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Discoveries of the beneficial effects of gut microbiota have led to efforts to cultivate healthy gut flora to treat disease. The field of ecological restoration specializes on reestablishment of desired species in disturbed ecosystems, which suggests that it may be applicable to microbe restoration in the gut. Common language can lower barriers to interdisciplinary insights. Here I introduce the concept of a “biodiversity dose-response curve” to translate ideas from ecological restoration into research and clinical priorities for fecal microbiota transplantation (FMT). The curve is based on a relationship between ecosystem structure, measured as species diversity found in both nature and gut ecosystems, and ecosystem function, which are the measurable parameters that contribute to ecosystem and human health. I explain why the biodiversity dose-response curve may follow the ecological model of a “rivet-redundancy” relationship, in which the overlap of multiple organisms’ functional contributions to a system mask the impact of initial losses of diversity, but, at a certain level of loss, function declines sharply. (Imagine an airplane that flies with a few rivets missing, until it loses enough to fail.) The biodiversity dose-response curve indicates that seemingly healthy individuals may be suboptimal donors; it highlights the importance of recipient diet in FMT success; and it introduces the concept of “passive restoration” into the field of gut medicine. These insights, which may help to explain low success rates of FMT in the treatment of non-Clostridium dificile conditions, are less apparent in the absence of interdisciplinary integration.
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Introduction

The germ theory of disease established a foundation for a focus on pathogen inhibition. In recent decades, a more holistic paradigm of disease has emerged that, like germ theory, assigns a principal role to microbes in the etiology of illness. In contrast to germ theory, however, this new paradigm points to the cultivation of beneficial microbe species as a cure for disease. Fecal microbiota transplantation (FMT) is a promising approach for cultivating beneficial species in the gut microbiome. Until now, however, FMT has operated principally to eliminate Clostridium dificile infection [CDI (1)]. To date there exists no regulatory approval for non-CDI FMT (1, 2), and guidelines for FMT emphasize preventing side effects over promoting cures. A better understanding of the factors that promote establishment of beneficial biota in recipients is a priority because their scarcity associates with variety of non-CDI diseases including obesity, diabetes, cancer, and inflammatory bowel disease (IBD) (3).

The need to cultivate and support beneficial gut microbe communities for human health raises the question of whether preexisting approaches from other areas of science may be of assistance. For example, general ecological models of community assembly lead to predictions for the selection of effective fecal donors (4). More specifically, the field of ecological restoration seeks to assist the recovery of ecosystems that have been damaged, degraded, or destroyed (5). Because a human and its microbes can be considered close equivalents to an ecosystem (6), interventions that reconstitute healthy gut microbial communities for the improved health of their host could be viewed as an exercise in medical ecological restoration.

The field of ecological restoration is a few decades older than the field of microbiome medicine. Both rose quickly once the reliance of human wellbeing on intact ecosystems was recognized. In ecological restoration this is measured in the currency of “ecosystem services,” which are defined as benefits extracted by humans from nature (6). Rising recognition of ecosystem services, in concert with worsening degradation of the natural environment, led Wilson (7) to predict that the twenty first century would be “the era of restoration in ecology.” It is unlikely that Wilson made his prediction with gut medicine in mind, but he might as well have. To respond to the rise of worldwide conditions such as C. dificile infection, obesity, and inflammatory bowel disease (IBD), medical researchers, like their peers in ecology, have begun to manipulate the health-related ecosystem benefits provided by beneficial species (6). As in the case of natural ecosystems, such interventions raise questions about how to optimize their effectiveness.

The similarity of goals between ecological restoration and microbiome medicine present not only opportunities but also challenges common in interdisciplinary research, defined as “the synergistic combination of two or more disciplines to achieve one research objective” (8). Funding barriers, institutional organization, domain specificity, and conceptual and methodological divides commonly impede interdisciplinary efforts (9). Accordingly, this perspective piece seeks to highlight common conceptual ground between restoration ecology and gut medicine by translating a fundamental concept in ecology—structure-function curves—into a common medical concept—medicinal dose-response curves—via the idea of a “biodiversity dose-response curve.”



