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Extended Data Fig. 4 | Precipitation legacy effects in the soil microbiota are 
resilient to short-term water- and host-related perturbations. a. Schematic 
representation of the experimental design used to evaluate the resilience of 
precipitation legacy effects to perturbations and their functional importance 
to plant drought response. Six soils spanning the Kansas precipitation 
gradient (“legacy phase”), were either left unplanted or planted with seedlings 
of the native grass species Tripsacum dactyloides (eastern gamagrass) and 
subjected to either drought conditions or regular watering in a factorial design 
(“conditioning phase”). To evaluate how soil precipitation legacy affects plants, 
and to disentangle the role of the microbiota from possible effects of co-varying 
abiotic soil properties, we then used the experimentally-conditioned microbial 
communities to inoculate a new generation of T. dactyloides and Z. mays plants. 
These “test phase” plants were divided between water-limited conditions and 
well-watered control conditions. b. Alpha diversity of bacterial communities 
was not affected by the different conditioning treatments (drought or well-
watered, with or without host). For each treatment, at least 12 biological 
replicates (individual soil pots) were analysed, resulting in a total of 156 bacterial 

community profiles generated. Alpha diversity was assessed using the Shannon 
Diversity Index. In the boxplots, the horizontal line represents the median; box 
edges indicate the interquartile range (25th-75th percentiles); and whiskers 
extend to the smallest and largest values within 1.5× the interquartile range. 
Individual data points, including outliers, are overlaid as dots. Differences among 
groups were tested with one-way analysis of variance (ANOVA; p = 0.16), which 
revealed no statistically significant variation. Tukey’s test further confirmed the 
absence of significant pairwise differences, as indicated by the shared letters. 
c. Phylograms show that the different conditioning treatments (drought or well-
watered, with or without host) did not impact the relative abundance profiles 
of main bacterial phyla. d. Constrained ordination of metagenome taxonomic 
composition in response to conditioning phase treatments. Statistics are from 
permutational MANOVA (PERMANOVA) with 9999 permutations. PERMANOVA 
R2 and p-values for the effects of drought/water and host conditioning are 
shown. The bar on the left indicates the percentage of variance explained by the 
experimental variables, as estimated by PERMANOVA.
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Extended Data Fig. 5 | Precipitation legacy effects shape the transcriptionally-
active soil microbiota even after five months of experimental perturbation. 
a. Constrained ordination of soil metatranscriptome content. Bray-Curtis 
dissimilarity matrices were calculated from RNA-based bacterial counts 
to evaluate transcriptional differences in response to conditioning phase 
treatments: (left) baseline soils versus soils exposed to well-watered or drought 
conditions, and (right) soils with or without host plants. Group differences were 
assessed using PERMANOVA with 9,999 permutations, with the resulting R2 and 
p-values indicated within the plots. The bar on the left describes the percentage of 
the variance explained by the experimental variables. b. Phylogram showing the 
main bacterial phyla that were transcriptionally active across soils with different 

precipitation legacies after five months of drought or well-watered conditions, 
compared to the baseline for each legacy group. c. Heatmap showing enrichment 
or depletion of transcriptionally active bacterial families relative to the baseline 
high-precipitation-legacy (PL) soil. DL indicates the baseline (pre-conditioning) 
low-precipitation-legacy soil; +W and +D indicate five months of well-watered 
or drought conditions, respectively. Heatmap was coloured based on log2 fold 
changes derived from a generalised linear model contrasting the abundance of 
each family in a given treatment against the high-precipitation-legacy baseline 
soil. Tiles outlined in black denote statistically significant enrichment (red) or 
depletion (blue) (q < 0.05) with a |log2 fold change| > 2. Heatmaps were clustered 
based on taxonomic classification (tree on the left).
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Extended Data Fig. 6 | Transcriptional responses of soil microbiomes 
to short-term water perturbations are shaped by precipitation legacy. 
a. Heatmap showing the enrichment of transcriptionally active bacterial phyla 
in soils with low-precipitation (DL) or high-precipitation (PL) legacies, exposed 
to either drought (+D) or well-watered (+W) treatments, relative to the high-
precipitation-legacy baseline (PL). DL indicates the baseline (pre-conditioning) 
low-precipitation-legacy soil. Colours represent log2 fold changes derived from 
a generalized linear model comparing each treatment to the high-precipitation-
legacy baseline (PL). Tiles outlined in black indicate statistically significant 
enrichment (red) or depletion (blue) (q < 0.05; |log2 fold change| > 2). Taxa were 
hierarchically clustered based on taxonomic classification (dendrogram on the 
left). b. Heatmap depicting enriched or depleted biological processes identified 
through metatranscriptomic analysis. Soils with high-precipitation legacies (PL) 

