2018).
Even though acetate concentrations increased overtime (Fig. 4), it will
most likely be due to the increase of Clostridium abundance, also known
as an acetate producer (de Carvalho et al., 2022). Regarding the inoc-
ulum control (Inoc 0 h, Inoc 24 h and Inoc 48 h), a lower relative
abundance of Pseudomonadota was observed compared to the remaining
samples. Bacillota and Bacteroidota are the most abundant phyla present
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in the human gut (Rinninella et al., 2019). In our study, Bacillota and
Pseudomonadota were found to be the most abundant phyla, with the
exception of the inoculum control before fermentation, where the
standard Bacillota/Bacteroidota ratio was observed, alluding to the do-
nor’s gut microbiota eubiosis (da Silva et al., 2023). One explanation
may advent from the impact of nitrite (either from chemical or natural
sources) on the taxonomic balance of the gut microbiota, resulting in
dysbiosis. Although some signs of dysbiosis may be observed, it is
important to emphasise that such a claim cannot be made directly since
these shifts may be the result of the addition of a single substrate to the
faecal inoculum, as mentioned above and not a direct consequence of
nitrite consumption. Regarding the results obtained, an interesting

finding lies on the fact that Fusobacterium nucleatum was not observed in
the inoculum control but observed for all hams, new and traditional.
This bacterium has been long known for its implications in oral diseases,
mainly responsible for gingivitis and periodontitis, but its interactions
within the gut microbiota have also been proven due to its adhesive and
aggregative qualities (Allen-Vercoe, Strauss, & Chadee, 2011).
F. nucleatum has been shown to create pro-inflammatory and tumour-
promoting conditions in the digestive tract, having been correlated
with colorectal cancer, being stated that its presence in healthy stool is
rare (Brennan et al., 2021). Since F. nucleatum has not been observed for
the inoculum control sample, it is possible that its proliferation in the
ham samples may be due to the presence of a certain compound that may



T. Bento de Carvalho et al.

promote its growth. It is also important to highlight that a higher
taxonomic abundance of this species at the end of colonic fermentation
was observed for ham C (11.50%) > ham A (6.77%) > control ham
(5.95%) > ham D (1.99%) > ham B (0.00%). Cao et al. (2020) have
reported that food additives like preservatives highly influence the gut
microbiota. Bacterial strains such as Bacteroides coprocola, Lacticaseiba-
cillus paracasei and Clostridium tyrobutyricum, with known anti-
inflammatory benefits, were shown to be sensitive to sodium nitrite,
while microorganisms that may be related to pro-inflammatory episodes
and possess colitis-inducing properties such as the Enterococcus genus
were shown to be less sensitive to these antimicrobial compounds (Cao
et al., 2020; Gonza et al., 2024; Hrncirova et al., 2019; Zhou, Qiao, Wu,
& Zhang, 2023). These findings have prompted the suggestion within
the research community that food preservatives may induce dysbiosis of
the human gut microbiota even at low doses (Cao et al., 2020). In
summary, while bacterial diversity was generally lower in ham samples
than in the faecal control, this was likely due to the simpler nutritional
profile of the ham. No major differences in microbiota composition were
found between nitrite types, though potentially harmful bacteria like
F. nucleatum-associated with inflammation—were more prevalent in
ham samples. This suggests nitrites and other additives may impact
microbial balance, potentially affecting gut health. Further research is
needed to assess these shifts in a more complex dietary context.

Bacterial communities’ composition varied among different samples
as determined by PCoA ordination analysis (Fig. 3).

In the PCoA ordination plot, a separation in the community structure
can be observed mainly as a driving effect of the changes that occur
during fermentation. After studying the community dissimilarity during
48 h of colonic fermentation, PERMANOVA showed significant differ-
ences in bacterial communities between times 0 h and 24 h-48 h
(Adonis2, R? = 0.735, p = 0.001). This result suggests that the formu-
lation variable explains a large proportion of the variation between
samples, indicating a strong grouping effect, indicating that the dis-
tances between samples within the same group are much smaller than
the distances between samples from different groups. The statistically
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significant grouping pattern is confirmed by the p-value (0.001). Sam-
ples A, B, C, D and E clustered together for time points 24 and 48 h, as
corroborated by the alpha-diversity analysis (Table 2). Regarding the
comparison between formulations, no significant differences have been
found between hams (Adonis2, R? = 0.09825, p = 0.97), suggesting that
the formulation has no significant effect on the distances between
samples. For both variables (time and formulation), the homogeneity of
dispersions was assessed beforehand, with the assumption of homoge-
neity being met (p > 0.05). In conclusion, the results from the PCoA
ordination and PERMANOVA analysis indicate that the temporal factor,
particularly the fermentation process, significantly shapes the bacterial
community structure, with clear differences observed between the 0 h
and 24 h-48 h time points. However, no significant effects were found
between the different formulations, suggesting that the formulation
variable does not substantially influence the community composition.

