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ABSTRACT 
Despite intense recent research interest in archaea, the scientific community has experienced a 
bottleneck in the study of genome-scale gene expression experiments by RNA-seq due to the 
lack of commercial and specifically designed rRNA depletion kits. The high ratio rRNA:mRNA 
(80-90%: ~10%) in prokaryotes hampers global transcriptomic analysis. Insufficient 
ribodepletion results in low sequence coverage of mRNA and therefore requires a substantially 
higher number of replicate samples and/or sequencing reads to achieve statistically reliable 
conclusions regarding the significance of differential gene expression between case and control 
samples. Here we show that after the discontinuation of the previous version of RiboZero 
(Illumina) that was useful to partially deplete rRNA from halophilic archaea, archaeal 
transcriptomics studies have experienced a standstill. To overcome this limitation, here we 
analyze the efficiency for four different hybridization-based kits from three different commercial 
suppliers, each with two sets of sequence-specific probes to remove rRNA from four different 
species of halophilic archaea. We conclude that the key for transcriptomic success with the 
currently available tools is the probe-specificity for the rRNA sequence hybridization. With this 
paper we provide insights to the archaeal community for selecting certain reagents and strategies 
over others depending on the archaeal species of interest. These methods yield improved RNA-
seq sensitivity and enhanced detection of low abundance transcripts.  
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INTRODUCTION 
The expression of the genomic information of an organism depends on the cell status and 
environmental factors that determine the phenotype. The genes across the genome that are being 
transcribed collectively define the transcriptome, and the compendium of methods that enable 
the study of the expression of large number of genes simultaneously is known as transcriptomics. 
RNA sequencing (RNA-seq) has emerged as a widely used approach to transcriptome profiling 
with high throughput, sensitivity, dynamic range, and relatively low cost compared to former 
methods such as microarrays. The first successful RNA-seq experiments were performed using 
eukaryotic model organisms [1-4]; however, using this tool for understudied models such as 
archaea has been challenging despite their biological and evolutionary importance.  
 
Archaea are prokaryotic microorganisms that were defined as the third branch of life in the late 
70’s, when Carl Woese and colleagues found substantial 16S differences that warranted 
classifying the Archaea as a distinct group separate from the Bacteria and Eukarya [5]. Recent 
phylogenetic evidence is more consistent with a two-domain tree, with Eukarya stemming from 
Archaea [6]. Although archaea are typically known for their survival in extreme environments, 
archaeal species are now known to be diverse and abundant, colonizing a vast array of habitats 
(from oceans to human skin to extreme environments [7,8]). Therefore, differential expression 
analysis using transcriptomics in archaea is an important step for a better understanding of 
responses to diverse environments [9,10]. Such studies advance knowledge of the unique 
molecular biology of archaea, which combine the molecular characteristics of both bacteria and 
eukaryotes, such as transcriptional regulation [11].   
 
Despite previous progress on differential expression by RNA-seq in archaea [12], this method has 
recently become unavailable. Previously, archaeal transcriptomics studies successfully depleted 
rRNA using commercially available reagent kits for rRNA removal in bacteria [13-17]. However, 
these kits were discontinued in 2018. Ribosomal RNA (rRNA) in archaeal transcriptomes can 
reach more than 90% of the total cellular RNA. As we report in the current work, ribodepletion 
is a key step for reliable RNA-seq results because high rRNA sequencing reads can preclude the 
detection of messenger RNA (mRNA). rRNA removal enables higher sequencing depth of 
mRNA, leading to better detection of transcripts. This is critical for analyzing differential 
expression, particularly when detecting non-coding or lowly expressed RNAs [18]. Previous 
studies have suggested a minimum sequencing depth of two [19] to ten [20] million reads per 
sample for obtaining reproducible results for differential expression, while the ENCODE 
consortium [21] mandates 30 million reads (albeit for much larger human genomes). Such 
sequencing depth enables sound statistical comparisons of differential expression on a per-gene 
basis: at least 5 reads per gene are typically needed to detect the significance of change in 
expression for a given gene [18]. Some archaeal studies have reported RNA-seq without rRNA 
removal, but these were conducted for different purposes that are possible without rRNA 
removal (e.g. transcription start site mapping [22], small RNA detection [12], etc). Removing 
rRNA also substantially reduces the cost of RNA-seq, enabling extensive sample multiplexing in 
a single sequencing run, especially for relatively small archaeal genomes (~2-8 Mbp). 
 
