
Chronic Physical Disturbance Substantially Alters the Response of Biological Soil 1 
Crusts to a Wetting Pulse, as Characterized by Metatranscriptomic Sequencing 2 

 3 
Blaire Steven1#, and Cheryl R. Kuske3 4 

 5 
1Department of Environmental Sciences, Connecticut Agricultural Experiment Station, 6 
New Haven, CT, USA. 7 
 8 
2Bioscience Division, Los Alamos National Laboratory, Los Alamos, NM, USA. 9 

 10 
 11 
 12 
 13 

Running title: Metatranscriptomes of Biological Soil Crusts 14 
 15 

#Correspondence: 16 
Blaire Steven 17 
blaire.steven@ct.gov   18 

 19 

 20 
 21 
 22 
 23 
 24 
 25 
  26 

made available for use under a CC0 license. 
certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 105 and is also 

The copyright holder for this preprint (which was notthis version posted May 25, 2018. ; https://doi.org/10.1101/326181doi: bioRxiv preprint 

https://doi.org/10.1101/326181


Abstract 27 

Biological soil crusts (biocrusts) are microbial communities that are a feature of 28 

arid surface soils worldwide. In drylands where precipitation is pulsed and ephemeral, the 29 

ability of biocrust microbiota to rapidly initiate metabolic activity is critical to their 30 

survival. Community gene expression was compared after a short duration (1 hour) 31 

wetting pulse in both intact and soils disturbed by chronic foot trampling. 32 

Across the metatranscriptomes the majority of transcripts were cyanobacterial in 33 

origin, suggesting that cyanobacteria accounted for the bulk of the transcriptionally active 34 

cells. Chronic trampling substantially altered the functional profile of the 35 

metatranscriptomes, specifically resulting in a significant decrease in transcripts for 36 

nitrogen fixation. Soil depth (biocrust and below crust) was a relatively small factor in 37 

differentiating the metatranscriptomes, suggesting that the metabolically active bacteria 38 

were similar between shallow soil horizons. The dry samples were consistently enriched 39 

for hydrogenase genes, indicating that molecular hydrogen may serve as an energy source 40 

for the desiccated soil communities. The water pulse was associated with a restructuring 41 

of the metatranscriptome, particularly for the biocrusts. Biocrusts increased transcripts for 42 

photosynthesis and carbon fixation, suggesting a rapid resuscitation upon wetting. In 43 

contrast, the trampled surface soils showed a much smaller response to wetting, 44 

indicating that trampling altered the metabolic response of the community. Finally, 45 

several biogeochemical cycling genes in carbon and nitrogen cycling were assessed for 46 

their change in abundance due to wetting in the biocrusts. Different transcripts encoding 47 

the same gene product did not show a consensus response, with some more abundant in 48 
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dry or wet biocrusts, highlighting the challenges in relating transcript abundance to 49 

biogeochemical cycling rates.   50 

These observations demonstrate that metatranscriptome sequencing was able to 51 

distinguish alterations in the function of arid soil microbial communities at two varying 52 

temporal scales, a long-term ecosystems disturbance through foot trampling, and a short 53 

term wetting pulse. Thus, community metatranscriptomes have the potential to inform 54 

studies on the response and resilience of biocrusts to various environmental perturbations.  55 

 56 

  57 
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Introduction 58 

 Drylands are defined by their lack of a vital resource, precipitation. Thus, water 59 

availability is a significant force in shaping the structure and function of drylands or arid 60 

ecosystems. Biological soil crusts (biocrusts) are a community of cyanobacteria, 61 

associated heterotrophic bacteria, fungi and mosses that colonize arid soils worldwide 62 

(Belnap, 2003; Belnap et al., 2016; Pointing and Belnap, 2012). These communities 63 

inhabit plant interspaces and are important players in fixing carbon and nitrogen in 64 

dryland soils (Barger et al., 2016; Evans and Lange, 2001). Because of the unpredictable 65 

periodicity and amount of precipitation, biocrusts respond quickly to wetting events to 66 

exploit the available moisture to repair cell damage and synthesize new biomass. For 67 

example, when precipitation wets surface soils, biocrust cyanobacteria display a property 68 

of “hydrotaxis” and move toward the available water (Garcia-Pichel and Pringault, 2001; 69 

Pringault and Garcia-Pichel, 2004). Pigments, such as chlorophyll a, are rapidly 70 

produced, resulting in a “greening” of the surface soils (Abed et al., 2014). Concurrently, 71 

consumption of oxygen and evolution of CO2 by the biocrusts can be detected, indicating 72 

vigorous metabolic activity (Rajeev et al., 2013; Tucker et al., 2017). Wetting pulses can 73 

also stimulate “blooms” of specific bacteria, highlighting that specific taxa have differing 74 

thresholds and responses to wetting (Karaoz et al., 2018). Despite the multitude of 75 

metabolic and physiological shifts associated with wetting in biocrusts, the specific genes 76 

and biochemistry underlying these processes are largely unknown.   77 

Microcoleus vaginatus, the keystone species of biocrusts, shows significant 78 

alterations in gene expression over wetting cycles, as assessed by RNA microarrays. 79 

These experiments show that M. vaginatus rapidly resuscitates after the addition of water 80 
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with an upregulation of genes for photosynthesis, anabolic metabolism, and DNA repair 81 

(Rajeev et al., 2013). Similarly, the desert moss Syntrichia caninervis increases gene 82 

expression for photosynthesis, membrane integrity and protein synthesis upon wetting 83 

