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Abstract

Although light quality influences tomato phenolic biosynthesis, its impact on the bioaccessibility and probiotic growth remains unclear. Thus, bioaccessibility,
phenolic profiles of in vitro digested tomatoes, and their effects on Lactobacillus plantarum growth were assessed using greenhouse-grown Plum Regal (PR)
and TAM Hot-Ty (THT) varieties under supplemental blue (B), ultraviolet-B (UV-B), combined (B + UV-B), and no supplemental light (control). Supplemental
lighting modulates phenolic bioaccessibility in a genotype-dependent manner. While UV-B may promote structural binding of hydroxycinnamic acids, blue
light tends to favor soluble phenolics accumulation in tomatoes. Growth kinetics modeling revealed predominantly sigmoidal growth patterns, whereas UV-B-
treated PR digesta exhibited a distinct double-sigmoidal response. The elevated caffeic and ferulic acid content in UV-B samples suggests their partial
contribution to the double-sigmoidal growth pattern observed in L. plantarum. Thus, this study demonstrates how horticultural practices could be leveraged
to enhance the functional potential of tomatoes as a prebiotic source.

1. Introduction

Tomato (Solanum lycopersicum L.) fruits are abundant in bioactive metabolites such as phenolic acids, flavonoids, and carotenoids. These metabolites have
been linked to health benefits, including antioxidant properties, anti-inflammatory effects, and gut microbiome-modulating activities (Visioli et al., 2011; Luna-
Guevara et al., 2018). Improving the nutritional quality of tomatoes through genetic manipulation, breeding strategies, or changes in the plant growth
environment has therefore been a subject of interest recently (Wang et al., 2025; Wang et al., 2019).

Light is an important environmental factor that influences the accumulation of health-promoting compounds in plants. The light spectral quality significantly
affects the biosynthesis and accumulation of phytochemicals by triggering biosynthetic pathways, including the phenylpropanoid pathway (Castagna et al.,
2014; Kaiser et al., 2019; Racz & Hideg, 2021; Tissot & Ulm, 2020; Wang et al., 2022). Supplemental lighting, particularly blue (400-500 nm) and UV-B (280-
315 nm), upregulates shikimate and phenylpropanoid metabolism, leading to increased accumulation of phenolic antioxidants such as hydroxybenzoic acids
(HBAs) and hydroxycinnamic acids (HCAs) (Kim et al., 2021; Liu et al., 2023; Bhattarai et al., 2025b).

Numerous studies have focused on the influence of supplemental lighting on polyphenol composition, but the abundance of these compounds in raw fruits
does not always translate to beneficial effects on human health (Toor et al., 2009; Cardenas-Castro et al., 2021). After being consumed, tomatoes are
digested; this affects the stability and release of bioactive compounds in the gut (Lippolis et al., 2023). Thus, the fraction of these compounds released from
the fruit matrix during digestion and made available for absorption in the gastrointestinal tract affects their biological functionality, often referred to as
bioaccessibility. Although the effect of supplemental lights on the concentration of polyphenols in tomato fruits has been examined, the effects on their
bioaccessibility remain to be fully explored.

Polyphenols have been reported to exert prebiotic effects by influencing the growth, activity, and composition of gut microbiota, such as Lactobacillus
plantarum (Cardona et al., 2013; Mithul Aravind et al., 2021; Wan et al., 2021). Beneficial gut microbiomes use dietary polyphenols for growth modulation,
redox balancing, and biofilm formation (Dissanayake et al., 2025; Leonard et al., 2021; Rodriguez et al., 2009; Wan et al., 2021). HBAs and HCAs can be
transformed by L. plantarum in the human gut post-digestion through a series of enzymatic reactions that modify their chemical structure and lead to the
production of compounds with different biological activities (Esteban-Torres et al., 2015; 1zzo et al., 2022; Lippolis et al., 2023). However, no prior studies
have linked the functional impact of the digested products of light-treated tomatoes to microbial growth dynamics, particularly in the context of whole fruit
matrices. Therefore, this study investigated the effect of in vitro digestion on the polyphenol profile of blue and UV-B-treated greenhouse-grown tomatoes and
assessed the growth response of L. plantarum to the post-digestion product, exploring the implications for gut health. To our knowledge, this is the first study
to directly connect pre-harvest light spectral treatments with microbial growth response through post-digestive phenolic acids profile of whole tomatoes.