In this work, we have studied four species of halophilic archaea that have been widely used as 
model organisms in the archaeal research community: Halobacteium salinarum (HBT) and 
Haloarcula hispanica (HAH) of the family Halobacteriaceae require salt concentrations close to 
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saturation, whereas Haloferax volcanii (HVO) and Haloferax mediterranei (HFX) of the family 
Haloferacales colonize lower salinity environments. These four species are highly tractable 
models for extremophilic microorganisms given their relatively fast generation time (2-6 hours in 
rich medium), facile genetic tools [23-25], and highly curated genomic annotations and databases 
[26-29]. Establishing a set of tools and best practices for transcriptomics methods would therefore 
greatly facilitate advances in this field. 
 
Archaeal RNA, like that of bacteria, lacks a 3’ polyA tail, so rRNA cannot be removed by polyT 
tagging. Here we test two methodologies for rRNA depletion in archaea using: (a) biotinylated 
probes; and (b) enzymatic digestion. We use probes that come packaged with commercial kits as 
well as sequence-specific probes customized for particular species of interest. The first approach 
(biotinylated probes/streptavidin beads) consists of a physical removal of rRNA by hybridizing 
with a pool of biotinylated oligo probes. These probes are then be captured and removed from 
the RNA sample using streptavidin-coated magnetic beads. In contrast, the enzymatic removal of 
rRNA consists of generating DNA-rRNA hybrids by incubating specifically designed DNA 
probes complementary to rRNA. Hybrids are then treated with RNaseH that catalyzes the 
cleavage of RNA when it is bound to a DNA substrate.  
 
Here we report that the two methods are equally successful for removing rRNA across the four 
species of halophilic archaea growing in diverse media. Both methods can be used successfully 
with probe sequences custom-designed for one species or with a broad probe pool designed to 
target multiple species simultaneously. We show that bacterial rRNA probes are sufficiently 
divergent in sequence to preclude the use of recently developed custom and commercial bacterial 
rRNA probe sets in archaea [30]. These methods are robust to varying culturing conditions (rich 
and defined media). This analysis has achieved the goal of identifying an efficient and broadly 
useful strategy for depleting undesirable archaeal rRNA prior to sequencing for successful 
transcriptomics.  
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MATERIAL AND METHODS 
 
Media, Strains, and Growth Conditions 
All used strains, media and conditions for this study are summarized in the following Tables 1 
and 2. 
 
Table 1: Strains used in this study. 
Name Species abbreviation Genotype Reference genome 
MDK407 
[24] 

HBT ∆ura3 GCF_000006805.1_ASM680v1 

DS2 [31] HVO ∆pyrE GCF_000025685.1_ASM2568v1 
ATCC33500 
[25] 

HFX ∆pyrE GCF_000306765.2_ASM30676v2 

DF60 [25] HAH ∆pyrF GCF_000223905.1_ASM22390v1 
 
Table 2: All media recipes used for test organisms in this study  
Name Species abbreviation  Ingredients (per L) Supplement  pH 
CM 
(rich 
media) 
 

HBT 250g NaCl (Fisher 
Chemicals); 20g 
MgSO4.7H2O (Fisher 
Chemicals); C6H5Na3O7.2H2O 
(Fisher Chemicals); 2g KCl 
(Fisher Chemicals); 10g 
bacteriological peptone 
(Oxoid) 
 

50 ml uracil 
(1mg/ml) 
(Acros 
Organics) 

6.8 

YPC 18% 
(rich media 
[32]) 

HVO and HFX 144g NaCl (Fisher 
Chemicals);4.2g KCl (Fisher 
Chemicals); 18g MgCl2.6 H2O 
(Fisher Chemicals); 20g 
MgSO4.7H2O (Fisher 
Chemicals); 12ml 1M TrisHCl 
(Fisher Chemicals) pH7.5; 5g 
yeast extract (Fisher 
Chemicals); 1g 10g 
bacteriological peptone 
(Oxoid); 1g Cas aminoacids 
(VWR) 