(Gao et al., 2014). However, these results consider biocrust species in isolation and not 84 

the community as a whole. Thus, they cannot be scaled to address ecosystem interactions, 85 

such as trophic exchanges among biocrust members.   86 

In this study, metatranscriptome sequencing was employed to characterize 87 

community gene expression. Biocrusts and below-crust soils were collected from 88 

undisturbed sites for comparison to soils that have experienced annual physical trampling 89 

for seventeen years. The metatranscriptome sequencing was designed to address three 90 

hypotheses. First, that metatranscriptomes can distinguish the activities of surface 91 

biocrusts from the below-crust soils. Second, a severe ecosystem disturbance in the form 92 

of chronic trampling will significantly alter the metatranscriptome. Finally, a short 93 

duration wetting pulse of one hour will be sufficient to capture the initial response of the 94 

arid soil communities to a water pulse.  95 

 96 

Material and Methods 97 

Field site 98 

 Samples were collected from the Island of the Sky district of Canyonlands 99 

National Park, near Moab, Utah (WGS84, 38°27′27.21″N, 109°32′27.93″W). The study 100 

site was located in Coleogyne ramosissima (blackbrush) shrubland and harbored 101 

biocrusts that differed in development and composition of lichens and cyanobacteria. 102 
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This site has been employed in a chronic trampling experiment and has been described in 103 

detail previously (Kuske et al., 2012; Steven et al., 2015).  104 

The sampling date was October 26th 2012, the most recent previous precipitation 105 

event was two days earlier, registering as a trace event (too small to measure) and the 106 

year to date precipitation was 6.6 cm, about 35% of the normal year to date average; so 107 

the biocrusts were dry at the time of sampling. Samples were collected from the plant 108 

interspaces from areas visibly devoid of mosses and lichen to focus on cyanobacteria-109 

dominated biocrusts. The biocrusts were defined as the layer of soil bound together by 110 

the cyanobacterial filaments (generally ca. 1 cm depth) and the below-crust soils were the 111 

unbound soils directly below at about 2 cm depth.  112 

  113 

Wetting treatment 114 

For wetting, three approximately 13 mm soil diameter cores of ca. 2 cm depth 115 

were collected and placed in a Petri dish and 25 ml of sterile distilled water was added 116 

from the top, simulating a rainfall. This volume of water is approximately equivalent to a 117 

5 mm precipitation event (based on the volume of the Petri dish). This is within normal 118 

precipitation amounts for the region (Hereford and Webb, 1992). The purpose of placing 119 

the sample in the Petri dish was to limit the lateral diffusion of water to maintain a 120 

consistent wetting treatment between samples. While the Petri dish would not allow for 121 

drainage, given the volume of water compared to the volume of biocrust (5 mm water 122 

depth compared to 2 cm soil depth) it is unlikely that a significant amount of drainage 123 

would have occurred, particularly in the short duration (1 hour) of the wetting pulse.  124 

 125 
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Sample collection 126 

Dry samples (ca. 10 g) were collected immediately and placed separately into a 127 

50 ml solution of RNAlater (Sigma-Aldrich) and directly stored on dry ice. For the 128 

wetted samples, soil cores were collected and placed in Petri dishes, wetted, and after 1 129 

hour of incubation in the field, the biocrust and below-crust samples were separated and 130 

individually placed in RNAlater and stored on dry ice. After collection, samples were 131 

transported frozen to Los Alamos National Laboratory for processing.      132 

 133 

RNA extraction and library preparation 134 

 Prior to RNA extraction, each sample was thawed and 4 g of material was 135 

removed. RNA was purified using the RNeasy purification kit (Qiagen), and eluted in a 136 

final volume of 50 μl. RNA concentration was determined using a Nanodrop 137 

spectrophotometer (Thermo Scientific). DNA was removed using Turbo DNase I 138 

enzymatic digestion (Life Techonologies). A quantitative real-time PCR (qPCR)-based 139 

assay was used to insure that residual DNA was not present in the purified RNA 140 

preparations.  141 

Ribosomal RNA (rRNA) was removed from the total RNA via hybridization to 142 

biotinylated probes provided in Ribo-Zero kits (EpiCentre). Metabacteria and eukaryote 143 

(human/mouse/rat) probes were combined, hybridized to total RNA, and the complexes 144 

were removed with the magnetic beads. Samples were processed according to the 145 

manufacturer’s protocols.  146 

RNA samples were quantified using a Life Technologies RNA quantification kit 147 

and a Qubit 2.0 instrument (Life Technologies). The size distribution of the RNA 148 
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molecules in each sample was determined using a BioAnalyzer 2100 and RNA pico 149 

chips and reagents (Agilent).  A maximum of 50 ng of RNA from each sample was 150 

converted to an Illumina sequencing library using ScriptSeq kits (EpiCentre). Each 151 

library was generated using a unique 6 bp multiplex barcode provided in the ScriptSeq 152 

kit. Following library generation, the 12 samples were pooled in equimolar 153 

concentrations and run on two lanes of the Illumina HiSeq2000 sequencing platform at 154 

the Los Alamos National Laboratory sequencing center, with 2x150 sequence chemistry.  155 

Raw sequences were uploaded to the NCBI Sequence Read Archive (SRA) under the 156 

Submission ID: SUB3320760 and BioProject ID: PRJNA421954. 157 

 158 

Sequence quality trimming and assembly 159 

 Raw sequence reads were quality screened and contaminating sequences were 160 

removed with the BBDuk package (v. 37.17) within the BBTools suite 161 

(https://jgi.doe.gov/data-and-tools/bbtools/). Briefly, sequence adaptors were removed 162 

using the provided adaptors.fa reference file with a minimum kmer match of 11 bp and a 163 

1 bp mismatch allowed for removal. The sequences were then quality trimmed to Q10 164 

using the Phred algorithm with a kmer size of 23 (including the “tbe” and “tbo” flags). 165 

Small and large subunit ribosomal RNA sequences that passed the magnetic bead 166 

pulldown were bioinformatically removed using BBDuk and the ribokmers.fa reference 167 

file (resulting in a removal of 5 to 22% of the sequence reads). Finally, common 168 

sequence contaminants were removed with the 169 

hg19_main_mask_ribo_animal_allplant_allfungus.fa reference file. Both sequence 170 

screenings were performed with a kmer size of 31.       171 
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The quality-filtered sequences were assembled with MEGAHIT using default 172 

metagenomic parameters (Li et al., 2016). Only contigs greater than 500 base pairs were 173 

retained. The number of contigs in the assembly was 209,032 ranging in length from 500 174 

to 35,855 bp The N50 of the assembly was 835 just below the predicted average length of 175 

a bacterial mRNA of 924 bp (Xu et al., 2006). These data indicate that many potential 176 

full-length gene sequences were recovered. Additionally, contigs >10,000 base pairs 177 

suggest that even operon length transcripts were assembled. The assembled contigs are 178 

included as a supplemental file to this manuscript (Supplemental File 1).  179 

 180 

Estimation of transcript abundance and taxonomic/functional annotation 181 

 The quality filtered raw reads were pseudo-aligned to the assembly to generate 182 

transcript abundances in the samples using the kallisto software package (v0.43.1; Bray et 183 

al., 2016). First, the assembly was used to generate an index file, using the default 184 

parameters (31 kmer length) and the quality trimmed raw read files were mapped to the 185 

index file. 100 bootstrap analyses were performed for pseudo replication and import into 186 

the Sleuth software package to generate contig count tables (Pimentel et al., 2017). 187 