3.2. Colonic fermentation SCFAs profile

In vitro fermentation systems inoculated with human faecal samples
were used to assess the effect of natural nitrite alternatives on the human
gut microbiota. SCFAs that comprising acetate, propionate, and buty-
rate, are the primary metabolites of colonic fermentation, while BCFAs,
namely isobutyrate and isovalerate, comprise only 5% of SCFAs con-
centrations found. SCFAs and BCFAs, along with ammonia, increase
throughout colonic fermentation (de Carvalho et al., 2022). Concen-
trations of the three major SCFAs, acetate, propionate, and butyrate, and
two BCFAs, isobutyrate and isovalerate, were quantified with results
shown in Fig. 4 and Fig. 5, respectively.

The samples that showed higher concentrations of SCFAs (Acetate +
Butyrate + Propionate) after 48 h colonic fermentation were D (65.96
mM) > A (63.36 mM) > E (59.35 mM) > C (58.64 mM) > B (57.22 mM)
> Inoc (16.20 mM) (Fig. 3). Increased SCFAs production was observed
for samples D and A comparatively to samples E, B and C (p < 0.05).
Even though the presence of dietary fibres, found in vegetable extracts,
has been shown to increase SCFAs production, the fact that the
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Fig. 3. Sample distribution according to Principal Coordinates Analysis (PCoA) of a Bray-Curtis dissimilarity matrix regarding the taxonomic annotation at the Genus
level. Samples highlighted in the same colour represent the same formulation overtime.
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conventional ham formulation (E) has the third highest concentration is
a good indication that different factors play a role in SCFAs production
during fermentation (Pérez-Burillo et al., 2019). Lowest SCFAs con-
centrations were found for the inoculum control (Inoc), as expected, due
to the lack of nutrients to promote bacterial fermentation over time (de
Carvalho et al., 2022). As seen by our results, acetate concentration is
the highest of all faecal metabolites in human faeces (Duncan, Iyer, &
Russell, 2020). Acetate concentration was shown to increase overtime
for all ham samples and control sample, except ham A. For propionate, a
significant increase was observed (p < 0.05) between 24 and 48 h of
fermentation for hams A, D and E. For sample B and inoculum control
(Inoc), a significant (p < 0.05) decrease was observed between 24 and

48 h. Sample C showed no significant difference in propionate produc-
tion, while a decrease in acetate and an increase in isovalerate was
observed between 24 and 48 h (p < 0.05). The physiological functions of
SCFAs are crucial for gut homeostasis by directly influencing the
maintenance of epithelial cells (Cao et al., 2020). Alterations in the gut
environment may lead to altered inflammatory responses and increased
vulnerability to opportunistic pathogens (Leclerc et al., 2021). Although
the advantages of the new formulations were not significantly greater
than those of the control and the product containing sodium nitrite, as
observed by Pini, Aquilani, Giovannetti, Viti, and Pugliese (2020), in
pork dry-fermented sausages and by Nissen et al. (2023) in salami, the
results are encouraging, since the alternative natural nitrate sources
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employed in place produced outcomes equivalent to those achieved with
the traditional curing process (Nissen et al., 2023). Colonic bacteria,
primarily Bacteroides and Clostridia species, cleave proteins resulting in
metabolites called BCFAs, mainly represented by isobutyrate and iso-
valerate (LaBouyer et al., 2022). During the colonic fermentation, BCFAs
showed lower concentrations than SCFAs, as expected (de Carvalho
et al., 2022). After 48 h of fermentation, no differences between the test
ham formulations and the traditional ham recipe were found (p > 0.05).
The pH of the luminal membrane may rise as a result of high isobutyrate
concentrations, and the noxious substances produced during protein
fermentation. Thus, a healthy gut microbiota is associated with a low
level of isobutyrate (Leite et al., 2022). Regarding isovalerate concen-
tration, no significant differences (p > 0.05) were found between novel
formulations, but differences were found (p < 0.05) between all test
hams and the traditional formulation. Regarding the additional effects of
BCFAs on colonic epithelial cells, not much is known. It is therefore
believed that faecal concentrations of BCFAs are not indicators of colon
health but rather only of bacterial protein fermentation (Verbeke et al.,
2015).

