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Introduction: Crohn’s Disease (CD) is characterized by chronic intestinal inflammation and dysbiosis. This study aimed to investigate the effects of a plant-based diet (PBD) on gut microbiota composition and inflammation in CD patients and assess the utility of trnL gene sequencing for monitoring dietary adherence.

Methods: Fourteen CD patients participated in a 12-week PBD intervention. Dietary adherence was monitored through self-reported food diaries and trnL sequencing, which detects plant residues in fecal samples. Gut microbiota was analyzed using 16S rRNA sequencing, and fecal calprotectin levels were measured as an indicator of intestinal inflammation.

Results: TrnL sequencing identified 55 plant genera in fecal samples, compared to 41 reported in food diaries, highlighting its accuracy in assessing plant residue diversity. By week 4, participants demonstrated a 1.4-fold increase in plant intake, correlating with a significant increase in microbial diversity. Key genera associated with gut health, such as Faecalibacterium and Bacteroides, increased in abundance. Additionally, fecal calprotectin levels decreased from 472 mg/kg at baseline to 207 mg/kg at week 12, indicating reduced intestinal inflammation.

Discussion: A PBD positively influenced gut microbiota composition and decreased intestinal inflammation in CD patients. The study also demonstrated that trnL sequencing is an effective tool for assessing dietary adherence in clinical settings, offering a more objective measure than self-reported food diaries.
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1 Introduction

Crohn’s disease (CD) is a chronic relapsing disorder mainly affecting the gastrointestinal (GI) tract and is characterized by discontinuous transmural inflammation that may affect the entire GI tract (1). The etiology of CD remains to be elucidated but the complex interplay between genetic predisposition, immune dysregulation, environmental factors, and the gut microbiome is believed to contribute to its intricate pathogenesis (2). Dysbiosis, encompassing loss of beneficial microbes, diversity, and expansion of pathobionts (3), is increasingly considered to be causative in relation to the CD pathogenesis (4). While medical interventions, including immunomodulatory drugs and biologics, have significantly improved symptom management (5), it has been suggested that due to the well-recognized modulating effect of diet on the enteric microbiome, diet-interventions hold potential as an anti-inflammatory strategy to mitigate the dysbiotic microbiome observed in CD (6, 7). Most current treatments are directed against the dysregulated immune response failing to counteract possible environmental fluctuations such as changes in the dysbiotic microbiome. With remission rates below 50% (2), research into diet as a complementary treatment to induce and maintain long-term remission holds great potential.

The human diet serves as a crucial determinant in shaping the composition and functionality of the gut microbiota. Dietary components act as substrates for microbial metabolism, influencing the abundance of specific bacterial taxa and the production of various microbial metabolites (8). Short-chain fatty acids (SCFAs), such as acetate, propionate, and butyrate, are produced by intestinal bacteria from dietary fibers and other undigested substrates entering the large intestine. This production is one of the benefits humans gain from their symbiotic relationship with gut bacteria (4). SCFAs have a large repertoire of functions ranging from regulation of ion absorption and gut motility to regulation of epithelial cells to maintain intestinal homeostasis (4, 9). A decrease in SCFA-producing bacteria such as Dialister Invisus and Faecalibacterium Prausnitzii (10) as well as fecal SCFA levels have been associated with CD (11). However, SCFAs are not a unique example. Dietary components are constantly modulated and metabolized by enteric bacteria. Diets rich in fibers, polyphenols, and prebiotics can promote the growth of anti-inflammatory microbial communities, while diets high in fat and protein (such as meat) but low in fiber can lead to dysbiosis, creating an environment that favors the expansion of pro-inflammatory microbes (6). The latter, often referred to as a Western or Westernized diet, has in recent decades spread from high-to low-income countries (12) and in conjunction so has the incidence of inflammatory diseases in these regions (13). In fact, a continuous consumption of a Westernized diet alters enteric microbiota and disrupts the epithelial barrier initiating low-grade inflammation (14). Intriguingly, a high dietary intake of fiber reduces the risk of CD by 40% (15). This highlights the bidirectional relationship where dietary choices influence the microbial composition, and in turn, the microbiota impacts the disease course.

