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Abstract: Plant-based diets promote greater diversity and even distribution of gut microbiota 
which is beneficial to intestinal health, yet dietary complexity has hampered the ability to 
establish how specific components within a diet alter microbiome structure and function. 
Increasing evidence demonstrates that extracellular vesicles (EVs) act as prominent vehicles 
for cell-to-cell communication and inter-organismal transmission of RNAs, protein, and/or 
lipids. Plant-derived EVs have been found to mediate transport of various proteins and 
miRNAs, but how the makeup and content of EVs differ among crops and if these differences 
impact bioactivity is unknown. We have characterized EVs from potato and spinach and 
demonstrated that plant-derived EVs influence microbial growth in vitro. Using combined 
Fluorescence Activated Cell Sorting, high-resolution imaging, and 16S rRNA gene 
sequencing we have demonstrated that EV-microbe complexes can be isolated from a healthy 
human-derived microbial community, visualized EV internalization by these microbes, and 
characterized the microbial genera associated with EVs. Additionally, we have shown that 
plant-derived EVs can drive specific microbial shifts when incubated with human-derived 
microbial communities. These results suggest that plant-derived EVs can specifically 
influence bacterial growth and impact the gut microbiota, potentially enhancing the nutritional 
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benefits of plant-based diets. This research deepens our understanding of plant-derived EVs in 
gut health and could lead to advancements in plant-based nutritional therapies and drug 
delivery systems.  

Keywords: plant diet; extracellular vesicles; plant-derived extracellular vesicles; 
Lactobacillus; Lachnospiraceae; gut microbiome; cross-kingdom communication 

1. Introduction 

Plant-based diets promote microbial diversity and stability in the gut which in turn promotes 
intestinal health [1]. While some aspects of these benefits are understood, the exact 
mechanisms through which plant-based diets exert their positive effects remain largely 
unknown. Research suggests that lipid-bound extracellular vesicles (EVs) derived from 
edible plants (EPDEVs) might play a role in these health benefits, acting as nanoparticles that 
contribute to the favorable properties of plant-based foods [2,3]. Plant EVs resemble those 
produced by mammalian cells [4] and have been shown to carry enzymes required for cell 
wall composition [5] that support a role in physiological processes like cell growth [6]. Plants 
also respond to pathogens using EVs to carry antimicrobial proteins and bioactive lipids that 
defend against fungal and bacterial pathogens [7–10]. Furthermore, plant-derived EVs are 
known to communicate across kingdoms through the transfer of small non-coding RNAs that 
may influence cell proliferation or virulence by silencing microbial genes through RNA 
interference [6,11–13]. All of this points to EPDEVs having the potential to impact human 
hosts through the gut microbiome. 

Dietary advice often focuses on eating a variety of plant-based foods to ensure adequacy 
of an array of bioactive compounds [14]. However, the scientific underpinnings promoting 
this concept are inadequate [15], and the relationship between diet, microbiome, and 
consumer health is opaque. Research indicates that EPDEVs can endure the restrictive GI 
tract environment and protect the bioactive contents from inactivation or degradation [16]. 
Preserved bioactivity during transport supports that EPDEVs can influence gut microbiota, 
modulate immune responses, and provide antioxidant and anti-inflammatory benefits [13,16]. 
Research supports the model that EVs are species-specific and have the potential to 
differentially modulate gut bacteria [17]. Knowledge gained here will provide insights to 
understand how plant diets impact intestinal health and develop plant-derived EVs as a next 
generation drug delivery system or nutritional therapeutics.  

In this study, we examined interactions of plant-derived EVs on the beneficial microbe 
Lacticaseibacillus rhamnosus GG (formerly Lactobacillus rhamnosus GG; LGG) and within 
healthy human-derived gut microbial communities. By combining fluorescence activated cell 
sorting, high-resolution imaging, and 16S rRNA gene sequencing, we examined EPDEV-
microbe complexes within microbial communities, visualized the internalization of EPDEVs 
by these microbes, and characterized changes in microbial community structure associated 
with the presence of EPDEVs, while also assessing how the presence of plant-derived EVs 
impact microbial growth. This work starts to unravel the relationship between EPDEVs and 
gut microbiome modulation that could impact consumer health.  
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2. Methods 

2.1. Plants and growth conditions 

Potato and spinach lines were cultivated in a controlled greenhouse over the course of one 
year in an environment to try and ensure consistency and accuracy in growth assessment. The 
greenhouse located in Houston, TX, USA, maintained a temperature range of 22–24 °C 
during daylight hours and 20–22 °C at night. Relative humidity was not controlled, and 
supplementary artificial lighting was provided to ensure 12–16 hours of light daily. Plants 
were grown in well-drained soil, with regular irrigation to maintain consistent moisture 
levels, and systems were adjusted to try and prevent disease and optimize air circulation. 

