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Abstract:  

Globally, ~340 million children (<5 years) suffer from multiple micronutrient deficiencies, 

accompanied by high pathogenic burden and death due to multi-drug resistant bacteria. The role 

of early-life micronutrient deficiencies in mitigating antibiotic resistance within the host 

microbiota remains unexplored. We developed a postnatal preclinical murine model deficient in 

multiple micronutrients: zinc, folate, iron, vitamin A, and vitamin B12. Fecal metagenomic 

sequencing after dietary exposure revealed enrichment in the relative abundance of pathobionts 

and antibiotic resistance mechanisms including efflux pumps, target drug site alteration, 

antibiotic degrading enzymes, permeability, and acquisition of antibiotic resistance genes 

(ARGs). Despite being antibiotic naïve, we observed increased abundance of genes encoding 

resistance to several antibiotic classes: tetracycline, vancomycin, methicillin, fosfomycin, 

aminoglycosides and glycopeptides. Moreover, in vitro antibiotic susceptibility testing revealed 

clinically-relevant resistance to multiple antibiotic classes, namely vancomycin, methicillin, 

amoxicillin and erythromycin in mice fed the low-micronutrient diet. These novel findings 

present an unappreciated and profound role of cooccurring multiple micronutrient deficiencies in 

contributing to the global burden of antibiotic resistance, with significant clinical implications 

for undernourished children living in low-to-mid income countries. 



   

 

   

 

Introduction 

Micronutrients (vitamins and minerals required in small amounts) play an important role in 

health and disease.1 Globally, an estimated 2 billion people suffer from micronutrient 

deficiencies; of this, 340 million are children, amounting to half of all children under the age of 

five. 2–5 Approximately 50% of all childhood deaths are attributed to undernutrition.6 Indeed, 

young children typically die not from starvation, but from treatable childhood diseases, such as 

infections, to which micronutrient deficiency substantially contributes.7 While no country is 

immune, the burden of micronutrient deficiency lies primarily in low-to-mid-income countries 

(LMIC).4,8 More importantly, deficiencies that occur within the first 1000 days confer immediate 

and lifelong health deficits.  

 

Compelling evidence also shows that the first 1000 days are a critical period for the assembly 

and maturation of the intestinal microbiome, and perturbations have immediate and long-term 

consequences. The microbiome within the protein undernourished gut has been well 

characterized, and an altered and immature microbiota is a characteristic feature of the protein 

deficient host.9–14 Researchers from the Afribiotia project have also found significant 

decompartmentalization of the gut microbiome in stunted children, characterized by a higher 

abundance of oropharyngeal bacteria along the gastrointestinal tract.15 Germ-free animal models 

have further demonstrated that the microbiome plays a causal role in malnutrition.11 A nebulous 

element of the intestinal environment, however, is the gut resistome: the collection of the full 

complement of antibiotic resistance genes ubiquitously expressed primarily by commensals and 

pathogens within the gut microbiome habitat.16–18 Studies show that the resistome is highly 

dynamic over the first few months of life as the commensal community assembles.17 Antibiotic 

resistance is a global public health threat which disproportionately affects individuals living in 

LMICs.19 In 2019 an estimated 1.27 million deaths were attributable to bacterial antimicrobial 

resistance (AMR). In the same year, an estimated 1 in 5 deaths in children under five were due to 

antibiotic resistant bacteria.19 Yet, while pathogens, pathobionts, and even commensals have 

received considerable attention in the field of undernutrition, very little is known about the 

resistome within the undernourished gut.  

 



   

 

   

 

Presently, a paucity of data exists on the characterization of the gut resistome in undernourished 

children with and without antibiotic exposure.20,21 Even less is known about the impact of co-

occurring micronutrient deficiencies on the developing gut microbiome, and no data currently 

exist on their impact on the resistome early in life. Thus, our understanding of the 

undernourished microbiome remains incomplete, and strategies for intervention are potentially 

misguided. We have developed, to our knowledge, the first postnatal preclinical murine model to 

investigate the impact of multiple micronutrient deficiencies on the maturing gut microbiome 

and resistome. Here, we show that micronutrient deficiencies significantly alter the gut 

microbiome composition, and we describe for the first time how micronutrients shape the 

antibiotic resistome.  