Although diet is the most ubiquitous environmental factor known to contribute to the structure of the enteric microbiome (16), it remains poorly understood how microbes and the small molecules they modulate may interact to cause, sustain, or mitigate CD. Several review articles have summarized the research on diet concerning CD (17–19). While studies have investigated the effect of single nutrients, these are often with limited or inconclusive results. This might be attributed to the lack of understanding of how nutrients interact in the entire food matrix (8) demonstrating the need for research into entire dietary patterns to elucidate possible effects on the microbiome and CD. With pediatric CD patients, recent trials have demonstrated dietary interventions as an effective treatment. The tested diets included a Specific Carbohydrate Diet (SCD), a modified SCD (mSCD, including oats), the Crohn’s disease exclusion diet (CDED) with partial enteral nutrition (PEN), and an exclusive enteral nutrition (EEN) diet (20–26). Both SCD and mSCD induced remission in 100% of the children in a randomized trial (26), while the CDED+PEN or EEN resulted in remission rates >63% (25). The dietary intervention led to microbial changes, including an increase in the abundance of Faecalibacterium prausnitzii, Roseburia hominis, and Eubacterium eligens (23, 25, 26). Although dietary intervention trials with adult CD patients do not show remission rates similar to those of children, the SCD and a mediterranean diet induced a remission rate of >50% with a reduction of fecal calprotectin levels of ≥30%. The Inflammatory Bowel Disease-Anti-Inflammatory Diet (IBD-AID) is another diet tested at pilot scale and is developed to restore eubiosis in patients with IBD by increasing the intake of pre-and probiotics foods and reducing food known to trigger inflammation. This diet was correlated with an increase in the abundance of Clostridia and Bacteriodes often depleted in IBD patients (27). Interestingly, a plant-based diet (PBD) has recently been recommended for IBD (28), followed up by a study demonstrating that the induction rate of remission was highest in patients receiving a combination of biologic treatment and PBD (29). With known and suggested positive effects of PBD, the feasibility of introducing a PDB to CD patients in biological treatment was recently investigated (30) and the study demonstrated that it was possible to retain almost all patients during the 12-week intervention without major adverse effects.

In this study, our primary outcome was to characterize the fecal microbiota in relation to plant intake and fecal calprotectin during a 12-week PBD intervention of CD patients in remission or with mild to moderate activity to investigate possible correlations with fecal calprotectin as a biomarker of inflammation. The rationale for choosing a 12-week intervention period lies in the potential for observable changes within a defined timeframe. This duration allows for an exploration of both short-term responses and the ability to maintain any positive effects of introducing a PBD over a longer period. Most previous studies investigating the role of different diets and food components on the enteric microbiome rely on food questionnaires in combination with a sequencing technique. These dietary records, although informative, might lack important information about the actual dietary composition (31), which can be elucidated by, e.g., DNA-based surveillance methods (e.g., markers specifically targeting plants). Furthermore, the inclusion of CD patients currently undergoing biological treatments with mild to moderate symptoms enhances the clinical relevance of the study, addressing a subgroup that may particularly benefit from adjunct dietary strategies.



2 Methods


2.1 Ethical statement and patient enrollment

This study, approved by The North Denmark Region Committee on Health Research Ethics (N-20220049), involved a cohort of 15 patients over 18 years old, diagnosed with CD for more than 6 months. The patients were recruited at Aalborg University Hospital between January 8 and April 2, 2023. The study population has previously been described in detail (30). Briefly, the 15 patients were recruited to investigate the feasibility of introducing a plant-based diet to patients receiving biological treatment during remission and/or with moderate disease activity as determined by the Crohn’s Disease Activity Index (CDAI <150) (32). Diversity among the participants was sought regarding age, gender, years of receiving biological treatment, and educational background. Participants received free pre-tailored evening meals from a meal delivery provider for the entire household during the 12-week intervention as well as guidance in the transition in dietary lifestyle especially in relation to sufficient protein intake. Seafood was optional twice a week. The patients were monitored closely during the intervention. At baseline (week 0), week 4, and week 12 of the intervention, blood samples (after 4 h fasting) and fecal samples were collected and stored at −80°C until further processing. Three days prior to each sample collection, the participants filled out food diaries. The study was conducted as a prospective, single-arm study where the participants’ baseline samples were used as their own control. Participation in the intervention was voluntary and all recruited patients signed a written informed consent prior to commencement.



