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Abstract

The behavioral video recordings of the gray-backed shrike Lanius tephronotus revealed that parent
birds eat the feces produced by their nestlings. “Parental nutrition hypothesis” attributes the origin
of this behavior to nutrition-recovery and cost-saving, respectively. However, the presence of us-
able nutrients in the nestlings’ feces is unknown because of traditional technology. In this study,
we analyzed all the metabolites and the variations in the diversity and content of microbes in the
feces of gray-backed shrike nestlings. We aimed to report the changes in microbes and metabolites
with the age of nestlings and point out that the parent birds that eat the feces may gain potential
nutrition benefits. The results showed that the relative abundances of Proteobacteria, Firmicutes,
and Bacteroidota, changed significantly when the nestlings were 6 days old. The relative abundan-
ces of 6 probiotics, which are involved in digestion, metabolism, and immunity-related physiologic-
al functions, decreased in the nestlings’ feces gradually with age; therefore, these probiotics may
be obtained by parent birds upon ingestion of the feces of young nestlings. Among the metabolites
that were detected, 20 were lipids and some had a role in anti-parasitic functions and wound heal-
ing; however, their relative contents decreased with age. These beneficial substances in the nest-
lings’ feces may stimulate the parents to swallow the feces. Moreover, there were many aromatic
metabolites in the newly hatched nestlings’ feces, but the content of bitter metabolites increased
as they grew up. Therefore, our results are in accordance with the nutritional hypothesis.

Key words: feces disposal, metabolite, microbiota, nestlings, probiotics.

Birds have evolved a series of behavioral strategies to adapt to dy-
namic environments, improve the survival rates of their offspring,
and reduce their own losses (Lima 1986; Pappas et al. 2010). It is
common for parent birds to dispose the feces of their offspring
(Dell’Omo et al.1998). This behavior is considered to be of positive
significance for breeding ecology because it can maintain the sanita-
tion of the nest environment (Thomson 1934; Spencer 2005); hence,
this reduces the risk of nest predation, and bacterial infection in
nests improves the survival rate of the nestlings (Lang et al. 2002;
Ibafiez-Alamo et al. 2014; Azcarate-Garcia et al. 2019).

The nestlings’ feces are usually wrapped in fecal sacs, and there are
2 behavioral strategies adopted by birds to dispose fecal sacs, namely,
direct ingestion of the fecal sacs just after the nestlings produce them in
the nest, or flying away with the fecal sacs and disposing them far
away from the nest (Witherby 1924; Petit et al. 1989). Previous studies
have shown that parent birds can adopt both strategies; and they are
more prone to swallow their offsprings’ feces during the early nestling
period, but later, as nestlings aged, they are more likely to dispose the
fecal sacs (Morton 1979; Alberts and Gubernick 1983). For example,
in case of goldfinches Carduelis carduelis, the tree swallows
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Tachycineta bicolor and the red-winged blackbirds Agelaius phoeni-
ceus, when the nestlings are >7 days old, the parent birds stop eating
their feces and use a completely different strategy which is they discard
the feces (Gliick, 1988; Hurd et al.1991).

The fecal consumption behavior is not limited to birds; it also
observed in vertebrates like plateau pikas Ochotona curzoniae (Alberts
and Gubernick 1983; Speakman et al. 2021). Different theories have
attempted to explain this interesting behavior of parent birds. The
“parental nutrition hypothesis” suggests that the digestive system of
young nestlings is not perfectly developed; therefore, many nutrients re-
main in the nestlings’ feces (Dell’Omo et al.1998). Parent birds eating
feces can supplement the energy required for different activities during
this period. However, as the offsprings grow, their digestive systems de-
velop completely, and they can fully digest their food (Morton et al.
1972). Consequently, the parent birds stop consuming their nestlings’
feces and discard them instead (Dell’omo et al. 1998). Previously pub-
lished papers have discussed the nutritional composition of the nestling’
fecal matter with respect to the water content, energy content, and
carbohydrate density of the nestlings’ fecal matter (Skadhauge 1981).
However, these discussions are not enough to understand the nutritional
significance of feces to birds not just because it has been observed that a
bird ingested feces to obtain vitamins (Negro et al. 2002), but also be-
cause of the important effects of fecal microorganisms on animal nutri-
tion (Aziz et al. 2013; Lindsay et al. 2020). It is difficult to identify these
components and examined their changes in the feces by traditional tech-
nology; therefore, the nutritive value obtained by parent birds upon con-
sumption of the nestlings’ feces at different day—ages is unknown. With
the untargeted metabolomics development, we can get the complex com-
position of feces that includes the nestlings’ metabolites and some micro-
bial metabolites. Quantitative analysis of metabolites in the feces of
nestlings at different day—ages can help to accurately understand the
changes in the fecal nutrient levels and the related metabolic pathways.
The 16S rRNA amplicon sequencing technology has improved the iden-
tification of low abundant microbial species, thus improving the integrity
of microbial community research. These technologies can help under-
stand the dynamic changes in fecal composition with age.

