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Abstract

Microbial colonization of the human gastrointestinal tract plays an important 
role in establishing health and homeostasis. However, the time‐dependent 
functional signatures of microbial and human proteins during early 
colonization of the gut have yet to be determined. To this end, we employed 
shotgun proteomics to simultaneously monitor microbial and human proteins
in fecal samples from a preterm infant during the first month of life. Microbial
community complexity increased over time, with compositional changes that
were consistent with previous metagenomic and rRNA gene data. More 
specifically, the function of the microbial community initially involved 
biomass growth, protein production, and lipid metabolism, and then switched
to more complex metabolic functions, such as carbohydrate metabolism, 
once the community stabilized and matured. Human proteins detected 
included those responsible for epithelial barrier function and antimicrobial 
activity. Some neutrophil‐derived proteins increased in abundance early in 
the study period, suggesting activation of the innate immune system. 
Likewise, abundances of cytoskeletal and mucin proteins increased later in 
the time course, suggestive of subsequent adjustment to the increased 
microbial load. This study provides the first snapshot of coordinated human 
and microbial protein expression in a preterm infant's gut during early 
development.

Keywords: Infant gut / Metaproteomics / Microbial colonization / Microbiome /
Systems biology
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1 Introduction
Microbial communities in the gastrointestinal tract play important roles in 
human health by processing essential nutrients, protecting against 
pathogenic bacteria, promoting angiogenesis, and regulating host immune 
responses 1-5. Initially near sterile, the infant gastrointestinal tract 
assembles a microbial community of diverse species composition in the first 
2.5 years of life 5-10. This symbiotic relationship requires a careful balance; 
it has been postulated that disruption of the host–microbe relationship in the 
gut can lead to diseases such as inflammatory bowel disease and neonatal 
necrotizing enterocolitis (NEC) 11, 12. Initial temporal colonization patterns 
and species distributions vary between individual infants and may be 
influenced by environmental exposures, delivery mode, diet, and health 6, 7,
9. In preterm infants, the microbial community compositions in the 
gastrointestinal tract are low in diversity, highly variable between infants, 
and change over time at the species and strain level 13-19. The lack of 
microbial community complexity in preterm infants provides a powerful 
opportunity to study the microbiome development at high resolution.

Previously, the gut microbial compositional patterns of a preterm infant 
during the first month of life were characterized in an rRNA gene and 
metagenomics‐based study 14. Through 16S rRNA gene‐based analysis of 
fecal samples, the dominant taxa were identified, and community 
compositional changes revealed three distinct colonization phases. 
Specifically, days 5 through 9 of the infant's life were dominated by 
Leuconostoc, Weisella, and Lactococcus species, while days 10 through 14 
consisted primarily of Pseudomonas and Staphylococcus. The third phase 
(days of life 15–21) was primarily composed of members of the 
Enterobacteriaceae family, including Citrobacter and Serratia species. This 
pattern coincided with dietary adjustments at days 9 and 15, and was similar
to premature infants from other studies 14, 16, 19. Sequencing of whole 
community DNA, followed by reconstruction and intensive curation of 
population genomic datasets of the dominant microbial members from days 
10, 16, 18, and 21, revealed three major species in samples from these days:
a Serratia strain (UC1SER), an Enterococcus strain (UC1ENC), and two closely
related Citrobacter strains (UC1CITi and UC1CITii). Also present were 
plasmids UC1CITp, UC1ENCp, and bacteriophage UC1ENCv (as well as many 
other incompletely resolved phage/plasmids). While critically important, 
genomic information provides the inventory of possible gene products, but 
does not reveal the actual metabolic activities. Thus, here we employed 
shotgun proteomics via nano‐2D‐LC‐MS/MS to elucidate functional signatures
of translated gene products (i.e., proteins) from samples of the same 
preterm infant for which metagenomic data were available.