For sequence annotation contigs were aligned to the NCBI non-redundant (NR) 188 

protein database (downloaded July 9th, 2017) using DIAMOND with default parameters 189 

(Buchfink et al., 2014). Alignments were uploaded to the community version of MEGAN 190 

6 (Huson et al., 2016) and contigs were assigned to SEED subsystems (Overbeek et al., 191 

2014) within MEGAN using the long-read enabled sequence assignment and the May-192 

2015 accession to SEED mapping file. The LCA classification of reads was performed 193 

with the prot.accession2taxid mapping file. Merging the contig taxonomic and 194 
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hierarchical functional annotations with the estimated counts generated a table with LCA 195 

classifications and hierarchical SEED annotations for each contig in the assembly and 196 

was the raw data on which statistical comparisons were made.  197 

 198 

Statistical analyses 199 

Non-metric multidimensional scaling (NMDS) analyses were performed with the 200 

phyloseq R package (McMurdie and Holmes, 2013). Inter-sample distances were 201 

calculated with the Bray-Curtis dissimilarity metric, and statistical differences in 202 

composition were determined using the PERMANOVA statistic with the adonis function 203 

in the vegan R package (Dixon and Palmer, 2003). 204 

To identify significant differences in annotation bins, the annotated count tables 205 

were uploaded to the STAMP software package (Parks et al., 2014) along with a relevant 206 

metadata table that encoded the information about each sample. For comparisons between 207 

multiple groups, differentially abundant bins were identified with an ANOVA test to 208 

determine if there was a significant difference in means between the groups, with a p-209 

value cutoff of ≤0.05 and an effect size filter of 0.5. All p-values were corrected for 210 

multiple testing using the Bonferroni method.  For two group comparisons (i.e. between 211 

control/trampled and surface/subsurface) significant differences were identified by 212 

Welsh’s t-test with Storey’s FDR method for multiple test correction.  213 

To identify the specific contigs that were differentially abundant due to wetting, 214 

unnormalized estimated count data was analyzed with the phyloseq implementation of 215 

DESeq2 (Love et al., 2014). Initially, contigs with a summed total count of less than 10 216 

across the samples were removed to avoid the analysis of extremely rare contigs. 217 
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Differentially abundant contigs were identified with the Wald test on data with a 218 

parametric fit. Contigs were considered significantly different in estimated counts if the 219 

Benjamin Hochberg multiple test corrected p-values were ≤0.05 with a false detection 220 

rate of 0.1. Only contigs showing at least a two-fold change in mean estimated counts 221 

were considered biologically meaningful.      222 

 223 

Results 224 

Clustering of sequence datasets 225 

 Differences between the biocrusts and trampled soils were readily apparent at a 226 

visual scale (Fig. 1A). To investigate the relationships between the metatranscriptomes 227 

from the different samples, the transcript abundances were employed to generate a 228 

NMDS plot (Fig. 1B). The control and trampled samples clustered distinctly 229 

(PERMANOVA p=0.001), indicating that chronic trampling significantly altered 230 

transcript composition (Fig. 1B, large ellipses). The wetting treatment also induced an 231 

alteration in transcript composition, as evidenced by the clustering of the wet samples 232 

from the dry samples (PERMANOVA p=0.001 for biocrusts, p=0.004 for trampled soils), 233 

indicating that gene expression was significantly altered after only one hour of a water 234 

pulse (Fig. 1B, inset ellipses).  235 

 236 

Taxonomic bins in metatranscriptomes 237 

 Each contig in the assembly was assigned to a taxonomic rank using a lowest 238 

common ancestor (LCA) approach, and the estimated counts were used to identify the 239 

most common taxa in the datasets. As the LCA method identifies the common taxonomic 240 
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rank that is shared by all homology matches, sequences are often assigned to broad 241 

taxonomic ranks. For example, among the most abundant taxonomic bins in the contigs, 242 

were groups such as Cyanobacteria, Bacteria, and cellular organisms (Fig. 2). 243 

Three taxonomic bins accounted for a substantial proportion of the estimated 244 

counts, namely the Oscillatoriales an order encompassing many filamentous 245 

Cyanobacteria, the phylum Cyanobacteria, and the kingdom Bacteria (Fig. 2). The next 246 

most abundant bin was Microcoleus vaginatus the specific cyanobacterium that is 247 

considered to be a keystone species of biocrusts. Thus, these data suggest that the bulk of 248 

RNA in biocrust soils is derived from Cyanobacteria, including the category Bacteria, 249 

which could also include sequences derived from Cyanobacteria.  250 

 251 

Functional annotations in the metatranscriptomes 252 

  Contigs were functionally annotated to the SEED hierarchy, and the estimated 253 

counts were used to investigate the abundance of different functions in the datasets. At 254 

the broadest annotations levels the categories Protein Metabolism and Carbohydrates 255 

were dominant (Fig. 3). However, for the biocrusts the order was revered with 256 

Carbohydrates-related reads being more abundant than for Protein Metabolism (Fig. 3).  257 