2.2. Isolation of plant-derived EVs  

Extracellular vesicles were isolated from potato and spinach plants as previously described [18]. 
In brief, 50–60 day old potato leaves and 30 day old spinach leaves were harvested and 
vesicles were isolated from the apoplastic washes [19]. Approximately 35–50 grams of leaf 
tissue were harvested and vacuum infiltrated with vesicle isolation buffer (20 mM MES, 2 mM 
CaCl2, and 0.1 M NaCl, pH 6). Excess fluid was removed from infiltrated plants by blotting. 
Then plants were placed inside 30-mL syringes within 50-mL conical tubes and centrifuged 
for 20 min at 700 × g and 4 °C (JA-14 rotor, Avanti J-20 XP centrifuge; Beckman Coulter). 
Apoplastic washes were 0.22-μm filtered and successively centrifuged at 4 °C for 1) 30 min 
at 10,000 × g and 2) 60 min at 40,000 × g. The vesicle pellet was resuspended in sterile  
Tris-HCl buffer (10 mM, pH 7.5) and stored at 4 °C until further use. 

2.3. Characterization of plant-derived EVs 

The hydrodynamic radius, polydispersity index (PDI), and zeta potential of the EVs were 
measured by dynamic light scattering (DLS) and electrophoretic light scattering techniques 
using a Litesizer DLS 500 (Anton Paar, Austria) device equipped with laser diode source at 
658 nm and Kalliope software version 2.10.4. The DLS measurement for particle size was 
performed using the diluted EVs (1:20 fold) in Millipore water in a disposable cuvette at 90° 
scattering angle at 25 °C. The Stokes-Einstein equation [20] was used to obtain the particle 
diameter. Zeta potential was measured using the diluted EVs (1:20 fold) in Millipore water 
in an omega cuvette at 25 °C. Electrophoretic mobility values were recorded and 
Smoluchowski equation [21] was used to convert them to zeta potentials.  

Nanoparticle tracking analysis (NTA) measurement was carried out to determine the size 
distribution and concentration of the EVs using a NanoSight LM14 instrument (Malvern, 
Westborough, MA, USA). The particle suspension was diluted 100-fold in Millipore water 
and injected into the laser module sample chamber with a 1-mL syringe at a syringe pump 
speed of 100 µL/min. The samples were illuminated by a laser light source at 532 nm and the 
flow of particles were monitored by an optical microscope. The capturing settings (camera  
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level of 16, gain of 1.5) were adjusted automatically and 30-second sample scanning 
recording at 30 frames/second were analyzed by using NTA3.4 software. Both systems were 
calibrated with 100 nm polystyrene beads (Nanosphere Size Standards, Thermo Scientific, 
Cat #3100A) diluted in Millipore water (1:100 fold) before each run. Between samples, the 
system was washed with Millipore water.  

2.4. Bacterial strains, gut microbial communities, and culture conditions 

Bacterial strains used in this study are listed in Table 1. Routine culturing of Lactic Acid 
Bacteria (LAB) in deMan, Rogosa, Sharpe medium (MRS; Difco, Franklin Lakes, NY, USA) 
was performed in an anaerobic chamber (Anaerobe Systems, AS-580, Morgan Hill, CA) 
supplied with a mixture of 10% CO2, 5% H2, and 85% N2 for 16–18 h at 37 °C. Human-
derived fecal microbial communities were incubated anaerobically in bioreactor medium 
(BRM2) [22]. Experiments requiring specific culture conditions are detailed individually.  

Deidentified, filtered, frozen-thawed human-derived fecal preparations from healthy 
donors were obtained from the Texas Children’s Microbiome Center. Working on ice, 
specimens were processed by 5 washes with 1X phosphate buffered saline (PBS) and filtering 
steps to remove residual fecal matter and retain microbial community members. Filtrates 
containing fecal microbial communities were stored in 15–20% glycerol at −80 °C until 
further use. 

Table 1. List of bacterial strains used in this study. 

Strain Description Source 

L. acidophilus ATCC 4356 Probiotic strain, human isolate ATCCa 

L. casei ATCC 334 Probiotic strain isolated from Emmental cheese ATCC 

L. reuteri ATCC PTA 6475 Probiotic strain, isolated from Finnish mother’s milk Biogaia AB 

L. reuteri DSM 17938 Daughter strain derived from L. reuteri ATCC 55730 Biogaia AB 

L. rhamnosus GG Probiotic strain, human isolate ATCC 

aAmerican Type Culture Collection (ATCC). 

2.5. Effect of plant-derived EVs on the growth of lactobacilli 

The effect of plant-derived EVs on the growth of various LAB was determined. Bacteria 
routinely cultured as described above were used to inoculate pre-reduced, fully-defined 
LDM4 medium [23] to an adjusted OD600 0.05 with or without EVs (1.4 × 104 particles/µL). 
Working in an anaerobic chamber, cultures with and without EVs were aliquoted into a pre-
reduced, sterile, flat-bottomed 96-well plate, and topped with 30 µL mineral oil. Plates were 
incubated at 37 °C for 18 h in a Synergy™ H1 Hybrid Multi-Mode Microplate Reader (BioTek 
Instruments, Inc, Winooski, VT, USA) where optical density measurements (600 nm) were 
recorded in 10-minute intervals. Results were compared to lactobacilli only (growth control), 
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and the maximum change in growth calculated. Significance was determined using student’s 
t-test with equal variances. 

