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Arabidopsis multiomics reveals the role of autophagy

in root microbiome assembly

To the editor,

Autophagy, which means “self-eating,” is a conserved
eukaryotic mechanism for the degradation and recycling
of cytoplasmic material, including proteins, lipid bodies,
nucleic acid aggregates, and even damaged organelles
[1, 2]. Under normal conditions, autophagy is mainly
used to maintain cellular homeostasis, but increasing
autophagy activity allows adaptation to stressful condi-
tions caused by a large variety of environmental cues
[3, 4]. In previous research, there has been widespread
attention to the physiological role of autophagy in plant
growth and development, as well as its regulation of
tolerance to various abiotic and biotic stresses [5-7]. The
root microbiota plays an important role in plant nutri-
tion, development, and immunity, and is considered
the second genome of plants [8-13]. However, whether
plant autophagy regulates root microorganisms is
unknown. In this study, we applied 16S rRNA amplicon
and metagenomic approaches to investigate how autop-
hagy affects the assembly and ecological functions of
plant-related microbiomes. Root proteomics and meta-
bolomics were used to evaluate the effects of what on
plants in detail.

To determine the factors influencing the formation of
the Arabidopsis root microbiome, we first explored the
effects of compartments on the soil microbiome. Samples
were harvested from the bulk soil (unplanted pots), rhi-
zosphere, and endospheric compartments according to a
previously reported protocol [14] (Figure S1). Pooled
principal component analysis (PCA) showed that the
samples from different compartments formed distinct
clustering patterns (Figure 1A). The decrease in the
richness of the microbial population from outside to in-
side the root is consistent with the results from previous
studies of root microorganisms, which also indicates the
selectivity of plant roots to bacteria [15] (Figure S2). To
gain a thorough understanding of the taxonomic struc-
ture of microbial communities in different compart-
ments, relative abundance analyses were performed at
the phylum level based on species annotation results.
The phyla detected in rhizosphere samples were

not consistent with those found in root samples
(Figure 1B,C). Compared with the rhizosphere, the rel-
ative abundance of Actinobacteria was considerably
lower and that of Cyanobacteria was substantially higher
in root samples. These results illustrated the selectivity of
Arabidopsis for microorganisms associated with roots
(Figure 1B,C).

After characterizing the role of plant compartments on
soil microbial assembly, we further investigated the
potential impact of autophagy on plant-microbial interac-
tions. We observed that the difference between Col-0 and
atg5-1 (an autophagy mutant) in endosphere bacterial
community was much greater than that in rhizosphere
bacterial community (Figures 1B,C, and S3). To further
confirm the effects of autophagy on endosphere bacterial
community, we used another autophagy mutant, atg7-2, to
compare with Col-0 in the endosphere. PCA revealed that
atg5-1 and atg7-2 were clearly separated from Col-0, indi-
cating that autophagy mutations altered the root microbiota
(Figure 1A). By comparing the taxonomic structure of the
microbial community at the phylum level, atg5-1 and atg7-2
both showed increasing abundance of Proteobacteria
and notably decreasing abundance of Cyanobacteria
(Figure 1C). Subsequently, OTUs were clustered with 97%
consistency for effective tags of all the samples to analyze
the common and unique OTUs between Col-0 and atg5-1 in
the endosphere. As shown in the Venn diagram, atg5-1
contained 1531 unique OTUs, whereas Col-0 had only 227
OTUs (Figure S3A). We detected overlap of OTUs in Col-0
and atg5-1: 847 OTUs (78.8% in Col-0; 35.6% in atg5-1).
Only 773 of 847 OTUs were annotated at the phylum level
(Figure S3B,C). Linear discriminant analysis Effect
Size (LEfSe) analysis identified bacteria with significant
differences in abundance in the root microbial community.
Col-0 increased the abundance of o_Veillonellales_Seleno-
manadales, c_Negativicutes, f Sporamusaceae, f xantho-
bacteraceae, 0o_Rhizobiales, and { Burkholderiaceae,
whereas atg5-1 only increased the abundance of o_Xan-
thomonadales and f Rhodanobacteraceae (Figure S3D).
Together, these results indicated that autophagy affects the
diversity of the root microbiota.
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FIGURE 1 Autophagy impacts the root-associated microbiota assembly and the functional composition of the root microbiome.

