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Seasonal bacterial profiles of 
Vellozia with distinct drought 
adaptations in the megadiverse 
campos rupestres
Otávio Henrique Bezerra Pinto1,2,6, Bárbara Bort Biazotti1,2,3,6, 
Rafael Soares Correa de Souza1,2,5, Juliana Érika de Carvalho Teixeira Yassitepe1,2,4, 
Paulo arruda  1,2,3, Ricardo Augusto Dante  1,2,4 & Isabel Rodrigues Gerhardt  1,2,4 ✉

Microbial communities can vary as a function of seasonal precipitation and the phenotypic 
characteristics of the prevailing plant species in an ecosystem. The Brazilian campos rupestres (CRs) 
host a unique flora adapted to harsh conditions, including severe droughts and nutrient-poor soils. 
Velloziaceae, a dominant angiosperm family in CRs, exhibit contrasting drought adaptive strategies, 
prominently desiccation tolerance and dehydration avoidance. Here, we created a comprehensive 
dataset of microbial composition and dynamics of bulk soil and distinct plant compartments (leaf blade, 
dry sheath, aerial root, and underground root) from two desiccation-tolerant and two dehydration-
avoiding, non-desiccation-tolerant Vellozia species, across four seasons (beginning and end of rainy 
and dry seasons) through 16S rRNA gene sequencing of 374 samples. This dataset also includes 38 soil 
metagenomes encompassing dry and rainy seasons from both drought adaptive strategies. Exploring 
an overlooked aspect of CRs biology offers significant potential for understanding plant-microbial 
associations and adaptations to water availability in tropical regions. The genetic data and metadata 
support further research for hypothesis testing and cross-study comparisons.

Background & Summary
The response of microbial communities to seasonal precipitation is not the same across different ecosystems. 
While changes are reported for environments such as temperate forests, and agricultural and aquatic ecosys-
tems1–4, in semiarid and desert grasslands, seasonal precipitation does not always modify richness and evenness 
of soil microbial communities5,6 or soil microbial attributes such as biomass and respiration7. The phenotypic 
characteristics of the plant species that prevail in each environment also contribute to shape the composition of 
bacterial communities8,9.

The campos rupestres (CRs; rupestrian grasslands) are a disjunct montane ecoregion in Eastern Brazil fea-
turing rocky outcrops, sandy and stony soils, and diverse flora including grasses, sedges, shrubs and small 
trees10,11. The flora of CRs has evolved to withstand harsh conditions characterised by severe seasonal droughts 
and soil nutritional deficiencies, particularly phosphorus, in addition to other stresses10,11. Within the CRs, the 
Velloziaceae stands out as an iconic, dominant, and species-rich angiosperm family11–16, with species of its major 
genera Vellozia and Barbacenia showcasing contrasting adaptive strategies to drought that range from dehy-
dration avoidance to desiccation tolerance17,18. While dehydration-avoiding, non-desiccation-tolerant (NDT) 
species can sustain high relative water content (RWC) during drought stress, desiccation-tolerant (DT) species 
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can tolerate RWC as low as 5% and, upon rehydration, quickly resume the same metabolism and photosynthetic 
rates as before desiccation17–19.

Although the CRs cover less than 1% of Brazil’s continental area, this megadiverse habitat hosts around 
15% of the country’s flora, with approximately 40% of these species being endemic, resulting in the highest 
endemism-to-area ratio in Brazil11–15,20. The CRs share physical and functional characteristics with the fynbos 
of the Cape Floristic Region and the kwongan of the Southwestern Australia Floristic Region21. Despite the high 
plant species richness and endemism in these regions, their microbial communities are poorly characterised. 
Few and recent studies have explored the structure of fynbos and kwongan bacterial communities22–25, and, in 
the CRs, only the microbiomes associated with the Velloziaceae species B. macrantha and V. epidendroides, 
that differ in phosphorus acquisition strategies and substrates they live on (rocks and sandy soils, respectively), 
have been characterised26,27. However, to our knowledge, no studies have shown whether microbial community 
attributes in those megadiverse regions respond to seasonal variations in rainfall or different drought adaptive 
strategies of host plants, with a particular lack of data for the CRs.