2. Materials and methods

2.1. Plant materials and growth conditions

Two tomato varieties, Plum Regal (PR) and TAM-Hot-Ty (THT), were used for this study due to their contrasting genetic makeup and stress responses. The
plants were grown under controlled greenhouse conditions at Texas A&M University, College Station, TX (Figure S2). The cultivation practices, including soil
preparation, irrigation, fertigation, and environmental controls, were carried out as described in our previous study (Bhattarai et al., 2025a). At the flowering
stage, plants were exposed to one of four light treatments:

1. a. Blue light (B, peak wavelength at 444 nm; intensity of 238 pmol m~2 s " at 40 cm below the light fixtures, near the top of the plant canopy for 8 h per
day from 8:00 am—4:00 pm).

2. b. Ultraviolet-B light (UV-B, peak wavelength at 309 nm; intensity of 5 pmol m™2 s at 46 cm below the light fixtures, near the top of the plant canopy for
4 h per day from 8:00 pm-12:00 am).

3. c. Combination of B and UV-B light (B + UV-B): For the B + UV-B treatment, plants received blue light from 8:00 am to 4:00 pm, followed by UV-B light from
8:00 pm to 12:00 am every day using the same intensity as that of the individual treatments.

4. d. No supplemental lighting (control).

The intensity and duration of these treatments were determined based on the difference in photon flux density between the inside and the outside of the
greenhouse (Figure S1). Details about the varieties and light bars are provided in Tables S1 and S2.

2.2. Reagents
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Formic acid (98%-100%), chlorogenic acid (purity = 98%), caffeic acid (purity = 98%), sinapic acid (purity = 98%), and all the chemicals used for in vitro
digestion were purchased from Sigma-Aldrich (St. Louis, MO, USA). Other reagents used were acetonitrile (HPLC grade, VWR), water (HPLC grade, VWR),
methanol (HPLC grade, VWR), p-coumaric acid (purity = 98%, Cayman Chemical Company), and ferulic acid (purity = 98%, Cayman Chemical Company).

2.3. Sample preparation

After harvesting at the red-ripe stage, five fruits from each biological replication with similar CIE Lab values were washed with Nanopure water, cut into
pieces, and blended for 30 seconds. The tomato puree was then stored at -80°C until further analysis.

2.4. In vitro digestion of tomato samples

Tomato puree was subjected to in vitro digestion using a gastrointestinal tract (GIT) model that simulates the mouth, gastric, and intestinal phases following
a previously published method with slight modifications (Balyan et al., 2025).

Simulated Mouth Phase: To mimic the mouth phase of digestion, Simulated Saliva Fluid (SSF) was prepared by dissolving NaHCO3 (25.0 mM), MgCl, (0.15
mM), KCI (15.1 mM), KH,PO, (3.7 mM), and (NH,),CO5 (0.06 mM) in one liter of deionized water and adjusting the pH of the solution to 7.0 using HCI. An
equal volume of tomato puree and SSF was mixed, and the final pH was adjusted to 6.8. The mixture was then stirred constantly at 100 rpm for 10 minutes at
37°C.

Simulated Gastric Phase: Simulated Gastric Fluid (SGF) was prepared by dissolving NaHCO4 (25.0 mM), NaCl (47.2 mM), MgCl, (0.1 mM), KCI (6.91 mM),
KH,PO, (0.896 mM, and (NH,),CO5 (0.50 mM) in one liter of deionized water and then adjusting the pH to 2.5 with HCI. After that, pepsin (2000 U/mL) was
added to the SGF solution, and an equal volume of the mixture from the mouth phase was combined with the SGF. The final pH of the mixture was adjusted
to 2.5 with HCI, and then it was stirred continuously at 37°C for 2 hours at 100 rpm.

Simulated Small Intestine Phase: Simulated Small Intestinal Fluid (SSIF) was prepared by dissolving NaHCO3 (85.0 mM), NaCl (38.4 mM), MgCl, (0.33 mM),
KClI (6.8 mM), and KH,PO, (0.801 mM) in one liter of deionized water and then adjusting the pH to 7.0. Bile salt (10 mM) and pancreatin (1:3000) were added
to the SSIF solution, and an equal volume of the mixture from the gastric phase was combined with the SSIF. The final pH of the solution was then adjusted
to 7.0. The mixture was stirred constantly at 37°C for two hours at 100 rpm.