The use of MS‐based proteomics allows characterization and quantification of
thousands of proteins within a microbial community 20-25. While early 
attempts using metaproteomics for the characterization of the infant 
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microbiome demonstrated feasibility, protein identifications were limited due
to insufficient genome information 26. More recently, due to the availability 
of highly resolved genomes and the advancement in MS instrumentation, 
proteins can be confidently identified at the species and strain level allowing 
deep proteomic analysis of microbial communities 20, 21, 23, 24, 27-29. 
While prior studies have focused on characterizing microbial genes and 
proteins, most current methodologies prohibit global analyses of microbial 
proteins in conjunction with human proteins. Here, we report results of the 
first proteomics‐based investigation of the coordinated expression of human 
and microbial proteins during initial microbial colonization of a preterm 
infant's gut microbiome.

2 Materials and methods
2.1 Description of preterm infant
A female infant born at 28 weeks gestation due to premature rupture of 
membranes was delivered by cesarean section and given antibiotics for the 
first 7 days of life 14. Enteral feedings with breast milk were given on days 
4–9, and then on days 9–13, feedings were withheld due to abdominal 
distension. After day 13, enteral feedings were readministered in the form of 
artificial infant formula. The baby also received supplemental parenteral 
nutrition until day 28. The baby had no major anomalies or comorbidities and
was discharged to home on day of life 64. Fecal material was collected on 
days 5–21 as available, with institutional approval, and was immediately 
stored at −80°C until analysis. Metagenomic and 16S rRNA data were 
analyzed in a companion study from matched samples 14. Based upon 
sample availability, proteomic measurements were performed on fecal 
samples from days 7, 13, 15, 16, 17, 18, 20, and 21 after birth.

2.2 Protein extraction and enzymatic digestion of 
fecal samples
Approximately 250 μg of fecal material was boiled for 5 min in 1 mL 100 mM 
Tris‐Cl containing 4% w/v SDS and 10 mM DTT, and then underwent 
continuous bead beating on high setting for 30 min, in order to lyse cells and
denature/reduce proteins. The supernatant was collected, boiled again, spun 
down (14 000 g), and precipitated with 20% trichloroacetic acid at −80°C 
overnight. Protein pellets were washed in ice‐cold acetone, resolubilized in 8 
M urea diluted in 100 mM Tris‐HCl pH 8, and then sonicated using a Branson 
sonic disruptor in order to break up the pellet (5 min at 20%; 10 s on, 10 s 
off). Iodoacetamide was added to block disulfide bond reformation. Proteins 
were quantified using bicinchronic assay and between 1 and 3 mg protein 
was diluted to 4 M urea in 100 mM Tris‐HCl pH 8, and enzymatically digested
into peptides using sequencing grade trypsin (Promega) for 4 h at room 
temperature. Peptides were diluted to 2 M urea, a second dose of trypsin 
added, and digestion continued overnight. An acidic salt solution (200 mM 
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NaCl, 0.1% formic acid), was used to clean up the peptides, which were then 
spun through a 10 kDa cutoff spin column filter (VWR). Peptides were 
quantified by bicinchronic assay assay and stored at −80°C until further use.

2.3 Nano‐2D‐LC‐MS/MS
A 150 μg peptide mixture was loaded via a pressure cell onto a 150 μm inner
diameter split‐phase fused silica back column (Polymicro Technologies) 
hand‐packed with reverse phase (C18) and SCX resin (Luna, Phenomenex). 
The back column was washed offline with 100% solvent A (95% H2O, 5% 
CH3CN, and 0.1% formic acid) for 15 min at ∼140 bar to desalt the column. 
Peptides were placed in line with a nanospray emitter (New Objective) 
packed with reverse phase material and then separated online using high‐
performance 2D‐LC 30-32. Peptides were eluted from the SCX resin by 
increasing ammonium acetate salt pulses followed by reverse‐phase 
resolution over 2‐h organic gradients as described previously 20, 21, 28, 
ionized via nanospray (200 nL/min) (Proxeon, Cambridge, MA, USA), and 
analyzed using an LTQ Orbitrap Velos mass spectrometer (ThermoFisher 
Scientific, San Jose, CA, USA). The mass spectrometer was run in data‐
dependent mode with the top ten most abundant peptides in full MS selected
for MS/MS, and dynamic exclusion enabled (repeat count = 1, 60 s exclusion 
duration). Full MS scans were collected in the Orbitrap at 30 K resolution. 
Two microscans were collected in centroid mode for both full and MS/MS 
scans. Technical duplicates were run for all samples. The MS proteomics data
have been deposited to the ProteomeXchange Consortium 
(http://proteomecentral.proteomexchange.org) via the PRIDE partner 
repository with the dataset identifier PXD000114.