 

Results 

Micronutrient deficiency increases the relative and absolute abundance of Enterobacteriaceae 

Weanling C57BL/6N male mice received an isocaloric experimental control or multiple 

micronutrient deficient (i.e., low zinc, folate, iron, vitamin A and vitamin B12) diet for 28 days 

(i.e., 4 weeks). We used whole genome shotgun metagenomic sequencing to characterize the gut 

microbiome and resistome before and after dietary treatment. Our results showed a striking 

expansion of Proteobacteria in mice fed the low-micronutrient diet on Day 28, while Firmicutes 

expanded in the CON group (FIG.1.a). At the genus level we observed higher relative abundance 

of Klebsiella, Faecalibaculum, Erysipelatoclostridium, Parabacteroides, Enterocloster, and 

Blautia and loss of Lachnoclostridium, Muribaculum, and Ligilactobacillus in the LM mice on 

Day 28 (FIG.1.b). We also saw a relative expansion of the genus Faecalibaculum and loss of 

Ligilactobacillus and Lachnoclostridium in CON mice; conversely, however, Klebsiella, 

Enterocloster, Muribaculum, and Blautia were reduced. Species-level resolution revealed 

increased abundance of Faecalibaculum rodentium and loss of Ligilactobacillus murinus, 

Muribaculum gordoncarteri, and Lachnoclostridium sp. YL32 in both groups. Enrichment of 

Erysipelatoclostridium [clostridium] innocuum, Enterocloster bolteae, Parabacteroides 

goldsteinii, and Blautia producta were also apparent in LM, as well as loss of Enterocloster 

boltae in the CON mice (FIG.1.c). At the end of the experiment an absolute increase in 

Enterobacteriaceae (>1010 CFU) was seen in the LM group. No difference was found between 

the groups at Day 0 (FIG.1.d).   



   

 

   

 

 

 

Figure 1: Taxonomic bar plots (a-c) represent differences in mean relative abundance between LM and CON at 

(a) phylum, (b) genus and (c) species levels from Day 0 to Day 28. Only taxa with >1% mean abundance across 
all samples were plotted; all others were grouped in ‘Unknown/Other’. (d) Difference in absolute abundance in 

colony forming units (CFU) (MacConkey agar) on Day 0 and Day 28 between LM and CON.  Data analyzed 

using Wilcoxon rank-sum tests. 

 

Gut microbiome alteration in micronutrient deficient mice is driven by Klebsiella and 

Enterobacter species. 

Indicator species analyses identified microbes that were highly prevalent and specific to the 

treatment groups. We found a total of 14 indicator species associated with baseline or diet treated 

CON and LM microbiomes: Pseudoalteromonas spongiae, Klebsiella sp. P1CD1, Klebsiella sp. 

BDA-134-6, Klebsiella quasivariicola, Klebsiella grimontii, Kaistella jeonii, Enterbacter 

cloacae complex sp. FDA-CDC_AR_0164, Corynebacterium stationiis, Comamonas aquatica, 



   

 

   

 

Candidatus synthrocurvum alkaliphilum, Candidatus arthromitus sp. SFB-mouse-NL, 

Candidatus arthromitus sp. SFB-mouse, Bacillus sp. 1 NLA3E, and Acinetobacter equine. Low-

micronutrient mice experienced a significant loss in the entire Corynebacterium genus (P = 

0.00013) at Day 28 compared to CON (FIG.2.b.). While, Klebsiella (P < 0.0001) and 

Enterobacter (P < 0.0001) genera characterized the gut microbiome of the mice fed the LM diet 

at Day 28 (FIG.2.c, d). A general loss in mouse-associated segmented filamentous bacteria 

Candidatus arthromitus genus was also observed in both CON and LM groups at Day 28.  

 

 

 

Figure 2: Indicator species contributing to microbiome compositional change. In (a), color represents the group 

associated with each indicator and size represents mean percent abundance. Plots (b-d) show genus-level 

abundances of the indicator species associated with Day 28 groups.  
 

 

 

 

 

 

 

Micronutrient deficiency induces the expansion of pathobionts and reshapes the gut 

community 



   

 

   

 

Expansion of pathobionts (opportunistic commensal bacteria) is a common phenotype of the 

undernourished gut in children.9,15,22–25 Thus, we aimed to phenotype the pathobionts within our 

model compared to children. A total of eleven known undernutrition-associated pathobionts were 

queried at the genus or species level: Bacteroides, Campylobacter, Enterococcus, Escherichia, 

Haemophilus, Klebsiella, Phocaeicola vulgatus, Prevotella copri, Shigella, Staphylococcus, and 

Streptococcus. Our results showed an overall expansion in relative abundance of total 

pathobionts in the mice fed the low-micronutrient deficient diet compared to the experimental 

controls on Day 28 (p < 0.0001) (FIG.3.a). Of the 11 taxa, seven were significantly increased in 

relative abundance in the LM group at Day 28 (Wilcoxon rank-sum test, FDR-corrected values): 

Klebsiella (P < 0.001), Enterococcus (P < 0.05), Phocaeicola vulgatus (P < 0.05), Escherichia (P 

< 0.001), Campylobacter (P < 0.01), Haemophilus (P < 0.001) and Shigella (P < 0.01) (FIG.3.b-

c). Gut microbiome community composition was also reshaped by the significant loss of the 

genus Streptococcus (P < 0.001), Staphylococcus (P < 0.001) and Prevotella copri (P < 0.05) 

(FIG.3.d). Bacteroides fragilis was also increased (P = 0.08). The most significant loss was 

within the genus Streptococcus. No microbes significantly increased in the CON treated group. 