The gray-backed shrike Lanius tephronotus is a bird that inhab-
its the Qingzang Tibet Plateau, and commonly portrays biparental
care (Lu et al. 2010). The food preferred by these birds remains un-
changed throughout the nestling period. However, video recordings
revealed fecal matter swallowing behavior in both male and female
gray-backed shrikes. They maintain a high frequency of fecal swal-
lowing when the nestlings are young and suddenly stop this behavior
when the nestlings grow to around 7 days old. In this study, the fecal
microorganisms and metabolites of gray-backed shrike nestlings
were analyzed at different ages, and the observed differences were
compared. The aim was to point out that the parent birds that eat
the feces may gain potential nutrition benefits. Here, we report the
changes in the microbial compositions of the feces of gray-backed
shrike nestlings. We expected the probiotic content in nestling feces
to decrease with the growth of nestlings. Untargeted metabolomics
was first used to identify the composition of bird feces. We expected
the young nestlings’ feces to contain a high amount of beneficial
metabolites. We also assessed that the potential benefits and func-
tions of the probiotics and beneficial metabolites to parent birds.

Materials and Methods

Study site and species
The research site was in Luqu County (102°05" E-102°47'39" E;
33°58/12" N-34°32'16" N) of the Gannan Autonomous Prefecture,
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Gansu Province, China. The gray-backed shrike, which is one of the
most common birds in the Qingzang Tibet Plateau (Lu et al. 2010),
was selected as the research organism. These birds often nest in the
alpine shrubs, which consist of barberries and sea buckthorns, and
they reproduce once a year with 3-5 eggs in the nest. Their breeding
season generally begins in mid-May and ends in early August.
Compared with other shrike species, the survival rate of gray-backed
shrike nestlings is higher. It takes ~20days for the eggs to hatch,
and the offspring are usually fed on insects by their parents; they ex-
perience biparental care and leave the nest 13-15 days after hatching
(Zack 1986). During the breeding period, the parent birds face fewer
health risks, owing to the richness of food resources and mate
choice. However, they face high nest predation risks. According to
our recording, 100% of nest failures occur because of predators,
such as oriental magpie Pica serica and steppe polecat Mustela ever-
smanii. The parent birds spent more time defending the nest when
the nestlings were young than when the nestlings grew older.

Sample collection

Between May and August 2020, we randomly selected gray-backed
shrike nestlings (7 =29) from 13 nests as our sampling organisms.
To reduce the human nest interference, we started collecting feces
from the second day after the nestlings hatched and continued to
collect feces every 2 days until the nestlings left the nest. Finally, 131
fecal samples were obtained, including 8 complete sets of samples. A
complete set refers to fecal samples of the same nestlings collected at
the ages of 2, 5, 8, 11, and 14 days. Three complete sample sets were
used for 16S rRNA analysis, and the remaining 5 sets were used for
metabolite analysis. The remaining 91 samples were not include in
the analysis because we could not obtain feces from the same indi-
viduals at regular intervals due to the high mortality of nestlings and
the inability to reach the sampling point due to extreme weather.
During fecal sample collection, we placed the nestlings on our
palms, wiped the skin near their cloaca with a cotton head dipped in
75% alcohol, and positioned the sterilized cryopreservation tube
just outside the cloaca of the nestlings. Thereafter, we gently shook
the nestlings and waited for them to defecate. The fecal collected
samples as soon as the nestlings released the feces and placed the
cryopreservation tubes into the icebox after marking them. All sam-
ples were initially stored in 2 mL sterilized cryopreservation tubes at
—20°C and finally transferred to a — 80 °C refrigerator after arriv-
ing at the laboratory. It should be noted that the duration for shak-
ing the nestlings was related to their age. The skin of 1- to 5-day-old
nestling is thin. If the nestling was about to defecate, the feces in the
cloaca could be directly observed. Shaking the nestlings for ~10s
would be sufficient to release the feces. Because the cryopreservation
tube was directly connected to the cloaca of the nestling, the feces
were excreted directly into the cryopreservation tube. This process
did not require any fecal transfer tools, so the contamination of the
sample with environmental microbes during sample collection was
avoided. Nestlings that were over 5days old naturally defecated
after shaking for up to 30s after disinfection. Nestlings that did not
defecate even after shaking for more than the 30s were deemed to
have no urge to defecate, so stool sampling was stopped, and the
nestlings were put back into the nest.