To further investigate the most abundant metabolic pathways in the 258 

metatranscriptomes, the sequences in the categories Protein Metabolism and 259 

Carbohydrates were annotated to the second level in the SEED hierarchy (Fig. 4). Within 260 

the category Protein Metabolism the most abundant subsystems were largely involved in 261 

structural components of the ribosome or protein synthesis. However, the subsystems 262 

also included ATP dependent proteolysis and bacterial proteasomes, indicating a capacity 263 
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for protein recycling. Only a single subsystem (ribosomal protein S12p) was found to 264 

have a significant difference in abundance among the samples.  265 

The most abundant subsystems in the category Carbohydrates were related to 266 

carbon fixation (Fig. 5; Calvin-Benson cycle, and alpha/beta carboxysomes) supporting 267 

that these soil communities primarily rely on autotrophic carbon fixation. Two central 268 

metabolic pathways, the Entner-Doudoroff pathway and TCA cycle were also 269 

represented among the most abundant subsystems. Within this category were also 270 

subsystems that point to the metabolism of specific carbon compounds, namely maltose, 271 

glycerol, and glycogen (Fig. 5). Among the Carbohydrate subsystems, three were 272 

identified as significantly different among the metatranscriptomes. Beta-carboxysomes 273 

were most abundant in the trampled subsurface soils. Beta-type carboxysomes tend to be 274 

more common in heterotrophic bacteria (Kerfeld and Melnicki, 2016), suggesting 275 

potential taxonomic shifts in the organisms performing carbon fixation in the trampled 276 

subsurface soils. In comparison, Maltose utilization and Photorespiration were both 277 

elevated in the wet biocrusts, suggesting increased expression under wetting. Yet, the 278 

most abundant subsystems in the datasets tend to be present in similar proportions across 279 

the datasets.  280 

 281 

Differentially abundant subsystems due to trampling 282 

 Chronic physical trampling induced a significant shift in composition of the 283 

metatranscriptomes as evidenced by the NMDS analysis (Fig. 1B). To identify functions 284 

underlying the differences, contig annotations were binned to the second level in the 285 

SEED hierarchy and differentially abundant functional bins were identified (Fig. 6). A 286 
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total of 15 functional bins were identified as significantly different. The largest 287 

proportional difference was in Nitrogen fixation, which was significantly reduced in the 288 

trampled soils (Fig 6). Concurrently, sequence reads to deal with nitrosative stress, the 289 

ability to detoxify reactive nitrogen species, was also reduced in the trampled soils, 290 

supporting a shift of nitrogen metabolism. Other subsystems point to alterations in amino 291 

acid metabolism, specifically methionine and lysine. Two subsystems were also related to 292 

the transport and maintenance of metal levels in cells, with a decrease in genes for copper 293 

homeostasis as well as nickel and cobalt transport (Fig. 6). Thus, these observations 294 

support that chronic trampling alters the metabolism and transport of nitrogen and metals 295 

by the soil community.   296 

  297 

Differentially abundant subsystems due to soil depth 298 

 The datasets were separated into surface and subsurface samples, irrespective of 299 

trampling, to investigate if specific subsystems differentiated the metatranscriptomes 300 

based on soil horizon. A total of five significantly different subsystems were identified 301 

between surface and subsurface soils (Fig. 7). Of the five subsystems, three were related 302 

to the biosynthesis or metabolism of amino acids, and one for the biosynthesis of a 303 

carbohydrate polymer, namely arabinogalactan, which consists of arabinose and 304 

galactose monosaccharides that can complex with peptidoglycan in the envelope of some 305 

bacteria (Crick et al., 2001). Finally, the subsystem for transport of the metals nickel and 306 

cobalt was significantly reduced in the subsurface samples, matching an observation for 307 

the trampled soils (Fig. 6). Overall, a relatively small number of subsystems 308 

discriminated the metatranscriptomes of surface versus subsurface soil communities. 309 
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  310 

Differentially abundant contigs due to wetting 311 

 Each contig in the assembly was plotted based on its mean abundance and log-312 

fold change between dry and wet samples (Fig. 8). These data clearly demonstrate that 313 

the number of contigs that were significantly altered due to wetting was larger in the 314 

biocrusts than for any of the other sample types (Fig. 8A, red points). In comparison, no 315 

contigs were identified as significantly enriched in the wet trampled surface soils, 316 

whereas 27 were significantly enriched in the dry conditions (Fig. 8B). The number of 317 

differentially abundant contigs was more synonymous between the below-crust and 318 

trampled below soils (Fig. 8C versus 8D).    319 

To investigate the functional role of the differentially abundant contigs, they were 320 

annotated to the second level of the SEED hierarchy and the results for the 20 most 321 

abundant bins in the biocrusts are summarized in Figure 9.  The functional assignments 322 

of the contigs split the annotations into three groups: 1. Functions specifically enriched in 323 

dry crusts, which included 5-FCL-like proteins (a protein family implicated in thiamin 324 

metabolism (Pribat et al., 2011)) and hydrogenases (Fig. 9 top two yellow bars). 2. 325 

Functions specifically enriched in wet biocrusts, Photosystem I and II (Fig. 9, bottom two 326 

green bars). 3. Functions that included contigs enriched in both the dry and wet biocrusts, 327 

which encompassed the remaining functional bins (Fig. 9; Table S1). Results for the 328 

surface trampled soils are not displayed as no contigs were significantly enriched in the 329 

wetted samples, and of the 27 significantly enriched in the dry samples, only 4 were 330 

functionally annotated, all to the category hydrogenases (Table S2).  331 
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The below-crust and trampled below-crust samples showed a similar number and 332 

pattern of differentially abundant contigs (Fig. 8C,D). Similarities included 333 