2.2 Fecal calprotectin

Fecal calprotectin levels were measured at Aalborg University Hospital, Department of Clinical Biochemistry using the Fcal turbo kit (Bühlmann, Switzerland) and analyzed using immunoturbidimetry on an Atellica (Siemens, Germany).



2.3 DNA extraction, amplicon generation, and sequencing

Total genomic DNA was extracted using the DNeasy® PowerLyzer PowerSoil kit (Qiagen, Germany) following the manufacturer’s specifications and eluted in 100 μL C6 solution. For bacterial detection, the 16S rRNA gene was targeted using primers specific to the V1-V8 region, while plant residues were identified through amplification of the chloroplast trnL gene. Additionally, the mitochondrial cytochrome b gene was used to detect porcine and bovine DNA in the samples (Table 1). The PCR-reactions was conducted in duplicates of 25 μL (PCRBIO 1x Ultra Mix (PCR BIOSYSTEMS, United Kingdom), 400 nM of each primer, 10 ng of template DNA, and nuclease-free water) and included an initial denaturation at 95°C for 2 min and a final elongation at 72°C for 5 min.



TABLE 1 Primers used for amplicon generation.
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The quality of amplicon generation was ensured by including a positive and negative control in the PCR reaction. The libraries were purified using CleanNGS (CleanNA, the Netherlands) using a sample:bead ratio specific for the amplicon (Table 1) and eluted in 25 μL of nuclease-free water. The size of selected libraries was checked by Agilent 4,150 TapeStation using ScreenTape D1000/D5000 (Agilent Technologies, United States).

The PCR products were barcoded and subsequently pooled equimolarly. The pooled libraries were DNA repaired and end-prepped, adapter ligated, cleaned and 50 fmol loaded onto a MinION R10.4.1 flow cell using the SQK-LSK114 with the EXP-PBC096 in accordance with manufacturer’s recommendations (Oxford Nanopore Technologies, United Kingdom). The library was sequenced for 72 h.

All DNA concentrations were measured using Qubit™ 1x dsDNA HS Assay Kit (Invitrogen, United States) on Qubit 4 fluorometer (Invitrogen, United States).



2.4 Pre-processing of amplicon sequencing data

Raw reads were basecalled and demultiplexed using Dorado v.0.5.0 with sup v.4.3.01 with standard settings in the MinKNOW software with the addition of require barcodes in both ends to ensure accurate assignment. Amplicon pre-processing was conducted using the ONT-AmpSeq pipeline (33) with Q-score = 20 and filtered according to respective lengths (Table 1). The OTU’s originating from amplification of the 16S rRNA gene were taxonomically classified in VSEARCH using Midas as a reference database (34). The OTU’s originating from the mitochondrial cytochrome b and trnL gene were mapped using the blastn algorithm, BLAST+ v2.15.0 (35). The complete amplicon pipeline can be found at https://github.com/MathiasEskildsen/ONT-AmpSeq.



2.5 Mathematical modeling and statistical analysis

The resulting OTUs were analyzed in R v. 4.4.0 (36) through Rstudio v. 2024.04.2 (37). Rarefaction curves, alpha diversity plots and ordination plots were made using the ampvis2 package v. 2.8.9 (38). The Chao1 diversity index visualized using the ggplot2 package (39). The Wilcoxon ranked sum test and Kruskal-Wallis was used to investigate statistically significant (p < 0.05) differences. MaAsLin2 (40) was used to determine linear associations between the microbial community and para-clinical markers across the three collection points.




3 Results


3.1 Demographics of study participants and retention rate

Fifteen patients were enrolled at baseline as previously described (30). Briefly, two patients dropped out before the follow up at week 4 and were therefore excluded. Two additional patients entered the study 3 weeks after baseline keeping the cohort at 15 patients. One patient did not reach the 12-week follow up due to hospitalization, leaving a total of 14 patients completing the intervention. All participants received biological treatment with 73.3% receiving Infliximab (Table 2).