2.6. Fluorescent labeling of LGG, human-derived fecal microbial community, and EVs 

LGG or bacteria from a human-derived fecal microbial community were fluorescently 
labeled with carboxyfluorescein diacetate succinimidyl ester (CFDA-SE) as previously 
described [24] for downstream confocal microscopy and FACS studies. LGG was cultured 
anaerobically to exponential growth phase in MRS media and washed 2X in sterile anaerobic 
1X PBS. The washed LGG or processed fecal microbial community was resuspended in 
anaerobic PBS and incubated at 37 °C anaerobically for 1 h with 10 µM CFDA-SE (Thermo 
Fisher, C1157). Cells were collected by centrifugation for 5 min at 5000 × g, then washed 
3X in anaerobic PBS. Microscopy was used to confirm fluorescence. 

Plant-derived EVs were labeled with a lipophilic dye per manufacturer’s instructions for 
downstream confocal microscopy and FACS studies. EVs (7.01 × 107/mL) isolated and 
purified as described above, were brought up to 1 mL with diluent C, mixed with 6 µL of 
PKH26 dye (Sigma-Aldrich, MIDI26), and incubated for 5 min at room temperature. The 
labeling reaction was quenched with 2 mL 10% bovine serum albumin (BSA) and EVs  
re-collected by ultracentrifugation as described above. Labeled EVs were confirmed by 
microscopy and stored at −80 °C until further use [25]. 

2.7. EV uptake assay and analysis 

Fluorescently labeled lactobacilli or human-derived fecal microbial community were co-
incubated with fluorescently labeled EVs and assayed by confocal microscopy or FACS for 
EV uptake. In brief, CFDA-SE-labeled bacteria (5 × 107 cells/mL) were mixed with 3.5 × 106 
PKH26-labeled EVs in either MRS for lactobacilli, BRM2 for fecal microbial communities, 
or 1X PBS for controls and incubated for 30 min on ice or at 37 °C. Cells were pelleted for 
5 min at 8000 × g, then washed in 2X in PBS to remove free EVs, and finally filtered into  
5 mL tubes with a 35 µM filter cap (VWR, catalog # 21008-948). 

For analysis by fluorescent confocal microscopy, washed and filtered EV-uptake 
reactions containing LGG were spotted onto microscope slides, air-dried and cover slipped 
with mounting media. Slides were stored at RT in the dark until imaging. Slides were imaged 
using a Zeiss AxioVision with a 100X objective. 

EV-uptake reactions containing either LGG or human-derived fecal microbial 
community were also analyzed and sorted by fluorescence-activated cell sorting using a 
FACS Aria II (Becton Dickinson (BD)) with 70 µm/70 psi nozzle carried out by the Baylor 
College of Medicine cytometry and Cell Sorting Core. Imaging of sorted populations was 
carried out on an Amnis ImageStream instrument from Cytek Biosciences. Sorted cells were 
collected and stored at –80°C for downstream analysis by next generation sequencing. 
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2.8. Effect of plant-derived EVs on fecal microbial community 

The effects of plant-derived EVs on human-derived fecal microbial communities were 
assessed in static 24 h anaerobic cultures. Replicate reactions (eighteen independent 10 mL 
reactions in 50-mL conical tubes) were prepared in BRM2 [22] and conducted in an anaerobic 
chamber with a gas composition of 5% H2, 5% CO2, 90% N2. Each reaction was inoculated 
with an anaerobic preparation of a 15% w/v fecal microbial community slurry to a final 
concentration of 3.75% fecal microbial community. After 16 h of outgrowth, nine reactions 
were treated with 4 × 1010 plant-derived EVs per µL, and nine reactions treated with buffer. 
Samples (1 mL) were collected from each 10 mL reaction at 0 and 24 h post inoculation with 
EVs or buffer, centrifuged for 1 min at 21,000 × g, and pellets stored at −80°C until 16S 
rRNA gene sequencing was performed as described below.  

2.9. 16S rRNA gene sequencing and data processing 

Extraction and 16S rRNA gene sequencing of microbial DNA were carried out as described 
by the Human Microbiome project [26]. Briefly, microbial pellets were processed through 
the Qiagen DNeasy UltraClean Microbial kit protocol, formerly MoBio Laboratories 
UltraClean® Microbial DNA Isolation Kit, using a reduced elution volume. DNA was 
quantitated using the high-sensitivity dsDNA assay kit on a Qubit® 2.0 fluorometer (Thermo 
Fisher Scientific, Inc.). DNA samples were stored at −20 °C until further processing.  

Amplification of the V4 region of the 16S rRNA gene (20 ng input DNA) was performed 
with the NEXTFlex® V4 Amplicon-Seq Kit 2.0 (Bioo Scientific), as previously described [27]. 
Paired-end sequencing (2 × 250 bp) of pooled 16S libraries was performed on an Illumina 
MiSeq® instrument (Illumina) following the standard Illumina sequencing protocol using a 
500-cycle v2 chemistry kit [28]. 

