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            Abstract
Asthma prevalence has increased in epidemic proportions with urbanization, but growing up on traditional farms offers protection even today1. The asthma-protective effect of farms appears to be associated with rich home dust microbiota2,3, which could be used to model a health-promoting indoor microbiome. Here we show by modeling differences in house dust microbiota composition between farm and non-farm homes of Finnish birth cohorts4 that in children who grow up in non-farm homes, asthma risk decreases as the similarity of their home bacterial microbiota composition to that of farm homes increases. The protective microbiota had a low abundance of Streptococcaceae relative to outdoor-associated bacterial taxa. The protective effect was independent of richness and total bacterial load and was associated with reduced proinflammatory cytokine responses against bacterial cell wall components ex vivo. We were able to reproduce these findings in a study among rural German children2 and showed that children living in German non-farm homes with an indoor microbiota more similar to Finnish farm homes have decreased asthma risk. The indoor dust microbiota composition appears to be a definable, reproducible predictor of asthma risk and a potential modifiable target for asthma prevention.
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                    Fig. 1: Differences between farm and non-farm rural home indoor microbiota.[image: ]


Fig. 2: Farm home-like indoor microbiota is associated with asthma protection in non-farm children.[image: ]


Fig. 3: Replication of the asthma-protective effect of growing up in a home with a farm home-like indoor bacterial microbiota.[image: ]
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Extended Data

Extended Data Fig. 1 Bacterial and fungal diversity in farm and non-farm homes.
In the LUKA1 farm homes, the bacterial/archaeal richness (n = 107), with median 652 OTUs (IQR 567–708), and Shannon entropy, with median 7.8 (IQR 7.2–8.2), were consistently higher than in the majority of the rural control homes (n = 96) where the respective values were 449 (IQR 384–555) for richness and 6.7 (IQR 5.9–7.2) for Shannon entropy (Wilcoxon, two-sided P < 0.0001). In fungal microbiota, there was a tendency for higher richness, with median 263 (217–306) fungal OTUs, and Shannon entropy, with median 3.9 (3.4–4.3), in the rural control (n = 97) than farm homes (n = 101) where the respective values were 252 (195–301; P = 0.12) for richness and 3.7 (3.3–4.1; Wilcoxon, two-sided P = 0.07) for Shannon entropy. The boxes represent the IQR with the median marked within the box, the whiskers represent the minimum/maximum value within 1.5 IQR below the lower quartile/above the upper quartile, respectively, and the dots represent outliers.


Extended Data Fig. 2 Key microbial sources in floor dust microbiota in farm and non-farm homes.
a,b, The relative abundance of bovine-associated (a) and human-associated (b) bacterial/archaeal OTUs in living room floor dust in farm (n = 107) and non-farm homes (n = 96) within LUKAS1 as determined by source tracking. Both comparisons (a,b) were significantly different with the Wilcoxon test at two-sided P < 0.0001. c, Relative abundance of soil-associated bacterial/archaeal OTUs was higher in the LUKAS (LUKAS1 and 2) non-farm homes that resembled more LUKAS1 farm homes (n = 179) than non-farm homes (n = 215) as defined by FaRMI (Wilcoxon test, two-sided P = 0.0003). The boxes represent IQR with median marked within the box, the whiskers represent minimum/maximum value within 1.5 IQR below the lower quartile/above the upper quartile, respectively, and the dots represent outliers.


Extended Data Fig. 3 Fungal microbiota in farm and non-farm homes.
Fungal taxa with significantly higher relative abundance in LUKAS1 farm (n = 101) than non-farm (orange circles) or in non-farm (n = 96) than farm homes (blue circles) as determined with ANCOM. Clades are colored up to genus level. Names are given for all phyla and for all taxa with significantly different relative abundance between farm and non-farm homes that have taxonomic assignment. The name of the highest taxonomic level is given for clades where the relative abundance between farm and non-farm homes is significantly different at several taxonomic levels. o, order.


Extended Data Fig. 4 Classification accuracy of the LUKAS1 farm-like microbiota model in the data it was trained in (LUKAS1).
Based on the receiver operating characteristics (ROC) curve, FaRMI had only moderate classification accuracy with area under the curve 0.74. This is a critical feature of FaRMI as it enables the detection of farm-like features also in non-farm homes.


Extended Data Fig. 5 Taxa included in models of LUKAS1 and GABRIELA farm-like indoor microbiota.
That is, variables contributing to FaRMI and FaRMIGABRIELA, respectively (see also Supplementary Table 9). Taxa in both models are marked with yellow, taxa in LUKAS alone are marked with blue and taxa in GABRIELA alone are marked with red triangles. The direction of the triangle indicates negative (down-pointing triangle) or positive (up-pointing triangle) association with FaRMI and FaRMIGABRIELA. The size of the triangles is proportional to the variance explained by the taxa (adjusted partial R2); the size of the yellow triangles is proportional to the higher adjusted R2 in the FaRMI or FaRMIGABRIELA model. In three cases, the direction was opposite between the two models; also in these cases, the triangles represent the model where the taxa had higher adjusted R2. Clades are colored where the adjusted R2 was >1%.


Extended Data Fig. 6 Cytokine responses and serum CRP levels associated with farm-like indoor microbiota.
a,b, Quantile process plots of the quantile regression analysis showing the estimated change in cytokine concentration (pg ml−1) at a given percentile per IQR change in FaRMI at year 1 (a) and year 6 (b). The shaded areas show the 95% confidence intervals based on resampling with 1,000 repetitions and where these do not overlap with the horizontal zero-change line the decrease/increase at that percentile is statistically significant (two-sided P value without correction for multiple testing < 0.05). Plots are presented for all cytokines that show tendency for significant (P < 0.1) association with FaRMI between the 25th and 80th percentile without correction for multiple testing. Cytokines were measured from blood cultures stimulated with PI, LPS and PPG. CRP was measured from serum.


Extended Data Fig. 7 Proportion of ILT 4-expressing plasmacytoid dendritic cells is correlated with FaRMI.
The proportion of ILT 4-expressing plasmacytoid dendritic cells increased with increasing FaRMI within LUKAS1 children living in a non-farm home who were not diagnosed with asthma by 6 years of age (n = 26). In those children who had been diagnosed with asthma (n = 16) such a correlation did not exist. In logistic regression analysis modeling of the association between the ILT4 expression on plasmacytoid dendritic cells and FaRMI, the interaction term asthma ever by 6 years of age × FaRMI was significant (P = 0.03). The scatterplots were fitted with simple linear regression lines.
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