TABLE 2 Demographics of all included patients at baseline.
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3.2 Diversity in plant intake significantly increased during the PBD intervention

A total of 44 fecal samples were collected during the intervention: 15 at baseline, 15 at week 4, and 14 at week 12. Sequencing of the trnL gene resulted in a total of 3,021,168 reads with an average sequencing depth of 68,662 ± 29,099 (mean ± SD). To evaluate the plant residue diversity, all detected plants were clustered at the genus level to avoid misclassification (41). At baseline, the median intake of plant genera among all patients was 24 (Figure 1). By week 4, the median intake of plant genera had increased 1.4-fold (p = 0.032) to 35, indicating adherence to the diet and an expanded repertoire of plant consumption. Changes in plant richness were observed in the first 4 weeks of the intervention with no additional increase in the remaining intervention. As two patients entered the study 3 weeks into the intervention, it was tested whether their removal from the dataset would affect alpha diversity. The results indicated no significant difference in plant genera alpha diversity with their exclusion (data not shown).

[image: Figure 1]

FIGURE 1
 Observed plant genera richness. Boxplot displaying observed plant genera richness. Each dot represents a sample. The boxplots show the median, the first quantile and the third quantile and the whiskers extent to 1.5 interquartile range (IQR). p-values are determined using the Wilcoxon rank sum test and Kruskal-Wallis.


Participants maintained detailed food diaries for 3 days before each sample collection point, allowing for dietary intake assessment. Across the 15 participants, dietary records revealed the consumption of 62 distinct plants, with eight genera encompassing more than one type of consumed item. For example, the Citrus genus, within the family Rutaceae, included items such as oranges, clementines, grapefruits, and pomelos. Overall, participants reported consuming plants from 41 different genera. Sequencing of the trnL gene identified 55 plant genera (Figure 1). This discrepancy is primarily attributed to the detection of herbs such as oregano, basil, and thyme, which were not recorded in the dietary records. As expected, the trnL method was unable to detect certain items like coffee, cocoa, and mushrooms.

Furthermore, given that the patients were permitted to consume fish no more than twice a week, we assessed whether any participants consumed porcine or bovine meat products during the intervention. As expected, nine patients tested positive for consumption of pig, cattle, or both at baseline. Notably, one patient tested positive for consumption of bovine products at week 4. Despite this, the patient significantly increased their plant intake throughout the intervention, and exclusion of this patient from the analysis did not result in any significant differences in bacterial diversity (data not shown). Additionally, two other patients showed vague positivity for bovine consumption. Due to the low abundant signals, we attributed this to the ingestion of bovine by-products such as gelatin (42), rather than direct consumption of bovine meat.



3.3 A plant-based diet reverts bacterial hallmark symptom of CD

Sequencing of the V1V8 region of the 16S rRNA gene resulted in a total of 3,108,001 reads with an average sequencing depth of 64,750 ± 32,269 (mean ± SD) before filtering. The patients exhibited a high inter-individual difference in the microbial composition at baseline. As the intervention progressed, a reduction in this difference was observed and post-intervention, patients exhibited a more similar microbiota composition (data not shown), suggesting a convergent microbial response to the PBD. Alpha diversity plots were created to investigate the ability of a PBD to counteract the decreased microbial diversity observed in CD (43) and although not reaching the significance threshold (p < 0.05), the alpha diversity tended to increase during the entire intervention (baseline – week 12, p = 0.089; Figure 2A).
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FIGURE 2
 (A) Boxplot displaying observed plant genera richness. Each dot represents a sample. The boxplots show the median, the first quantile, and the third quantile. The whiskers extend to 1.5 interquartile range (IQR). p- values are determined using the Wilcoxon rank sum test and Kruskal-Wallis. (B,D) Boxplot displaying top 10 genera (B) and top 5 species (D) exhibiting the largest change in relative abundance according to collection time. (C) Ordination plot using canonical correspondence analysis constrained on collection time.


Compared to baseline, specific bacterial genera had changed abundances at week 12 (Figure 2B). Of the 10 genera exhibiting the highest relative abundance change, six belonged to the Clostridia class. Three genera of the Clostridia class; Faecalibacterium, Blautia and Subdoligranulum increased, while Agathobacter, Roseburia and Rominococcus appeared unaffected by the 12-week intervention. Most pronounced was the increase in Faecalibacterium and Bacteriodes. Notably, at species level, the known SCFA producers Rominococcus bromii, and Bacteroides uniformis increased during the intervention. Akkermansia muciniphila also increased while Eubacterium rectale and Dialister invisus decreased (Figure 2D).