16S rDNA gene sequences (v4 region) were demultiplexed and denoised using the 
DADA2 [29] algorithm incorporated in QIIME2 version 2023.5. Taxonomic assignment of 
previously defined amplicon sequence variants (ASVs) was performed using the feature 
classifier classify-sklearn and the SILVA database, (version 13.8.1) [30,31] with a p-confident 
value of 0.8. Taxa not classified at the phylum level or classified as chloroplasts or 
mitochondria were excluded from analysis. Representative sequences (ASVs) were aligned 
with MAFFT [32] and both an unrooted and rooted trees were calculated with FASTTREE [33] 
to generate phylogenetic diversity metrics. Visualization and statistical analyses of bacterial 
community diversity and composition of ASVs were evaluated using MicrobiomeAnalyst 
2.0 [34] and STAMP [35] packages. The Mann-Whitney U test was used to determine 
significant differences in alpha diversity, while beta diversity of non-rarefied taxon data was 
explored with Jensen-Shannon divergence and PERMANOVA. Taxon specific abundance 
between treatment groups (before EVs, 24h post EVs, 24h no EVs) was evaluated using 
STAMP and significance determined with White’s non-parametric t-test with a p-value < 0.05. 
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3. Results 

3.1. Potato-derived EVs are internalized by LGG 

 

Figure 1. Co-localization of potato-derived extracellular vesicles and LGG. 
Representative images of reactions containing PKH26-labeled PEVs (red) and CFDA-
SE-labeled LGG (green). PEVs are seen in red under (A) dark-field fluorescent imaging 
and (B) fluorescent imaging coupled with phase contrast. LGG (green) are seen in the 
presence of PEVs (red fluorescence) with overlapping LGG and PEVs in yellow 
fluorescence in dark-field (C) and with phase contrast (D). Images were produced with 
a Zeiss Axiovision using a 100X objective. 

Previous work has shown EVs isolated from edible plants like ginger, tomato, and garlic are 
taken up by lactobacilli and influence the growth and composition of beneficial microbes and 
other gut microbiota [36–39]. Specifically, Teng et al. has shown plant-derived EVs to be 
preferentially taken up by LGG [36], which is one of the most studied probiotics in humans [40]. 
The safe use of LGG has been demonstrated in a variety of patient populations that include 
pregnant women, premature neonates, the elderly, and others with underlying health 
conditions [41]. Also, LGG is protective against intestinal infections associated with  
viruses [42–44] and antibiotics [45–47], and is also known to positively impact inflammatory 
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diseases like atopic dermatitis [48,49]. Here we used microscopic imaging and fluorescence 
assisted cell sorting (FACS) techniques to test the hypothesis that EVs isolated from potato 
could be internalized by probiotic LGG. Potato EVs (PEVs) were isolated and characterized 
by direct light scattering (DLS) and nanoparticle tracking analysis (NTA) to estimate their 
hydrodynamic diameter and concentration, respectively. The average diameter and 
concentration of isolated PEVs was 244 nm at 7.01 × 107 ± 3.28 × 106 particles/mL (Figure S1). 
The particle size polydispersity index and zeta potential of PEVs were 0.24 and -15.4 mV, 
respectively. PEVs (7.01 × 105) were labeled with PKH26 (red), incubated with 1 × 107 
CFDA-SE-labeled LGG (green) and analyzed by fluorescent microscopy to visualize  
co-localization of PEVs and LGG. Fluorescent microscopic imaging at 100X (Figure 1) 
showed evidence of PEVs co-localizing with LGG but could not resolve internalization at 
this resolution. 

To further investigate if PEVs were internalized by LGG, we used FACS analysis 
combined with high-content image analysis to isolate, quantify, and visualize PEV-LGG 
complexes. To ensure we could use FACS to sort LGG, PEVs, and PEV-LGG complexes, 
we tested mixtures of CFDA-SE-labeled or unlabeled LGG (5 × 107 cells) with and without 
PKH26-labeled or unlabeled PEVs (3.5 × 106) as summarized in Table 2. We also tested the 
effect of media and temperature on PEV uptake by LGG (Table 2). Using a BD FACSAria 
II Cell Sorter we sorted and quantified PKH26-labeled PEVs, CFDA-SE-labeled LGG, and 
labeled PEV-LGG complexes from each condition. In Figure 2A, we show that FACS can 
quantify and differentiate between fluorescently labeled LGG, PEVs, and PEV-LGG 
populations containing both fluorescent labels (co-localization). Control reactions containing 
only CFDA-SE-labeled LGG showed that when sorting for 10,000 CFDA-SE-labeled (green) 
events (Figure 2B, panel LGG), expectedly no PKH26-labeled (red) events were captured. 
Similarly, when 10,000 PKH26-labeled (red) events were sorted from a control reaction 
containing only PKH26-labeled PEVs, a very small proportion (0.13%) of events were 
counted as CFDA-SE-labeled events (Figure 2B, panel PEVs). Quantification of ~50,000 
sorted events from each uptake reaction (UR, Table 2) that contained both CFDA-SE labeled 
LGG and PKH26-labeled PEVs showed that co-incubation of LGG with PEVs at 37°C in a 
rich nutrient source (MRS) resulted in a 3.2-fold increase in sorted PEV-LGG complexes 
when compared to a nutrient deplete source (PBS) at 37°C (Figure 2B, panel PEV-LGG). 
Sorted populations of PEV-LGG dual-labeled events increased 1.6-fold when incubated in a 
nutrient rich source at 37 °C compared to 4 °C (Figure 2B, panel PEV-LGG) indicating the 
biologically relevant temperature is important for PEV uptake by LGG. Sorting of PEV-LGG 
complexes increased by 3.6-fold when incubated in a nutrient rich media compared to PBS 
at 4 °C, further indicating the importance of a rich medium for uptake at either temperature 
(Figure 2B, panel PEV-LGG). Further flow cytometry-based high-content image analysis 
using the Amnis ImageStream instrument indicated that the dual-fluorescent PEV-LGG 
population represents PEV internalization by LGG. Representative images of single-
fluorescent populations (LGG or PEVs) and dual-fluorescent populations (PEV-LGG) are 
depicted in Figure 2C. For Figure 2C, channel 01 (Ch01) shows brightfield images of sorted 
LGG bacteria, while channels 02 and 03 (Ch02, Ch03) show fluorescent images of CFDA-
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SE-labeled LGG and PKH26-labeled PEVs in the same field, respectively. When Ch01 and 
Ch03 are overlain, we observe that the PKH26-labeled entities take the shape of the bacteria. 
Implications of these data are that LGG does internalize PEVs and optimally requires a 
nutrient rich media and a biologically relevant temperature. 