In this study, to address whether these factors help shape microbial communities, we collected multiple sam-
ples, during dry and rainy seasons, from individuals of four Vellozia species with contrasting drought adaptive 
strategies: two DT species, V. nivea L. B. Sm. & Ayensu and V. tubiflora (A. Rich.) Kunth, and two NDT species, 
V. intermedia Seub. and V. peripherica Mello-Silva17,18,28 (Fig. 1), as well as associated soil samples. We used 16S 
rRNA gene sequencing to characterise microbiomes in host plant compartments (i.e., leaf blade, dry sheath, 
aerial root, and underground root) and bulk soil. The study experimental design is shown in Fig. 2. This dataset 
(Dataset 129) can provide valuable insights into microbiome composition and dynamics throughout dry and 
rainy seasons and host compartments of Vellozia species with contrasting drought adaptive strategies.

Sampling of soil and plant tissue was performed from September 2018 through September 2019 during 
four distinct seasons (Fig. 3): early rainy (ER), late rainy (LR), early dry (ED), and late dry (LD) seasons. We 
measured the moisture of leaves of DT and NDT individuals and their associated soils with the aim of correlat-
ing water status imposed by precipitation variation with microbial composition. Soil moisture content varied 
significantly (Fig. 4a), being ∼ 80 times lower in the LD season compared to the LR season. Soils associated with 
DT species displayed 3–7 times lower moisture content during the ED and LD seasons than those with NDT 
species (Fig. 4a). NDT species sustained high leaf moisture content across all seasons (97–100% in ER and LR 
seasons and 94–97% in ED and LD seasons), while DT species exhibited a significant decrease in leaf moisture 
during the LD season (80–100% in the ER and LR seasons, 80–90% in ED season, and ∼15% in the LD season) 
(Fig. 4b).

A total of 374 samples were used to produce high-throughput sequencing data of DNA fragments amplified 
from the 16S V3-V4 rRNA gene regions. Processing these data retrieved an average of 503,325 reads per sam-
ple and identified 257,790 unique amplicon sequence variants (ASVs). Additionally, we detected 47 identified 
prokaryotic phyla. The common phyla across all surveyed groups, with a relative abundance exceeding 3%, 
included Proteobacteria, Acidobacteriota, Planctomycetota, Actinobacteriota, and Chloroflexi (Fig. 5).

The diversity among sample groups was evident, with soil displaying the highest diversity (p < 0.01), followed 
by underground roots. No significant differences were observed for dry sheath and aerial root; however, the leaf 
blade stood out as the least diverse sample (p < 0.01) (Fig. 6).

The reported data also comprise shotgun metagenomic data from soil associated with all DT and NDT 
species during both dry and rainy seasons for functional assessment of microbial communities. Total DNA 
extracted from the Vellozia-associated soil underwent shotgun sequencing, resulting in a total of 1.5 TB and 
687.7 GB for rainy and dry season samples, respectively. Samples from rainy seasons were assembled individu-
ally, resulting in 19 metagenomes with an average assembly length of 122,471,070 bp, an average contig number 
of 82,179, and a mean N50 of 1,367 bp. Similarly, samples from dry seasons were also assembled individually, 
producing 19 metagenomes with an average assembly length of 30,074,623 bp, an average contig number of 
20,997, and a mean N50 of 1,347 bp (Dataset 229).

Annotation of these metagenomes retrieved a median number of 510 noncoding genes and 74,965 
protein-coding genes. In total, we identified 478 pathways, 5,158 KOs, and 2,190 enzyme categories across 38 
soil metagenome samples associated with Vellozia species. Our comparison revealed 82 MetaCyc pathways that 
were differentially abundant (FDR < 0.05) between the dry and rainy seasons (Dataset 329). Additionally, we 
found 63 pathways that were differentially abundant between communities associated with DT and NDT sur-
vival strategies (FDR < 0.05).

This study represents an initial effort to (i) explore the associated microbiome dynamics across different sea-
sons in the megadiverse Brazilian CRs and (ii) identify microorganisms associated with the contrasting desicca-
tion tolerance and dehydration avoidance drought adaptive strategies exhibited by members of the outstanding 
Velloziaceae family. This study explores an overlooked aspect of CRs biology and offers significant potential 
for understanding plant-microbial associations and adaptations to conditions of water seasonal availability in 
tropical regions. This first-time published dataset enables reuse and supports further hypothesis testing and 
cross-study comparisons.