 



   

 

   

 

 

 

Figure 3: Total pathobionts increased in the LM treated mice. Analysis reveals 8 LM positively associated 

pathobionts and three negatively-associated species. Corrected P values: (n/s) P > 0.05, *P < 0.05, **P < 0.01, 

*** P < 0.001. 

 

 

Postnatal micronutrient deficiency induces multiple antibiotic resistance mechanisms  

Profiling of the gut resistome revealed increased relative abundance in total ARGs within the LM 

group at Day 28 (FIG.4.a). Conversely, we saw a significant decrease in ARGs within the control 

mice which is consistent with maturation of the resistome (Supplemental FIG 1). Our data also 

revealed significant increased abundance of genes representing all five antibiotic resistance 

mechanisms shown in (FIG.4.b-c). We saw greater abundance of efflux pumps genes, namely 

RND (resistance-nodulation division) (p <0.01), multi-drug resistance (MDR) (p <0.0001), and 

ABC (ATP-binding cassettes) (p <0.01). Genes encoding beta-lactamase (p <0.0001) - a key 

enzyme that confers beta-lactam resistance and the beta-lactamase receptor-1 (BlaR1) (p <0.01) - 

were also significantly increased in the low-micronutrient mice. Our data also showed a 



   

 

   

 

significant increase in genes encoding lysozyme resistance (p < 0.0001), an intrinsic outer-

membrane permeability mechanism. There was an overall increase in the relative abundance of 

ARGs to several antibiotic classes including tetracycline (tetM) (p <0.0001), a ribosomal 

protection protein (RPP) that modifies target site binding, and resistance genes fosfomycin (p < 

0.0001), methicillin (p <0.001), vancomycin (p <0.01) aminoglycosides (p < 0.05) and 

glycopeptides (p<0.05) in the low-micronutrient mice on Day 28. Conversely, the abundance of 

genes related to fluoroquinolone and tetracycline q (tetQ) antibiotic classes were significantly 

decreased in the low-micronutrient mice. No difference was found in other tetracycline (tetO), 

(tetP) and erythromycin resistance genes. Although many core ARGs were retained at some 

detectable level between all groups and timepoints the Venn diagram showed that the groups 

appear to diverge and the LM group developed more detectable ARGs than the CON group by 

Day 28 (FIG.4.d)  

 

We further examined if pathobionts correlated with specific ARG compounds (FIG.4.g-l). 

Within the low-micronutrient mice, we found a positive relationship between the relative 

abundance of Klebsiella and lysozyme (P = 0.0001, FDR = 0.01) and Streptococcus and beta-

lactamase (P = 0.0003, FDR = 0.02). Conversely, we saw a negative association between the 

relative abundance of Haemophilus and BlaR1 (P = 0.0004, FDR = 0.03). Within the control 

mice a positive association was found between relative abundance of Escherichia and beta-

lactamase (P = 0.0004, FDR = 0.02), Phocaeicola vulgatus and BlaR1 (P = 0.0005, FDR = 0.03) 

and Enterococcus and tetM (P = 0.0006, FDR = 0.03). Of the pathobionts identified in the low-

micronutrient group, only Enterococcus showed any correlation after FDR correction, albeit 

negatively, with total ARG abundance (P = 0.005, FDR < 0.05) (Supplemental FIG 1). We 

observed only a negative trend, but no strong relationship between total relative abundance of 

pathobionts and total abundance of ARGs (P = 0.09) in the low-micronutrient group 

(Supplemental Figure 1). When we combined the dietary groups, we found that ARGs correlated 

significantly with the Bacteroidetes and Firmicutes phyla on Day 28. No difference was observed 

in the phylum Verrucomicrobia and a positive but not significant trend in Proteobacteria 

(Supplemental Figure 1).  



   

 

   

 

 

 

 

 

Figure 4: Total relative abundance of ARGs increased in LM mice on Day 28 (a). Antibiotic resistance 

mechanism enriched in LM mice (b-e). Venn diagram showing shared and unique genes by treatment (f). Positive 

and negative correlations between pathobionts and ARGs (g-l). Corrected P values: * = p<0.05, ** = p<0.01, *** 

= p<0.001. 