The biodiversity dose-response curve

A principal goal in ecology is to understand how the species composition of an ecosystem influences its function. One approach is to quantify an ecosystem metric, like biological diversity, and see how it relates to an ecosystem property, like biomass production, nutrient uptake, or decomposition (10). This line of research has led to the conclusion that species diversity and ecosystem function most often follow a “rivet-redundancy” relationship [(10); Figure 1A], in which the system is robust to initial species losses, like an airplane losing a few rivets, but can collapse if too many species disappear, like an airplane losing enough rivets to fall apart midflight. The shape of this relationship is considered important for biological conservation because it mandates caution in assuming that a superficially healthy system can afford ongoing species losses (11).
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FIGURE 1
Curves relating species diversity with ecosystem function or host health. (A) Three ecological relationships between species diversity and ecosystem function. As an ecosystem transitions from an intact state with high diversity (filled circle) to a degraded state with low diversity (open polygon), its function (y axis) could decline via patterns of rivet-redundancy, proportional loss, or immediate catastrophe (arrows). (B) By virtue of its species redundancy, a rivet-redundancy relationship (thick curve), exhibits little increase in function (green) past a species diversity saturation point, d1. In terms of fecal microbiota transplantation (FMT), donors with species diversity d1 and d2 may exhibit roughly similar levels of health on the y axis (green), but incomplete engraftment of microbe diversity from donor d1 to recipient r1 risks a poor health outcome for the recipient (red). No similar risk exists from donor d2 to recipient r2 despite a similar or lower rate of engraftment. (C) In a medical dose-response relationship, drug efficacy flattens above dose d1 (green), similarly to rivet-redundancy in panel (B). To increase the odds of FMT success, it may not only be beneficial to start with a high diversity donor (d2) but also to implement measures such as antibiotics, colon lavage, or an anti-inflammatory diet that reduce the risks of diversity loss during engraftment, shown here as a smaller gap between d1 and r2 than d1 and r1 and a smaller red hatched area than total red area [(A,B) adapted from (6)].


Multiple lines of evidence support the hypotheses that, as in nature, gut ecosystems exhibit a rivet-redundancy relationship between microbe diversity and host health (Table 1). Although perhaps esoteric for scientists outside of ecology, the relationship in Figure 1B can be viewed analogously to a more familiar concept in medicine: a dose-response curve, leading to the concept of a “biodiversity dose-response curve” (Figure 1C). The biodiversity dose-response curve supports two insights for FMT. First, an apparently healthy donor is not necessarily an appropriate donor. Seemingly healthy donors who are close to a precipitous drop in function due to low microbiota diversity (d1 in Figures 1B,C) create a high likelihood of FMT failure if engraftment is incomplete (r1 in Figures 1B,C), and engraftment often is incomplete (12). Thus, to insure against FMT failure from partial engraftment, it may be important for potential donors to lie as far to the right on the biodiversity dose-response curve as possible, indicating a robust donor species diversity (d2 in Figures 1B,C).


TABLE 1    Lines of evidence supporting a rivet-redundancy relationship between species diversity (structure) and health (function) in the human gut.
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A second implication of the biodiversity dose-response curve is that high donor diversity should be complemented by treatments that optimize engraftment in recipients (shown as a smaller gap between d1 and r2 than d1 and r1 in Figure 1C). Engraftment success after FMT is comparable to the ecological priority of seedling establishment in natural ecosystems, which is often a limiting factor in restoration success (13). Seedlings may fail to establish due to poor site conditions such as degraded soil or undesired competitors (14). Accordingly, restoration ecologists tend to focus on “site preparation,” such as herbicides or watering, to remove unwanted competitors and improve seeding success (15). Analogous to the site prep of natural systems, site prep for FMT would include any gut intervention in a recipient that improves engraftment of donor biota, as discussed below.