DNA extraction and 16S rRNA gene amplification and
sequencing

Genomic DNA was extracted from the fecal samples by the CTAB
method, because this method has applicability on universal
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experimental objects and can effectively eliminate the interference of
food residue in feces to improve the amount of DNA extraction. The
purity and concentration of the extracted DNA samples were
detected on 1% agarose gel. Thereafter, the DNA samples were
placed in centrifuge tubes and diluted with sterile water to a final
concentration of 1ng/pL. The 16S V3-V4 regions of the 16S rRNA
gene were amplified with appropriate primers (341F:
CCTAYGGGRBGCASCAG; 806R: GGACTACNNGGGTATC
TAAT); all polymerase chain reactions (PCRs) were carried out
using 15puL of Phusion® High-Fidelity PCR Master Mix (New
England Biolabs, Ipswich, MA ). About 2 uM of forward and reverse
primers, and about10-ng template DNA. The thermal cycle process
includes initial denaturation (98 °C) for 1 min, followed by 30 cycles
of denaturation for 10s (98 °C), annealing for 30s (50°C), elong-
ation for 30s (72°C). Finally, kept for 5§ min (72 °C). The amplified
products were detected by a 2% agarose gel electrophoresis. The
PCR products were mixed in an equal density ratio, and the result-
ant PCR product mixture was purified with Qiagen Gel Extraction
Kit (Qiagen, Hilden, Germany). The DNA library was generated
using TruSeq DNA PCR-Free Sample Preparation Kit (Illumina, San
Diego, CA), and index codes were added to attribute sequences to
each sample. The quality of the constructed library was assessed
using the Qubit@ 2.0 Fluorometer (Thermo Scientific, Waltham,
MA) and Agilent Bioanalyzer 2100 system. Finally, the library was
sequenced using the NovaSeq platform, and 250-bp paired-end
reads were generated. According to the unique barcodes of the sam-
ples, the paired-end reads which are assigned to the sample and trun-
cated by cutting the barcode and primer sequence were merged
using FLASH (version 1.2.7; Mago¢ and Salzberg, 2011). Raw tags
obtained by splicing had to be strictly filtered to get clean tags. We
obtained high-quality clean tags (Bokulich et al. 2013) from the raw
tags based upon the QIIME (version 1.9.1; Caporaso et al. 2010)
quality-controlled process, which was performed under specific fil-
tering conditions. We used the Silva database to compare the tags
and UCHIME algorithm to detect and remove chimaera sequences
(Edgar et al. 2011; Haas et al. 2011) and finally obtain the effective
tags. Sequence analysis was performed using the Uparse software
(version 7.0.1001) (Edgar, 2013), and the sequences with >97%
identity were assigned to the same operational taxonomic unit
(OTU). Taxonomic information, which was annotated using the
Silva Database (http://www.arb-silva.de/) (Quast et al. 2013), was
used based on the Mothur algorithm. And the multiple sequence
alignment was conducted for phylogenetic relationship construction
using the MUSCLE software (version 3.8.31; Edgar, 2004). The
OTUs abundance information was normalized using a standard se-
quence number corresponding to the sample with the least sequen-
ces. Microbes were identified at phylum and genus levels.

Fecal metabolite extraction and ultra-high-performance
liquid chromatography—-mass spectrometry analysis

Metabolites were extracted from 35 fecal sample bottles according
to previously reported conventional methods (Barri and Dragsted
2013; Want et al. 2006). Hundred microliter of the fecal sample was
taken in an EP tube, resuspended with pre-chilled 80% methanol
and 0.1% formic acid, and mixed well by vortexing. Subsequently,
the EP tube was subjected to vortex oscillation and placed in an ice
bath for 5min, after centrifugation (15,000g, 4°C, 20 min). After
incubation, 40 pL of the supernatant was collected and diluted to
53% methanol content using mass spectrometry grade water, trans-
ferred to a new EP tube, and centrifuged again (15,000g, 4°C,
20 min). Finally, the supernatant was injected into the liquid
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chromatography—tandem mass spectrometry system for analysis.
The same volume of experimental sample was taken for the quality
control (QC) samples, and the experimental sample was replaced by
53% methanol/water solution for the “blank sample,” in which the
pre-treatment process was the same as that of the experimental sam-
ples. We performed the ultra-high-performance liquid chromatog-
raphy—tandem mass spectrometry analyses using a Vanquish
UHPLC system (ThermoFisher, Hennigsdorf, Germany) coupled
with an Orbitrap Q ExactiveTM HF mass spectrometer. Mass spec-
trometry conditions (including the canning range): m/z 100-1,500,
spray voltage: 3.2kV, sheath gas flow rate: 40arb, auxiliary gas
flow rate: 10 arb, capillary temperature: 320 °C.