2.4 Database construction and searching
Metagenomic sequences from matched samples collected on days 10, 16, 
18, and 21 were translated, and the predicted protein sequences of the 
dominant community members were used to generate a search database. 
These included a Serratia species UC1SER, two closely related Citrobacter 
strains, UC1CITi and UC1CITii, an Enterococcus species UC1ENC, and 
associated virus and plasmids UC1ENCp, UC1ENCv, and UC1CITp 14. Since 
microbial species from early time points were not represented in the 
metagenomic sequences, 20 additional isolate sequences were selected, 
based on 16S rRNA information from matched samples, and added to the 
search database (acquired from JGI: http://www.hmpdacc‐resources.org/
cgi‐bin/img_hmp/main.cgi in January of 2011). For example, according to 
the 16S data, Leuconostoc was prevalent on days 5–9 14. But since 
metagenomic sequencing was not performed on days 5–9, Leuconostoc 
would have been absent from the analysis. 16S sequencing could only 
identify Leuconostoc at the genus level, so we chose a representative 
species of this genus, Leuconostoc mesenteroides cremoris, to be included in
the database. In addition, human protein sequences (NCBI RefSeq_2011) and
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common contaminants (i.e., trypsin) were appended to the database. All MS/
MS spectra were searched against the concatenated database with the 
SEQUEST algorithm v.27 (rev.9) 33, and filtered with DTASelect version 1.9 
34 to assemble the identified peptides into their corresponding protein 
sequences (Supporting Information Table 1). Due to carbamidomethylation 
effects of iodoacetamide, a static cysteine modification (+57) was included 
in all searches. Only proteins identified with two fully tryptic peptides were 
considered for further biological study. Reversed protein sequences were 
appended to the database in order to calculate FDRs. The final concatenated 
search database contained 214 520 protein sequences, including forward 
and reversed sequences (The search database, 
Isolate_UC1_HRefSeq2011_IgAM_20120113_CFR_anno3.fasta, is available to 
download from the ProteomeXchange repository using identifier PXD00011). 
Conservative cross‐correlation filters were used to achieve FDRs between 0.5
and 2.4% at the peptide level 35.

2.5 Database clustering and spectral balancing
Since MS‐based proteomics identifies proteins by their corresponding peptide
sequences, data analysis must take into consideration the high levels of 
protein redundancy within and between species to avoid inflating the total 
number of proteins identified or misinterpretation of the biological 
conclusions by overrepresenting proteins with the same function. Therefore, 
we applied a bioinformatic clustering algorithm to the database in order 
improve confidence in protein identification and quantification. Specifically, 
using the publically available software, USEARCH v.5.0 36, microbial proteins
were clustered into a protein group if they shared 100% amino acid identity, 
and human proteins were clustered into a protein group if they contained 
≥90% amino acid similarity. These differing similarity thresholds were 
chosen based on the higher numbers of paralogous proteins present within 
the human genome, and were supported by plotting similarity thresholds 
ranging from 0.5 to 1 against the percent proteome reduction via clustering 
37. Each protein group contained at least one unique peptide. Spectral 
counts were assigned, balanced, normalized, and adjusted according to 
methods previously described, yielding adjusted normalized spectral 
abundance factor (NSAF) values 37-39. In total, 4413 microbial and 3062 
human protein groups were detected across the dataset (Supporting 
Information Table 2). Protein groups ranged from singletons to groups that 
contain multiple protein isoforms. All peptides identified throughout the time 
course are provided in Supporting Information Table 3.