50 ml uracil 
(1mg/ml) 
(Acros 
Organics) 

7.5 

PR 18% 
(minimal 
media) 

HVO 170g NaCl (Fisher 
Chemicals); 70g MgCl2.6 H2O 
(Fisher Chemicals); 7g KCl 
(Fisher Chemicals); 5ml 1M 
TrisHCl (Fisher Chemicals) 
pH7.5; 5 ml 1M NH4Cl; 2ml 
0.25M K2HPO4; 5ml 1M 
NaHCO3; 0.8 ml thiamine 
(1mg/ml); 0.1 ml biotine 
(1mg/ml); 0.5% glucose. 

50 ml uracil 
(1mg/ml) 
(Acros 
Organics) 

7.2 

YPC 23% HAH 180g NaCl (Fisher 
Chemicals);4.2g KCl (Fisher 

50 ml uracil 
(1mg/ml) 

7.5 
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(rich media 
[33]) 

Chemicals); 18g MgCl2.6 H2O 
(Fisher Chemicals); 20g 
MgSO4.7H2O (Fisher 
Chemicals); 12ml 1M TrisHCl 
(Fisher Chemicals) pH7.5; 5g 
yeast extract (Fisher 
Chemicals); 1g 10g 
bacteriological peptone 
(Oxoid); 1g Cas aminoacids 
(VWR) 

(Acros 
Organics) 

 
For routine culturing in these media, each species was freshly streaked from frozen stock. Single 
colonies from no more than two-week-old plates were inoculated in triplicate in 3 ml of rich, 
minimal, or defined liquid media (Table 2) and grown aerobically until saturation (stationary 
phase) at 42°C with continuous shaking at 225 rpm. From each saturated pre-culture, 50ml 
cultures were initiated by diluting the pre-culture to OD660=0.1 in 150 ml Pyrex flasks, and 3ml 
of each were harvested in mid exponential phase OD660=0.4-0.8 (doubling times and incubation 
times included in Table 3), by centrifugation in a tabletop centrifuge (5424, Eppendorf) at 
21,130 x g for 3min. Supernatant was discarded and pellets were immediately snap-frozen in 
liquid N2 and stored no longer than 3 weeks at -80°C until RNA extraction. 
 
Table 3: Doubling time and incubation time for different species in different media. 
Species media doubling time (h) days until stationary phase 
HBT CM 6 3 
HVO YPC18% 3 2.5 (36h) 
HVO PR18% 12 3 
HFX YPC18% 2.5 2 
HAH YPC23% 6 3 

 
RNA-seq experimental protocol 
Total RNA was extracted from pellets using Absolutely RNA Miniprep kit (Agilent 
Technologies, Santa Clara, CA) according to manufacturer’s instructions. The obtained RNA 
concentration and integrity was quantified by Nanodrop One (Thermo Scientific, Grand Island, 
NY) and RNA electropherograms, Bioanalyzer 2100 Instrument with the RNA 6000 Nano kit 
(Agilent Technologies, Santa Clara, CA), respectively. RNA was checked for DNA 
contamination by PCR using 200-300ng of input RNA and primers given in Table 4 for 30-35 
cycles. Extracted RNA was high quality in all samples, with Bioanalyzer RNA integrity number 
(RIN) greater than 8.  
 
Table 4: Primers used to check for genomic contamination. 
Species Forward primer sequence 5’-3’ Reverse primer sequence 5’-3’ fragment 

size 
HBT CGACATTCGGGTTGCGTTGTG GGCGTTGTTCACGAAGCA 1372 
HFX CACATCAGCGAGGAGTTTGA GACAGACGACGAGTTGGTCA 162 
HVO AGAAGTACAAGGGCGTCGAA TTTTCGAACTCCTCGCTGAT 171 
HAH GCCGATTGCTCCGTCTACTA ACTGCTCGGTGAGAAACGTC 161 
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Ribosomal RNA was removed using the following reagent kits and methodologies, abbreviated 
throughout the text and figures as indicated below:  
 
 