Data processing and metabolite identification

The raw data files were imported into Compound Discoverer (ver-
sion 3.1) for the preliminary screening of the retention time, mass/
charge ratio, and other parameters to quantify the metabolites. The
main parameter settings for this process were the retention time de-
viation (0.2 min), the mass deviation (5 ppm), signal intensity toler-
ance (30%), minimum intensity (100,000), and signal/noise ratio
(3%). After that, the molecular formulae of the metabolites were
predicted based on the molecular ion peaks and fragment ions and
compared with mzCloud (https://www.mzcloud.org/), mzVault, and
MassList databases. The priority of metabolite identification results
is  mzCloud > mzVault > Masslist. The background ions were
removed with blank samples, and the quantitative results were nor-
malized with the QC samples. Finally, the identification and quanti-
tative results were obtained from the data, and the obtained
metabolite data were further processed by statistical R (version
3.4.3), Python (version 2.7.6), and CentOS (version 6.6).

Statistical analyses

The alpha diversity index of community biodiversity, including the
number of OTUs per sample, Chaol index, Shannon index,
Simpson index, and Abundance-based Coverage Estimator (ACE)
index, were calculated with QIIME (Caporaso et al. 2010) and dis-
played with the R (version 2.15.3). We also used R (version 2.15.3)
to analyze the differences in alpha diversity index among the differ-
ent groups and draw the rarefaction curve and rank abundance to
aid comparisons of alpha diversity. The difference between groups
of alpha diversity index was analyzed by t test, Tukey’s test, and
Wilcox test of agricola package. Moreover, the beta diversity index
of community biodiversity was calculated on both weighted and
unweighted Unifrac using the QIIME (version 1.9.1). Cluster ana-
lysis was preceded by principal component analysis (PCA) using the
“FactoMineR” package, and the “ggplot2” package in R (version
2.15.3) was used to analyze the differences among the groups of
beta diversity index. Parametric and nonparametric tests, that is, the
Tukey’s test and the Wilcox test, respectively, were carried out using
the “agricola” package in R (version 2.15.3). The ANOSIM test was
conducted using “vegan” package for analyzing the significance of
community structure differences between groups.

Metabolonomics data were compared with the Kyoto
Encyclopaedia of Genes and Genomes (KEGG) database (http://
www.genome.jp/kegg/), Human Metabolome Database (http://
www.hmdb.ca/), and LIPIDMaps database (http://www.lipid
maps.org/). The PCA and partial least squares discriminant ana-
lysis were performed in the metaX software (Wen et al.2017).
The # test was applied to calculate the statistical significance (P-
value) in R (version 3.4.3). The metabolites with Variable
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Importance in the Projection>1, P<0.05, and fold change
(FC) >2 or FC <0.5 were defined as the differential metabolites.
Volcano plots drawn by “ggplot2” package in R (version 3.4.3)
were used to filter metabolites of interest, and was based on log2
(FoldChange) and —log10 (P-value) of metabolites. The correl-
ation between differential metabolites was used analyzed by
“cor()” in R(version 3.4.3). The significance of the difference be-

»

tween metabolites was calculated by “cor.mtest(),” and correl-
ation plots were plotted by “corrplot” package in R (version
3.4.3), P<0.05 was considered as statistically significant. For
obtaining clustered heat maps, the data were normalized by the
Z-scores, and the clustered heat maps were drawn with the
“pheatmap” package in R (version 3.4.3). The functions and
metabolic pathways of the metabolites were obtained from the
Kyoto Encyclopedia of genes and genes (KEGG) database, which
contains multiple databases. KEGG is categorized in terms of
building blocks in the genomic space and wiring diagrams of
interaction and reaction networks, known as KEGG PATHWAY.
KEGG PATHWAY database is a collection of metabolic path-
ways and used to annotate the identified metabolites. The main
biochemical metabolic pathways and signal transduction path-
ways involved by metabolites can be determined by pathway ana-
lysis. If the ratio condition x/N >y/N is satisfied, the pathway is
the KEGG enrichment pathway. x: The number of differential
metabolites associated with the pathway; y: The number of all
background metabolites associated with this pathway; N: the
number of differential metabolites annotated by KEGG; N: the
background of KEGG annotation, the number of all metabolites.
With the help of the hypergeometric test method, the P-value of
pathway enrichment is obtained, when the P <0.05 is taken as
the threshold, and the KEGG pathway meeting this condition is
defined as the KEGG pathway significantly enriched in different
metabolites.