Total ammonia nitrogen production throughout 48 h of colonic
fermentation is shown in Fig. 6.

At 0 h, total ammonia nitrogen concentration was not significantly
different (p > 0.05) for all conditions except for the inoculum control
sample (p < 0.05). After 6 h, the condition with the lowest concentration
of ammonia nitrogen was also the inoculum control sample. The total
ammonia nitrogen concentration of control sample was significantly
different from all other samples for all time points. At 24 and 30 h,
sample B showed the highest concentration (p < 0.05), while samples A
and C were shown not to be significantly different, as well as D and E (p
< 0.05). After 48 h, ham sample A showed the highest ammonia con-
centration (p > 0.05), followed by sample C (p > 0.05), B, D and E,
respectively (p < 0.05). Ammonia is a well-known marker of protein
fermentation, being a major product of amino acid catabolism (Peled &
Livney, 2021). Ammonia can be found in the large intestine at concen-
trations usually ranging from 12 to 30 mM, being valuable as a nitrogen
source for bacterial cells that compose the gut microbiota (de Carvalho
et al., 2022; Scott et al., 2012). Increased values may advent from high
protein intake (Duncan et al., 2020). In high concentrations, ammonia is
considered a potentially toxic metabolite, leading to alterations in the
intestinal tissue, and potentially carcinogenic (Duncan et al., 2020; Scott
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etal., 2012). In our study, total ammonia nitrogen levels were below the
30 mM range for all samples and all time points. As expected, the
inoculum control had the lowest concentration of ammonia due to the
lack of nutrients, while samples A through E showed an increase in
concentration throughout the 48 h of colonic fermentation due to pro-
tein degradation (Xiao et al., 2020). Ammonia nitrogen concentration
will be directly influenced by the gut microbiota. Sample A has the most
obvious increase throughout the fermentation process. While the rela-
tive abundance of ammonia nitrogen-producing bacteria was low at 0 h,
at 24 h, Fusobacterium and Escherichia genera, well-known ammonia
nitrogen producers, were abundant, resulting in the observed increase
(Han et al., 2020; Vince & Burridge, 1980). While a shift in microbiota
composition was observed at 48 h, relative abundance was high for
Clostridium, Fusobacterium and Bacteroides, also good representatives of
ammonia nitrogen producing genera (Dandachi et al., 2021; Han et al.,
2020; Vince & Burridge, 1980) On the other hand, samples B and C
showed a decrease after 48 h in total ammonia nitrogen concentration.
This may be explained by the increase of the Sphingomonas, since this
genus is known to be able to reduce ammonia nitrogen levels (Wang
et al., 2012) (Fig. 2). An increase in concentration was observed from
0 to 24 h for samples D and E, and a concentration plateau was observed
for the remaining two time points, 30 and 48 h. Relative taxonomic
abundance was the most similar for these fermentation points, possibly
explaining that no significant differences were found for the 24- h (24 to
48 h) sampling period (Fig. 2).

In summary, SCFAs levels, beneficial for gut health, were highest in
specific ham samples, indicating potential influences beyond nitrite
source alone. Ammonia levels, a marker of protein fermentation,
increased over time in all samples but stayed below toxic thresholds,
with differences influenced by specific bacterial genera. No major
microbiota changes were seen between traditional and natural nitrite
formulations, suggesting natural alternatives might match conventional
nitrites without altering microbiota balance. More research could help
clarify these impacts, especially regarding ammonia and long-term gut
health.

4. Conclusion

The addition of sodium nitrite is a widely recognised conundrum
concerning cured processed meat preservation. Nitrite plays multiple
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roles, such as preventing lipid oxidation, maintaining colour, and pre-
venting microbiological hazards by hindering the growth of microor-
ganisms, mainly clostridial species. However, many studies have proven
their ability to produce N-nitrous carcinogenic chemicals. Clean label
formulations and curing strategies have surged from the need to deter
this problem and as a suggested healthier option to traditional curing
methods. The present study evaluated innovative ham formulations in
which sodium nitrite was replaced by vegetable nitrate sources coupled
with nitrate-reducing starter cultures. Results have shown that sodium
nitrite and nitrite from natural sources show no differences regarding
gut modulation and metabolite production, indicating these new for-
mulations may be a feasible option when considering their impact on the
human gut microbiota. Since these alternatives entail higher production
costs and consequently higher prices for consumers, the implementation
of these new formulations may not be seen as economically desirable by
manufacturers, their potential benefits need to be thoroughly evaluated
and demonstrated. For example, further studies need to investigate how
this “natural” nitrite influence nitrosamine formation.
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