2.5. Bacterial growth

To evaluate the potential prebiotic activity, L. plantarum was selected because it is a well-known probiotic that naturally occurs in the human gut and helps
break down food components and improve nutrient availability (Mufioz et al., 2017). The bacterial culture was first activated by inoculating it into de Man,
Rogosa, and Sharpe (MRS) broth and incubating for 24 h at 37°C. After activation, the inoculum was diluted to a 10~ concentration. The tomato digesta
from different light treatments and diluted inoculum were added to tubes containing MRS medium, and the mixture was dispensed into sterile 96-well plates.
The remaining samples in the tubes were incubated at 37°C for 48 hours. To study the growth kinetics, the optical density (OD) at 600 nm was monitored
every hour for 48 hours using a spectrophotometer. The temperature was maintained at 37°C.

2.6. Ultra-high performance liquid chromatography (UHPLC) for analysis of phenolic
acids and bioaccessibility calculation

The phenolic acid extraction was performed according to Bhattarai et al. (2025b) with slight modifications. Briefly, samples from in vitro digestion and
prebiotic study were extracted with an equal volume of methanol. The mixture was homogenized for 1 minute, sonicated in ice-cold water for 30 minutes,
and centrifuged for 16 minutes at 3,214 x g. The supernatant was collected in a 15-ml microfuge tube, and the final volume was recorded. The methanolic
extract was then analyzed by UHPLC (Milford, MA, USA) for HBAs and HCAs using an Agilent Eclipse Plus RRHD C18 column (2.1 mm x 100 mm, 1.8 pm).
Water with 0.1% formic acid (solvent A) and acetonitrile with 0.1% formic acid (solvent B) were used for gradient elution as follows: 0-3 min: 2%-10% B, 3-7
mins: 10%-18% B, 7—9 min: 18%-18% B, 9-11.5 min: 18%-20% B, 11.5—-14 min: 20%-30% B, 14—17 min: 30%-45% B, 17-19 min: 45%-2% with 0.3 ml/min flow
rate. The concentrations of individual compounds were determined using the external calibration curve of their respective commercial standards. Results are
expressed as pg per g fresh weight of tomato.

Bioaccessibility percentage of each phenolic acids were calculated by dividing the individual phenolics content in digesta divided by their respective content
in raw tomato fruit (published in Bhattarai et al., 2025b).

2.7. Statistical analysis

Six replications per variety were evaluated for each light treatment. The values of individual HBAs and HCAs obtained were expressed as the average of
replicates * standard error. All the variables were assessed for normality and homogeneity of variance. Then, the phenolic acids dataset was subjected to
one-way analysis of variance (ANOVA) with Origin software, and the treatment means within each variety were compared using Fisher’s Least Significant
Difference (LSD) when there was no significant interaction effect between the light treatment and variety (Table S3). However, for others, a two-way analysis
of variance (ANOVA) was conducted, and the treatment means between varieties were compared using Tukey’s Honestly Significant Difference (HSD).
Bacterial growth kinetics were subjected to global curve fitting, and Pearson correlation analysis was conducted between variables using Origin software.
The data related to bioaccessibility were used to calculate z-scores, and the results are shown as z-ratios, representing the number of standard deviations
each measurement is above (positive z-score) or below (negative z-score) the mean, as previously described in (Cheadle et al., 2003). A z-score is a method
of standardizing data, where each variable has a mean of zero and a standard deviation of one. For each value in a dataset, the z-score tells how many
standard deviations it is from the mean.
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2.8. Computational

The growth of L. plantarum followed a 4-parameter logistic growth model for all samples, except PR-UV-B. The 4-parameter logistic growth curve can be
represented by the Eq. (1):

v(O =4 | 2] )

Where y(t) = OD at time t; Ay = initial OD; A; = maximum OD; t = time; p = hill slope; ¢ = time at which the OD reaches halfway between A, and A;.

