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1. INTRODUCTION 

 

The enteric nervous system is often considered as the body's second brain and the gut 

microbiome plays a crucial role in its maintenance and is also responsible for general 

health and well-being of the human body 1. The ecosystem composition and the 

interactions between the gut organisms play important functional roles in aiding 

digestion, protection against pathogens 2 and has shown to affect the regulation of the 

immune system and mental health 3. Dysregulations and imbalance within the gut 

microbiome have been attributed to diseases such as liver fibrosis 4 and inflammatory 

bowel disease 5.  Recent studies have also highlighted the involvement of gut organisms 

in cancer 6 and cardiovascular disease 7. 

 

Redundancy in metabolic networks is necessary for survival of an organism. In case of 

sudden perturbations, organisms with higher functional redundancies can survive 

better 8. Further, the key metabolic reactions necessary for growth have a much higher 

redundancy in a particular medium 9.  Along with gene duplications, alternate metabolic 

pathways contribute to an organism's robustness permitting survival on available 

resources 10.    

 

MinReact algorithm 11 can find the minimum reactome of an organism by identifying 

essential reactions using pFBA (parsimonious Flux Balance Analysis), given an 

organism’s metabolic network as input. In addition, for a few organisms more than one 

minimal network can be identified. Minimal reactomes give information on the most 

essential reactions for an organism and may also provide an evolutionary insight into 

transitions of the minimal reactomes of organisms to their present redundant form. In 

addition, minimal reactomes can be computed for various diet conditions (specified in 

AGORA database) to understand the key reactions in resource utilization.  Furthermore, 

the growth rate cut-off and tolerance affecting the minimal reactome can be studied. 

 

This study aims to analyze the redundancy and increase in metabolic reactome size in 

gut bacterial species by calculating inter-species similarities in minimal and wild type 
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reactomes and inter-species co-growth interactions. Further, the key question 

addressed here: Does increase in reactome size and alterations in metabolism lead to 

better interaction of an organism within its ecological niche? 
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2. METHODS 

2.1. Finding Minimal Reactomes: 

 

Minimal reactomes were identified using the MinReact algorithm 11 for the human gut 

organisms in the AGORA database 12.  

Minimal reactomes were computed by setting growth rate cut-off = 5% (Minimum % 

of growth to be retained) and tolerance = 0 (Minimum flux of a reaction to be 

considered active). 

Diet constraints were imposed according to the AGORA database and minimal 

reactomes were computed for four conditions - 

i. No diet (Open fluxes) 

ii. High Fiber Diet 

iii. Vegetarian Diet 

iv. Mediterranean Diet 

 

2.2. Computing Jaccard distance: 

 

 

 

Jaccard distance J(i,j) was computed as 1 + Metabolic distance 12. A total of 809 x 809 

Jaccard indices were calculated for both the wild-type and minimal reactomes for gut 

microorganisms in the AGORA database.  

Jaccard similarity scores range between [0-1], with identical species reconstructions 

having a Jaccard score of 1 and completely dissimilar species having a jaccard score of 

0.   
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2.3 Computing pairwise interaction scores: 

 

Constraint-based reconstruction and analysis (COBRA) 13 technique using genome 

scale metabolic reconstructions (GENREs) of organisms serves as a useful tool to 

model the gut-microbiome including their interactions, growth rates, metabolism 

and contribution of each organism to a community.  

The COBRA toolbox function ‘simulatePairwiseInteractions’ predicts the type of 

interaction for a joint pair of models considering their individual growth rate and 

growth in the two-pair community. Six types of interactions have been defined: 

1. Competition: both organisms grow slower in co-growth than separately. 

2. Parasitism: one organism grows faster in co-growth than separately, while the 

other grows slower in co-growth than separately.  

3. Amensalism: one organism’s growth is unaffected by co-growth, while the other 

grows slower in co-growth than separately.  

4. Neutralism: both organisms’ growths are unaffected by co-growth.  

5. Commensalism: one organism’s growth is unaffected by co-growth, while the 

other grows faster in co-growth than separately. 