 

Figure 2. FACS analysis and high-resolution imaging verifies LGG uptake of potato-
derived EVs. (A) Scatter plot of fluorescent events show the separation of LGG = 
fluorescent green events, PEV = red fluorescent events, and PEV-LGG = dual green-
red fluorescent events. (B) Quantitation of sorted events with a single fluorescent green 
label (LGG; green bars), single fluorescent red label (PEVs; red bars), or dual 
fluorescent green and red labels (PEV-LGG; yellow bars) are represented in 
corresponding bar graphs. Fold change between uptake reactions (UR) is indicated on 
the PEV-LGG bar graph. (C) Images produced by Amnis ImageStream analysis shown 
represent populations sorted for LGG, PEVs, and PEV-LGG. Ch01 = channel 01, 
brightfield microscopy; Ch02 = channel 02, green fluorescence; Ch03 = channel 03, 
red fluorescence; Ch01/Ch03 = brightfield microscopy overlain with red fluorescence. 

Table 2. Summary of uptake reactions tested by FACS. 

Sample Label LGG 
(cells) 

PEVs  
(µL) 

Time  
(min) 

Temp 
(°C) 

Buffer/Media 

LGG (+) CFDA-SE 5 × 107 0 30 Ice PBS 

LGG (-) None 5 × 107 0 30 Ice PBS 

PEVa (+) PKH26 0 50 30 Ice PBS 

PEV (-) None 0 50 30 Ice PBS 
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Table 2. Cont. 

Sample Label LGG 
(cells) 

PEVs  
(µL) 

Time  
(min) 

Temp 
(°C) 

Buffer/Media 

URb-1 CFDA-SE/PKH26 5 × 107 50 30 37 PBS 

UR-2 CFDA-SE/PKH26 5 × 107 50 30 Ice PBS 

UR-3 CFDA-SE/PKH26 5 × 107 50 30 37 MRS 

UR-4 CFDA-SE/PKH26 5 × 107 50 30 Ice MRS 

aPEV = potato-derived extracelluar vesicle; bUR = uptake reaction. 

3.2. Potato-derived EVs influence the growth of additional beneficial lactic acid bacteria 

 

Figure 3. Potato-derived EVs differentially impact growth of beneficial lactobacilli. 
Five species of lactobacilli were cultured in the presence and absence of PEVs and 
growth measured by OD600 at 10-minute intervals for 18 h. Max growth in the 
presence and absence of PEVs was compared to media control and fold-change in max 
growth plotted per organism with (white bars) and without (gray bars) PEVs. Unpaired 
Welch’s t-test was used to calculate significance. 

To determine the potential for PEV-mediated growth effects on gut microbes, we incubated 
PEVs with different lactobacilli and measured anaerobic growth in 10 min intervals at 37 °C 
over 18 h. Growth curve data were plotted, analyzed, and showed species-specific growth 
effects among five different species of lactobacilli: LGG, Limosilactobacillus reuteri ATCC 
PTA 6475, L. reuteri DSM 17938, Lactobacillus acidophilus ATCC 4354, and 
Lacticaseibacillus casei ATCC 334 (Figure S2). Fold change in max growth as measured by 
OD600 was determined per strain relative to media control and showed that PEVs positively 
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impacted growth at varying degrees for LGG, L. reuteri ATCC PTA 6475, L. acidophilus 
ATCC 4354, and L. casei ATCC 334, but negatively impacted growth of L. reuteri DSM 
17938 (Figure 3, Figure S2). PEV-mediated growth effects were most pronounced for LGG 
(1.24-fold, p < 0.0001) and L. acidophilus ATCC 4354 (1.31-fold, p < 0.0001) (Figure 3). 
Interestingly, two strains of human-derived L. reuteri representing distinct clades of the 
species [50] responded differently to treatment with PEVs. L. reuteri ATCC PTA 6475 
responded with a small but perceptible 1.2-fold increase in growth (p < 0.05) while L. reuteri 
DSM 17938 consistently responded with a decrease in growth over time (0.7-fold, p < 0.01) 
(Figure 3). Subsequently, PEVs were treated with RNase A or proteinase K and the PEV-
mediated growth effects on LGG and L. acidophilus tested. Growth effects were independent 
of proteinase K or RNase A treatments and buffer controls had no impact on growth (data 
not shown). These different responses from various species and strains of lactobacilli show 
how EPDEVs can have specific influences over different organisms and highlight that their 
effects should not be generalized across bacterial genera or species, but instead dissected to 
better understand how these specific effects occur. 