2.8.1. Derivation of maximum growth rate (u,,,,):
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Since the maximum growth rate occurs at the inflection point (where t = ¢), we have % = 1. Replacing this value in Eq. (10), we get:

dy (A1—4o)- p
B = | = S (1)

2.8.2. Calculation of lag time (A):

The lag time is defined as the time when the extrapolation of the tangent at the inflection point (t = c) intersects the initial OD (A;). The lag time can be
calculated using the point-slope equation of a tangent line to the growth curve at the inflection point: y-y; = m(x-x;), where y =Ag; y; = y(c); slope = pa X = A;
x;=c. y—yl =m(z — z1)#(12)

Substituting the values,

AO —y(C) = K maz (A _C)#(]‘S)

= Ag - Ath U P g% (1)
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Solving for A,

A :c(l—%)#(lﬁ)
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2.7.3. 7-parameter double-logistic growth model (for PR-UV-B)

A—A A—A
y(t):A2—[ —r + Ztlm]#(n)
1+(2) 1+(3)
Where, y(t) = OD at time t; A, = initial OD; A; A, = maximum OD of phases | &lI, respectively; t = time; p;, p, = hill slope for phases | &lI, respectively; c;, ¢, = time
at which the OD reaches halfway between minimum and maximum OD at phases | &ll, respectively.

2.7.4. Calculating maximum growth rate (Upax7. Mmax2) using Eq. (11)

Phase I:
(A1—4Ao) p
K omaz1 = - 4; - # (18)
Phase I
(Ay—Ay)-
K maz2 = %# (19)

2.7.5. Calculation of lag time (A4, A,) using Eq. (15)

Phase I:

AL =a (1—1)#(20)

Py

Phase II:

Ao =cy (1f1)#(21)

Py
3. Results and discussion

3.1. Bioaccessibility and post-digestive content of HBAs and HCAs in blue and UV-B
light-exposed tomatoes

The profiles of HBAs and HCAs in in vitro digested tomato samples were significantly influenced by supplemental lighting in a genotype-dependent manner
(Fig. 1). The digesta obtained from in vitro digestion of supplemental light-exposed THT samples had higher (p < 0.0001) gallic acid content compared to the
control (Fig. TA). However, in PR, the gallic acid content was higher only in the samples treated with blue light. Likewise, 4-hydroxybenzoic acid (4-HBA)
content was higher in B and B + UV-B, whereas it was unchanged in UV-B digesta (Fig. 1B).

The in vitro digestion of THT samples obtained from exposure to B, UV-B, and B + UV-B had significantly (p < 0.0001) higher levels of p-coumaric acid, ferulic
acid, and chlorogenic acid compared to the control (Fig. 2). However, in PR, only caffeic acid and ferulic acid were significantly (p < 0.0001) higher in UV-B
digesta, and p-coumaric acid and chlorogenic acid contents were slightly higher in B + UV-B digesta than those of the control.

A comparison of the bioaccessibility of individual HBAs and HCAs in light-treated versus control samples using the z-ratio shows a genotype-dependent
effect of light (Fig. 3). Overall, the bioaccessibility of these phenolic acids was positively influenced by light treatments in THT, but negatively influenced in
PR. In Plum Regal, only caffeic acid bioaccessibility among all the studied phenolic compounds was significantly higher (z-ratio = 1.96) in UV-B-exposed
tomatoes. On the other hand, the bioaccessibility of chlorogenic acid and p-coumaric acid was significantly reduced (z-ratio < -1.96) under UV-B exposure in
PR. In THT, the bioaccessibility of gallic acid from UV-B-exposed samples was significantly higher (z-ratio = 1.96). Similarly, blue light-exposed THT tomatoes
had higher accessibility for chlorogenic acid, p-coumaric acid, and ferulic acid. On the other hand, the bioaccessibility of caffeic acid was significantly
reduced (z-ratio < -1.96) under B + UV-B exposure in THT.

Past studies have shown that HCAs are rapidly released in the stomach and duodenum during in vitro digestion, but their stability tends to decrease in later
stages of digestion (Lee et al., 2014).

The potential health benefits of HCAs, including antioxidant activity and disease prevention, depend on their accessibility and absorption in the body (Di Pede
et al., 2024). Among different HCAs, p-coumaric acid is generally more bioavailable than ferulic acid, caffeic acid, and chlorogenic acid (Zhao &
Moghadasian, 2010). HCAs undergo significant changes during in vitro digestion; their levels change during the oral, gastric, and intestinal phases of
digestion because they break down or transform into other metabolites, which may or may not retain the same bioactivity as the original compounds (Izzo et
al., 2022). For example, chlorogenic acid shows only about 25.8% bioaccessibility after in vitro digestion. This suggests that most of the original compound is
not available for absorption, thereby limiting its health benefits (1zzo et al., 2022).

