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Supplementary Notes 

Note S1: Soil physicochemical property analyses 

Soil moisture was determined by oven-drying fresh samples at 105 °C until constant weight was 

achieved. Particle size analysis was performed using the pipette method (1). Soil pH was measured in a 1:1 

soil:water mixture (2). Bulk density was measured by taking core samples of a specific volume, oven-drying 

the samples, and then comparing the oven-dry mass to the core volume (2). Soil organic carbon concentration 

(OC) was measured by dry combustion (Costech elemental analyzer) after fumigation of the samples with 

HCl to remove inorganic C. Total nitrogen (TN) was also measured by dry combustion using chromatography 

to separate and thermal conductivity to quantify oxidized N(ECS 4010 CHNSO Analyzer, Costech Analytical 

Technologies, Valencia, USA). Water-extractable organic carbon (WEOC) was determined in a 10:1 

(volume:mass) soil extract with a high-temperature organic carbon analyzer after acidification of the extract 

with phosphoric acid to convert inorganic carbon to CO2 (g) and sparging. The settings for X-ray CT scan 

were 75 kV and 450 μamps (microamps) with 2880 projections. The scan resolution was 35 μm (micron). 

The framerate was 12.5 fps and 4 frames were averaged per projection. The images were reconstructed with 

efX software (North Star Imaging, Rogers, MN). 
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Note S2: Description of the geological formations and paleosols of Iowa sites 

The two sampling sites in Iowa, United Staes, were located at the Hitchcock Nature Center and the 

Loess Hills State Forest (hereafter abbreviated HNC and LHSF, respectively). Both sites are in the Loess 

Hills region of Iowa, where Pleistocene-age loess blankets the landscape. Some of the loess deposits are 

clearly derived from glacial meltwaters during periods in which continental glaciers advanced and retreated 

multiple times. The present-day Missouri River was the source of much of these glaciogenic wind-blown 

deposits, although the sources probably also included loess and microorganisms derived from nonglacial 

sources to the west of Iowa (3).  

Our interpretations of the dates of loess deposition and soil formation at our sampling sites are based on 

those of Muhs et al. and Brown and Forman (3,4), who used optically stimulated thermoluminescence of 

quartz grains to date the sediments at an iconic nearby section, the Loveland Loess Paratype section 

(N41.50052°, W95.88934°). Our HNC site was about 10 km south and our LHSF site was about 40 km north 

of the Loveland section. We correlated the lithostratigraphy and pedostratigraphy at our sites with the 

chronostratigraphy established at the Loveland section.  

At all LHSF sites and at two of the HNC sites, the entire depths of the cores we collected were composed 

of Peoria Loess. Muhs et al. (3) reported that Peoria Loess deposition in this part of Iowa began about 27,000 

years before present and continued until about 17,000 years before present. They reported a date of ~17,100 

years before present for sediment about 1 m below the present-day surface at the Loveland section. We cannot 

unequivocally correlate the top of our cores with the top of the Loveland section because erosion has likely 

continued since loess deposition ended. For example, the modern soil, at the top of our HNC-2 core (Fig.1), 

is a Typic Udorthent, i.e., a minimally developed soil with a thin surface horizon where organic matter has 

accumulated to a depth of 22 cm, but no B horizon has formed. The site is strongly sloping (~40%), and 

erosion has limited soil development to ~22 cm. Stable landscape positions are usually required for thicker 

A horizons or B horizons to develop.  

Muhs et al. (3) used particle size and geochemical data to differentiate three units of Peoria Loess (Lower, 

Middle, and Upper) at the Loveland site. In the Peoria Loess at HNC-3, we identified two weakly developed 

B horizons, separated by about 3 m, probably representing two periods in which the landscape stabilized 

enough for clay to be translocated and soil structure to form. We hypothesize that these paleosols correlate 

with a stable period before deposition of the Middle Peoria Loess ~23,800 years ago and with another, short, 

stable period before deposition of the Upper Peoria Loess that started about 21,200 years ago, according to 
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Muhs et al. (3).  