Methods
Sample collection for DNA extraction. Specimens of two DT species (V. nivea and V. tubiflora) and 
two NDT species (V. intermedia and V. peripherica) belonged to large populations located within the Serra da 
Canastra National Park (V. peripherica and V. tubiflora) and a private property adjacent to the Park (V. inter-
media and V. nivea), respectively in the municipalities of São Roque de Minas and Delfinópolis, Minas Gerais 
state, Brazil. Coordinates and elevation (in m.a.s.l.) of the respective CRs sites are: V. nivea, S 20° 29′15.8″ W 
46° 32′05.3″, 950; V. tubiflora, S 20° 13′50.8″ W 46° 37′31.2″, 1,380; V. intermedia, S 20° 29′07.2″ W 46° 30′49.8″ 
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1,002; V. peripherica, S 20° 15′36.9″ W 46° 25′22.0″, 1,355. These sites exhibit typical CRs features (Fig. S1), with 
quartzite outcrops and shallow, sandy gravel soil.

The Serra da Canastra region in southern Minas Gerais state experiences a humid subtropical climate 
(Koppen’s Cwb)30 characterised by a rainy period from October to March (spring and summer) and a dry period 
from April to September (fall and winter). Field samplings were performed from September 2018 through 
September 2019 during four distinct seasons: early rainy (ER) season in September 2018, late rainy (LR) sea-
son in February and March 2019, early dry (ED) season in June 2019, and late dry (LD) season in August and 
September 2019 (Fig. 3). Global Precipitation Measurement (GPM) mission satellite data for the virtual station 
TRMM.1570, which has the nearest coordinates (20°30′00.0“S, 46°30′00.0“W) to all study sites, were retrieved 
from the Agritempo agrometeorological monitoring system (http://www.agritempo.gov.br/).

To obtain representative samples of microbial communities associated with Vellozia plants, in each season 
five similarly sized individuals of each species were selected from approximately 400-m² plots. Consequently, 20 
individuals were sampled for each species across four seasons. Individuals were pried out from soil, preserving a 
large portion of their fasciculate root system as a single clod, and organs were dissected from individuals. Plant 

Fig. 1 Physiognomy of the Vellozia species investigated in this study. (a,b), V. nivea; (c,d), V. tubiflora; (e,f),  
V. intermedia; (g,h), V. peripherica. (a,c,e,g), individuals during rainy seasons; (b,d,f,h), individuals during dry 
seasons.
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samples encompassed several organs: both young and mature leaf blades, dry sheaths enveloping the apical, 
median, and basal segments of the “pseudostem” as well as aerial and underground roots of varying diameters. 
Attached soil was gently shaken from underground roots. Soil samples for DNA extraction were obtained by 
pooling material excavated at a 15 cm depth from two diametrically opposite areas located at 20 cm from the 
central stem of each individual. All samples were stored in conical tubes and immediately placed in dry ice 
without prior washing. Each sampling event yielded approximately 50 ml of soil or fragments of plant materials 
for DNA extraction. Subsequently, the collected samples were stored at −80 °C in the laboratory until further 
processing.

Leaf and soil sampling and moisture analyses. For soil moisture analysis, soil was sampled at a 15-cm 
depth from two diametrically opposite areas located at 20 cm from the central stem of each plant. The two sam-
ples from each individual were pooled, and soil moisture content was determined using 50 g through convective 
oven-drying thermogravimetry31 at 105 °C until constant weight was achieved.

Leaf relative moisture content was determined through standing rehydration, as described by Arndt et al.32, 
on medium-sized leaves from two branches of each individual (totalling 64 samples). In short, leaf blades stored 
in tightly sealed plastic vials on ice were weighted within 24 hours after sampling for estimating fresh mass. 

Fig. 2 Summary of the experimental design. (a) Schematic depiction of the seasons, plant drought adaptations, 
and the sampled compartments used in the study. (b) Data analysis process workflow.

Fig. 3 Meteorological data, and soil and plant sampling in the CRs study sites. Daily maximum, mean and 
minimum temperatures and daily precipitation were obtained from the Global Precipitation Measurement 
(GPM) mission satellite data for the nearest coordinates to the study sites.
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Leaves were placed into 50-ml tubes with the cut end submerged in distilled water. Water-saturated mass and 
dry mass were measured by sequentially weighting leaves after imbibition for 24 h at 4 °C and drying at 75 °C for 
approximately 48 h, respectively.