Generally, an overall shift in diversity and microbial composition was observed during the 12-week intervention (Figure 2C). Constrained ordination revealed that 1.9 and 1.4% of the variation in PC1 and PC2 respectively, could be explained by the time the fecal sample was collected (baseline, week 4 or week 12).



3.4 Entry diet influences the effect of PBD on alpha diversity

Given that the patients entered the study with markedly different dietary habits, we considered whether varying initial consumption of plant genera might influence their microbial diversity in response to a PBD. Therefore, based on their initial plant genera intake, patients consuming fewer than 20 plant genera (N = 4) and patients consuming more than 32 plant genera (N = 4) were categorized into two subgroups. Patients with a low plant genera intake at baseline exhibited a significant increase in their plant genera consumption during the intervention, whereas those with a high plant intake at baseline showed only a modest change in their overall plant genera intake with some consuming fewer plant genera at week 4 or 12 (Figures 3A,B). It was then tested how this difference affected microbial diversity in the same patients (Figures 3C,D). Notably, patients with initially low plant intake exhibited a greater overall increase in alpha diversity (p = 0.092) compared to those with high baseline plant intake (p = 0.28). This suggests that the initial dietary pattern may influence the effectiveness of dietary interventions on microbial diversity.
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FIGURE 3
 (A,B) Bar plots depicting number of detected plant genera over the course of the intervention in patients with high initial plant intake (A, n = 4) and low initial plant intake (B, n = 4). (C,D) Boxplot displaying observed plant genera richness for low (C) and high (D) initial plant intake. The boxplots show the median, the first quantile, and the third quantile. The whiskers extend to 1.5 interquartile range (IQR). p- values are determined using the Wilcoxon rank sum test and Kruskal-Wallis. No plants were detected in one patient with low plant intake at week 4.




3.5 PBD decreases fecal calprotectin levels and is related to microbial composition

Fecal calprotectin level was obtained for each patient at baseline, week 4, and week 12 of the intervention. Notably, the average calprotectin level decreased from 472 mg/kg at baseline to 207 mg/kg at week 12 (Figure 4). When determining linear associations between the microbial community and calprotectin levels across the three collection points, three bacterial species appeared to be associated with measured calprotectin levels. Ruminococcus faecis and a bacterium belonging to the Lachnospiraceae family were positively correlated with calprotectin levels (False Discovery Rate (FDR): 1.283e-1 and FDR: 1.018e-1) whereas a bacterium belonging to the UCG.005 genus, within the Oscillospiraceae family, was negatively correlated with calprotectin levels (FDR: 1.283e-1) (data not shown).
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FIGURE 4
 Bar plot representing the average fecal calprotectin levels (mg/kg) at three time points: Baseline, Week 4, and Week 12. The height of the bars represents the overall average calprotectin levels at each time point. The stacked bars indicate the distribution of patients across different calprotectin level ranges: 0–50 mg/kg (gray), 51–500 mg/kg (light blue), 501–1,000 mg/kg (steel blue), and 1,001–2000 mg/kg (navy blue). NA (white) represents missing values. The numbers above each bar indicate the sample size (n = 15) at each time point.





4 Discussion

This study aimed to advance our understanding of the impact of PBD on CD by combining traditional dietary assessments and advanced molecular techniques. Despite the limitations of a relatively small dataset, the findings offer significant insights into several key areas regarding the enteric microbiome and its relationship with diet.

One of the study’s key contributions is the demonstration of a reliable method for measuring plant residue diversity in fecal samples as an objective metric for assessing adherence to a PBD. The use of trnL amplicon sequencing overcomes to some extent the limitations of self-reported dietary data, which is often prone to misreporting (41). This is evident from the discrepancy observed between the 41 plant genera reported in dietary records and the 55 identified through trnL sequencing, providing a more accurate reflection of food items ingested. The ability to monitor changes in plant intake and detect porcine and bovine consumption validates the effectiveness of the dietary intervention, ensuring that the observed changes in the microbiota and clinical parameters are attributable to the PBD rather than confounding dietary factors (e.g., low diversity diet, meat consumption etc.). More importantly, the absence of a significant effect might also be explained by inconsistent adherence to the diet. This underlines the importance of precise dietary monitoring, as incomplete adherence could mask potential benefits of the PBD and lead to an underestimation of its true impact on the microbiota and clinical outcomes.