Even without the usual markers of pedogenesis, the sediments of the Peoria Loess were affected by 

hydrological conditions. We observed common redoximorphic features in the Peoria Loess, down to about 

10 m below the modern surface. Such features are usually interpreted to indicate a perched water table at 

some time in the past. For redoximorphic depletions and accumulations to form, a source of organic C is 

usually needed in addition to water saturation. Fe reduction is not likely to occur if temperatures are too low 

or if there is insufficient organic matter for microorganisms to access for energy and growth. For these reasons, 

redoximorphic zones in the Peoria Loess are usually interpreted to be relicts of periods when each zone was 

closer to the land surface and receiving dissolved organic matter from an overlying A horizon. 

Below the Peoria Loess at site HNC-2 (Fig. 1), we encountered an earlier loess deposit, the Pisgah Loess, 

in which a 1-m-thick paleosol, the Farmdale Soil, was formed. Muhs et al. (3) date the Pisgah Loess 

accumulation from ~46,000 to ~31,000 years before present. The Farmdale Soil is a widely recognized 

marker of soil formation during the late Wisconsinan glacial episode in the Midwest. Here, as elsewhere, 

there was little evidence of a B horizon. The primary evidence of soil formation was the darker color of the 

soil material, usually interpreted to reflect an increase in organic C, even though the difference in organic C 

concentration was not detectable by dry combustion techniques that are complicated by the need to remove 

inorganic C first. In our core, we also recognized weak, platy and subangular blocky soil structure as well as 

clay coatings in this buried A horizon. The morphology would be consistent with a poorly drained soil in a 

low-lying landscape position, perhaps near a stream. 

Below the Farmdale Soil at site HNC-2, an earlier deposit of loess, the Loveland Loess, occurred. This 

deposit extended to a depth of about 18 m from the modern surface, and it included about 3 m of the 

Sangamon Paleosol, another widely recognized pedostratigraphic unit that represents soil development 

during the interglacial period between the Illinoian glacial episode and the Wisconsinan episode. Brown and 

Forman (4) have dated the deposition of the Loveland Loess at the Loveland section to 192,000 – 133,000 

years before present, depending on the method used to obtain the OSL dates. Our core did not reach the 

bottom of the Loveland Loess. At the top of the Loveland Loess, we described a well-developed soil with a 

67-cm thick A horizon and a B horizon of about 180 cm thickness. The B horizon was an argillic horizon, 

probably reflecting clay accumulation due to both weathering and translocation of clay particles (Fig. 1).  

It is unlikely that climatic conditions during the long Sangamon interglacial period were constant. Where 

the Sangamon Soil is recognized in other parts of the Midwest, the B horizon usually has reddish colors, 
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reflecting the weathering release of Fe from primary minerals and formation of Fe oxides. These features 

have long been interpreted to mean that the interglacial climate may have been warmer and wetter than it is 

now in the contemporary Midwest. We did not observe these colors in the Sangamon Soil in our core, 

although other exposures of the soil in western Iowa and across the rest of the state are usually described 

with 7.5 YR hues or redder.  

The microbial habitats in the Sangamon Soil may have been quite different from those in the overlying 

paleosols and sediments. One reason is the added clay lining of pores in the B horizon would have held water 

at higher tension than in materials with less clay. In addition, it is worth noting that the dispersion and 

translocation of clay does not appreciably occur in calcareous sediments. This means that, while the pH of 

the Sangamon Soil at HNC-2 is now near 8, it was probably much lower than 8 before burial by the Pisgah 

Loess ~46,000 years before present. The Sangamon Soil has been resaturated with dissolved carbonate 

translocated from overlying horizons after burial.  
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Fig. S1 A diagram showing the evolutionary history from an aquatic organism and adaptive traits of 

CSP1-3 phylum for each habitat.  
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Fig. S2 Physicochemical properties of soils. a Six soil profiles collected at Hitchcock Nature Center (HNC, 

orange) and Loess Hills State Forest (LHSF, blue) in USA. BD: Bulk Density, TN: Total Nitrogen. Circle, 

triangle, and squares represent top, middle and bottom slope of the sampling site respectively. The red box 

indicates statured moisture content due to proximity to the water table. b A soil profile collected in Yangling, 

China. OC: organic carbon. c Three soil profiles collected in Changwu, China.
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Fig. S3 X-ray Computed Tomography images of soil cores. a Vertical mage showing fine layering of 

aeolian deposited particles and vertical structure of an intact soil core (19.8–22.0 m) from Loess Hills State 