3.3. Potato-derived EVs interact with gut bacteria 

PEVs were combined with a mixed bacterial community prepared from healthy human donor 
stool to determine if PEVs could be internalized by human-derived gut microbes other than 
lactobacilli using FACS combined with high-content image analysis. Based on the optimized 
conditions determined with LGG, six uptake reactions of CFDA-SE-labeled gut bacteria  
(5 × 107 cells) derived from healthy donor stool incubated with PKH26-labeled PEVs (3.5 × 106) 
in nutrient rich media (BRM2) at 37 °C were analyzed. Dual-fluorescent populations were 
sorted and imaged as done previously. Similarly to LGG, PEV internalization by various gut 
bacteria was observed and representative images are shown in Figure 4A. In Figure 4A, 
bacterial morphology is shown through bright field microscopy in Ch01, green fluorescent 
bacteria or red fluorescent PEVs of the same field of image are shown in Ch02 and Ch03, 
respectively. Ch01 and Ch03 are overlain (Ch01/Ch03) to visualize that the red fluorescence 
from PEVs takes the shape of the bacteria sorted, suggesting bacteria have internalized PEVs. 
Sorted dual-fluorescent populations were collected for downstream bacterial identification 
by 16S rDNA sequencing. 

To identify what kinds of human-derived gut microbes were capable of internalizing 
PEVs, the DNA of collected populations of dual-fluorescent PEV-bacteria complexes was 
extracted and analyzed by 16S rRNA gene sequencing to identify the bacteria associated with 
PEV-internalization. The sunburst plot in Figure 4B illustrates the distribution of taxa 
identified at the phylum, family, and genus levels. Percent relative abundance showed that 
over 78% of the dual-fluorescent sorted population represented organisms from the phylum 
Firmicutes, with others belonging to phyla Bacteroidota (16.1%) and Actinobacteriota 
(5.3%). Most of the organisms within the Firmicutes phyla belonged to the Lachnospiraceae 
family and included genera Blautia (36.7%), Anaerostipes (10.8%), Agathobacter (8.9%), 
and Roseburia (8%). Other Firmicutes included the genera Faecalibacterium (9.7%) and 
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Romboutsia (4.5%). Bacteroides spp. (16.1%) was the only genus representing the 
Bacteroidota phylum. Likewise, Bifidobacterium spp. (5.3%) solely represented the 
Actinobacteriota phylum. 

 

Figure 4. FACS analysis and 16S rRNA gene sequencing identify human-derived gut 
microbes associated with PEV uptake. CFDSE-labeled microbial communities were 
mixed with PKH26-labeled PEVs in BRM2 media and incubated at 37 °C to encourage 
uptake of PEVs by gut microbes. Cells were sorted based on fluorescence and images 
produced by Amnis ImageStream analysis shown (A) represent populations sorted for 
LGG, PEVs, and PEV-LGG. Ch01 = channel 01, brightfield microscopy; Ch02 = 
channel 02, green fluorescence; Ch03 = channel 03, red fluorescence; Ch01/Ch03 = 
brightfield microscopy overlain with red fluorescence. Sorted populations were 
analyzed by 16S rRNA gene sequencing to identify bacteria associated with PEV 
uptake. Identified bacteria are depicted in a sunburst diagram (B). 

3.4. Plant-derived EVs associate with small changes in microbial composition of mixed gut 
communities 

Having established that PEVs associate with specific organisms using FACS and 16S rRNA 
sequencing, we wanted to know if another type of EPDEV could impact a healthy human-
derived gut microbial community. We isolated and tested the effects of EVs from the leafy 
vegetable spinach (SEVs) on human-derived gut microbial communities. SEVs were 
analyzed by DLS and NTA to estimate their hydrodynamic diameter and concentration, 
respectively. The average diameter and concentration of isolated SEVs was 308 nm with a 
concentration of 5.35 × 1010 ± 8.21 × 108 particles/mL (Figure S3). The particle size 
polydispersity index and zeta potential of SEVs were 0.23 and −41.4 mV, respectively. 
Mixed microbial communities derived from healthy human donor stool were used to model 
the effects of EPDEVs on human gut microbial communities in static anaerobic culture. First, 
microbial communities were established in anaerobic culture for 16 h prior to treatment with 
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SEVs, then established cultures (n = 18) were incubated with (n = 9, Spinach) and without  
(n = 9, Control) SEVs for 24 h. Samples of established communities for each group (Control 
and Spinach) were obtained after the initial 16 h incubation (prior to the addition of SEVs) 
to establish baseline microbial community structure (T0). Additional samples were taken for 
each group at 24 h (T24 Control, T24 Spinach) to assess the potential effects of SEVs on 
microbial community composition. We sequenced the V4 variable region of 16S rRNA genes 
in DNA isolated from these samples to determine 1) how the 24 h microbial communities 
evolved from baseline (T0), and 2) how communities treated with SEVs (T24 Spinach) 
differed from untreated (T24 Control) communities. 