(A) Principal component analysis (PCA) of bacterial communities using unweighted UniFrac metrics in the samples. The samples are
depicted with different symbols, and the sites are color coded according to the compartment. (B, C) Bacterial community composition at the
phylum level in the bulk soil, rhizosphere (B), and root endospheric (C) samples. (D) Nonmetric multidimensional scaling (NMDS) analysis
based on KEGG ontology (KO) of KEGG and Level 2 of CAZy. n = 4 biological replicates. (E) Comparisons of Shannon diversity of KO and
carbohydrate-active enzymes (CAZ) functional genes between root microbiome of the Col-0 and atg5-1 plants. **Indicates statistical
significance (p < 0.01, Student's t-test), n = 4 biological replicates. (F) Differential abundance analysis of microbiome functional genes
between the Col-0 and atg5-1 plants. Student's t-test was performed.
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Furthermore, we employed metagenomic analysis to
explore the functional shift in the root-associated mi-
crobiomes that might be induced by autophagy in terms
of microbial genes. The analysis showed that the func-
tional composition of the root microbiome of atg5-1 (i.e.,
Nonmetric multidimensional scaling [NMDS] ordina-
tions of KEGG ontology [KO] and carbohydrate-active
enzymes [CAZ]) was significantly altered compared with
that of Col-0 (Figure 1D). The KEGG analysis results also
showed that the absence of autophagy reduced the
functional diversity of the root microbiome (Figure 1E).
In addition, the total reads were statistically similar
between the Col-0 and atg5-1 root samples (Figure S4).
The proportion of microbial DNA in atg5-1 was signifi-
cantly higher than that in Col-0, which is consistent with
the results from the analysis of the Shannon diversity
using 16S data (Figure S2). Moreover, a CAZy database
analysis showed that the relative levels of cellulase (EC
3.2.1.4) and beta-1,3-xylanase (EC 3.2.1.32) were higher
in atg5-1 than in Col-0, and their higher levels may play a
positive role in bacteria entering the plant roots
(Figure 1F). GO annotation analysis was done on all
microbial genes after removing the reads of from plant
DNA. A total of 29,834 genes (50.9% of the total genes)
were identified to be responsible for metabolism. Of
these, most microbial genes were primarily linked to
carbohydrate metabolism (Figure S5). Comparison of
microbial DNA between Col-0 and atg5-1 revealed al-
terations in the abundance of several microbial genes
related to carbohydrate metabolism (Figure 1F and
Table S1). Moreover, the functions of 7276 genes (12.4%
of total genes) were related to environmental information
processing, such as signal transduction and membrane
transport, which are important biological processes for
cell adaptation and survival (Figure S5). These findings
indicated that the microorganisms in the atg5-1 roots
face a more complex environment than those of Col-0.

Autophagy is known to be a protein degradation
pathway, and we hypothesized that the absence of au-
tophagy can alter the content of certain proteins and
thereby regulates plant-root microbiota interactions.
Therefore, we examined the potential links of plant root
proteome and metabolism to autophagy-dependent sub-
stance recycling homeostasis. The volcano plot showed 44
differential expression proteins (DEPs) between the
atg5-1/Col-0 comparison groups, and the asymmetric dot
distribution indicated that the absence of autophagy had a
significant impact on the Arabidopsis root proteome
(Figure 2A and Table S2) (p<0.05 and FC>11.21).
The results from the biological function analysis using the
UniProt database revealed that these DEPs are mainly
related to cell wall and defense (Figure 2B,C). In 11 DEPs
associated with cell walls, there are seven DEPs directly
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relating to the components of the cell wall (AOA7G2FHES,
AOA5SSXLX6, QILIAS, Q9ZQC6, AOA178VDH7, QIFNI7,
and Q8LBY9) (Figure 2B). In defense-related DEP clus-
ters, four proteins (AOA178UCE6, Q9FF98, AOA654FJS3,
and AOAS5S8WN52) were enriched in Col-0, and two
proteins (022693 and AO0A7G2E552) were enriched in
atg5-1 (Figure 2C). In conclusion, the proteome analysis
further indicated that the variation in the root microbial
population in autophagy mutants was mainly caused by
plant cell wall and defense-related processes.