Statistical analysis of soil and leaf moisture contents was performed using ANOVA followed by Tukey HSD 
(p < 0.05) in R33. All moisture analyses were performed at the Instituto Agronômico de Campinas (Campinas, 
Brazil).

DNA extraction and 16S ribosomal RNA (rRNA) gene sequencing. Microbial diversity was assessed 
through the sequencing of 16S rRNA gene amplicons, molecular markers for bacterial taxonomy34–36. This analy-
sis utilised microbial DNA derived from both soil and Vellozia plant organs collected in the four seasons (ER, LR, 
ED, and LD). Plant samples underwent cryogenic pulverisation under liquid nitrogen without any pre-treatment 
using the cryogenic mills models 6970EFM and 6870 (SPEX SamplePrep, Metuchen, NJ, USA) at the Centro 
Nacional de Pesquisa em Energia e Materiais (Campinas, Brazil) and the Analytical Chemistry Laboratory at 
Centro de Energia Nuclear na Agricultura (Piracicaba, Brazil), respectively. Pulverised samples were subsequently 
stored at −80 °C until further processing.

DNA extractions were performed with 250 mg of soil and 150 mg of pulverised plant samples using the 
DNeasy PowerSoil kit (Qiagen, Valencia, CA, USA), following the manufacturer’s protocol with the inclusion of 
a heating step at 65 °C for 10 minutes after the addition of solution C1. The extracted DNA was quantified using 
fluorimetry with the Qubit dsDNA BR Assay kit (Thermo Fisher Scientific Inc., MA, USA), and a NanoDrop 
spectrophotometer (Thermo Fisher Scientific). Extracted samples ranged in DNA concentrations from 5 ng/µl 
to 150 ng/µl. Quality was assessed by checking the 260/280 and 260/230 nm ratios and verifying the absence of 
non-specific bands through agarose gel electrophoresis.

Fig. 4 Moisture content in different seasons. (a) Soil moisture content. (b) Leaf moisture content. Letters 
indicate significance (p < 0.05) on ANOVA followed by Tukey HSD.

Fig. 5 Vellozia microbial community composition at the phylum level. The horizontal bars at the top of the 
graph categorize samples by compartment (Leaf blade, Dry sheath, Aerial root, Underground root, and Bulk 
soil). Directly below, color-coded bars categorize samples according to drought adaptation strategies: the 
desiccation-tolerant (DT) species V. nivea and V. tubiflora are represented in orange, and the non-desiccation-
tolerant (NDT) species V. intermedia and V. peripherica in green. At the bottom, rectangles denote seasons: 
Early rainy (light blue), Late rainy (dark blue), Early dry (orange), and Late dry (red). The ‘Others’ category 
includes phyla with mean relative abundances below 3%.
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Amplicon library targeted the V3-V4 regions of the 16S rRNA gene specific to prokaryotes, using the V3-338f 
5′-ACWYCTRCGGGRGGCWGCA-3′ and V4-806r 5′-GGACTACHVGGGTWTCTAAT-3′ primers37, with 
chloroplast and mitochondrial Peptide Nucleic Acid (PNA) clamp oligos38. The samples were sequenced on the 
Novaseq 6000 SP500 v1.5 platform (Illumina, San Diego, CA, USA), generating paired-end reads of 2 × 250 bp, 
at the Donnelly Sequencing Centre (University of Toronto, Toronto, Canada).

Shotgun metagenomic sequencing and assembly. DNA extracted from soil samples collected dur-
ing the LR and LD seasons for the four species was employed for shotgun metagenomic sequencing on the 
Novaseq 6000 SP500 v1.5 platform (Illumina) at the Donnelly Sequencing Centre, resulting in paired-end reads of 
2 × 250 bp. The raw sequencing data were quality filtered using the JGI RQCFilter pipeline v39.06 (https://source-
forge.net/projects/bbmap/). This pipeline removes adapters and filters out reads shorter than 51 bp or less than 
33% of their original length. It also trims bases with quality scores below 10 from both sequence ends. Additionally, 
the pipeline performs cross-contamination filtering, eliminating short contaminants, pJET1 sequences, and other 
unwanted sequences, including common microbial and human DNA contamination. Processed sequences were 
assembled using MEGAHIT v1.2.9 with parameters --k-list 23,43,63,83,103,123 and --min-contig-len 100039. 
Assembly quality statistics were subsequently generated using QUAST v5.2.0 --mgm --min-identity 90.040.