1. Biotinylated probes with strepdavidin bead pull-down: 
a. Discontinued Ribo-Zero rRNA Removal Kit (Bacteria). Abbr: RZ 
b. siTools HVO RiboPOOLTM with probes specific for HVO. Abbr: rP-HVO 
c. siTools Pan-Archaea riboPOOLTM  (probes included). Abbr: rP-PA  

2. RNAse H and enzymatic depletion-based protocols with magnetic bead pull-down: 
a. Ribo-Zero Plus Kit (probes included). Abbr: RZ+ 
b. NEBNext Bacteria rRNA depletion Kit (New England Biolabs) with probes 

designed for bacteria (included in kit from NEB). Abbr: NEB-B  
c. NEBNext Depletion Core Reagent Set with customized sequence-specific probes 

for  HVO (Table S3). These probes were designed using the NEB web tool 
(https://depletion-design.neb.com/) and ordered from IDT techonologies 
(idtdna.com). Abbr: NEB-HVO 

 
RNA input to each depletion kit was 300-500 ng. Ribodepletion was performed according to the 
manufacturer’s manuals using default or custom-designed probes as well as modifying time of 
enzymatic incubation with RNaseH. These details and ordering information are specified in 
Table S1.  
 
Library preparation from 1-10ng rRNA-depleted RNA was performed using NEBNext UltraII 
Directional RNA Library Preparation Kit (Illumina, #E7760) following the vendor protocols and 
complementing cleaning steps with NEBNext Sample Purification Beads (#E7767). An extra-
cleaning step using the same type of beads was carried out when samples showed contamination 
with adaptor dimers. The obtained library quality and concentration was assessed by monitoring 
the distribution of the fragment sizes with a Bioanalyzer 2100 instrument using RNAnano 
reagent kit (Agilent Technologies, Santa Clara, CA). This size and quantity information was used 
for pooling the libraries in equimolar concentrations to normalize each library. Libraries were 
subjected to HiSeq2500, HiSeq4000, or NovaSeq6000 by the Sequence and Genomics 
Technologies Facility at Duke University. Additional experimental metadata, results, and details 
are given in Table S1. 
 
Data Analysis 
 
Publications on archaeal RNA-seq per year: 
Data regarding the number of publications yearly available from National Center for 
Biotechnology Information (NCBI) PubMed database (https://pubmed.ncbi.nlm.nih.gov/) was 
searched with the phrases “archaea”, “RNA-Seq”, and “archaea RNA-Seq” Database hits were 
downloaded from the NCBI PubMed database on November 1, 2021. The publication of Carl 
Woese’s seminal paper regarding the classification of Archaea in 1977 [5] was used as the 
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starting date. The downloaded data is in Table S2. The code used to generate Fig. 1 is in 
https://github.com/amyschmid/rRNA_analysis. 
 
RNA-seq data processing: 
FASTQ files generated by sequencing were downloaded and processed as described 
previously[34]. Files were quality-checked using FastQC, adapter sequences were trimmed using 
TrimGalore! with cutadapt (FastQC and TrimGalore! downloaded from 
http://www.bioinformatics.babraham.ac.uk/projects/). Trimmed files were aligned to the 
reference genomes of the four species of interest (Table 1) using Bowtie2 [35]. Resultant SAM 
files were converted into a compact BAM file using SAMtools [36] to generate, sort, and index 
reads. BAM files were used as the input for HTSeq-count [37] to generate a count file, assigning 
a numeric raw count of reads to each gene. Details regarding the full workflow are included in 
reference [34]. To determine rRNA percentage remaining following depletion, 
the counts corresponding to each of 16S, 23S, and 5S rRNA genes was divided by the total 
number of raw counts mapping to all genes. The ratio was multiplied by 100 to yield a 
percentage. These genes are listed in Table 4. 
 