Hydrogenases, Protein chaperones, Pathogenicity islands, GroEL/GroES, Fe-S-cluster 334 

assembly, ATP dependent proteolysis, and Biofilm formation all of which were enriched 335 

in the dry soils (Fig. 10). In sum, these observations suggest that while there were 336 

substantial differences in the response of the surface soils to the wetting pulse, within the 337 

subsurface the effects of wetting were more congruent. 338 

 339 

Biogeochemical cycling genes in the metatranscriptomes 340 

 The contig annotations were examined for genes in carbon and nitrogen cycling, 341 

of which a reference set were selected to investigate the effect of wetting on 342 

biogeochemical cycling (Table 1). As can be seen from Table 1, multiple contigs were 343 

mapped to the same annotation, suggesting multiple sequence variants exist of each of the 344 

genes. The multiple transcripts for the same gene product is easily explained by multiple 345 

organisms encoding the same genes, multiple gene copies, or incomplete assembly of 346 

full-length transcripts.  347 

 The biogeochemical cycling genes were assessed for their abundance in the dry 348 

and wet biocrusts. The biocrusts were chosen as they showed the most pronounced 349 

response to the wetting pulse (Fig. 8). Nitrogen cycling genes in the biocrusts did not 350 

show a consensus response to wetting. The marker genes for each of the nitrogen cycling 351 

processes included contigs that were more abundant in wet and dry conditions, with the 352 

exception of nitrogen fixation (Fig. 11). Similarly, carbon cycling genes did not move in 353 

concert in response to wetting. In this regard, these data highlight the complexity of the 354 
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defining a common response of the biocrust community to wetting and linking the 355 

changes in transcript abundance to the potential for biogeochemical cycling.        356 

 357 

Discussion  358 

Metabolic activity in arid soils as revealed by metatranscriptome sequencing 359 

The most abundant functional bins across the metagenomes indicate that central 360 

pathways in protein and carbohydrate metabolism account for a relatively large 361 

proportion of the metatranscriptomes across the samples (Fig. 3). Broadly similar 362 

categories have been described by metagenomic sequencing of biocrust soils, suggesting 363 

a correspondence between the most abundant genes and transcripts (Steven et al., 2014, 364 

2015). 365 

The pathways represented among the subsystem Carbohydrates point to specific 366 

carbon metabolic processes that support these arid soil communities (Fig. 5). Pathways 367 

for the fixation of CO2 into biomass are dominant, highlighting the scarcity of organic 368 

carbon in these soils and the dependence on autotrophic carbon fixation (Klemmedson, 369 

1989). Beyond carbon fixation, pathways for glycerol, glycogen and maltose metabolism 370 

were all abundant in the metatranscriptomes (Fig. 5).  Cyanobacteria accumulate 371 

intracellular stores of glycogen as a carbon and energy source (De et al., 2017) and 372 

maltose can be employed by mixotrophic filamentous cyanobacteria as a heterotrophic 373 

carbon source (White and Shilo, 1975). A common strategy employed by 374 

microorganisms to survive desiccation is the intracellular accumulation of compatible 375 

solutes.  These solutes replace water in the cell and aid in maintaining cellular and 376 

macromolecule structure (Esbelin et al., 2018). Compatible solutes can take the form of 377 
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small sugars, glycocides, or peptides (da Costa et al., 1998). A common compatible 378 

solute is the sugar trehalose (Hershkovitz et al., 1991; Page-Sharp et al., 1999). M. 379 

vaginatus encodes genes to synthesize trehalose from both glycogen and maltose 380 

(Starkenburg et al., 2011). Thus, glycogen and maltose play a central role in protecting 381 

biocrust community members from starvation and desiccation. Thus, the 382 

metatranscriptiomes point to a carbon-processing pathway that may be important in 383 

supporting the function of biocrusts.  384 

 385 

Metatranscriptomic characterization of an ecosystem disturbance 386 

Biocrust soils subjected to chronic physical trampling were visually 387 

distinguishable from healthy biocrusts by the loss of mature developed biocrusts (Fig. 388 

1A). The metatranscriptomes of the trampled soils clustered distinctly by NMDS (Fig. 389 

1B), demonstrated several differentially abundant subsytems (Fig. 6), and displayed a 390 

notably altered response to a wetting pulse (Fig. 8). Taken together, these data clearly 391 

indicate that chronic physical trampling alters the structure of the biocrust soils and 392 

community gene expression.  393 

Trampling of the biocrusts compromises the integrity of the biocrust structure, but 394 

some cyanobacteria survive the treatment and can be detected in the soils following the 395 

trampling (Kuske et al., 2012; Steven et al., 2015). In this respect, the trampled soils may 396 

be comparable to early successional stage biocrusts. In the initial stages of biocrust 397 

formation, the founder species M. vaginatus is dominant, forming the physical structure 398 

of the biocrust. Accordingly, sequences within the bin Oscillatoriales, the order to which 399 

M. vaginatus belongs, tended to be highest in the trampled datasets (Fig. 2). The 400 
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dominance of filamentous cyanobacteria in early successional stage crusts comes at a 401 

cost. These cyanobacteria are not capable of nitrogen fixation. A lack of diazotrophic 402 

cyanobacteria in early and disturbed crusts is supported by reductions of nitrogen fixation 403 

potential as measured by acetylene reduction by up to 250% (Evans R. D. and Belnap J., 404 

1999; Zhou et al., 2016). However, the presence of non-cyanobacterial diazotrophs, 405 

predominantly within the phyla Firmicutes and Proteobacteria in early successional stage 406 

crusts has been presented as evidence that the nitrogen fixation potential of early 407 

successional biocrust may be under-estimated (Pepe-Ranney et al., 2016) The 408 

metatranscriptome data presented here suggest that nitrogen fixation potential is 409 

significantly reduced in trampled soils as assessed by the abundance of nitrogen fixation 410 

transcripts in the trampled soils (Fig. 6). However, these data only consider dry soils and 411 

a brief wetting pulse; perhaps the wetting threshold for activity of diazotrophic organisms 412 

in trampled soils is larger and thus requires a longer or larger wetting pulse. Yet, these 413 

data could also go some way to explain why biocrusts were generally unresponsive to 414 

inorganic nitrogen additions (Mueller et al., 2015). Perhaps a more robust response would 415 

be observed with nitrogen addition to disturbed or early-successional stage biocrusts, 416 

where nitrogen fixation potential may be limited.  417 

  In addition to reduced nitrogen fixation, the trampled surface soils also displayed 418 

a dramatic difference in the number of contigs that were altered in abundance due to 419 

wetting in comparison to the biocrusts (Fig. 8A versus 8B). No contigs were significantly 420 

enriched in the wet trampled surface soils in comparison to more than 4000 for the 421 

biocrusts. Biocrusts produce an exopolysaccharide matrix and dark pigments that play a 422 

strong role in retaining moisture (Mazor et al., 1996; Rossi et al., 2012). Well-developed 423 
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biocrusts also alter the soil surface properties, increasing roughness and forming 424 

pinnacles, properties that can additionally foster moisture retention and infiltration 425 