Longitudinal comparisons of 16S rRNA gene sequence data showed changes in 
microbial community structure from that of the established baseline communities (T0) after 
24 h (T24 Control, T24 Spinach). Changes in beta-diversity were assessed using Jensen-
Shannon divergence and visualized through principal coordinate analysis (PCoA) (Figure 5A). 
Statistical significance of community structure differences using PERMANOVA 
demonstrated that the differences between baseline communities (T0) and those present 24 h 
later for control (T24 Control) or SEV-treated samples (T24 Spinach) were substantial and 
significant (p = 0.001) with F-values of 756.05 and 782.23, respectively. PERMANOVA 
analysis indicated that the differences in microbial communities between control (T24 
Control) and SEV-treated samples (T24 Spinach) were much smaller (F-value = 9.4602), 
however these small changes in community structure were significant with a p-value = 0.002. 
Chao1 and Observed alpha-diversity measures (Figure 5A) show a significant shift by 
ANOVA in the number of species between baseline (T0) and both T24 Control (p < 0.0001) 
and T24 Spinach groups (p = 0.0014), indicating that the anaerobic 24 h incubation decreased 
the number of different species present in each test group. However, ANOVA indicated no 
significant differences in the number of species (Chao1 or Observed) between T24 Control 
and T24 Spinach groups (p = 1). Shannon and Simpson alpha-diversity measures (Figure 5A) 
indicate the richness and evenness of the baseline community was greater than those at 24 h, 
respectively, while the richness and evenness of the T24 Control and T24 Spinach 
communities were relatively the same. 

Comparisons of the ASV abundances between communities reflect what has been 
visualized with alpha- and beta-diversity measures in Figure 5. Shifts in the relative 
abundance at the genus taxonomic level can be seen between T0 and the T24 groups, while 
changes between T24 Control and T24 Spinach groups are more subtle (Figure 5B). We used 
the graphical software package STAMP (Statistical Analysis of Taxonomic and Functional 
Profiles) [35] to quantify the taxonomic differences between T24 Control and the SEV-
treated group (T24 Spinach) and provide the details behind the small but significant 
differences identified through beta-diversity. Through STAMP, we identified significant 
genus-level taxonomic shifts between T24 Control and T24 Spinach groups and these taxa 
are represented in Figure 5C. Consistent with data shown using PEVs, we show that a human-
derived gut microbial community treated with spinach-derived EVs primarily affected ASVs 
within the Firmicutes phyla and resulted in increases in Lactobacillus spp. and ASVs present 
in the Lachnospiraceae (Firmicutes phylum) and Enterobacteriaceae (Proteobacteria 
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phylum) families. Conversely, decreases in ASVs present in the Butyricioccus and Blautia 
genera were observed in the T24 Spinach group compared to T24 Control. These differences in 
taxa between T24 Control and T24 Spinach groups were deemed significant at p-values < 0.05 
using the Welch’s T-Test. 

 

Figure 5. Plant-derived EVs influence the abundance of specific microbes in a complex 
community. Microbial community composition and structure was investigated 
temporally using 16S rRNA gene sequencing and is shown through (A) Jensen-
Shannon divergence at the ASV level. Relative abundance of taxa at the genus level 
are shown in (B). Taxa with significant differences in abundance between T24 Control 
and T24 Spinach groups are represented in (C) box-and-whisker. 

4. Discussion 

Assessing the bioavailability and bioactivity of EVs derived from edible plants can be 
complex, especially when focusing on serum stability and their effects on tissues far from the 
site of dietary intake. A fundamental aspect of this research is that EPDEVs are primarily 
bioactive in the intestine, where their concentrations are highest. Additionally, these EPDEVs 
resemble mammalian EVs structurally and interact with soil microbiomes and plant 
pathogens which support their role in cross-kingdom communication, suggesting they play a 
broader role in the ecosystem [51,52]. Each plant contributes a unique profile of EPDEVs, 
which in theory could differentially affect the gut microbiome (Figure 6). Lactobacilli are 
common beneficial microbes that are either supplied by diet or are endogenous to the human 
gastrointestinal (GI) tract. Fermented food products containing lactobacilli have 
demonstrated efficacy in promoting digestive health. Previous studies have shown that 
EPDEVs isolated from ginger [36] and tomato [37] have effects on lactobacilli. Here we 
showed EPDEVs from two different plants, potato and spinach, also influence growth of 
lactobacilli whether in single-organism culture or a mixed microbial community. This 
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additional data supports the hypothesis that beneficial lactobacilli may have evolved to work 
synergistically with plant diets to benefit host health. 