The structural and functional annotation, including the prediction of CRISPR elements, non-coding genes, 
protein-coding genes, and the assignment of gene functions, was conducted using the IMG Annotation Pipeline 
v.5.2.141. Quantitative profiles of microbial metabolic pathways and other molecular functions from metagen-
omic samples were generated using HuMAnN 342 (http://huttenhower.sph.harvard.edu/humann). This was fol-
lowed by an analysis of pathway distinctions between the DT and NDT strategies, as well as between rainy and 
dry seasons, using the MaAsLin2 R package43 with default settings.

Microbial community profiling. We used fastp to remove adapters, trim low-quality bases with a qual-
ity score lower than 20, and discard reads shorter than 50 bp44. Filtered FASTQ sequences were imported into 
Qiime2 version 2023.945 for primer removal using the cutadapt plugin and subsequent processing through the 
DADA2 pipeline46. This pipeline included filtering, dereplicating, denoising, merging, removing chimeras, and 
grouping sequences into amplicon sequence variants (ASVs). The resulting DADA2-processed data is available 
as Dataset 429. Taxonomic assignment of ASVs was conducted using the Qiime2-feature-classifier plugin and the 
classify-sklearn47 function, utilising the Silva 138 99% OTUs database48. Sequences assigned as mitochondria, 
chloroplast, Eukaryote, and Unassigned were subsequently removed. Additionally, singletons—ASVs detected 
only once—were excluded. Samples with sequence numbers lower than 1000 were filtered out for the Vellozia 
microbiome composition analysis.

The data were exported to generate a phyloseq object49, and subsequent analysis was conducted using the 
microbiome package50 with R33. In the diversity analysis, we rarefied the sequences to a depth of 5,000 without 
replacement. The alpha diversity was represented by the Shannon index on microbiome package. We used the 
paired Wilcoxon test as the statistical method, with a p-value threshold set at 0.05. The resulting p-values were 
then adjusted using the Benjamini-Hochberg correction method51.

Data Records
Raw data of both the 16S rRNA gene amplicon sequencing and the shotgun sequencing were deposited in the 
NCBI Sequence Read Archive SRP51276052. BioProject, sample description, SRA Study, and SRA Run acces-
sions of each of the sequencing libraries generated in this study are available in Dataset 529. Shotgun sequenc-
ing assembly files are available through the Joint Genome Institute Genome OnLine Database53 GOLD ID 
Gs0166663 and European Nucleotide Archive PRJEB8808154.

To support reanalysis by other researchers, we have deposited Dataset 629 (Processed Amplicon Data) that 
contains ASV identifiers, taxonomic classification, taxonomic classification confidence, ASV DNA sequences, 
and ASV abundance for each sample.

Fig. 6 Comparisons of species richness and abundance distribution. (a) Across plant compartments and bulk 
soil samples in five distinct sample types: Leaf blade (Lb), Dry sheath (Dsh), Aerial root (Ar), Underground root 
(Ur), and Bulk soil (S); (b) between desiccation-tolerant (DT) and non-desiccation-tolerant (NDT) drought-
adaptive strategies; and (c) across Early rainy (ER), Late rainy (LR), Early dry (ED), and Late dry (LD) seasons. 
Comparisons were calculated using the Shannon index. Differences between samples were assessed using 
the Wilcoxon test, with a significance threshold of p < 0.05. The resulting p-values were adjusted using the 
Benjamini-Hochberg correction method.
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Datasets 1–6 can be accessed on Figshare29 (https://doi.org/10.6084/m9.figshare.28389302). Details on the 
data contained in each file are as follows:

Dataset 1. Sample information for this study. This dataset contains information of Library type, 
16S rRNA gene amplicon or Shotgun metagenome; Drought adaptative strategy, Desiccation-tolerant (DT) or 
Non-desiccation-tolerant (NDT); Species, Vellozia nivea (Vn), Vellozia tubiflora (Vt), Vellozia intermedia (Vi), 
and Vellozia peripherica (Vp); Sample material, Leaf blade (Lb), Dry sheath (Dsh), Aerial root (Ar), Underground 
root (Ur), and Bulk soil (S)); Sampling month (September, February, June, and August), Season (Early rainy, Late 
rainy, Early dry, and Late dry); sample #, number of samples; Sequencing, sequencing direction and sequence 
length; and NCBI sample name.