Discussion

As applications of FMT shift from pathogen removal for CDI to include the establishment of beneficial biota to treat non-CDI diseases, it is paramount to identify and prioritize the factors that best support shifts to a healthy gut biota among FMT recipients. What is the evidence that the features identified by the biodiversity dose-response curve—donor diversity and recipient site prep—merit priority in research and clinical practice of FMT? In terms of the importance of donor diversity, remarkably few studies have assessed its association with remission of symptoms after FMT, and studies that have are retrospective, lack replication, and/or are poorly controlled for confounding factors. Despite such shortcomings, evidence supporting donor diversity for FMT success is accumulating (16–18), but much more remains to be learned.

A meta-analysis consisting of 226 triads of donors, pre-FMT recipients, and post-FMT recipients across eight different disease types found that engraftment success associated with clinical success after FMT (12). In the same way that site preparation for establishment of beneficial species in natural systems often focuses on removing competing weeds, recipient site prep for successful engraftment in FMT includes measures such as antibiotics and bowel lavage that reduce dysbiotic taxa. In terms of experimental support for recipient site prep, engraftment success was found to associate more strongly with administration of pre-FMT antibiotics than it did with disease severity (19). In addition, patients with infectious conditions treated with antibiotics exhibited better engraftment than those with non-communicable conditions who did not receive antibiotics (12), although this finding was confounded by different disease conditions. Community ecology models together with suggestive but not significant clinical results also support the hypothesis that competition from a recipient’s resident microbes may reduce establishment of donor biota (4). More studies are needed to better understand the replicability of these findings and their relevance across different diseases.

Diet must also be considered for recipient site preparation. A gut disturbed by industrial, processed foods can be hostile to beneficial biota (6, 20). Viewed on the biodiversity dose-response curve, industrial diets may inhibit FMT by reducing the number and diversity, and therefore the “dose,” of donor biota that establish in the recipient (r1 vs. r2 in Figure 1C). In other words, poor quality or processed food may inhibit FMT success analogously to food-drug interactions that reduce drug activity or inhibit drug bioavailability (21). Effects of diet on FMT success may be more difficult to study than antibiotics and lavage due to the challenge of patient dietary compliance, which is analogous to the challenges of obtaining stakeholder compliance in ecological restoration (6, 20).

Perhaps because it is more difficult to control patient diets than it is to administer antibiotics, lavage, or even FMT, very few studies have examined dietary influences on FMT. In the only such study that I know of, subjects placed on an ulcerative colitis exclusion diet (UCED) plus FMT did not differ after 8 weeks from subjects on UCED alone or FMT alone (22). However, the UCED diet mandated yogurt, even though dairy is linked to UC (23). Moreover, UCED commenced at the same time as FMT, which may not be early enough to induce meaningful taxonomic shifts (24) or physiological responses, such as recovery of the intestinal mucus layer or intestinal epithelial cells (25), to prepare recipient guts for engraftment. Finally, the study’s low rate of patient responses is contradicted by a longer-term study in which FMT plus an anti-inflammatory diet that prohibited dairy was more effective than standard medical treatment in inducing both a clinical response and remission to UC (26). Much more needs to be done to better resolve effects of diet. A recent survey found that 71% of healthcare providers felt that diet was an important consideration for FMT, but they did not feel confident adding dietary protocols to FMT due to a lack of research to guide dietary advice (27).

Until proven otherwise, FMT without consideration of diet can be considered analogous to replanting sensitive species without removing the disturbances that facilitated noxious invaders in the first place (6). Viewed as such, ignoring diet in FMT violates a fundamental principle of ecological restoration: passive restoration, which removes disturbances such as livestock (analogous to removing fatty, sugary, and processed foods in the gut), must precede active restoration, which involves dynamic interventions such as weeding and herbicides (analogous to antibiotics and lavage) and species replantings (analogous to FMT). The principle of passive before active restoration is considered fundamental because active measures are less likely to succeed if the disturbances that caused degradation are permitted to persist.