2.6 Data analyses
Clusters of orthologous group (COG) assignments for each microbial protein 
sequence were determined by running rpsblast against the COG database 
from NCBI, using an E‐value threshold of 0.00001 and the top hit used for the
assignment 40. Adjusted NSAFs from all microbial protein groups were 
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summed and grouped into their respective (COG) categories. A linear 
regression analysis, computed using the basic statistical package in R, was 
used to model the relationship between the proportions of proteins within 
each COG category and increasing time points 41. The major canonical 
pathways for human proteins detected across the dataset were determined 
using Ingenuity Pathway Analysis software (Ingenuity Systems, 
www.ingenuity.com). The significance of the association was measured by 
calculating the ratio of number of detected proteins that map to the pathway
divided by the total number of proteins from that pathway (orange boxes). 
The Fisher's exact test was used to calculate a p‐value determining the 
probability that the association between the proteins in the dataset and the 
canonical pathway is explained by chance alone (y‐axis). Hierarchical 
clustering of individual human proteins was carried out using JMP Genomics 
using the log transformed NSAFs values above and below the median across 
all time points for each protein.

3 Results
3.1 Overall proteome characterization
Proteome extracts of fecal samples from a preterm infant on days 7, 13, 15, 
16, 17, 18, 20, and 21 after birth were examined via nano‐2D‐LC‐MS/MS. Up 
to 73 257 mass spectra, 16 605 peptides, and 4031 proteins were identified 
per run (Supporting Information Table 1), providing deep proteomic coverage
of both microbial and human components. Technical duplicates were run for 
each sample, with comparable reproducibility between replicates 
(Supporting Information Fig. 1).

By measuring both microbial and human proteins simultaneously in each 
run, we observed an increased complexity of the microbial composition and 
a decrease in the ratio of total human/microbial proteins with time (Fig. 1). 
At the earliest time point, when the initial microbial communities were being 
established, human proteins comprised ∼96% of all proteins identified (day 
7). The low microbial load may be a consequence of antibiotic administration
during the first week of life for this particular infant. Human proteins 
comprised ∼72% of the identified protein dataset on day 13, and by day 15 
the percent of human proteins decreased to ∼30%, with a concomitant 
increase in the number of microbial proteins detected. The ratio of human to 
microbial proteins remained at this level for the remainder of the times 
measured, with the exception of day 20, when an unexpected rise in human 
proteins was detected (to be discussed in more detail below). The number of 
total spectra collected on day 20 was comparable to adjacent days 
(Supporting Information Fig. 2), so the variance was likely not due to a 
technical issue related to the MS measurement.
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3.2 Microbial protein distribution and functional 
categorization
When microbial protein groups from different species were compared across 
time, the distribution of species was similar to that seen in 16S rRNA and 
metagenomic data (Supporting Information Fig. 3) 14. At day 7, microbial 
proteins were very low in abundance, but increased by day 13. This time 
point was dominated by Pseudomonas and Staphylococcus proteins. 
However, by day 15 we began to see the emergence of Serratia (UC1SER) 
and Citrobacter (UC1CIT) proteins, which persisted in days 16–21. In total, 
this corresponds closely with previous metagenomic data from matched 
samples, which showed distinct community memberships in colonization 
phase I (days 5–9), phase II (days 10–15), and phase III (days 16–21) 14. 
Proteomic data also suggest UC1SER and UC1CIT were the functionally 
dominant members of the community during the third colonization phase, as 
demonstrated by the highest contribution of microbial proteins from these 
species during these time points.