6. Mutualism: both organisms grow faster in co-growth than separately.  

 

Pairwise growth interactions were computed for WT reactomes imposing a High Fiber 

Diet. 
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3. RESULTS 

 

3.1. Minimal Reactomes on different diets 

 

Minimal reactomes were computed for the AGORA database under 4 conditions.  

a. No Diet (all reaction fluxes set open [-1000, 1000]) 

b. Vegetarian Diet 

c. High Fiber Diet 

d. Mediterranean Diet 

 

The vital minimal number of reactions identified by MinReact varied slightly under 

the different conditions.   

 

Fraction f was computed for organisms for the four conditions (Figure 1). 

 

 
Figure 1:  

Histogram of (No. of reactions in Minimal reactome of organism / No. of reactions in WT organism)  
% Only 1 minimal reactome considered, in case multiple minimal reactomes for an organism 
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Similar trends are observed in the diet conditions: On imposing diets, most gut 

organisms have only 10-40% reactions absolutely essential for minimal survival, the 

remaining 60-90% reactions are redundant. 

 

Organisms with larger ‘f’ have smaller reactomes. Considering a high-fiber diet, the 

organisms having f>0.43 are listed in Table 1. A striking feature among these 

organisms is that they are primitive, and pathogenic (except Campylobacter hominis, 

M. stadtmanae and Melainabacterium) with a smaller number of genes and reactions. 

Ureaplasmas and mycoplasmas are the smallest free-living facultative anaerobes 

without a cell wall 14.  These organisms have small wild type reactomes and are already 

much more reduced when compared to the other gut bacteria. 

It has been observed that many pathogenic bacteria and viruses have reduced 

genomes. This can be justified since these organisms derive nutrients and rely on host 

metabolism for survival. 15 

The peak observed for organisms having 10-15% of essential reactions have larger 

reactome sizes and comprise of species from Bacteroidetes, Bifidobacterium, 

Clostridium, Enterococcus, E. coli, Lactobacillus, Ruminococcus. These species also have 

high functional redundancy. 

Horizontal gene transfer has been shown to contribute significantly to the genetic 

diversity in microorganisms including gut bacteria and have been shown to change 

the ecological and pathogenic traits of these species 16.   

It has been found that few species have lost non-essential genes based on its 

ecological environment. The gut associated Melainabacteria have reduced genomes 

compared to the soil associated Melainabacteria species. The gut lineage lacks genes 

for chemotaxis, production of few amino acids and nitrogen fixation 17. 
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Table 1:  Organisms with f> 0.43 (Considering a High-Fiber Diet) 

Organism 
 

f No. of 
reactions 

in WT 
Reactome 

No. of 
reactions in 

Minimal 
Reactome 

 

Pathogenic Role (Except Campylobacter 
hominis,  M. stadtmanae and 

Melainabacterium) 
 

Mycoplasma_homi
nis_ATCC_23114 

0.589 496 292 M. hominis is responsible for pelvic 
inflammatory disease and bacterial 
vaginosis18. It can also cause meningitis, 
pneumonia and abscesses in newborns 
19. 

Mycoplasma_pneu
moniae_309 

0.546 535 292 M. pneumoniae is responsible for 
respiratory tract infections and other 
non-pulmonary diseases including 
neurological, hepatic, cardiac diseases, 
hemolytic anemia, polyarthritis and 
erythema multiforme 20. 

Alistipes_putredini
s_DSM_17216 

0.498 858 427 A. putredinis has been isolated from 
faeces, appendiceal tissue of patients 
with acute appendicitis, abdominal and 
rectal abscesses 21.   

Methanosphaera_s
tadtmanae_DSM_3

091 

0.482 823 397 M. stadtmanae has been found to 
stimulate the development of a healthy 
intestinal epithelium and immune 
system and may prevent chronic 
inflammatory diseases, but their 
specific role is still unknown 22. 

Campylobacter_ho
minis_ATCC_BAA_

381 

0.479 941 451 Only known campylobacter species that 
are not pathogenic to humans 23.  