Light exposure is known to regulate the biosynthesis of phenolics, including HBAs and HCAs in plants (Bhattarai et al., 2025b; Wu et al., 2025). UV-B and blue
light activate distinct photoreceptors, which upregulate genes in the phenylpropanoid pathway, and ultimately, enhance phenolic acid content (Podolec &
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Ulm, 2018). The phenolic acids in tomatoes are either present as free soluble, esterified, or cell-wall bound forms (Perea-Dominguez et al., 2018). During the
digestion, low pH in the gastric phase can facilitate the hydrolysis of some esterified phenolics, and the pancreatin and bile salts can cause matrix
disintegration and micellization (Wojtunik-Kulesza et al., 2020). However, phenolic acids that are bound to the cell wall or dietary fiber are poorly released
(Wojtunik-Kulesza et al., 2020). Therefore, the positive or negative z-ratios reflect how light treatments shifted phenolics among the different forms rather
than simply changing their concentration.

Figure 3: Bar graphs showing z-ratio of phenolics bioaccessibility from fruits of Plum Regal and TAM Hot-Ty tomato varieties grown under different pre-
harvest light settings (Blue, B + UV-B, and UV-B) compared to the control treatment.

In PR, negative z-ratios for most phenolics, particularly in UV-B-exposed samples, suggests that UV-B exposure likely promoted structural incorporation of
HCAs into cell wall polysaccharides as a photoprotective response. HCAs can form ester or ether linkages with cell wall polysaccharides, serving both as UV
screens and as cross-linking agents that reinforce the plant cell wall under stress conditions (Jenkins, 2017). Phenolic acids can also form non-covalent
complexes with proteins, which might reduce their solubilization and limit their extraction into the aqueous fraction of digesta, thus reducing their
bioaccessibility during digestion (Wang et al., 2022). Therefore, the negative z-scores in PR likely indicate towards the enhanced structural binding of
phenolics induced by UV-B stress. On the other hand, the significant increase in z-ratio for caffeic acid bioaccessibility in PR under UV-B can likely be
explained by digestive hydrolysis of chlorogenic acid, an ester of caffeic acid and quinic acid. Previous digestion studies have shown similar results where
chlorogenic acid partially degraded into caffeic acid during gastrointestinal digestion (Sato et al., 2011).

In contrast to PR, THT variety showed predominantly positive z-ratios, indicating improved release of phenolic acids during digestion. Blue light exposure
particularly increased the bioaccessibility of chlorogenic acid, p-coumaric acid, and ferulic acid, demonstrating light-induced synthesis of soluble phenolics
that remain bioaccessible rather than in a structurally bound form. However, the significant decrease in caffeic acid bioaccessibility in B + UV-B treated THT
suggests light-induced changes in phenolic localization and interactions within the fruit matrix rather than reduced synthesis. Combined light stress may
promote structural incorporation, oxidative polymerization, or stronger binding of caffeic acid within the call wall and fiber, limiting its release during
digestion.

3.2. Growth dynamics of L. plantarum with tomato digesta supplementation

The growth of L. plantarum followed a 4-parameter logistic growth model for all samples (R? = 0.9), except PR-UV-B, which followed a 7-parameter double-
logistic growth model (R? = 0.9) (Fig. 4). In both varieties, the maximum OD was observed in UV-B, followed by blue, B + UV-B, and control. Tomato digesta
from THT exposed to UV-B light exhibited the highest L. plantarum growth, reaching A; of 1.266 and g, of 0.069 h™ T (Table 1). Blue light closely followed
the response shown in UV-B, with A; of 1.213 and p,,,,, of 0.067. However, the combination of blue and UV-B had lower values for A; (1.165) and ., (0.056)
than the individual blue and UV-B exposures, but was still higher than that of the control (u,,,, = 0.043 and A; = 0.945). Furthermore, the lag times in UV-B
(10.89 h) and blue (11.95 h) light were moderately short compared to the control (12.42 h); however, a longer lag time was observed in the B + UV-B-exposed
samples.