 

 

Early life exposure to multiple micronutrient deficiencies confers clinical resistance to 

antibiotic drug classes despite non exposure 

We next investigated whether the metagenomic analysis accurately predicted a biological 



   

 

   

 

resistance phenotype. Bacterial samples were subjected to antibiotic susceptibility testing by 

exposure to nine antibiotics; namely, vancomycin, amoxicillin, methicillin, tetracycline, 

erythromycin, ciprofloxacin, ofloxacin, levofloxacin (fluoroquinolones) and gentamicin 

(aminoglycoside) antibiotics. Strikingly, of the nine examined, we found total resistance to four 

within the low-micronutrient group. Consistent with the metagenomics data, the low-

micronutrient microbiome showed resistance to vancomycin and methicillin (FIG 5a-b). No 

resistance was found to the fluoroquinolones which was also consistent with gene capacity in the 

metagenome. Our metagenome showed increased gene abundance of tet(M) and not the other tet 

proteins which may not have been sufficient to confer a biological phenotype. However, there 

was increased resistance to erythromycin and no resistance to gentamicin in the low-

micronutrient group which is contradictory to our metagenomics results. Intriguingly, we also 

found resistance to amoxicillin which was not annotated in our metagenome analysis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

 

   

 

 

 
Figure 5: Antibiotic resistance susceptibility testing. Fecal microbiome exposed to antibiotics showed 

resistance to vancomycin, methicillin and amoxicillin in mice fed the low-micronutrient diet. No difference in 

resistance to fluroquinolones.  

 

Multiple micronutrient deficiencies induce increased transposable elements (TE) and stress 

response 

Dissemination of ARGs within commensals can occur via transposable elements, 26–28 and the 

Bacteroidales order has been shown to contribute to the dissemination of antibiotic resistance by 

HGT through their vast repertoire of conjugative transposons (CTns).18,29 Total TE abundance 

was markedly increased in the LM group (P = 0.001), however, no correlation between total 

ARGs and TEs in the LM mice (P = 0.43) was found (FIG.6.a-b). Our data revealed increased 

overall abundance of Bacteriodales conjugative transposons (TraG, TraN, etc.) within the LM 

sample (P = 0.001). Another form of TE, class 1 (Intl1) and class 2 (Intl2) integrases, have been 

well studied for their role in antibiotic resistance dissemination.30 We found increased 

enrichment of both Intl1 (P < 0.0001) and Intl2 (P = 0.035) in the LM group (FIG.6.c-e). 

 

Environmental stressors such as nutrient deprivation and antibiotic exposure can trigger stress 

responses in bacteria that can induce antibiotic resistant mechanisms as a survival strategy.18,31,32 

Paradoxically, bacteria can also induce reactive oxygen species (ROS) to self-destruct in the 

presence of lethal stress.33 Given our nutrient-deprived gut environment, we further examined 



   

 

   

 

various stress response mechanisms, (i.e., alarmones) within our sample. We found genes 

encoding oxidative stress and oxidative stress response to be more abundant in the LM group 

(FIG.6.f).  

 

 

 

 

Figure 6: Transposable elements are highly prevalent in mice fed a low micronutrient deficient diet. 

Transposable elements (TE) (a) were enriched in the LM mice, but no correlation with ARGs (b). Bacteroidales 

conjugative transposons and integrons genes enriched in LM mice (c-e). SOS response measures were 

dysregulated in LM mice (f). All values represent the percent abundance of genes at Day 28. Corrected P values: 

*P < 0.05, **P < 0.01, ***P < 0.001. 

 

 

Discussion 

Micronutrient deficiencies are a major public health crisis and a neglected area of research. 

Vulnerability to micronutrient deficiency remains throughout the life course. However, 

nutritional deficiencies that occur during infancy and childhood, or the first 1000 days, are of 

particular concern.34 To date, very little work has been done to understand the role of early life 

multiple micronutrient deficiencies in shaping the gut microbiome and resistome. Animal studies 



   

 

   

 

of single micronutrients deficiency demonstrate an altered microbial composition. Reed et al. 

showed that chicks deficient in zinc have increased abundance of Proteobacteria and decreased 

abundance of Firmicutes.35 Hibberd and colleagues showed that vitamin A deficiency 

significantly altered the fitness, genome, and function of B. vulgatus in adult mice.13 However, 

there remains a considerable gap in the literature on multiple deficiencies that recapitulate real 

life scenarios commonly seen in undernourished children. 