Dataset 2. Metagenome assembly and annotation statistics. This dataset contains IDs for ENA 
analysis, NCBI library names and Gold Biosample; Assembly metrics such as Assembly length (bp); Number of 
contigs; N50; L50; Max scaffold length (bp); Metagenome Annotation counts for RNA genes (rRNA genes, 5S 
rRNA, 16S rRNA, 18S rRNA, 23S rRNA, 28S rRNA, tRNA genes); Protein coding genes; Noncoding genes (with 
Product Name, with COG, with Pfam, with KO, with Enzyme, with MetaCyc, with KEGG, COG clusters, Pfam 
clusters); and CRISPR count.

Dataset 3. Comparison of MetaCyc pathways between rainy and dry seasons, as well as NDT 
and DT drought adaptive strategies. This dataset contains Differentially abundant metabolic pathways; 
metadata, compared variable (season or drought adaptative strategy); value, the reference feature; coef, model 
coefficient value for the reference feature; stderr, the standard error from the model; N, number of samples in the 
statistical comparison; N.not.0, total number of samples in which the feature is non-zero; pval, nominal signifi-
cance of this association; and qval, significance corrected with Benjamini-Hochberg method51.

Dataset 4. Summary of sequence progression through DADA2 steps. This dataset contains NCBI 
library ID; sample-id, NCBI sample ID; input, number of input sequences; number and percentage of input 
passed filter sequences; number of denoised sequences, number and percentage of input merged sequences; num-
ber and percentage of input non-chimeric sequences.

Dataset 5. NCBi accessions of all shotgun and amplicon sequencing samples generated in the 
study. This dataset contains NCBI SRA Run; Download path, Experiment ID; Library Name; Library Strategy, 
Metagenome shotgun sequencing or amplicon sequencing; Model, sequencing platform; SRA Study ID; BioProject 
ID; Sample ID, BioSample ID, Submission ID; sample Description; Gold Biosample ID; and ENA analysis ID.

Dataset 6. processed amplicon dataset. This dataset contains Feature ID, ASV identifiers; Taxon, taxo-
nomic classification; Confidence, taxonomic classification confidence; Sequence, ASV DNA sequences; and ASV 
abundance for each sample.

technical Validation
The quality and purity of the extracted DNA was assessed using fluorimetry with the Qubit dsDNA BR Assay 
kit (Thermo Fisher Scientific) and spectrophotometry with the NanoDrop spectrophotometer (Thermo Fisher 
Scientific) by checking the 260/280 and 260/230 nm ratios. DNA concentration in the extracted samples ranged 
from 5 ng/µl to 150 ng/µl. PCR of the 16S rRNA gene was verified for the absence of non-specific bands through 
agarose gel electrophoresis. The prepared libraries were quantified using the NEBNext Library Quant pPCR kit 
(New England Biolabs, Ipswich, Massachusetts, USA).

Read quality assessment revealed that most sequences scored Q25 or higher, indicating high base call accu-
racy. DADA2 quality control and denoising of 16S rRNA genes ensure that each DNA sequence variation arises 
from biological mutations rather than sequencing errors. The ASVs have an average length of 407.84 bp, with a 
maximum length of 438 bp and a standard deviation of 38.71 bp, indicating complete length of the V3-V4 16S 
rRNA gene region, enhancing taxonomic classification resolution.

The variation of microbial composition across different organs and soil revealed the expected higher sample 
relatedness with closer spatial proximity. While bulk soil samples exhibited greater similarity to underground 
root samples, aerial root samples were more similar to dry sheath samples, and leaf blade samples were the most 
distinct (Fig. 5). These observations evidence no technical issues with sample preparation and analysis.

Code availability
The codes used to process and analyse the 16S rRNA gene amplicon and shotgun metagenome data from the 
Vellozia microbiome are available on GitHub (https://github.com/GCCRC-dev/VelloziaMicrobiome).
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