A widespread failure to place passive restoration (i.e., diet) before active restoration (i.e., FMT) may help to explain a lack of evidence for long-term recipient microbiome changes after FMT in non-CDI diseases. A review of 24 non-CDI FMT research studies identified 19 studies that examined the duration of recipient microbiome changes. Of those, only three monitored recipients beyond 90 days post-treatment: one showed persistent changes for over a year and two reverted to no change after exhibiting an initial difference. Of the 16 studies that monitored for a shorter duration of 14–90 days, initial changes in recipient microbiomes either disappeared or became less significant over time in three studies (2). It is difficult to know how to interpret studies that do not demonstrate long term efficacy of FMT because failure to control for possible confounding effects of diet may increase the variability and reduce the magnitude of patient responses, leading to type II statistical errors. At least one study has attributed a failure to detect an FMT effect to low statistical power (4).

Restorationists tend to provide seedling support, such as by watering, for only a short duration of time due to practical considerations. If diet does influence engraftment of healthy microbiomes, research will be required to determine the degree to which short term dietary shifts are sufficient to support engraftment, or whether longer-term “lifestyle” changes before and/or after FMT are necessary. Such studies will require longer-term monitoring than most research on non-CDI diseases to date (2) as well as diet-without-FMT control groups, because changes in diet alone can be sufficient to alleviate IBD (20).

In summary, the biodiversity dose-response curve identifies factors likely to influence FMT success, beginning with diet as a form of passive restoration, followed by antibiotics or lavage for site prep, and finishing with high diversity donors to ensure sufficient engraftment above the threshold for system failure. These theoretical priorities are supported by early research into the beneficial effects of donor gut microbiome diversity (16) and recipient “site prep” [lavage, antibiotics (12, 19)], with little and contradictory evidence for diet (22, 26). Additional research is needed to better understand the extent to which these factors improve clinical success in FMT, which until now has been higher for CDI, in which the priority is pathogen removal, than it has for non-CDI diseases requiring the sustained establishment and restoration of beneficial biota (1).



Data availability statement

The original contributions presented in this study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.



Author contributions

The author confirms being the sole contributor of this work and has approved it for publication.



Acknowledgments

Kathryn Kocurek provided helpful comments on the manuscript.



Conflict of interest

The author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

1. Lai CY, Sung J, Cheng F, Tang W, Wong SH, Chan PKS, et al. Systematic review with meta-analysis: review of donor features, procedures and outcomes in 168 clinical studies of faecal microbiota transplantation. Aliment Pharmacol Ther. (2019) 49:354–63. doi: 10.1111/apt.15116

2. Green J, Davies J, Loughman A, Berk M, Hair C, Castle D, et al. FMT for the treatment of diseases other than clostridium difficile: a systematic review protocol. Bipolar Disord. (2019) 21:139–139.

3. Backhed F, Fraser CM, Ringel Y, Sanders ME, Sartor RB, Sherman PM, et al. Defining a healthy human gut microbiome: current concepts, future directions, and clinical applications. Cell Host Microbe. (2012) 12:611–22. doi: 10.1016/j.chom.2012.10.012

4. Xiao Y, Tulio Angulo M, Lao S, Weiss ST, Liu Y-Y. An ecological framework to understand the efficacy of fecal microbiota transplantation. Nat Commun. (2020) 11:3329. doi: 10.1038/s41467-020-17180-x

5. Society for Ecological Restoration International Science & Policy Working Group,. The SER International Primer on Ecological Restoration. (2004). Available online at: https://www.ser-rrc.org/resource/the-ser-international-primer-on/ (accessed August 28, 2022).