 

Metagenomic sequencing and colony forming unit (CFU) count revealed strikingly increased 

relative and absolute abundance of Enterobacteriaceae, respectively. We also reported an 

increase in several pathobionts (i.e., opportunistic commensal bacteria), Klebsiella, Escherichia, 

Shigella, Haemophilus, Enterococcus, Campylobacter, Enterobacter, Phocaeicola vulgatus (i.e., 

B. vulgatus), and Bacteroides fragilis as an altered signature in mice postnatally exposed to co-

occurring micronutrient deficiencies. These species commonly associate with multiple diseases 

and are highly prevalent in protein malnourished children.15,23,25 Highlighting how these 

opportunistic pathogens gain fitness in the presence of multiple micronutrient deficiencies 

further underscores the urgent need for research on micronutrient deficiencies and the 

microbiome. A recent study by Popovic et al. using samples collected from a cluster randomized 

control trial (ClinicalTrials.gov, number NCT00705445) in a Malawian cohort found that 

multiple micronutrient powder (MNP) without zinc was associated with increased protozoan and 

fungal communities in the gut microbiome. Escherichia-Shigella were also enriched in 12-month 

old infants who received the (MNP) with and without zinc supplementation.36 This study 

highlights the importance of micronutrients in shaping the composition of the gut microbial 

community, including eukaryotes, in young undernourished children. Data from the original trial 

showed infants presented with multiple micronutrient deficiencies at the start of the trial, 

specifically iron, zinc and retinol (i.e., vitamin A) at baseline.37 Campylobacter, Shigella and 

other enteropathogens were also represented in all study cohorts prior to MNP intervention.37 

Given that our preclinical mouse model showed similar microbial alterations to those observed in 

these studies (i.e., increased Campylobacter, Shigella, Escherichia) our model serves as a 

promising tool for exploring how micronutrients in early life shape the composition and structure 

of the gut microbiome. Moreover, our model includes an experimental control group, thus 

providing a robust means of validating clinical trial results, exploring mechanisms, and designing 



   

 

   

 

targeted therapies. Our study also has potential implications for public health policies and 

practices surrounding the prophylactic use of antibiotics as treatment in children with 

uncomplicated malnutrition. 

 

Antibiotic resistance (ABR) continues to be a global public health threat and the gut microbiome 

is the epicentre of ARGs (i.e., resistome).30 Indeed, non-pathogenic anaerobic commensal 

bacteria possess the largest reservoir of ARGs.18 Although ARGs transfer from commensals to 

opportunistic pathogens such as Enterobacteriaceae appears to be low, their presence still poses 

a potential risk.16,18 A recent study by Montassier et al. suggests that probiotics might 

unintentionally influence ARG expansion following antibiotic treatment by promoting the 

growth of surviving ARG-carrying species. The authors also noted that some commercial 

probiotics may also carry ARGs, however, more research is needed to understand whether they 

contribute to the resistome repertoire.38 The authors also noted that some commercial probiotics 

may also carry ARGs, however, more research is needed to understand whether they contribute 

to the resistome repertoire. For the vast majority of bacteria, however, ARG acquisition occurs 

between closely related taxa, namely Bacteriodales, and resistance can be mediated by 

integrative and conjugative elements, plasmids, transposons, integrons, and 

bacteriophages.16,18,28,39 These mobile genetic elements are highly promiscuous and play a crucial 

role in the dissemination and acquisition of ARGs.16,28,31 Nonetheless, although this an active 

area of research, the gut resistome in undernourished populations remains largely undescribed. 

Several studies have shown that the reservoir of antibiotic resistance genes can confer clinically-

relevant resistance. Li et al. found > 400 genes that predicted resistance to more than 30 classes 

of antibiotics in the resistome of healthy infants. Of this, 167 conferred clinically-relevant 

resistance to multiple antibiotics.40 Interestingly, the infants’ resistomes included resistance 

against multiple antibiotics to which the infants had not been previously exposed.40  

 

Bacteria mainly gain resistance through several mechanisms: enzymatic degradation or 

inactivation of the antibiotic, modification or mutation of the drug target site, reduced cell wall 

permeability, activation of efflux pumps, and acquisition or transfer of antibiotic resistance genes 

through transduction, transformation and conjugation between bacterial species. Most of these 

mechanisms are mediated through HGT or transposable elements.18,28,41–43 Our data revealed 



   

 

   

 

enrichment of genes involved in each of these antibiotic resistance mechanisms despite the lack 

of antibiotic exposure. An overall higher abundance of ARGs was observed in mice fed the low-

micronutrient diet that predicted several classes of antibiotics. We saw an enrichment in genes 

encoding resistance to tetracycline, methicillin, fosfomycin, aminoglycosides, glycopeptides and 

vancomycin. Most significantly, we showed that early life exposure to multiple micronutrient 

deficiencies conferred multi-drug antibiotic resistance within the gut resistome in an antibiotic 

susceptibility test. This has important clinical implications for undernourished children who 

commonly present with bacteremia caused by multidrug-resistant bacteria.44 Our metagenomics 

analysis accurately predicted all but one of the biologically observed phenotypes, showing its 

utility as a valuable tool for potential antibiotic resistance screening. Moreover, this is, to our 

knowledge, the first demonstration of this micronutrient-gut resistome relationship. We also 

found that genes encoding transposable elements, namely Bacteroidales conjugative transposons, 

a particular group of transposable elements (TE) and class 1 and 2 integron integrases, both 

largely responsible for dissemination of antibiotic resistance through horizontal gene transfer, 

were increased.29 Our findings strongly support a role for micronutrient deficiency in shaping the 

early life gut resistome which we propose may play a crucial role in early life infection and 

antibiotic treatment response.  