Results

Gut microbiota profiles of gray-backed shrike nestlings

A total of 1,062,933 high-quality 16S rRNA gene sequences were
obtained after DNA extraction from 15 fecal samples. To study
the microbial species composition of each sample, OTU clustering
was performed on all valid tags with 97% identity. We identified
and annotated 8,416 OTUs, and they were divided into 17 phyla,
120 classes, 246 orders, 333 families, and 510 genera. The results
showed that there were significant differences in the microbiota
composition at the individual level and even among individuals of
the same age. The number of OTUs of intestinal microorganisms
was highest in the 14-day-old nestlings (838) followed by those in
8-day-old nestlings (541), and the number of OTUs of intestinal
microorganisms was the lowest in 5-day-old nestlings (253). The
number of unique OTUs was highest in the 14-day-old nestlings
(596) and least in the 5-day-old ones (74; Figure 1A). The o diver-
sity index of intestinal microorganisms was highest in 14-day-old
(Table 1,
Supplementary Figure S1, and Supplementary Material S1). Based

nestlings and lowest in 5-day-old nestlings
on the Principal Co-ordinates Analysis analysis, there were sig-
nificant differences in the intestinal microbial composition among
different gray-backed shrike nestlings, even of the same age

(Figure 1B,C).
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Changes in intestinal microbiota composition at
different ages of gray-backed shrike nestlings

According to the results of species annotation, the 10 most abundant
species in the intestinal microbiota of the gray-backed shrike nest-
lings, at the phylum level, at different day—ages were selected to
generate a column accumulation diagram denoting the relative
abundance of the species (Figure 2A). It was observed that the rela-
tive abundances of Proteobacteria and Firmicutes were comparative-
ly higher than those of other bacterial phyla on each day. The
relative abundance of Firmicutes increased as follows: Day 2
(14.09%), Day 5 (59.27%), and Day 8 (64.17%); its abundance
was the highest in 8-day-old nestlings, and it began decreasing on
Day 11 (13.17%) and Day 14 (3.49%). The relative abundance of
Proteobacteria began to decrease as follows: Day 2 (46.87%), Day 5
(36.83%), and Day 8 (9.41%); however, its abundance increased
significantly on Day 11 (84.74%) and Day 14 (79.70%) nestlings.
The abundance of Proteobacteria was much higher than that of the
other microorganism groups at 11 and 14 days of age. The relative
abundances of the top 10 intestinal microorganisms of the gray-
backed shrike nestlings, with highest abundance at the genus level,
were recorded at different ages (Figure 2B). The results showed that
Rickettsiella was the dominant intestinal bacterium in the nestlings
at the age of 2, 5, 11, and 14 days, but its relative abundance was
low in 8-day-old nestlings; additionally, it was observed that
Candidatus Arthromitus formed the dominant bacteria in the 8-day-
old nestlings. This suggests that the intestinal environment of 8-day-
old nestlings may have undergone certain changes. The relative
abundances of all the identified intestinal microorganisms were
compared along the time period. The relative abundances of
Lactobacillus, Rombotusia, Turicibacter, Allobaculum,
Ruminococcus gnavus group, Bifidobacterium, and Faecalitalea
decreased significantly with the increase in the nestlings’ age, while
the relative abundances of Agathobacter and Brevundimonas
increased with age (Figure 3).

Profiles of fecal metabolites of gray-backed shrike
nestlings

Based on high-resolution mass spectrometry, 734 metabolites were
identified and annotated in the nestlings’ feces. We analyzed the
functional pathways with which these metabolites were involved,
and it was observed that most of them were commonly involved in
metabolism. After PCA, significant differences were observed in the
metabolite composition of the feces of nestlings at different day—
ages, and this difference decreased at the age of 12 and 14 days
(Figure 4).

Changes in fecal metabolite composition at different
day-ages of the gray-backed shrike nestlings

We screened the fecal metabolites of the nestlings along the time
period, and we observed that the composition of the fecal metabo-
lites varied greatly with the development of the nestlings. There
were significant differences between the fecal metabolite composi-
tions of 2- and 5-day-old gray-backed shrike nestlings. We identified
60 metabolites with significant differences, among which 16 were
significantly upregulated and 44 were significantly downregulated
(Figure 5 and Supplementary Material S2). The results of the path-
way enrichment analysis of differentially expressed metabolites
showed that these metabolites have significant effects on amino acid
biosynthesis (Figure 6). Moreover, there were significant differences
between the fecal metabolite compositions of 5- and 8-day-old
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Figure 1. Microbial diversity in feces of nestlings on 2, 5, 8, 11, and 14 day-ages. (A) Each circle in the figure represents a group sample of the gray-backed shrike
nestlings’ feces on 2, 5, 8, 11, and 14-day-ages, the numbers of circles and overlapping parts of circles represent the number of OTUs shared between groups,
and the numbers without overlapping parts represent the number of unique OTUs of the group. The number of OTUs shared by nestlings at all day-age stages
was 213. The number of unique OTUs was the highest in 14-day-old nestlings is 596 and was the least in the 5-day-old ones is 74. (B) Analysis of similarities
among fecal microbial communities of nestlings on 2, 5, 8, 11, and 14-day-ages based on unweighted Unifrac distance principal coordinate analysis (PCoA).
There were significant differences in the intestinal microbial composition among different gray-backed shrike individuals. (C) Analysis of similarities among fecal
microbial communities of nestlings on 2, 5, 8, 11, and 14 day—-ages based on weighted Unifrac distance (PCoA). There were significant differences in the intestinal

microbial composition among different gray-backed shrike individuals.