6. Orr MR, Kocurek KM, Young DL. Gut microbiota and human health: insights from ecological restoration. Q Rev Biol. (2018) 93:73–90. doi: 10.1086/698021

7. Wilson EO. The Diversity of Life. Cambridge, MA: Harvard University Press (1992). 340 p.

8. Daniel KL, McConnell M, Schuchardt A, Peffer ME. Challenges facing interdisciplinary researchers: findings from a professional development workshop. PLoS One. (2022) 17:e0267234. doi: 10.1371/journal.pone.0267234

9. MacLeod M. What makes interdisciplinarity difficult? Some consequences of domain specificity in interdisciplinary practice. Synthese. (2018) 195:697–720. doi: 10.1007/s11229-016-1236-4

10. Cardinale BJ, Matulich KL, Hooper DU, Byrnes JE, Duffy E, Gamfeldt L, et al. The functional role of producer diversity in ecosystems. Am J Bot. (2011) 98:572–92. doi: 10.3732/ajb.1000364

11. Ehrlich P, Walker B. Rivets and redundancy. BioScience. (1998) 48:387–8.

12. Ianiro G, Punčochář M, Karcher N, Porcari S, Armanini F, Asnicar F, et al. Variability of strain engraftment and predictability of microbiome composition after fecal microbiota transplantation across different diseases. Nat Med. (2022) 28:1913–23. doi: 10.1038/s41591-022-01964-3

13. Rinella MJ, James JJ. A modelling framework for improving plant establishment during ecological restoration. Ecol Model. (2017) 361:177–83. doi: 10.1016/j.ecolmodel.2017.08.005

14. Smith ME, Cavagnaro TR, Christmas MJ, Pound LM, Facelli JM. Site preparation impacts on soil biotic and abiotic properties, weed control, and native grass establishment. Restor Ecol. (2021) 29:e13297. doi: 10.1111/rec.13297

15. Letsch L. Restoration Best Practices: Site Preparation Methods. Rogue Native Plant Partnership. (2020). Available online at: https://www.roguenativeplants.org/restoration-best-practices-site-preparation-methods/ (accessed September 18, 2022).

16. Rees NP, Shaheen W, Quince C, Tselepis C, Horniblow RD, Sharma N, et al. Systematic review of donor and recipient predictive biomarkers of response to faecal microbiota transplantation in patients with ulcerative colitis. EBioMedicine. (2022) 81:104088. doi: 10.1016/j.ebiom.2022.104088

17. Kump P, Wurm P, Groechenig HP, Wenzl H, Petritsch W, Halwachs B, et al. The taxonomic composition of the donor intestinal microbiota is a major factor influencing the efficacy of faecal microbiota transplantation in therapy refractory ulcerative colitis. Aliment Pharmacol Ther. (2018) 47:67–77. doi: 10.1111/apt.14387

18. Vermeire S, Joossens M, Verbeke K, Wang J, Machiels K, Sabino J, et al. Donor species richness determines faecal microbiota transplantation success in inflammatory bowel disease. J Crohns Colitis. (2016) 10:387–94. doi: 10.1093/ecco-jcc/jjv203

19. Podlesny D, Durdevic M, Paramsothy S, Kaakoush NO, Högenauer C, Gorkiewicz G, et al. Identification of clinical and ecological determinants of strain engraftment after fecal microbiota transplantation using metagenomics. Cell Rep Med. (2022) 3:100711. doi: 10.1016/j.xcrm.2022.100711

20. Orr MR, Kocurek KM, Bakos YJ, McDowell RC. A restoration ecology perspective on the treatment of inflammatory bowel disease. Evol Med Public Health. (2019) 1:217–20. doi: 10.1093/emph/eoz031