 

Both nutritional interventions and antibiotic treatment of infections in children in LMICs 

experience a high failure rate and together may inadvertently induce adverse effects on the 

microbiome, resistome and host health.45 In addition, the current routine use of antibiotics in 

children with uncomplicated malnutrition has been highly contested due to its lack of efficacy, 

which in some cases is due to its role in propagating resistance.46,47 Calls for better surveillance 

and judicious antibiotic use have been issued, yet still, only marginal adjustments to these 

practices have been made, and prophylactic use remains prevalent.46,47 Our results suggest that 

our understanding of the undernourished phenome and how it assembles is incomplete and may 

affect treatment response. Moreover, we confirm that the ecological niche of the micronutrient 

deficient gut is indeed primed for greater antibiotic resistance which may further complicate both 

nutritional and infection-related interventions within LMICS. Consequently, future strategies 

aimed at addressing undernutrition and antibiotic resistance in children living in LMICs should 

also prioritize the underlying resistome. Furthermore, our work provides an exciting opportunity 



   

 

   

 

to examine the “nutrition-gut-resistome axis” and to validate our findings in children in a clinical 

setting.  

 

Additionally, our model complements and confirms findings in children, such as those reported 

by Osakunor et al.20 In this study, Osakunor and colleagues found several ARGs present within 

mildly undernourished Zimbabwean children, the most abundant being cfxA6, tet(Q), tet(W), 

sul(2), erm(F) and nim(E) in descending order. Resistance to classes of antibiotics included 

tetracycline, followed closely by beta-lactam, macrolide, and sulfonamide. Increased abundance 

of Bacteroidetes, Firmicutes and Proteobacteria in that order was also found within the cohort 

fecal samples. No correlations between ARGs and sample metadata (ex. antibiotic use, 

malnutrition, etc.) were found, although more than 50% of the children had been previously 

exposed to antibiotics. Additionally, only 18.4% of the participants presented with a form of 

malnutrition (3.7% malnourished and 14.7% stunted); therefore, full characterization of ARGs in 

the undernourished resistome cannot be ascertained from this cohort. Nevertheless, the study 

highlights that even within mildly malnourished populations, consideration of the composition of 

the gut microbiome and relative abundance of ARGs within the resistome may prove useful in 

selecting appropriate antibiotic therapies for children in LMICs. 

 

Finally, our findings challenge the current paradigm situated around the rules of engagement of 

antibiotic resistance emergence and propagation and we show a previously unidentified role for 

co-occurring multiple micronutrient deficiencies in the global conversation on antibiotic 

resistance. Examination of these conditions concurrently may yield greater strategies to combat 

both. Indeed, as eloquently stated by Singh and colleagues, “studying the reservoirs of antibiotic 

resistance and elucidating the factors affecting the abundance and transmission of AMR genes is 

the need of the hour” 16—to which we agree.  

 

 

Materials and Methods 



   

 

   

 

Animal experiments 

Animal experiments were approved and conducted in accordance with the University of British 

Columbia’s Animal Care Committee (ACC) and Canadian Council on Animal Care (CCAC) 

ethics guidelines and standard operating procedures (SOPs) for research, training, and housing. 

 

Weanling 3-week-old C57Bl/6N male mice were purchased from Charles Rivers (Kingston, NY, 

USA). Upon arrival (Day 0), pups were randomized equally by weight and housed 5 per cage in 

a 12-hour light/dark cycle barrier animal vivarium. At the end of the experiment (Day 28), mice 

were sacrificed, and appropriate samples were harvested for downstream analysis. 

 

Diet and experimental timeline 

One group of mice (n=10) received an experimental control diet (CON) and the other a low-

micronutrient (LM) treatment diet deficient in vitamin A, B12, B9, zinc, and iron. Diets were 

isocaloric, comprising similar macronutrients (protein 20%, carbohydrates 65%, fat 15%) 

([D18062501I and D19041709I, respectively], Research Diets Inc., New Brunswick, NJ, USA). 

All diets were irradiated prior to shipment and stored at -20oC upon arrival. Chow was allowed 

to reach room temperature before use, and mice were given ad libitum access throughout the 

experiment. All mice remained on their respective diets for 28 days +/- 2 (i.e., 4 weeks).  