Following the protein hints of altered cell wall com-
position, we measured the contents of cellulose in the
root samples. The results showed that the cellulose levels
of atg5-1 were decreased by 22% (Figure 2D). The lower
cellulose content suggested that atg5-1 may have dis-
ruptions in cellulose biosynthesis. Congruent with the
proteomic findings, quantitative RT-PCR demonstrated
repressed gene expression of cellulose synthase 1
(CESA1), which is a major cellulose synthase in Arabi-
dopsis in atg5-1 compared to Col-0. (Figure 2E). These
findings implied that autophagy might control the syn-
thesis of cellulose.

Plant cell wall mechanics are primarily determined
by cellulose, but hemicelluloses and pectins also have an
effect on wall mechanics and cell expansion, respectively
[16]. Five-week-old Col-0 and atg5-1 roots were subjected
to standard cell wall biochemical analysis to investigate
potential changes in noncellulosic matrix poly-
saccharides (Figure 2F). We found that the contents of
mannose (Man), arabinose (Ara), galactose (Gal), xylose
(Xyl), and glucose (Glu) were significantly increased in
atg5-1 roots relative to Col-0 controls (Figure 2F). It was
evident from these data that atg5-1 modified matrix
polysaccharide abundance in addition to affecting cellu-
lose biosynthesis.

To gain more insights into how autophagy affects the
root microbiota, we analyzed differences in root exudates
between wild-type and autophagy mutant by GC-MS.
The results revealed 39 differentially accumulated
metabolites between Col-0 and atg5-1 (p <0.05 and fold
change > 121). The comparison of atg5-1 with Col-0
revealed 35 upregulated metabolites and four down-
regulated metabolites (Table S3). Carboxylic acids and
derivatives accounted for the largest proportion of dif-
ferentially accumulated metabolites (33.33%), followed
by lipids (15.38%) (Figures 2G and S6). These findings
suggested that autophagy induces significant changes in
root exudates and the absence of autophagy leads to
increased accumulation of carbohydrates and lipids. By
KEGG enrichment analysis, 39 different metabolites
were annotated in 27 metabolic pathways. The most
noteworthy enrichment pathway was the biosynthesis of
unsaturated fatty acids (ko01040), followed by fatty acid
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synthesis (ko00061) and fatty acid degradation (ko00071)
(Figure 2G). Therefore, autophagy may exert a stronger
effect on lipid metabolism.

In conclusion, we utilized a multi-omics approach to
reveal that autophagy comprehensively regulates Arabi-
dopsis root microbial assembly through plant cell wall,
defense, and root exudates. These results link plant
protein metabolic pathways with the root microbiome
and thereby not only provide insights into the mecha-
nisms of plant and root microbial interactions but also
emphasize the complexity of autophagy regulation in
plants.
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FIGURE 2 Exploring the role of autophagy in plant-microbe interactions by proteomic and metabolomic analyses. (A) Volcano plots
showing the preferential accumulation of individual proteins in roots of atg5-1 versus Col-0 plants. Each protein was plotted according to its
fold change in abundance (atg5-1/Col-0) and its —log, p-value based on three biological replicates. (B, C) Enrichment analyses of
differentially expressed proteins associated with cell wall and defense. Each differentially expressed protein was plotted according to its
log;o-fold enrichment/depletion based on three biological replicates. (D) Quantification of cellulose in 5-week-old Col-0 and ag5-1 roots.
(E) Quantitative real-time polymerase chain reaction (qQRT-PCR) measurements of Arabidopsis CESAI gene expression levels. Each bar
represents the mean (+SD) gene expression levels from three biological replicates. Asterisks indicate significant differences between wild-
type Col-0 and the atg5-1 mutant revealed by Student's t-test. *Indicates p < 0.05, **indicates p < 0.01. (F) Monosaccharide composition in
the cell walls of 5-week-old Col-0 and atg5-1 roots. Each bar represents the mean (+SD) monosaccharide content from three biological
replicates. Asterisks indicate significant differences between wild-type Col-0 and the atg5-1 mutant revealed by Student's -test. *p < 0.05,
**p < 0.01. (G) Heatmap of differences metabolites. Sample names are presented horizontally and differential metabolite information is
presented vertically. Different colors are filled with different values obtained after standardization of different relative contents (red
represents high content, blue represents low content).
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