 

Figure 6. EPDEV-mediated communication from plant to bacteria and host. Plant-
specific EVs are differentiated by phospholipid, protein, metabolite, and RNA content. 
Phospholipid content is thought to drive uptake by specific bacteria. Once internalized, 
EV-transported contents (protein, RNA, metabolites) has the potential to influence 
bacterial growth, gene expression, and metabolite production that could have 
downstream effects on gut health. Graphic image designed and generated by Karen 
Prince, Department of Pathology, Texas Children’s Hospital. 

Another interesting result found in this study was the recurring association of either 
potato-derived EVs or spinach-derived EVs with bacteria from the Lachnospiraceae family, 
the abundance of which is known to be influenced by diet. Lachnospiraceae are known to 
ferment diverse plant polysaccharides into important short-chain fatty acids like butyrate, 
which if produced in the colon improves the intestinal barrier, regulates intestinal motility, 
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and influences mucus production [53]. As reviewed in [54], a decreased abundance of 
Lachnospiraceae is associated with increased inflammation in the gut, specifically in GI 
diseases like irritable bowel syndrome and inflammatory bowel disease. Other consequences 
of having a gut microbiome low in butyrate producers include an increased risk for colonic 
infections, colorectal cancer and even extends to more systemic diseases like type 2 diabetes [54]. 
It is possible that EPDEVs positively influence the growth of specific butyrate producing 
bacteria, again supporting a hypothesis that gut microbes capable of specific health-benefits 
may have co-evolved synergistically to benefit host health through diet-mediated 
mechanisms that stem from plant-based diets rich in EPDEVs.  

The size, concentration, and purity of plant EVs used in this study were comparable to 
those from previous research of potato EVs [55] and spinach EVs [56]. The composition and 
complexity of EPDEVs can vary based on factors like plant growth conditions, soil 
composition, watering practices, temperature, biotic stresses, and isolation protocols. These 
variables can cause daily fluctuations in the health benefits of these vesicles. Future studies 
will need to optimize crop growth conditions to maximize the health benefits of EPDEVs. 

Preliminary analysis suggests that techniques like labeling, FACS, cell sorting, and 
sequencing can identify specific bacteria that take up plant EVs from mixed bacterial 
populations. This involves assessing the affinity of uptake and kinetic parameters, such as 
temperature dependency. For bacteria that can be cultured, further analysis could explore 
uptake preferences among specific microbes. Currently, EV populations are sourced directly 
from greenhouse plants, but future research will involve analyzing labeled EVs subjected to 
artificial digestion conditions. 

Certainly, an area for future work is manipulating plant EVs to impact the gut 
microbiome and potentially impact human health [16,18,57–59]. These modifications could 
be to the EVs to control specificity of the microbial populations they interact with or to the 
content of the EVs to modulate microbial responses [2,3,60]. Some applications supported 
by in vitro studies include the targeted delivery of bioactive molecules like siRNA and anti-
cancer drugs to suppress cancer cell growth [61,62]. Other applications of interest include 
the delivery of microRNAs that impact immune-regulation of inflammatory responses like 
MAPK and NF-ĸB signaling, increasing anti-inflammatory cytokine production, reducing 
pro-inflammatory cytokine secretion, T-cell activation, and macrophage polarization [62–65]. 
However, before these strategies can be effectively deployed it will be important that 
additional work be undertaken to access how plant growth conditions, packaging and cooking 
regimes impact plant EV bioactivity [66].The use of in vitro methods in this study provides 
valuable insights into the interactions between specific microbial communities and plant-
derived EVs, generating hypothesis-driven data that can guide future research. These 
methods allow for a detailed investigation of microbial responses, which is essential for 
understanding the role of EVs in the gut microbiome. However, there are notable limitations. 
Replicating true dietary conditions is challenging, as the experimental setup does not account 
for interactions among different plant-derived EVs. Additionally, in vitro methods inherently 
cannot fully replicate in vivo conditions, and factors such as media composition and 
experimental design may limit the changes observed during microbial culturing. Despite 
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these limitations, the data obtained from these experiments are instrumental in expanding our 
understanding of microbial interactions with EVs and setting the stage for more 
comprehensive studies. 

5. Conclusion 

Recent studies on plant-derived EVs, including those presented here, offer new insights into 
how edible plants can impact human health. By examining the interactions between these 
vesicles and the gut microbiota, this research is transforming our understanding of the role 
of food in health. Extracellular vesicles from spinach, potatoes, and other crops show 
potential for both preventive and therapeutic applications due to their safety and ease of 
extraction. These vesicles can carry small-molecule drugs and nucleic acids, and their 
adaptable properties make them promising candidates for future research and applications. 

Supplementary data 

The authors confirm that the supplementary data are available within this article. Figure S1. 
Particle size distribution and concentration of potato-derived EVs. Figure S2. Potato-derived 
EVs influence the growth of lactobacilli. Figure S3. Particle size distribution and 
concentration of spinach-derived EVs. 
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