The results suggest that the digesta of tomatoes grown with supplemental light favored bacterial growth, possibly due to an altered metabolite composition
enriched with bacterial growth-promoting compounds compared to those without supplemental lighting. Although the combined exposure showed slightly
lower growth compared to the individual blue or UV-B treatments, the higher maximum growth rate and OD compared to the control indicate that both light
wavelengths, individually or in combination, contribute positively to enhance the prebiotic benefits from the tomato matrix. However, a lower growth in
response to combined exposure compared to individual light exposures could potentially result from metabolic trade-offs as tomato metabolism shifts from
nutrient production to defense metabolite biosynthesis in response to intense oxidative stress. Such trade-offs reduce the availability of substrates, such as
sugars and amino acids, required for bacterial growth. Among all the light treatments, UV-B exposure appears to result in the accumulation of more
microbiome-accessible nutrients, such as simple sugars and phenolics. The shortest lag time suggests a more rapid adaptation and uptake of these
nutrients by the bacteria.

In contrast, the digesta from PR under UV-B produced a double-sigmoidal growth pattern in L. plantarum (Fig. 4A). The first phase exhibited a slight increase
in biomass (A; =0.701) and a very short lag time (A, = 5.0 h), accompanied by a high maximum growth rate (U,,,; = 0.123 h™ ), indicating a faster initial
uptake of easily accessible nutrients (Table 1). However, this was followed by a second lag phase, potentially due to limited access to the preferred substrate
(a limiting factor), resulting in the induction of machinery desired to support growth by utilizing other substrates. This short secondary lag phase was
followed by a second growth phase (A, = 1.404, [, = 0.068 h™ 1, A, = 15.59 h), which may be due to the microbial accessibility of more complex or bound
metabolites such as polyphenol conjugates or fiber digestion products. This biphasic response could also be due to the UV-B-induced accumulation of
defensive or stress-related compounds that are initially inhibitory or poorly fermentable but are metabolized by microbial enzymes over time. In the B and B +
UV-B samples, A; and p,,,, Were higher than those of the control, indicating that the bacteria multiplied at a greater rate than in the control samples. The lag
time for the blue light sample was similar to that of the control samples, but was longer in the B + UV-B sample. OD was lower than the control in B+ UV-B
until 24 hours, after which the growth was higher than the control (Fig. 4A).

Page 6/14



Table 1
The values obtained for different parameters in the bacterial growth
model upon feeding the bacteria with the digesta of light-exposed
tomatoes from TAM Hot-Ty and Plum Regal varieties.

Variety Parameters  Control Blue B+UV-B UV-B

TAM Hot-Ty A, 0.270 0.276  0.278 0.302
A, 0.945 1.213  1.165 1.266
c 20.21 18.99 20.77 17.88
p 5.187 5396 5.249 5117
Hmax 0.043 0.067 0.056 0.069
A 12.42 11.95 12.85 10.89

Plum Regal  Aq 0.303 0.306 0.274 0.281
A, 1.016 1.14 1.122 0.701
c, 19.10 18.47 20.85 6.711
P, 4.942 5174 5349 7.86
Hmax1 0.046 0.058 0.054 0.123
A 11.37 11.33  13.06 5.00
A, 1.404
c, 20.79
[\ 7.989
Hmax2 0.068
Ay 15.59

Phenolic compounds, including HBAs and HCAs, share a common structure consisting of an aromatic ring with one or more hydroxyl groups. These
compounds exhibit diverse biological activities, but their absorption in the human body is often limited by their chemical structures and interactions within
the food matrix. L. plantarum plays an important role in modifying these phenolic acids found in tomatoes by using enzymes like esterases, decarboxylases,
and reductases. Esterases first break the ester bonds in HBA-derivatives by hydrolysis and release free acids (Landete et al., 2021; Mufioz et al., 2024).
Decarboxylases then remove carboxyl groups from these acids and form decarboxylated products (Barthelmebs et al., 2001; Gaur & Génzle, 2023). These
enzymatic actions make complex phenolic compounds more easily metabolizable, thereby enhancing the nutritional and sensory qualities of fermented
foods.

Similar to HBAs, HCAs can exist as free acids or in bound form (e.g., esterified as chlorogenic acids). Free forms are generally easier to absorb, whereas
bound forms require an enzymatic breakdown for release and absorption (Stalmach, 2014; Zhao & Moghadasian, 2010). L. plantarum uses specific genes
and enzymes for HCA metabolism. It utilizes a heterodimeric NADH-dependent coumarate reductase (HcrAB), which acts on the carbon-carbon double bond
to reduce HCAs, such as p-coumaric, caffeic, and ferulic acids, to phenylpropionic acids (Santamaria et al., 2018). The genes Ip_7424 and Ip_1425 encode the
reductase components, HcrA and HerB, respectively. HerB exhibits hydroxycinnamate reductase activity, and HcrA stabilizes the enzyme complex
(Santamaria et al., 2018). Another gene, est_1092, encodes an esterase enzyme that can hydrolyze phenolic esters, including hydroxycinnamic esters such as
methyl ferulate and methyl caffeate. It exhibits both feruloyl esterase and tannase activities, helping the bacteria to break down complex phenolic
compounds (Esteban-Torres et al., 2015).