21. Bushra R, Aslam N, Khan AY. Food-drug interactions. Oman Med J. (2011) 26:77–83. doi: 10.5001/omj.2011.21

22. Sarbagili Shabat C, Scaldaferri F, Zittan E, Hirsch A, Mentella MC, Musca T, et al. Use of faecal transplantation with a novel diet for mild to moderate active ulcerative colitis: the CRAFT UC randomised controlled trial. J Crohns Colitis. (2022) 16:369–78. doi: 10.1093/ecco-jcc/jjab165

23. Judaki A, Hafeziahmadi M, Yousefi A, Havasian MR, Panahi J, Sayehmiri K, et al. Evaluation of dairy allergy among ulcerative colitis patients. Bioinformation. (2014) 10:693–6. doi: 10.6026/97320630010693

24. Leeming ER, Johnson AJ, Spector TD, Le Roy CI. Effect of diet on the gut microbiota: rethinking intervention duration. Nutrients. (2019) 11:2862. doi: 10.3390/nu11122862

25. Ma J, Piao X, Mahfuz S, Long S, Wang J. The interaction among gut microbes, the intestinal barrier and short chain fatty acids. Anim Nutr. (2021) 9:159–74. doi: 10.1016/j.aninu.2021.09.012

26. Kedia S, Virmani S, Vuyyuru SK, Kumar P, Kante B, Sahu P, et al. Faecal microbiota transplantation with anti-inflammatory diet (FMT-AID) followed by anti-inflammatory diet alone is effective in inducing and maintaining remission over 1 year in mild to moderate ulcerative colitis: a randomised controlled trial. Gut. (2022) 1–13. doi: 10.1136/gutjnl-2022-32781

27. Clancy AK, Gunaratne AW, Borody TJ. Dietary management for faecal microbiota transplant: an international survey of clinical and research practice, knowledge and attitudes. Front Nutr. (2021) 8:653653. doi: 10.3389/fnut.2021.653653



OPS/images/fmed-09-1059148-t001.jpg
Area

General evidence for
structure-function

relationships in the gut

Specific evidence that gut
structure-function
relationships are

rivet-redundant

Evidence

Functions of natural ecosystems including
decomposition, nutrient flows, and biomass
share analogs in the gut including metabolism,
energy harvest, and body mass index.

In both nature and the gut, ecosystem
structure is commonly measured using metrics
of species diversity.

Gut species diversity correlates positively with
health-related functions including obesity,
IBD, diabetes, autism, allergies, asthma,
cancer, and anorexia.

Different humans harbor the same
microbe-mediated metabolic pathways despite
differences in the microbe species present,
suggesting functional redundancy among
species.

Subsets of the complete microbiota perform

the same functions as a complete microbiota
in both humans and mice.

Genes performing gut functions are

commonly exchanged among gut microbes.

Hosts would be unlikely to evolve an
overreliance on a single microbe “keystone”
species whose loss could jeopardize host
fitness.

For details and citations see (6) pp. 80-81.





OPS/images/cross.jpg
@ Check for updates.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		The biodiversity dose-response curve translates theory and practice from ecological restoration into research and clinical priorities for fecal microbiota transplantation



		Introduction



		The biodiversity dose-response curve



		Discussion



		Data availability statement



		Author contributions



		Acknowledgments



		Conflict of interest



		Publisher’s note



		References

















OPS/images/fmed-09-1059148-g001.jpg
Rivet-

stem

W

QU —

VI S oY) I\,J

7 S §

O o -

O e Y

L v 9

ey e N

- -~ S

) -

© —
r—
=

redundancy

£

Degraded Ecosystem

uoijounj wajisAsosy

Ecosystem species diversity

d2

d2

2

r

r2 di

Drug or biodiversity dose

rl

di
Gut species diversity

rl

y3jeay uewny 0 asuodsau juaied





OPS/images/cover.jpg
’ frontiers ‘ Frontiers in Medicine

The biodiversity
dose-response curve
translates theory and practice
from ecological restoration
into research and clinical
priorities for fecal microbiota
transplantation












OPS/images/logo.jpg
¥ frontiers | Frontiers in Medicine