 

Fecal bacterial DNA extraction and library preparation 

Mice are coprophagic; therefore, we developed a cage swapping method (e.g., CON mice from 

cage 1 were swapped with CON mice in cage 2 and vice versa) was used to prevent cage effects 

on the gut microbiome. At the end of the experiment, a total of 40 samples were sent to 

Microbiome Insights (Vancouver, BC) for DNA extraction and metagenomic sequencing. Paired 

fecal samples were taken at two timepoints, Day 0 and Day 28, for a total of 40 samples or data 

points. Upon collection, pellets were immediately placed on dry ice and transferred to -80°C 

freezer until further processing. Extraction, processing, and analysis were performed by 

Microbiome Insights using the following procedures. DNA was extracted using the Qiagen 

MagAttract PowerSoil DNA KF kit (Formerly MOBio PowerSoil DNA Kit, Qiagen, USA) using 

a KingFisher robot (Thermo-Fischer Scientific, City Waltham, MA, USA). DNA quality was 

evaluated visually via gel electrophoresis and quantified using a Qubit 3.0 fluorometer (Thermo-



   

 

   

 

Fischer, Waltham, MA, USA). Libraries were prepared using an Illumina Nextera library 

preparation kit (Illumina, San Diego, CA, USA) with an in-house protocol (Microbiome Insights, 

Vancouver, BC, Canada).  

 

Whole genome shotgun metagenomics sequencing and functional analysis 

Paired-end sequencing (150 bp x 2) was done on a NextSeq 500 in medium-output mode 

yielding 5-6.5 million reads and 0.8-0.9 Gbases per sample. Shotgun metagenomic sequence 

reads were processed with the Sunbeam pipeline. Initial quality evaluation was done using 

FastQC v0.11.5.48 Processing took part in four steps: adapter removal, read trimming, low-

complexity-reads removal, and host-sequence removals. Adapter removal was done using 

cutadapt v2.6.49 Trimming was done with Trimmomatic v0.3650 using custom parameters 

(LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:36). Low-complexity 

sequences were detected with Komplexity v0.3.6 .51  

 

High-quality reads were next mapped to the human genome (Genome Reference Consortium 

Human Reference 37), and those that mapped to it were with at least 50% similarity across 60% 

of the read length were removed. The remaining reads were taxonomically classified using 

Kraken2 (https://ccb.jhu.edu/software/kraken2/) with the PlusPF database from 2021-05-17 

using the protocol by Wood et al.52 For functional profiling, high-quality (filtered) reads were 

aligned against the SEED database via translated homology search and annotated to Subsystems, 

or functional levels, 1-3 using Super-Focus. We used the SUbsytems Profile by databasE 

Reduction using SUPER-FOCUS tool for functional analysis.53  

 

Culture-based quantification of Enterobacteriaceae 

Fresh fecal pellets were obtained on days 0 and 28 and immediately placed in sterile 1ml PBS-/- 

on ice to quantify Enterobacteriaceae. Pellets were homogenized for 5 minutes at 25 

frequency/sec (Mixer Mill 400, Retsch, Clifton, NJ, USA). The slurry was then plated on 

MacConkey agar (B212123, BD Biosciences, Sparks, MD, USA) in dilutions and cultured 

overnight in a 37oC incubator. Colony-forming units (CFU) per gram of feces were calculated. 

 

Bioinformatics (General): 



   

 

   

 

All bioinformatic analyses were performed in R (version 4.1.0), and general microbiome data 

wrangling was performed using Phyloseq v1.36.0. All binary comparisons were calculated using 

Wilcoxon rank-sum or signed-rank tests unless otherwise indicated, and p values were corrected 

using the Benjamini-Hochberg method (FDR) where applicable. (Corrected) p values were 

considered significant when below 0.05. 

 

Bioinformatics (Taxonomy): 

Taxonomy barplots were made by first merging OTUs to the taxonomy level of interest using 

tax_glom(), and then sampled were merged by Day/Diet groupings using merge_samples(). After 

merging, all taxa with an average abundance of <1% were combined with unknown reads to 

improve plot readability. Values were then plotted as relative abundances, where each stacked 

bar sums to 1. 

 

Indicator species analysis was performed using the indicspecies R package, v1.7.9. Taxa were 

aggregated to the species level as described, and all species with a mean relative abundance 

above 0.001% were retained. All Day 0 samples were pooled, and group-specific indicator taxa 

were then identified via the multipatt() function using 999 permutations and the default IndVal.g 

method. Significant indicators were defined as stat>0.7 and p<0.05, where higher stat values 

indicate a stronger association with a given subset of the input groups across all permutations. 

Indicators representing multiple groups were discarded. Mean abundances of each indicator 

species were then calculated per group and plotted using geom_point(), where the size of the 

point represented the mean abundance and colours represented the associated group. Day 0 

groups were separated when plotting to demonstrate their similarity at baseline. 

 

Pathobionts determined a priori based on their common association with malnourished children 

were characterized at the genus and species level. Mean taxon-specific abundances were 

calculated per Day 28 group and plotted as a stacked bar plot. Total and individual pathobiont 

abundances per sample were also plotted for both timepoints and Day 28, respectively. 