Table 1 Alpha diversity indexes of gut microbiota of gray-backed
shrike nestlings

Group, days Observed species Shannon Simpson  chaol ACE

2 464 2.839 0.570  496.933 501.335
N 253 1.443 0.276 276.252 277.218
8 541 2.992 0.593 606.788 620.513
11 437 1.125 0.285 515.840 534.517
14 838 3.409 0.577  892.905 902.571

The o diversity analysis index of fecal microorganisms of gray-backed shrike
nestlings was statistically analyzed at 2, 5, 8, 11, and 14 day-ages.

nestlings. We identified 87 metabolites, among which 40 were sig-
nificantly upregulated and 47 were significantly downregulated
(Figure 5 and Supplementary Material S2), and the pathway enrich-
ment analysis of these differentially expressed metabolites showed
that they mainly affect retinol metabolism (Figure 6). Furthermore,
there were significant differences between the fecal metabolite com-
positions of 5- and 11-day-old nestlings wherein we identified 102
metabolites with significant differences, among which 55 metabo-
lites were significantly upregulated and 47 metabolites were signifi-
cantly downregulated (Figure 5 and Supplementary Material S2).
Pathway enrichment analysis showed that these differentially
expressed metabolites had significant effects on caffeine and retinol
metabolism (Figure 6). The difference between the fecal metabolite

compositions of 11- and 14-day-old nestlings was smaller; there
were only 56 metabolites with significant differences, among which
45 were upregulated and 11 were downregulated (Figure 5 and
Supplementary Material S2). Pathway enrichment analysis of these
differentially expressed metabolites showed that they had significant
effects on steroid hormone biosynthesis (Figure 6).

The results of Z-score analysis showed that maximum change in
the numbers of differentially expressed metabolites was observed
when the fecal metabolite compositions of 8- and 11-day-old nest-
lings were compared (Figure 7). It was observed that when the nest-
lings are 2, 5, and 8days old, the parent birds ingested their
offsprings’ feces; however, the parent birds gradually stopped con-
suming their nestlings’ feces around Days 11-14. The differences in
the fecal metabolite compositions between the fecal ingestion stage
and the fecal discarding stage were analyzed, and it was observed
that 5 metabolites were significantly upregulated and 11 were sig-
nificantly downregulated (Table 2). Additionally, a comparison be-
tween the relative contents of fecal metabolites in the nestlings that
were just about to leave their nests and the ones that had just
hatched showed that 60 metabolites, such as LPE 15:0, acetoacetate,
indole-2-carboxylic acid, pantethine, rotenone, allantoin, alpha-
benzylsuccinic acid, and robenidine, were significantly lower in the
former group. On the contrary, the relative contents of 42 metabo-
lites, namely 3-hydroxysebacic acid, 2, 4-Dichlorophenol, 2-amino-
adipic acid, and catechin, were significantly higher in the feces of the
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Figure 3. Variation trend of relative abundances of fecal microorganisms of gray-backed shrike nestlings. With the growth of the nestlings, the relative abundan-
ces of 7 microorganisms (Lactobacillus, Rombotusia, Turicibacter, Allobaculum, Ruminococcus gnavus group, Bifidobacterium, and Faecalitalea) decreased and
that of 2 microorganisms (Agathobacter and Brevundimonas) increased.
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Figure 4. PCA analysis established the relationship model between
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14 days to predict the metabolite difference in the samples of gray-backed
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nestlings’ feces on 2, 5, 8, 11, 14day-ages, but this difference weakens at
11 day-ages.
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nestlings that were about to leave the nest than in the ones that were
just hatched.

Discussion

It has been observed by video (11,040 min) among the gray-backed
shrikes (Supplementary Material S3) that the parent birds consume
their nestlings’ feces with high frequency (70-100%) for a few days
just after they hatch (Supplementary Figure S2 and Supplementary
Material S1). However, about a week later, the parental behavior of
ingesting the offsprings’ feces stops; instead, they begin to discard
their nestlings’ feces far away from the nest (Supplementary Figure
S2 and Supplementary Material S1).