Forest. Fractures at edges are from disruption from coring. b Image of the horizontal dimension showing 

pore distribution and pore dimensions of an intact soil core (15.6–15.8 m) from Hitchcock Nature Center. 3-

D scans of the entire cores can be seen in the Supplementary videos.  
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Fig. S4 Abundance of CSP1-3 phylum in published deep soil datasets. a Soil samples (0–10.5 m) from a 

farmland in Hebei, China (5). b Soil samples (0–3 m) from a forest in Baoji, China (6). c Soil samples (0–

1.8 m) from a farmland in Iowa, USA (7). d Soil samples (0–5m) from a cropland, a grassland and a forest 

in Changwu, China (8). e Soil samples (0–0.8m) from a cropland in Jiangxi, China (9). 
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Fig. S5 Phylogenetic trees of representative CSP1-3 genomes. a Maximum-likelihood phylogeny 

constructed from a concatenation of 120 conserved bacterial markers (Bac120 dataset). b Maximum-

likelihood phylogenomic tree inferred using a concatenated alignment of 16 ribosomal proteins (RpL14, 15, 

16, 18, 22, 24, 2, 3, 4, 5, 6, RpS10, 17, 19, 3, 8). Bootstrap values are indicated on nodes. 
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Fig. S6 Abundance of various families within CSP1-3 phylum in different biomes. The labels on the x-

axis represent family names, with the text color distinguishing different lineages: blue for aquatic lineages, 

green for topsoil lineage, and red for deep soil lineages. 
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Fig. S7 Genomic differences between different lineages of CSP1-3 phylum. To reduce the estimation 

biases arising from incomplete genomes, only MAGs with ≥ 80% completeness were retained for the 

calculation of genomic features. The labels on the x-axis represent family names, with the text color 

distinguishing different lineages: blue for aquatic lineages, green for topsoil lineage, and red for deep soil 

lineages. 
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Fig. S8 The biosynthetic ability of amino acids in different families of CSP1-3 phylum. The ability to synthesize amino acids was predicted by the GapMind tool (10). 

Filled and hollow squares indicated presence and absence of a synthesis pathway.
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Fig. S9 Replication index (iRep) in situ of CSP1-3 and 13-1-40CM-64-14 families in deep soils. 

iRep values greater than one indicates active genome replication at time of sampling. 
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Fig. S10 Number of predicted events inferred for CSP1-3 ancestors. The scale number represents the range of the number of predicted events for different 

mechanisms, and the size of the circle is proportional to the number of events.
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Fig. S11 The predicted proteome sizes at the internal ancestral nodes of major CSP1-3 clades. 

Colors of family names distinguish different lineages as noted above. 
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Dataset S1 (separate file). A genomic catalog of the CSP1-3 phylum.  

Dataset S2 (separate file). Information of representative MAGs of the CSP1-3 phylum.  

Dataset S3 (separate file). Pairwise AAI of representative MAGs of the CSP1-3 phylum.  

Dataset S4 (separate file). Annotation of central carbon metabolisms in genomes of the CSP1-3  

phylum.  

Dataset S5 (separate file). Annotation of genes encoding carbohydrate active enzymes  

(CAZymes) in genomes of the CSP1-3 phylum.  

Dataset S6 (separate file). Annotation of genes encoding secreted peptidases in genomes of the  

CSP1-3 phylum.  

Dataset S7 (separate file). Functional annotation of the CSP1-3 phylum genomes based on the  

KEGG database.  

Dataset S8 (separate file). Predicted nitrogen metabolisms in genomes of the CSP1-3 phylum.  

Dataset S9 (separate file). Predicted sulfur metabolisms in genomes of the CSP1-3 phylum.  

Dataset S10 (separate file). Quantified mechanisms of proteome change during evolution of the  

CSP1-3 phylum.  

Dataset S11 (separate file). Functional gains during major evolutionary transitions of the CSP1-3  

phylum.  

Dataset S12 (separate file). Information of soil samples used for sequencing.   

Dataset S13 (separate file). Information on five published 16S rRNA gene amplicon datasets 

from deep soils. 
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Movie S1 3-D scans of the entire cores of an intact soil core (19.8–22.0 m) from Loess Hills State  

Forest.  

Movie S2 3-D scans of the entire cores of an intact soil core (15.6–15.8 m) from Hitchcock Nature  

Center 
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