Microbial community functions were analyzed by grouping proteins into COG 
categories, and then measuring the relative changes in the proportions of 
proteins in each category over time (Fig. 2 and Supporting Information Fig. 
4). Because detailed metabolic characterization of microbial membership 
functions at the strain level was beyond the scope of this paper, and since 
the main objective of this study was to more broadly compare and link 
microbial/human host protein signatures over temporal development, we 
opted to use COG category representation to identify the range of metabolic 
activities of the microbial community and assess the functional changes over
time. At day 7, although there was a very limited level of microbial peptide 
abundance measured, most of the signal originated from an aspartokinase I–
homoserine dehydrogenase protein belonging to Bacteriodes fragilis. This 
enzyme, from the amino acid metabolism and transport COG category, 
catalyzes a reaction in the aspartate pathway and may aid in providing 
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essential amino acids from dietary sources to the human host (infant) at this 
early stage of development 42. Since there were so few microbial proteins 
detected from day 7 samples in comparison to other days, we excluded this 
day from the remainder of the COG analysis.

Changes in the proportions of proteins belonging to each COG category over 
time were assessed using a linear regression analysis (Supporting 
Information Fig. 4). The statistical analysis revealed that proportions of 
proteins belonging to the categories of lipid transport and metabolism, cell 
cycle control and mitosis, and translation ribosomal structure and biogenesis
categories were abundant early, but decreased in relative abundance over 
time. In contrast, carbohydrate transport and metabolism, secondary 
metabolites biosynthesis, transport, and catabolism, membrane biogenesis, 
and intracellular trafficking and secretion, while lower in proportion initially, 
increased with time. In general, this information indicates that the microbial 
community initially focused its resources on biomass growth, protein 
production, and lipid metabolism (presumably to establish the stable 
microbiome), and then switched to more complex metabolic functions, such 
as carbohydrate metabolism, once the community stabilized and matured 
(around day 15). Interestingly, the functional distribution of the microbiome 
after about 3 weeks is very similar to what is observed in the stable adult 
human gut 20.

3.3 Functional distributions of human proteins
Human proteins detected across all time points were categorized into 
canonical pathways using Ingenuity Pathway Analysis software. The topmost 
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abundant categories were determined based on the number of proteins 
belonging to that category, and included those related to basic cellular 
functions such as glycolysis, oxidative phosphorylation, and elongation factor
2 signaling (Supporting Information Fig. 5). Other categories, such as 
inflammatory response, were not displayed since the total number of 
proteins detected in this category was not among the top 20 overall. 
However, we detected over 30 inflammatory proteins, and some of these 
individual proteins were among the most abundantly detected in the 
samples (Calprotectin [18 385; this is the adjusted NSAFs collected across all
time points], ALPI [13 650], SERPINA [37 140] and ANPEP [9415]) (Supporting
Information Table 4).

Some of the most abundant human proteins detected are involved in host–
microbe interactions (Supporting Information Table 4). In particular, the most
abundant protein detected in our samples, the calcium‐activated chloride‐
channel 1 (CLCA1) protein [17 002], is involved in mucus secretion by goblet 
cells 43. Likewise, Fc fragment of the IgG‐binding protein (FCRPB/Fcgbp) [23 
096] is expressed by placental and colonic epithelial cells, and has been 
reported to bind mucin 2 (MUC2), and play a key role in immune protection 
and inflammation 44. In addition, antimicrobial and innate immune proteins 
including lactoferrin (LTF), intelectin (ITLN1), and olfactomedin (OLFM4) were
among the most abundant proteins detected [8298, 11 214, and 4875 
NSAFs, respectively]. Lactoferrin (aka lactotransferrin), an iron‐binding 
glycoprotein, is a key player in the innate immune system and is abundant 
and ubiquitous in human secretions such as breast milk. It has been shown 
to attenuate pathogenic bacteria, interfering with colonization and biofilm 
formation 45-47.