We found that both microbial composition and community struc-
ture changed in the feces with the age of nestlings. The microbial alpha
diversity showed no significant differences during the nestlings’ growth
period, but it was much higher in the feces of 2-day-old nestlings was
much higher than that of 5-day-old nestlings (Table 1 and Figure 1A).
The microbial B diversity of nestlings’ wastes was significantly different
during the early and later day-ages. Moreover, the differences in the
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Figure 5. Analysis of comparison group of the gray-backed shrike nestlings’ feces (2 vs. 5, 5 vs. 8, 8 vs. 11, and 11 vs. 14 day-ages) of the volcanic map. The ab-
scissa represents the difference of metabolites in different groups (log2foldchange). The ordinate represents the different significance levels (~log10 P-value).
Each point of the map represents a metabolite. The significantly upregulated metabolites are represented by red points, the significantly downregulated metabo-
lites are represented by green points. The size of the dots represents the Variable Importance in the Projection value. FC <0, metabolites were downregulated;
FC >0, metabolites were downregulated. The number of upregulated and downregulated metabolites in the 11 and 14 day-ages group was less than that in other

control groups.
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Figure 6. The KEGG enrichment map of fecal metabolites of nestlings in different contrast groups (2 vs. 5, 5 vs. 8, 8 vs. 11, and 11 vs. 14 day-ages), the smaller
the P-value. The differentially expressed metabolites of the gray-backed shrike nestlings’ feces comparison group (2 vs. 5, 5 vs. 8, 8 vs. 11, and 11 vs. 14day—

ages) are different.

community structure among individuals of the same day—age were very
significant (Figure 1B,C). Our results are similar to a study that paid
particular attention to microbiota changes of wild house sparrow nest-
lings Passer domesticus (Kohl et al. 2019). The gut microorganisms of
nestlings show significant changes because of the microorganisms
undergo a process of colonization (Benson et al. 2010; Tannock 2007;
Turnbaugh et al. 2009), and the change in composition and structure
of microorganisms is closely related to the environment of nestlings.
After hatching, the nestlings are immediately affected by various factors
because of the surrounding environment, and the microorganisms in
the environment can develop rapidly in the intestinal tract of the nest-
lings within a short time (Pan and Yu 2014; Ding et al. 2017), which
was probably similar to that of infants (Palmer et al. 2007). Nestlings
develop quickly before they fly out. We believe that the improvement
of the nestlings’ immune system and digestive system also plays a cru-
cial role in the growth of microorganisms in the intestine; this may ex-
plain the a-diversity of a 5-day-old nestling being lesser than that of a
2-day-old nestling (Table 1). The randomness of obtaining food may
lead to significant differences in the microbial community structure

among individuals of the same age (Table 1 and Figure 1;Sonnenburg
et al. 2010; Hooper et al. 2012).

Regular fluctuation of the microbiota composition with the age
of the nestlings was not observed at the phylum and genus levels,
but the results showed that there was a notable change in the abun-
dance of dominant fecal microorganisms of the nestlings when they
are 8 days old (Figure 2A B). The fluctuation of these dominant bac-
teria may be related to the environment (Santacruz et al. 2009,
2010; Drewnowski and Rolls 2012; Hird et al. 2015) and food or
the development of nestlings, such as weight gain (Santacruz et al.
2009, 2010; Drewnowski and Rolls, 2012) and the improvement of
the intestinal immune system (Yang et al. 2018). It has been
observed that the parental behavior with respect to the mode of
feces disposal generally changes ~1 week after the nestlings hatch.
Therefore, the change in the parental behavior with respect to feces
disposal may be related to the change in the intestinal microbial
composition of the 8-day-old nestlings. We used video (11,040 min),
in the whole stage, the types of food provided by the parent bird to
the nestlings during the whole stage did not change, there was no
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large, and the Z-score values exceeding 4 or —4 has not been shown in the graph. When the fecal metabolite compositions of 8- and 11-day-old nestlings were
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significant correlation between nestlings day—age and food type
(r=0.04, P>0.05; Supplementary Figure S3 and Supplementary
Material S1), so the effect of food changes on fecal composition was
minute. Furthermore, we analyzed the changes in the relative abun-
dances of all the intestinal microorganisms with the increasing age
of the nestlings, and it was observed that the relative abundances of
7 microorganisms gradually decreased, while that of 2 microorgan-
isms gradually increased with the growth of the nestlings (Figure 3).
In particular, among the 7 microorganisms with reduced abundance,
except for Rombotusia whose function has not been confirmed
(Gerritsen et al. 2019), the other 6 were probiotics. Most common
probiotics can produce short-chain fatty acids (Afrc, 1989; Ma et al.
2020); they have the ability to adhere to intestinal cells, inhibit the
binding of pathogens through competitive rejection process, and
may affect the synthesis of cytokines. Moreover, the metabolites
produced by these bacteria interact with other microorganisms to
balance the intestinal microbiota as well as to improve the intestinal
digestive activity. Probiotics help prevent malnutrition, promote
protein synthesis (Sagheddu et al. 2016), and positively affect hosts’
health by their active immunoregulation function (Caslin et al.2019;
Supplementary Table S1 and Supplementary Material S1). Due to
their beneficial effects on their hosts, they have been added to ani-
mal and human diets as common nutrients and dietary supplements,
and this has made a positive impact on animal and human health