Bartonella_quintan
a_Toulouse 

0.478 894 427 Etiologic agent of trench fever and 
causes bacillary angiomatosis 24.  

Melainabacterium_
MEL_A1 

0.451 913 412 Obligate anaerobic fermenters, close 
relatives of cyanobacteria 25.  

Tropheryma_whip
plei_str_Twist 

0.451 845 381 Responsible for causing Whipple disease 
and also causes intestinal 
malabsorption that leads to cachexia 26. 

Prevotella_stercore
a_DSM_18206 

0.449 878 394 Anaerobe, mesophilic, gram- negative 
bacterium isolated from human faeces 
associated with colon dysbiosis in HIV‐
infected individuals 27.  

Ureaplasma_urealy
ticum_serovar_8_

str_ATCC_27618 

0.441 664 293 Has pathogenic roles in genital tract 
infections and infertility 28. 
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Campylobacter_cur
vus_525_92 

0.434 1027 446 Campylobacter curvus has been isolated 
from blood cultures of a patient with 
liver abscesses 29. 

Ureaplasma_parvu
m_serovar_1_str_

TCC_27813 

0.433 665 288 It is a mucosal parasite living within the 
genito-urinary tracts, causing male 
urethritis, adverse pregnancy outcomes, 
chorioamnionitis, surgical wound 
infections, neonatal meningitis, pelvic 
inflammatory diseases, pyelonephritis 
30. 

 

 

3.2. Jaccard Distance (WT Reactome vs Minimal Reactome) 

 
Jaccard indices were calculated for 809 x 809 wild type reactome pairs and repeated 

for the 809 x 809 minimal reactomes pairs of the same species, considering a High 

Fiber Diet. A positive correlation was observed. The species pairs can be classified into 

three categories: 

a. Species pairs that are more similar to each other w.r.t their minimal reactomes 

but diverge out and express alternate genes and less similar w.r.t wild type 

reactome.  

b. Species pairs that are less similar w.r.t to their minimal reactomes but more 

similar w.r.t their wild type reactomes.  

c. Species that are equally similar w.r.t to their minimal reactome and wild type 

reactome. 

 

Studying the addition of reactions to minimal reactomes can analyze the redundancy 

and increase in metabolic reactome size in gut bacterial species.  

Further, it would be interesting to find species that become more or less similar with 

respect to their reactomes in order to better cooperate/compete with each other.  
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Figure 2:  
Minimal Reactome Jaccard vs WT reactome Jaccard 

% Only 1 minimal reactome considered, in case multiple minimal reactomes for an organism 
% Minimal Reactome computed under High Fiber Diet. 

 
It is expected for minimal reactomes to have higher jaccard indices, since essential 

vital reactions will remain the same across species.  

However, the wild type reactomes appear to have higher jaccard indices on the whole. 

(More yellow than blue) 
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Figure 3: Inter-species Jaccard Matrix for WT reactome 

 

 
Figure 4: Inter-species Jaccard Matrix for Minimal reactome 

% Only 1 minimal reactome considered, in case multiple minimal reactomes for an organism 
% Minimal Reactome computed under High Fiber Diet. 
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Computing the difference between the two matrices (WT Jaccard Matrix - Minimal 

Reactome Jaccard matrix), a gaussian curve with (mean = 0.0476, std = 0.1044) can be 

fit. Most species tend to remain similar w.r.t their wild type and minimal reactomes. 

However, few species are observed on either extremes case(a) and case(b) as 

mentioned above.  

Jaccard difference Matrix (JD) = WT Jaccard Matrix (809x809) - MR Jaccard Matrix 

(809x809). 

 

 
Figure 5: Histogram of Normalized Jaccard Difference Matrix 

% Only 1 minimal reactome considered, in case multiple minimal reactomes for an organism 
% Minimal Reactome computed under High Fiber Diet. 

 
Considering the extremities in the Jaccard differences: 

JD > 0.6 = 0 pairs, JD > 0.5 = 76 pairs, JD > 0.4 = 581 pairs.  