3.4 Intestinal barrier proteins
Throughout our proteome datasets, we identified numerous human proteins 
involved in intestinal barrier formation and function (Supporting Information 
Table 5). The intestinal barrier is composed of enterocytes, absorptive 
epithelial cells held together by tight junctions, which serve as a physical 
barrier, and the mucus layer. We detected numerous tight junction proteins 
including occludin (OCLN), claudins (CLDN18, CLDN23, CLDN3, CLDN7), and 
tight junction proteins 1, 2, and 3 (TJP1, TJP2, TJP3, or zona occludens 1, 2, 
and 3). In addition, proteins involved in the tight junction‐signaling pathway 
were identified (Fig. 3). Also detected were numerous mucin proteins, 
including both secretory gel‐forming mucins (MUC2, MUC5AC, MUC5B, and 
MUC6) and membrane‐bound mucins (MUC1, MUC3B, and MUC4) (Supporting
Information Table 5). Several enzymes in the o‐glycan biosynthesis pathway 
also were detected, including those involved in synthesizing core 3 type 
glycans, the major type associated with MUC2 48, 49. In addition, all three 
trefoil factor family peptides TFF1, TFF2, and TFF3, a family of proteins, 
which play an important role in maintenance and repair of the intestinal 
mucosa, were detected 50.
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Secretory IgA is an important component of the intestinal barrier that 
specifically binds bacteria, limiting their association with the epithelial cell 
surface and restricting penetration across the gut epithelia 51-54. We 
detected components of secretory Immunoglobulin A, including the two IgA 
heavy chain constant regions (IgA1 and IgA2), the J chain (15 kDa 
polypeptide), and the secretory component of the polymeric immunoglobulin
receptor (pIgR: 130 kDa). The poly‐Ig receptor is expressed by epithelial 
cells, binds to the IgA oligomers, and allows transport across the mucosal 
epithelium.

In addition, we detected several antimicrobial proteins, including alpha 
defensins (DEFA1, DEFA5), lysozyme (LYZ), and phospholipase A2 (PLA2). 
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These antimicrobial proteins are secreted by a subset of gut epithelial cells, 
Paneth cells, which directly sense gut commensal bacteria through MyD88‐
dependent toll‐like receptor signaling that triggers expression of certain 
antimicrobial factors, limits bacterial penetration of host tissues, and 
maintains microbial‐host homeostasis in the intestine 55. Thus, detection of 
these proteins might suggest that the premature infant's gut, even at early 
stages of development, could have been responding to the introduction of 
microbial inhabitants and exerted pressure on the community to maintain 
homeostasis.

3.5 Differential protein expression across time
Overall, human proteins, when summed across all samples, contributed 
mostly to generalized maintenance functions (Supporting Information Fig. 4).
However, when human proteins were clustered based on shared trends in 
spectral count abundance changes (Fig. 4), time shifts were apparent. 
Several neutrophil derived proteins such as neutrophil elastase (ELANE), 
calprotectin (S100‐A8/S100‐A9), and myeloperoxidase were most abundant 
at day 7 (Fig. 4, cluster #6) suggesting that activation of the innate immune 
system occurs early in correspondence with the initial arrival and ensuing 
establishment of the microbiome. Human cytoskeletal proteins (KRT8, 
KRT13, KRT18, KRT19, and KRT20) and mucins (MUC2, MUC5B) were more 
predominant in later time points (days 20–21) (Fig. 4, clusters 7 and 10), 
suggesting structural and epithelial barrier proteins are compensating for the
increased microbial load.
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4 Discussion
In this study, we simultaneously monitored both human and microbial 
proteomes over a time course in early microbiome development of a preterm
infant. Microbial proteins detected in this time course are consistent with 
metagenomic inference of distinct colonization phases with vastly different 
species composition 14. The functions of the microbial community shifted 
over time, with early resources focusing on cell division, protein production, 
and lipid metabolism. As time progressed, the microbial community 
increased in size and diversity, stabilized, and switched its focus to breaking 
down carbohydrates, making secondary metabolites, and secreting and 
trafficking proteins.