(Belnap, 2006). These properties are visually absent in the trampled soils (Fig. 1A), 426 

presumably also affecting the ability of the community to take advantage of a wetting 427 

pulse. In this respect, these data suggest that not only are the trampled soil communities 428 

altered in their metabolic repertoire, but are less able to take advantage of the pulsed 429 

wetting events that control the productivity of these arid soils.      430 

 431 

Differences between surface and subsurface metatranscriptomes 432 

One of the unexpected findings of this study was the relatively small difference in 433 

the metatranscriptomes between the surface and subsurface samples. Because of 434 

gradients in resources such as light and moisture, biocrust communities are vertically 435 

stratified, often at the millimeter scale (Garcia-Pichel et al., 2003; Steven et al., 2013). 436 

Yet, only a small number of functional bins were identified as significantly different 437 

between the surface and subsurface samples (Fig. 7). The most parsimonious explanation 438 

for these results is that the cyanobacteria in both soil layers accounted for most of the 439 

transcriptome. The below-crust and trampled subsurface soils both showed a dominance 440 

of sequence belonging to cyanobacteria (Fig. 2), although metagenomic sequencing and 441 

other metrics indicate heterotrophic bacteria and Achaea are dominant in the subsurface 442 

soils (Steven et al., 2013). The high proportion of cyanobacteria in these soils can be 443 

easily explained by an incomplete separation of the biocrusts and the below-crust soils, or 444 

more likely that the small proportion of cyanobacteria that do inhabit the sub-crust soils 445 

account for most of the transcriptional activity. These data highlight the need to look at 446 
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longer term pulsed experiments to investigate if and when other members of the below-447 

crust soils become active.   448 

 449 

Response of arid soil communities to a wetting pulse  450 

In general, mRNA molecules are considered to be short-lived and of modest 451 

abundance in the cell. For example, physiological studies of Escherichia coli suggest that 452 

actively growing cells contain approximately 1,000 mRNA molecules with a half-life of 453 

about five minutes (Bernstein et al., 2002). The mRNA content of bacterial cells in the 454 

open ocean is more modest, with approximately 200 mRNA transcripts per cell, also with 455 

half-lives in the range of a few minutes (Moran et al., 2013). However, transcriptional 456 

activity in active microbial cultures or other ecosystems may not be an appropriate 457 

comparison to biocrusts. Arid lands are characterized by extended dry periods, during 458 

which biocrust respiration is virtually undetectable suggesting that biocrusts are largely 459 

dormant during this time (Garcia-Pichel and Belnap, 1996; Huxman et al., 2004; 460 

Sponseller, 2007). Periods of metabolic activity, stimulated primarily by water 461 

availability, occur infrequently and are short in duration. In this regard, biocrust response 462 

to wetting may be more similar to the germination of plant seeds. Plant seeds are dormant 463 

(or quiescent) until the initiation of germination, which is triggered by the uptake of 464 

water (Nonogaki et al., 2010). The resumption of metabolic activity for plant seeds (or 465 

arid soil microbes) is dependent on mRNA produced by the organism prior to the period 466 

of dormancy.  In seeds mRNA transcripts are protected as RNA/protein complexes, also 467 

referred to as mRNPs (Bewley, 1997; Reichel et al., 2016). A similar mechanism could 468 

serve to protect transcripts in dry biocrusts, allowing them to be stable over the duration 469 
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of dry periods. Several cyanobacteria encode functional homologs to eukaryotic RNA-470 

binding proteins (Mulligan et al., 1994). The specific functions of these genes have not 471 

been conclusively demonstrated, but they appear to play a role in cold-stress or nitrogen 472 

starvation (Mori et al., 2003; Sugita et al., 1999). Here we propose another potential role 473 

for cyanobacteria mRNPs; that is protecting mRNA molecules from desiccation damage 474 

during biocrust drying. The observation of complex pools of mRNA transcripts in dry 475 

conditions across the soil types, including transcripts more abundant in the dry samples 476 

(Figs. 4,5,7), points to mechanisms for maintaining RNA integrity in dry arid soils. The 477 

rapid turnover of mRNA is also supported by the differences in the metatranscriptomes 478 

after only one hour of wetting, particularly for the biocrusts (Fig. 8). This matches other 479 

observations that short-term transcriptional responses may be overlooked in linking 480 

transcriptional data to ecosystem process rates (Albright et al.). Future work investigating 481 

the lifespan of arid soil mRNA molecules may shed light transcript stability as a regulator 482 

of community responses to desiccation and rewetting.  483 

   A common observation across the dry samples was an enrichment of transcripts 484 

for hydrogenases (Fig. 9,10), specifically uptake hydrogenases (see supplemental tables). 485 

Uptake hydrogenases are bi-directional, capable of both producing and consuming H2. 486 

Uptake hydrogenases have been found among all heterocystous cyanobacteria studied to 487 

date, as the enzyme captures H2 produced during nitrogen-fixation, although non-nitrogen 488 

fixing cyanobacteria also contain uptake hydrogenases (Tamagnini et al., 2005). Several 489 

cyanobacteria within the order Oscillatoriales have been found to be prodigious 490 

producers of H2, although H2 evolution was absent from M. vaginatus (Kothari et al., 491 

2012). Thus, these transcriptomic data point to cyanobacteria possibly producing and/or 492 
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consuming H2 in dry conditions. However, the majority of the uptake hydrogenase 493 

transcripts enriched in the dry soils were found from various Actinobacteria, specifically 494 

the Solirubrobacterales (see supplemental tables). Scavenging of atmospheric hydrogen 495 

has been proposed as a mechanism by which bacteria can maintain metabolic activity 496 

under low carbon availability (Greening et al., 2015). Thus an active H2 based 497 

metabolism appears to be operating in the dry biocrusts that may involve a give and take 498 

between the Cyanobacteria and Actinobacteria.  499 

By the metric of the number of differentially abundant transcripts, the wetting 500 

pulse was most pronounced in the biocrust soils (Fig. 8). Many of the subsystems to 501 

which the contigs were annotated were within central metabolic pathways and machinery, 502 

such a translation elongation factors, ATP synthase, ribosomal proteins, and protein 503 

chaperones (Fig. 9).  504 

In the biocrusts most of the differentially abundant subsystems were made up of 505 

contigs with members that were identified as both more abundant in the wet and dry 506 

conditions. For example, contigs annotated to bacterial small subunit (SSU) ribosomal 507 

proteins (Fig. 9). It is well established that bacteria scale their ribosomal counts with 508 

metabolic activity (Elser et al., 2003; Steven et al., 2017). In the dry crusts the enriched 509 

contigs for SSU ribosomal proteins were primarily from groups of Actinobacteria 510 

whereas SSU genes enriched in the wet crusts were primarily cyanobacterial in origin 511 