The genetic basis for hydroxycinnamic acid metabolism in L. plantarum mainly involves hcrAB genes for reductase activity and the est_7092 gene for
esterase activity. These genes are not common in other lactic acid bacteria and, thus, indicate that L. plantarum has a specialized ability to process these
compounds (Santamaria et al., 2018). Genomic studies have also found other possible phenolic acid reductases, such as Par1 and HcrF, in different
Lactobacillus species. This suggests there are multiple metabolic ways for reducing HCAs across different strains (Gaur et al., 2020). Thus, the ability to
metabolize phenolic acids varies between strains, depending on their genetic makeup and the structural properties of phenolic acids themselves
(Rogozinska et al., 2021).

3.3. Correlation analysis between growth parameters and phenolics
A correlation analysis was conducted between the bacterial growth model parameters and the individual phenolic acid profiles in digesta to understand the
impact of available HBAs and HCAs on Lactobacillus growth (Table 2). The positive association of A; with p and p,,,,, indicated that conditions that support

higher bacterial biomass also promote rapid and steep transitions from lag to exponential phase. A high hill slope indicates rapid bacterial proliferation due
to readily available energy sources and the presence of minimal inhibitory factors. The strong positive correlation of A; with caffeic and ferulic acid reflects
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the importance of these phenolic acids in bacterial growth. L. plantarum can metabolize HCAs like caffeic acid to enhance its energy metabolism and
resilience to oxidative stress, using HCAs as electron acceptors to regenerate NAD* during fermentation (Filannino et al., 2014; Rodriguez et al., 2009).
Similarly, the positive correlations of p with caffeic and ferulic acid suggest that these compounds are probably essential for helping bacteria rapidly adjust
their metabolism during the exponential growth phase.

Table 2

Correlation between the model parameters and polyphenols. The green-colored cells indicate a significant (p < 0.05) positive correlation, whereas the orange
cells indicate a significant negative correlation among the parameters. The values in gray correspond to the p-values.

A, A c p Mmax A amplitude  gallic 4-HBA chlorogenic  caffeic p- . ferulic  sinapic
coumaric
0.0647 -0.765 -0.241 0.133 -0.561 0.142 0.515 -0.364 -0.0756 -0.263 -0.0756 0.198 -0.231
0.879 0.027 0.566 0.754 0.148 0.738 0.192 0.375 0.859 0.529 0.859 0.638 0.582
A, -0.0011 0.725 0.926 0.496 0.348 -0.0785 -0.0094 0.318 0.701 0.318 0.807 -0.0785
0.998 0.0419 0.0009 0.211 0.399 0.853 0.982 0.442 0.0429 0.442 0.015 0.853
c 0.448 -0.281  0.801 -0.436 -0.717 -0.0556 -0.334 0.347 -0.334 0.0654 0.0208
0.265 0.5 0.0169 0.28 0.045 0.896 0.418 0.399 0.418 0.878 0.961
p 0.468 0.893 -0.361 -0.69 -0.35 -0.26 0.973 -0.26 0.828 -0.346
0.242 0.0028 0.379 0.058 0.396 0.534 0.00004 0.534 0.011 0.401
Hmax 0.192 0.607 0.208 0.194 0.558 0.493 0.558 0.625 0.0421
0.649 0.11 0.622 0.645 0.15 0.214 0.15 0.098 0.921
A -0.435 -0.812 -0.243 -0.322 0.826 -0.322 0.583 -0.213
0.281 0.014 0.563 0.436 0.011 0.436 0.13 0.613
amplitude  0.756 0.604 0.844 -0.352 0.844 -0.12 0.452
0.029 0.113 0.008 0.393 0.008 0.778 0.26
gallic 0.551 0.633 -0.67 0.633 -0.27 0.542
0.157 0.092 0.069 0.0922 0.518 0.165
4-HBA 0.835 -0.301 0.835 -0.252 0.918
0.009 0.468 0.0099 0.548 0.001
chlorogenic  -0.211 1 -0.048 0.709
0.615 <0.0001 0.911 0.049
caffeic -0.211 0.762 -0.368
0.615 0.028 0.37
p- . -0.048 0.709
coumaric
0.911 0.049
ferulic  -0.133
0.754