(Kailasapathy and Chin, 2000; Qaisrani et al. 2015; Whitman et al.
2015). These probiotics varied with the age of nestlings, and their
abundance decreased significantly after 8 days of age, which was
consistent with our prediction. We believe that if these probiotics
entered and colonized the parent birds’ intestines through food, then
there may be improvements in the parent birds’ intestinal balance, a
positive impact on their digestion and absorption of food, and an en-
hancement of the parent birds’ intestinal immunity. Probiotics can
maximize the nutrition of parent birds, compensate for the energy
expended during brooding (to a certain extent), and play a beneficial
role in their health. In conclusion, obtaining probiotics from the
nestlings’ feces may be the reason for the parental behavior of fecal
matter ingestion. However, the content of probiotics in the nestlings’
feces was low; hence, the influence of probiotics on the mode of dis-
posal of nestlings’ feces by the parent birds needs to be further
studied on the basis of the specific content of probiotics and their
ecological significance.

We identified 734 metabolites from all the fecal samples. The
results showed that the differences in the composition of fecal
metabolites gradually decreased with the age of the nestlings
(Figures 4 and 5). The fecal metabolites of 2-, 5-, and 8-day-old
nestlings were compared with those of 11- and 14-day-old nest-
lings (Table 2). Five metabolites were significantly upregulated in
each comparison pair, among which 9-KODE, LPI 16:1, and LPI
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18:2 were lipids (Supplementary Table S2 and Supplementary
Material S1); on the contrary, 11 metabolites were significantly
downregulated, and lipids were absent. The composition of metab-
olites in feces varies when nestlings are early day-ages, but it is
similar when they are late (Figure 4), which may be related to the
gradual maturation of their digestive systems. Lipids are easily
metabolized and absorbed as a part of the diet (Osborn-Barnes and
Akoh 2005); thus, the nutritional value of feces would be insuffi-
cient when their contents decreased. Besides, the downregulated
metabolites may be harmful to birds health, such as catechin,
which is a bitter compound that can reduce intestinal lipid metab-
olism (Ikeda et al. 1992; Higdon and Frei 2003) (Supplementary
Table S2 and Supplementary Material S1). Along the time period,
it was found that the difference of nestling metabolites was the
largest between 8th and 11th day after hatching (Figure 7).
Additionally, we performed a statistical analysis of the changing
trends of all the identified metabolites and found that 60 of them
decreased with the growth of nestlings, among which 20 are lipids,
which may have provided energy to the parent birds when they
were present in abundance in the nestlings’ feces. On the contrary,
with the increase in the age of the nestlings, the content of 42
metabolites significantly increased, among which only 5 were lip-
ids, and most of the non-lipid metabolites were neutral com-
pounds. In the high-frequency time, when the parent birds’ fecal
treatment strategy changed, the metabolites in the feces changed
the most when the nestlings were ~ 8 days old. These results sup-
port our hypothesis regarding influence of fecal composition on the
parent birds’ fecal eating behavior.

Meanwhile, from reducing lipid metabolites in feces, we can in-
tuitively predict that the nutrient composition of the wastes of older
nestlings was poor. Among the nonlipid metabolites which
decreased as the nestlings grew old, some have had close links with
birds’ health. The beneficial metabolites can protect them against
diseases (Peeters and Halen 1980) and be useful for wound healing
and relieving skin irritation (Goelzer et al. 2008; Supplementary
Table S2 and Supplementary Material S1). During the brooding
period, the antibiotic effect of beneficial metabolites helps them re-
duce the health risk caused by parasites, so as to improve their sur-
vival rate. We believe that parent birds demand metabolites that are
good for skin healing because their nests are usually built on thorny
plants; they may be scratched when passing through these thorns. In
short, the observation that younger the nestlings have more lipids
and beneficial substances in their feces compared with the older
nestlings, and the fact that these beneficial substances decrease over
time, is consistent with our conjecture.

Therefore, the parent birds may ingest the feces as an additional
source of probiotics and beneficial metabolites; our results are in ac-
cordance with the “parental nutrition hypotheses.” However, owing
to the limited number of gray-backed shrike nests found every year,
the fields’ sampling operation faces many unpredictable challenges,
such as nest predation or extreme weather. We must admit that the
sample size collected is minimal, and these samples can be used for
statistically significant experiments. However, if more samples can
be collected in some species with a large population, more universal
conclusions may be drawn.
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