(Table S2). Thus, these data point to different populations being active in the wet and dry 512 

conditions. Specifically, this is consistent with cyanobacteria becoming more active in 513 

the wet biocrusts. Concurrently, an enrichment of photosystem I, II, and phycobillisome 514 

made available for use under a CC0 license. 
certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 105 and is also 

The copyright holder for this preprint (which was notthis version posted May 25, 2018. ; https://doi.org/10.1101/326181doi: bioRxiv preprint 

https://doi.org/10.1101/326181


genes supports a rapid recovery of the cyanobacteria and the initiation of photosynthesis 515 

(Fig. 9). 516 

 517 

Metatranscriptomes and biocrust biogeochemical cycling 518 

A large driver for studying the microbial ecology of soils is to include soil 519 

microorganisms in ecosystem, carbon, and climate models (Reid, 2012). This requires 520 

that transcriptional abundances correlate with ecological process rates, a relationship that 521 

has not been well established (Moran et al., 2013; Prosser, 2015). In this study we 522 

focused on carbon and nitrogen fixation, given the large role biocrusts play in these 523 

processes in arid ecosystems (Barger et al., 2016; Sancho et al., 2016). These 524 

metatranscriptome datasets highlight two significant challenges in relating transcript 525 

abundance to biogeochemical cycling. First, complex communities encode multiple 526 

isoforms of the transcripts for proteins in the selected biogeochemical pathways (Table 1; 527 

Fig. 11). Multiple transcripts arise from functionally redundant species encoding the 528 

same pathways, as well as the potential for a single genome to encode multiple gene 529 

copies that may be differentially regulated under different environmental conditions 530 

(Allison and Martiny, 2008; Misra and Tuli, 2000). As a result all transcripts in a 531 

pathway do not respond in concert.  532 

Another potential confounding factor linking biogeochemical cycling gene 533 

transcript abundances to process rates is an observation discussed previously. A 534 

significant response to the wetting was that particular bacteria increased their transcripts 535 

for ribosomal proteins, presumably leading to elevated cellular ribosomal content (Fig. 536 

9). Because mRNA molecules are not consumed during translation, and in bacteria 537 
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multiple ribosomes can translate the same mRNA molecule in polysomes, an increased 538 

ribosome content can lead to more proteins being produced from the same number of 539 

mRNA molecules (Scott et al., 2010). In this manner, cells could increase the stock of 540 

biogeochemical cycling proteins through increased ribosomal content without a 541 

concurrent increase in the mRNA encoding those genes. In this regard, linking transcript 542 

abundance to ecosystem process rates will also need to account for factors such as 543 

ribosome content, RNA degradation, and translation efficiency (Kerkhof and Ward, 544 

1993; Pedersen, 1984; Taylor et al., 2013). 545 

    546 

Conclusion 547 

 The data presented here suggest that metatranscriptome sequencing can identify 548 

differences in biocrust communities in response to perturbations that occur over 549 

dramatically different time scales. Chronic physical trampling carried out over 17 years, 550 

alters the metabolic potential of the community as well as shaping the response of the 551 

community to a wetting pulse. In contrast, a short durational wetting pulse of 1 hour is 552 

also sufficient to alter the metatranscriptome. The biocrust communities respond rapidly 553 

to a pulse of water, with the cyanobacteria ramping up protein synthesis and 554 

photosynthesis genes. Taken together, these observations support that chronic trampling 555 

induces shifts in the structure and function of the soil communities that could not be 556 

assessed at a visual scale alone, which is often used to asses biocrust health and function 557 

(e.g. Belnap et al., 2008; Miller, 2008; Ferrenberg et al., 2015), thus highlighting the 558 

importance for the role of molecular microbial ecology tools in characterizing biocrusts 559 

and the response and resiliency to ecosystem disturbances.  560 
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Table 1. Biogeochemical cycling genes assessed in biocrusts 828 

Protein Name SEED Annotation Biogeochemical 
Role 

Number of Contigs 

Nitrogen cycle    
Nitrogenase Nitrogenase 

(molybdenum iron) 
alpha chain 
(EC:1.18.6.1) 

Nitrogen fixation 2 

Nitrate reductase Assimilatory nitrate 
reductase large 
subunit 
(EC:1.7.99.4) 
 

Ammonification 
 

24 

Nitrite reductase 
 

Nitrite reductase 
[NAD(P)H] large 
subunit (EC:1.7.1.4) 
 

Ammonification 
 

20 

Nitrite reductase 
 

Copper containing 
nitrite reductase 
(EC:1.7.2.1) 
 

Denitrification 
 

15 

Nitric oxide 
 

Nitric oxide 
reductase 
(EC:1.7.99.7) quinol 
dependent 
 

Denitrification 
 

5 

Nitrous oxide 
 
 

 

Nitrous oxide 
reductase 
(EC:1.7.99.6) 
 

Denitrification 5 

Carbon cycle    
Rubisco 
 

Ribulose 
bisphosphate 
carboxylase large 
chain (EC:4.1.1.39) 
 

Carbon fixation 
 

96 

Malate 
dehydrogenase 
 

Malate 
dehydrogenase 
(EC:1.1.1.37) 
 

TCA cycle 42 

Pyruvate kinase 
 

Pyruvate kinase 
(EC:2.7.1.40) 
 

Entner Doudoroff 
pathway 
 

43 

Lactate 
dehydrogenase 
 

D lactate 
dehydrogenase 
(EC:1.1.1.28) 