or low-precipitation legacies (DL) were subjected to five-month-long drought 
or well-watered treatments and then compared to the high-precipitation-legacy 
baseline. Gene enrichment analysis was conducted using a generalized linear 
model followed by Gene Ontology (GO) classification. Enrichment of each GO 
category was evaluated using a two-sided Mann-Whitney U test to determine 
whether genes associated with the category were significantly clustered at either 
the top or bottom of a globally ranked gene list. p-values were adjusted for multiple 
comparisons, and categories with an adjusted p-value < 0.05 were considered 
significant. Significantly enriched or depleted GO categories (adjusted p < 0.05) 
are coloured according to enrichment scores, calculated from square root-
transformed delta rank values (red: enrichment; green: depletion). Clustering was 
performed based on soil treatments and GO terms. The GO categories exhibiting 
the strongest enrichment or depletion profiles are presented.
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Extended Data Fig. 7 | Precipitation legacy of microbial inoculum impacts 
gamagrass phenotypic drought response. a. A constrained redundancy analysis 
of the top non-collinear traits found that legacy explains 5.0% of the phenotypic 
response to acute drought in eastern gamagrass (Tripsacum dactyloides; ANOVA-
like permutation test, F = 10.15, R2 = 0.050, p = 0.001; n = 192). Turquoise points 
represent plants that were inoculated with high-precipitation-legacy microbiota 
and brown points represent plants that were inoculated with low-precipitation-
legacy microbiota. The ellipses indicate 95% confidence intervals. b–j. 

Assessment of individual traits indicates that microbiota with a low-precipitation 
legacy improved gamagrass performance under drought (ANOVA, type III 
sums of squares; N = 191). Points are estimated marginal means and error bars 
represent the standard error, and significant p-values (≤0.05 after adjustment 
for multiple comparisons using the Benjamini-Hochberg false discovery rate) 
are bolded. All samples are independent biological replicates representing an 
individual plant.

http://www.nature.com/naturemicrobiology


Nature Microbiology

Article https://doi.org/10.1038/s41564-025-02148-8

Extended Data Fig. 8 | Precipitation legacy of microbial inocula alters the 
transcriptional response to drought in the maize crown root. a. 23 genes were 
up-regulated in plants inoculated with soil microbiota from a low-precipitation 
region, relative to plants inoculated with microbiota from a high-precipitation 
region. b. The sets of genes that responded to the main effects of inoculum 
legacy and test phase drought treatment had little overlap with each other or 
with the set of genes that were sensitive to the interaction between the two. c. In 
total, 109 maize genes responded to drought in a manner that was dependent 
on the drought legacy of the soil microbiota (the inoculum legacy * drought 
treatment interaction term), regardless of the inoculum’s treatment during 
the conditioning phase. For illustration purposes, only annotated genes with 
|log2FoldChange| > 1 in at least one microbial context are shown here; the full 

list is available in Supplementary Table S10. Each pair of points shows one gene; 
the position of each point illustrates how the gene’s expression changed in 
response to drought stress during the Test Phase, depending on whether the 
plant had been inoculated with microbiota derived from a low-precipitation 
(brown) or dry-precipitation (turquoise) environment. Genes are grouped into 
sets according to the pattern of how inoculum legacy altered their drought 
responses. Note: the names of these gene sets are not meant to correspond to 
the names of the T. dactyloides (gamagrass) gene sets shown in Fig. 4b; in each 
species, Gene set I contains the most genes, Gene set II contains the next most, 
and so on. For both a and c, statistical support is derived from a two-sided Wald 
test of the null hypothesis that the log2FoldChange = 0, with false discovery rate 
adjustment of p-values.
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Extended Data Fig. 9 | Precipitation legacy of the microbiota had only weak 
impacts on the phenotypic drought response of maize, compared to that of 
eastern gamagrass. For comparison, the effects of microbiota precipitation 
legacy on eastern gamagrass drought responses are shown in Fig. 4 and Extended 
Data Fig. 7. a. A constrained redundancy analysis of the top non-collinear traits 
found that the precipitation legacy of the microbial inoculum only explains 2.0% 
of the maize phenotypic response to acute drought (ANOVA-like permutation 
test, F = 3.725, R2 = 0.020, p = 0.001; n = 181 samples). Turquoise points represent 
root microbiomes with high-precipitation legacy and brown points represent 

those with low precipitation legacy. The ellipses indicate 95% confidence 
intervals. b–j. Assessment of individual traits indicates that microbiota with 
a low-precipitation legacy did not significantly improve maize performance 
under drought, but did impact several mineral nutrient concentrations (ANOVA, 
type III sums of squares; n = 180 samples). Points are estimated marginal means 
and error bars represent the standard error, and significant p-values (≤0.05 
after adjustment for multiple comparisons using the Benjamini-Hochberg false 
discovery rate) are bolded. All samples are independent biological replicates 
representing an individual plant.
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