 

Bioinformatics (Function): 



   

 

   

 

Functional information was annotated from metagenomic sequencing data as described above, 

resulting in four levels of hierarchical information where all values are in percent abundance 

(/100%). For any functional tests involving higher-level functional annotations, the abundances 

of all subannotations were summed. For total ARG abundance, annotations under ‘Resistance to 

antibiotics and toxic compounds’ (Subsystem Level 2) were summed. In order to visualize the 

number and overlap of individual ARGs across all groups, a Venn diagram was prepared using 

the R package VennDiagram v1.7.3. ARGs were considered to be present in a given group if 

they were detected in at least one sample. 

 

Individual ARGs were manually categorized by compound, and compounds categorized by type. 

Abundances of each compound and type were compared between Day 28 CON and LM groups 

using kruskal.test(), and p values were adjusted using the Benjamini-Hochberg method (FDR). 

Significant results (FDR<0.05) were plotted on a log10 scale after the addition of a pseudocount 

of 0.001%. Individual conjugative transposons (Tra_ proteins) were tested in an identical 

manner; however, no pseudocount was added before plotting as all values were non-zero. 

 

All continuous correlations between two variables were assessed using the glm() linear 

regression command, and were univariate unless otherwise noted. P values were corrected per 

timepoint/dietary group (as applicable) whenever multiple tests of the same nature were 

performed (ex. the correlation of total ARGs with individual phyla). For multiple testing 

involving individual pathobionts and/or ARGs, only elements that had been identified as 

differentially abundant between Day 28 CON and LM groups were assessed. 

 

Correlations between total ARGs and individual phyla only included phyla with a mean 

abundance of >1%: Bacteroidetes, Firmicutes, Proteobacteria, and Verrucomicrobia. In order to 

assess whether phyla associated with ARGs in a manner independent of diet, dietary groups were 

pooled at each timepoint and diet was included as a covariable in the linear regressions.  

 

Culturing fecal microbiome 

Flash frozen fecal samples were placed in 1ml of sterile PBS-/- and homogenized by pipetting. A 

sterile loop was used to streak bacteria unto a fastidious anaerobic agar plate (FAA) which were 



   

 

   

 

incubated for 18-24 hours in an anaerobic canister at 37 °C. Bacteria were then stored in aliquots 

in fastidious anaerobic broth (FAB) supplemented with 10% glycerol at -80 degrees Celsius.  

 

Antibiotic susceptibility testing 

Antibiotics were prepared by mixing 10 mg of antibiotics in 1 ml sterile PBS-/- (Gibco, 

ThermoFisher, Canada) in 2 ml Eppendorf tubes. Plates were labeled by group (i.e., control and 

low-micronutrient) and three antibiotic per plate for a total of nine. One-hundred microliters of 

bacteria from glycerol stock was plated and lawned on Mueller-Hinton agar (Mueller-Hinton 

Broth, and Agar, BD BioSciences, Mississauga, ON, Canada). Blank sterile antibiotic discs were 

carefully positioned onto the plates by hand using sterile high precision tweezers. Exactly 10 µl 

of each antibiotic was pipetted in the center of the individual discs and allowed to sit for 5-10 

minutes to ensure disc was firmly in place. Plates were then incubated in an anaerobic gas 

canister for 18 to 24 hours at 37 °C. Antibiotic zones were measured using standard ruler and 

comparison of resistance determined by bacterial growth between the control and the low-

micronutrient. Images were obtained using a Bio-Rad ChemiDoc Universal Hood III Imager 

(Hercules, CA, USA). 

 

Antibiotics used in the susceptibility assay: vancomycin hydrochloride (CAT # V-200-25, Gold 

Biotechnology, St. Louis, MO, USA), gentamicin (CAT # G-400-5, Gold Biotechnology, St. 

Louis, MO, USA), erythromycin (#16486, Cayman Chemicals, Ann Arbor, MI, USA), 

tetracycline hydrochloride (Product # T7660 Sigma-Aldrich Canada, Oakville, ON), amoxicillin 

(Product # A8523, Sigma-Aldrich Canada, Oakville, ON), ciprofloxacin (Lot #17850, Sigma-

Aldrich Canada, Oakville, ON), ofloxacin (Product #08757, Sigma-Aldrich Canada, Oakville, 

ON), levofloxacin (Product # 28266, Sigma-Aldrich Canada, Oakville, ON) and methicillin 

sodium salt ( LOT Sigma-Aldrich Canada, Oakville, ON).  
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Supplemental Figure 1: (a) relative abundance of pathobionts from Day 0 to Day 28 (b) correlation of total 

ARG with total pathobionts and Enterococcus. 

 

 

 

 

 