Fermentations 
 

14 
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 829 

  830 

 
Methane 
monooxygenase 
 

Methane 
monooxygenase 
component A beta 
chain 
(EC:1.14.13.25) 
 

methanotrophy 
 

13 
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Figure Legends 831 

 832 

Figure 1. A) Photograph of field plots. The control plots show well-developed biocrusts 833 

directly adjacent to a trampled plot (separated by a nylon rope). A pen is included for 834 

scale. B). NMDS plot showing the relationship of metatranscriptome datasets. Intergroup 835 

distances were calculated with the Bray-Curtis metric. The colored ellipses are included 836 

as a visual aid only and were not part of the analysis. The groupings within each ellipse 837 

are indicated by the bolded text. The stress value of the ordination is indicated in the top 838 

left corner.     839 

 840 

Figure 2. Taxonomic bins in the metatranscriptomes. Contigs were assigned a lowest 841 

common ancestor (LCA) and binned based on these assignments. Estimated counts of the 842 

contigs were then employed to assign a percent of total estimated counts for each LCA 843 

bin, of which the 20 most abundant are displayed. Each point represents the mean 844 

abundance from three replicate samples.  845 

 846 

Figure 3. SEED functional bins in the metatranscriptomes. Contigs were annotated 847 

within the SEED hierarchy and binned based to the broadest categorical assignments 848 

(level 1). Estimated counts of the contigs were then employed to assign a percent of total 849 

estimated counts for each bin, of which the 20 most abundant are displayed. Each point 850 

represents the mean abundance from three replicate samples.   851 

 852 
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Figure 4. Subsystems within the category Protein Metabolism. The 20 most abundant 853 

level 2 subsystems within the category are shown. Sample abbreviations: CD=crust dry; 854 

CW=crust wet; BCD=below-crust dry; BCW=below-crust wet; TSD=Trampled surface 855 

dry; TSW=Trampled surface wet; TBD=Trampled below dry; TBW=Trampled below 856 

wet. The size of the points represent the proportion of estimated counts as a percent of the 857 

total reads in the parent subsystem (i.e. percent of Protein Metabolism reads). Each point 858 

represents the mean of three replicate samples. Points colored red were significantly 859 

different by an ANOVA difference of means test.  860 

 861 

Figure 5. Subsystems within the category Carbohydrates. The 20 most abundant level 2 862 

subsystems within the category are shown. Sample abbreviations: CD=crust dry; 863 

CW=crust wet; BCD=below-crust dry; BCW=below-crust wet; TSD=Trampled surface 864 

dry; TSW=Trampled surface wet; TBD=Trampled below dry; TBW=Trampled below 865 

wet. The size of the points represent the proportion of estimated counts as a percent of the 866 

total reads in the parent subsystem (i.e. percent of Carbohydrate reads). Each point 867 

represents the mean of three replicate samples. Points colored red were significantly 868 

different by an ANOVA difference of means test. 869 

 870 

Figure 6. Differentially abundant subsystems due to trampling. Boxplot of differentially 871 

abundant subsystems between biocrust and trampled soils. For this analysis the wet and 872 

dry, as well as the surface and subsurface samples were considered together. Thus, the 873 

boxes summarize the data for 12 replicate samples. For each box the mean is represented 874 
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by the bolded bar and boxes represent the interquartile range. Outliers are shown as 875 

points outside of the box and whiskers. 876 

 877 

Figure 7. Differentially abundant subsystems due to soil depth. Boxplot of differentially 878 

abundant subsystems between surface and subsurface soils. For this analysis the wet and 879 

dry, as well as the biocrust and trampled samples were considered together. Thus, the 880 

boxes summarize the data for 12 samples. For each box the mean is represented by the 881 

bolded bar and boxes represent the interquartile range. Outliers are shown as points 882 

outside of the box and whiskers. 883 

 884 

Figure 8. Bland-Altman plots displaying shifts in contig abundance due to wetting. The 885 

average contig abundance (log10 scale) is displayed on the x-axis. As the means are for 886 

both wet and dry samples, each point is the average of six samples. The fold-change (log2 887 

scale) is displayed on the y-axis, such that contigs enriched in dry samples are shown 888 

below the 0 line and contigs enriched in wet are shown above.  Points having a 889 

significant difference with False Detection Rates (FDR) of less than 0.1 and at least a 890 

two-fold difference in abundance (indicated by the light gray dashed lines) are colored 891 

red.  892 

 893 

Figure 9. Differentially abundant subsystems due to wetting in surface soil samples. The 894 

level 2 SEED annotations were used to functionally bin the contigs identified as 895 

differentially abundant (Fig. 8), of which the 20 most abundant (sorted by the total 896 

number of contigs in each bin) are displayed. A full list of differentially abundant contigs 897 
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in the biocrusts is listed in supplemental Table S1 (only annotated contigs are presented). 898 

For the trampled surface samples, no contigs were identified as significantly enriched in 899 

the wetted samples (Fig. 8) and of the 27 significantly enriched in the dry samples only 900 

four were annotated to SEED subsystems, so the data is not shown. All four subsystems 901 

were in the category Hydrogenases. A full list of differentially abundant contigs in the 902 

trampled surface soils is listed in supplemental Table S2. 903 

 904 

Figure 10. Differentially abundant subsystems due to wetting in subsurface soil samples. 905 

The level 2 SEED annotations were used to functionally bin the contigs identified as 906 

differentially abundant (Fig. 8). A) Below-crust soils, B) Below trampled soils. A full list 907 

of differentially abundant contigs in the below-crust soils is listed in supplemental Table 908 

S3 and in supplemental Table S4 for the below trampled soils.  909 

 910 

Figure 11. Biogeochemical cycling genes in the biocrust metatranscriptomes. The 911 

biogeochemical cycling genes listed in Table 1 were mapped onto the biocrust datasets. 912 

Each point represents the average normalized abundance of each contig in the dataset 913 

(n=6). Biogeochemical cycling genes are colored based on the biogeochemical pathway 914 

to which they belong.    915 

 916 

 917 

 918 

 919 
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