This observation is consistent with earlier research, which demonstrated that HCAs have a significant impact on the redox balance and energy availability in
lactic acid bacteria (Filannino et al., 2014). The strong negative correlation between c and A\ with gallic acid suggests its effectiveness in reducing adaptation
time and enhancing active growth. Gallic acid is a potent antioxidant and can reduce oxidative stress in lactic acid bacteria or act as an easily metabolizable
component in the digesta. In contrast, the positive correlation between A and caffeic acid suggests that the bacteria do not readily metabolize it and may
require specific enzyme activation for its utilization (Rodriguez et al., 2009). The net microbial growth (denoted by “amplitude”: A;-A,) showed positive
correlation with gallic acid, chlorogenic acid, and p-coumaric acid. This suggests that these phenolic acids promote the proliferation of the bacterial
population, either by acting as substrates or functioning as signaling molecules that stimulate growth (Cardona et al., 2013). The strong intercorrelations
among phenolic acids (e.g., 4-HBA with chlorogenic acid, p-coumaric acid, and sinapic acids; caffeic acid with ferulic acid) reflect their common biosynthetic
pathway.

4. Conclusion

This study demonstrates that supplemental lighting has a significant effect on the post-digestive phenolic composition and bioaccessibility of phenolic
compounds in tomatoes, and therefore, modulates the growth of L. plantarum. Supplemental lighting significantly altered the levels of most hydroxybenzoic
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acids and hydroxycinnamic acids in tomato digesta, and their bioaccessibility but in a genotype-dependent manner. UV-B may promote structural binding of
hydroxycinnamic acids and reduce digestive release whereas blue light tends to favor accumulation of soluble phenolic acids. UV-B-treated tomatoes
supported the highest L. plantarum growth, followed by B and B + UV-B light. Notably, UV-B samples produced a unique double-sigmoidal pattern in Plum
Regal, possibly due in part to the higher levels of caffeic and ferulic acids, along with the availability of simple sugars and amino acids in the digesta. These
findings indicate that pre-harvest light strategies affect the phenolic composition of the post-digestion product of tomatoes and subsequently modulate the
growth and proliferation of gut microbes. Therefore, this research demonstrates the potential of supplemental lighting to enhance the prebiotic properties of
tomatoes and lays the foundation for integrating horticultural innovation with nutrition and gut health outcomes.
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Figure 1

Bar graphs showing concentrations of hydroxybenzoic acids: (A) gallic acid, and (B) 4-hydroxybenzoic acid, in the digesta of fruits from two tomato varieties,
TAM Hot-Ty and Plum Regal, grown under different pre-harvest light treatments: Control (white), Blue (blue), B+UV-B (green), and UV-B (magenta). Error bars
represent the standard error of the mean. Different letters above error bars indicate significant differences (p < 0.05) among treatments between the varieties
based on Tukey’s HSD test.
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Bar graphs showing concentrations of hydroxycinnamic acids: (A) p-coumaric acid, (B) caffeic acid, (C) ferulic acid, (D) chlorogenic acid, and (E) sinapic acid,
in the digesta of fruits from two tomato varieties, TAM Hot-Ty and Plum Regal, grown under different pre-harvest light treatments: Control (white), Blue (blue),
B+UV-B (green), and UV-B (magenta). Error bars represent the standard error of the mean, and different letters above error bars indicate significant
differences (p < 0.05) among treatments between the varieties based on Tukey’s HSD test.
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Bar graphs showing z-ratio of phenolics bioaccessibility from fruits of Plum Regal and TAM Hot-Ty tomato varieties grown under different pre-harvest light
settings (Blue, B+UV-B, and UV-B) compared to the control treatment.
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Figure 4

Growth kinetics of Lactobacillus plantarum in MRS broth supplemented with in vitro digested tomato samples from two varieties, Plum Regal (top) and TAM
Hot-Ty (bottom), exposed to different pre-harvest light treatments: Control (gray), Blue (blue), B+UV-B (green), and UV-B (magenta). Optical density (OD) at
600 nm was monitored over 48 hours to assess bacterial growth response to digested tomato supplementation.
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