JD < -0.4 = 1 pair, JD < -0.34 = 65 pairs, JD < -0.2 = 5916 pairs. 

 

The 76 species pairs with JD > 0.5 and 65 species pairs with JD< -0.34 were considered 

for inter-species interactions. 
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3.3. Inter-species interactions  

 
The 76 species pairs with JD > 0.5 and 65 species pairs with JD< -0.34 were considered 

for pairwise growth interactions (co-growth) under a High Fiber Diet.  

Pairwise interactions were calculated only for the WT reactomes of these organisms 

and could not be computed for minimal reactomes of these organisms due to coupling 

constraints.  

 
Figure 6: Interactions computed for WT reactomes with JD > 0.5.  

 

 
Figure 7: Interactions computed for WT reactomes with JD <  0.34.  
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For the 76 reactome pairs with JD > 0.5, following percentage interactions were found: 

Amensalism: 53%, Parasitism: 36%, Competition: 9%, Neutralism: 1%, 

Commensalism: 1%.  

These pairs having high similarity in their WT reactomes w.r.t their minimal 

reactomes and do not display mutualism under high-fiber conditions.  

Out of the 76 pairs (152 species (with repeats)), 121 of them belong to Bacteroidetes,  

10 belong to Proteobacteria, 10 belong to Firmicutes, 10 belong to Actinobacteria, and 1 

belongs to Verrucomicrobia. 

The species 'Bacteroides_sp_1_1_30' appears in 18 interactions, 

'Bacteroides_fluxus_YIT_12057' appears in 11 interactions. Furthermore, 

‘Bacteroides_fluxus_YIT_12057’ acts as a parasitism taker in all the 11 interactions. 

 
 

Table 2:  Interactions computed for WT reactomes with JD > 0.5.  
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For the 65 reactome pairs with JD < -0.34, following percentage interactions were 

found: Parasitism: 48%, Amensalism: 31%, Competition: 11%, Commensalism: 6%, 

Mutualism: 3%, Neutralism: 2%. 

These pairs have low similarity in their WT reactomes w.r.t their minimal reactomes.   

Out of the 65 pairs (130 species (with repeats)), 53 of them belong to Bacteroidetes,  

41 belong to Firmicutes, 13 belong to Actinobacteria, 9 belong to Proteobacteria, 8 belong 

to Fusobacteria, 5 belong to Verrucomicrobia and 1 belongs to Euryarchaeota. 

Further the organism 'Alistipes_shahii_WAL_8301' belonging to Bacteroidetes 

appears in 13 interactions. 
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Table 3:  Interactions computed for WT reactomes with JD <-0.34.  
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In general, phylogenetically related organisms are likely to share more similarities in 

their metabolic networks and compete with each other. But there are classes of 

organisms cooperating in spite of being close relatives.  

 

Furthermore, even distant organisms tend to behave metabolically similar. They may 

have a greater genetic distance but smaller metabolic distance. The power of micro-

organisms to adapt and regulate their metabolomes is puzzling. 

It would be interesting to see how minimal reactomes of these organisms interact 

with each other. If there is high resource overlap within the minimal reactomes, they 

are more likely to compete within a community. However, in order to 

cooperate/compete, they might have evolved to their present reactomes. 
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4. CONCLUSIONS 

 

Even though organisms can evolve minimally, they tend to adapt and express more 

reactions in order to cooperate or compete better. 

Analyzing the organisms with the greatest deviations between their wild type and 

minimal reactome might give an insight to the organisms with the greatest change in 

their metabolic status in order to cooperate/compete better within its niche. For a given 

organism, more than one minimal reactome may be possible, and which among these is 

more optimal in a given situation is to be understood. The varied phylogeny obtained 

from minimal reactomes may give an insight to the different paths traversed and the 

new genes evolved in different organisms and also adaptations to the change in 

environment. 

Furthermore, the scores and interactions for various other diet conditions, growth rate 

cutoff and tolerance value needs consideration. 
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