Predominant throughout our measurements were human proteins involved in
intestinal barrier function. Breakdown of the intestinal barrier or incomplete 
formation, as seen in premature infants, can contribute to bacterial 
translocation and disease states such as NEC 11. The mucus layer is a major 
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component of the intestinal barrier that helps maintain homeostasis between
the gut microbiota and their host by minimizing physical contact between 
the microbes and intestinal epithelial cells 2. In the colon, the outer mucus 
layer harbors commensal bacteria while the thicker, impenetrable inner layer
offers protection by providing a physical barrier as well as containing 
antimicrobial compounds and secretory IgA 48, 56. The small intestine is 
composed of only one mucus layer, but still provides a physical barrier with a
50 μm area separating the bacteria from the epithelia 57. The mucus layer is
composed of mucins, glycoconjugates of a polypeptide core covered in O‐
linked carbohydrate side chains that are secreted by goblet cells. The O‐
linked glycans provide an energy source for bacteria in the outer mucus 
layer 4, 58. In our proteomic analyses, we detected numerous mucin 
proteins. Most of these were detected at relatively constant abundances 
throughout all the time points. However, some like the mucin 2 precursor, 
increased in abundance during the third colonization phase. Mucin 2 (MUC2) 
is the most abundant mucin in the intestine and has been directly linked to 
protecting the colonic epithelium from enteric pathogens 48. It is 
downregulated in patients with ulcerative colitis and Crohn's disease 59. 
Detection and quantification of the numerous intestinal barrier proteins in 
this study suggest that comprehensive proteomic analysis of easily obtained 
fecal samples may represent an effective yet noninvasive means to evaluate 
gut barrier function in human patients.

As noted, there was a dramatic increase in the numbers of human proteins 
identified on day 20. Since many of these proteins were keratins, which are 
important components of both skin cells and gut epithelial cells, there are 
two possible explanations: (1) human contamination during sample handling,
or (2) an increased sloughing event in the GI tract at this time. The 134 
human proteins that were solely detected at this time point contribute to a 
wide range of biological functions (Supporting Information Fig. 6A). Thus, we 
propose that they are more likely to represent sloughed epithelial cells 
rather than skin cells, and thus conclude that contamination during sample 
handling was not the most likely explanation. The most highly expressed 
canonical pathways on this day were those of basic metabolic functions 
including: EIF2 signaling, pyruvate metabolism, glycolysis (Supporting 
Information Fig. 6A). Additional proteins from the pathways for pyruvate 
metabolism, glycolysis, and granzyme A signaling were detected on day 20 
(Supporting Information Fig. 6B and C). Note that the ratio of 
microbial/human proteins and the range of microbial activities revert back to 
expected values on day 21, indicating that the microbiome was not highly 
perturbed by whatever event happened on day 20.

Initial microbial colonization of the gastrointestinal tract is a crucial process 
in a healthy human infant. This process educates the innate immune system 
and initiates the establishment of a delicate homeostasis between human 
host and resident microbes. In premature infants, the host–microbe 
relationship is undoubtedly impacted significantly by underdevelopment of 
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the intestinal barrier, an immature innate immune system, antibiotic 
administration, and exposure to pathogenic organisms in the intensive care 
unit 60. While prior studies have investigated the succession of gut 
microbiota primarily at the gene level, the functional signatures of microbial 
and human proteins early in life can provide detailed metabolic activity 
information 61. Thus, this study provides detailed information about the 
microbial and human proteins in fecal samples from a newborn premature 
infant during the first month of life, and reveals the complex but synergistic 
host adaptation to microbiome establishment.

The infant in this study was born prematurely, treated with antibiotics, and 
experienced gastrointestinal distention during which feedings were withheld.
These and other factors could have influenced microbial colonization. Recent
studies have reported high intraindividual diversity in microbial species 
compositions among preterm infants 15, 62. As more proteomic data are 
collected on preterm infants, it will be interesting to see how microbial 
community functions compare between individuals—between both healthy 
preterm infants and those who develop NEC. While there may be 
commonalities or correlations in proteomic responses that predict which 
preterm infants progress to NEC, there is a strong possibility that due to 
intraindividual variability, treatment will need to be specialized to each 
individual. Thus, further research in this area could support personalized 
medicine for neonatal care.
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