The rapid acceptance and adherence to the PBD led to a marked increase in both trnL-detected plant diversity and plant genera recorded in dietary records, with a concurrent notable increase in bacterial diversity. This is significant, as reduced gut microbial diversity is a hallmark of inflammatory bowel disease (IBD) pathogenesis (4, 44). While the observed increase in alpha diversity during the intervention did not reach statistical significance, it suggests a potential trend toward the restoration of microbial diversity in CD patients. This finding aligns with emerging evidence that dietary modifications emphasizing plant-based foods can have beneficial effects on CD symptoms and disease progression (4, 27, 29).

The identification of specific bacterial genera and species exhibiting changes in abundance following the PBD provides insights into potential mechanisms underlying its therapeutic effects in CD. An increase in beneficial genera such as Faecalibacterium and Bacteroides, both of which have been reported to be underrepresented in patients with CD (45–47), along with known SCFA producers like Ruminococcus bromii and Bacteroides uniformis, suggests a shift toward a gut microbiota profile associated with improved intestinal health and immune regulation (27, 44). However, an unexpected decrease in Eubacterium rectale and Dialister invisus, both known SCFA producers with roles in mitigating TNF-related inflammation (48), was observed. Given that these species are typically expected to increase with elevated fiber intake (49), this finding requires further investigation to understand the specific factors influencing their abundance in the context of a PBD.

The intervention resulted in a reduction in fecal calprotectin levels, a commonly used non-invasive biomarker for monitoring IBD (50), from an average of 472 mg/kg at baseline to 207 mg/kg at the end of the intervention. Although relatively high FDRs limit the strength of the linear associations identified between specific bacterial species and calprotectin levels, the results support the hypothesis that dietary modifications can influence gut microbiota composition and, consequently, modulate inflammatory processes in CD patients. The bacterial species associated with calprotectin levels are particularly intriguing as potential biomarkers for inflammation in CD.

While trnL sequencing is a powerful tool, it is not without its limitations (41). Certain plant items, such as coffee, cocoa, and mushrooms do not contain chloroplast and are therefore not detectable. Furthermore, there are no current guidelines on the duration specific plants can be detected in fecal samples after ingestion. This study used dietary records for 3 days before sampling. In future studies, it might be relevant to collect fecal samples alongside dietary recording to more accurately benchmark trnL amplicon sequencing. Structured databases for comprehensive dietary assessment with species-level identification are also needed. Lastly, regarding trnL sequencing, it is important to emphasize that while trnL is valuable for identifying plant intake, it remains qualitative in nature and does not provide a quantitative measure of how much of each plant is consumed (41). This limitation can be crucial in dietary studies, as both the diversity and the amount of plant intake can be equally important in evaluating the impact of diet on health outcomes (51). Furthermore, while the trend toward increased microbial diversity is promising, the lack of statistical significance is likely due to the small sample size and high inter-individual variability, which limits the power to detect significant effects. Based on a power calculation with similar study setup and the observed alpha diversity changes (600, SD: 900) found in this pilot study it was estimated that 35 participants would be needed to achieve 80% power with a significance level of 0.05 (52). To account for dropouts, we recommend recruiting 40 participants in future studies. However, while some findings did not reach statistical significance, they reveal important trends on the dietary effects and required lengths of the dietary intervention to assess effects of the plant-based diet on gut microbiota and inflammation.



5 Conclusion

In summary, this study not only establishes a method for directly identifying ingested plant items and adherence to a PBD but also identifies critical clinical and microbiological parameters for evaluating dietary interventions. The findings contribute to a more nuanced understanding of how dietary changes impact CD and highlight the need for further research to refine these methods and explore their broader applications in clinical practice. Additionally, the study provides preliminary evidence that a PBD can positively influence the gut microbiome and reduce inflammation in CD patients. These results highlight the potential of dietary interventions as adjunctive therapies in the management of CD.
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