Table 4. rRNA-coding gene identifiers for each species of interest 
Species rRNA 

type 
Gene identifier(s) Alternate gene identifier(s) 

HBT 16S VNG_RS09790 VNG_r02 
 23S VNG_RS09800 VNG_r03 
 5S rrf VNG_r04 
HVO  16S HVO_RS13015, 

HVO_RS18920 
HVO_3038, HVO_3064 

 23S HVO_RS13025, 
HVO_RS18910 

HVO_3040, HVO_3062 

 5S rrf HVO_3041, HVO_3061 
HFX 16S HFX_RS14380, 

HFX_RS08900 
HFX_1820, HFX_2933 

 23S HFX_RS14370, 
HFX_RS08910 

HFX_1822, HFX_2931 

 5S rrf HFX_2930, HFX_1823 
HAH 16S HAH_RS08910, 

HAH_RS01110 
HAH_1834, HAH_0232 

 23S HAH_RS08905, 
HAH_RS01120 

HAH_1833, HAH_0234 

 5S rrf HAH_1832, HAH_0235 
 
The results, expressing all rRNA, 16S rRNA, 23S rRNA, and 5S rRNA as a percentage of total 
reads, are listed in Table S1. The code used to generate figures is in 
https://github.com/amyschmid/rRNA_analysis, and the input to the code is also given in Table 
S1 under the appropriate tabs. 
 
Probe specificity analysis: 
Sequences of probes custom-designed for HVO rRNA removal using the NEB website 
(https://depletion-design.neb.com/) were compared to HBT strain NRC-1 genome sequence 
using NCBI BlastN search with default parameters (NCBI taxonomy ID: 64091; NCBI access 
date May 4, 2021). The resultant sequence identity (expressed as a percentage) was noted for 
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each of the 117 sequences. These data were classified into 4 categories: 100% identity, 90-99% 
identity, <80% identity, and no significant similarity. The probe sequences, BLAST results, and 
identity percentages are listed in Table S3. The code used to generate the corresponding figure is 
in https://github.com/amyschmid/rRNA_analysis and the specific inputs to generate this figure 
are in the appropriate tabs within Table S3. 
 
 
Count correlations: 
RNA-seq read counts corresponding to all genes outside of rRNA genes for different rRNA 
removal methods and replicates in HBT and HVO were calculated as described above. Each 
gene’s count was expressed as a percentage of total counts, and the arithmetic average of all 
replicates using a particular method was calculated. These average values for each gene for a 
given removal method were then noted in Table S4. The code used to generate the 
corresponding figure is in https://github.com/amyschmid/rRNA_analysis and the specific inputs 
to generate this figure are in the appropriate tabs within Table S4.  
 
Power analysis: 
RNA-Seq data generated from a pilot run for a published project [34] from the Schmid lab was 
inputted into the power optimization tool Scotty (scotty.genetics.utah.edu) [38]. This was used to 
assess power for differential expression experiments involving up to 6 biological replicates with 
between 1 and 15 million reads mapping to genes for each replicate, so that at least 75% of 2-
fold differentially expressed genes could be detected at p<0.01.  
 
RESULTS 
 
Discontinuation of the Illumina RiboZero kit is associated with a decline in published 
archaeal RNA-Seq studies: 
RNA-Seq of archaeal species belonging to diverse clades has previously been facilitated by 
rRNA depletion using the bacterial Ribo-Zero kit from Illumina [13-17] (Methods). However, the 
kit was discontinued in 2018. To determine the impact of this discontinuation, we conducted a 
comprehensive literature search on the PubMed database for articles reporting on archaea (1977-
present) and on RNA-seq in archaea (2010-present). The discontinuation of the Ribo-Zero kit 
appears to correlate with a plateau and decline of papers published on the topic of RNA-seq in 
archaea, even as the number of publications on archaea in general and on RNA-Seq in other 
domains of life has grown (Fig. 1). Within our lab, we had successfully used this kit on two 
model halophile species, HBT [14] and HVO (Mar Martinez-Pastor, unpublished data). The Ribo-
Zero kit used biotinylated RNA probes designed to deplete abundant rRNA transcripts from 
bacterial total RNA with streptavidin beads. We observed 100% removal of rRNA from HVO 
total RNA samples (Fig. 2). In contrast, removal from HBT was variable, with a median rRNA 
value of 35% (range 18.7% - 46.4%; Fig. 2; Table S1), at a level which allowed analysis of 
differential expression [14]. Because RNA-seq transcriptomic profiling studies across halophilic 
archaea are valuable to understand responses to environmental perturbation, we were hence 
motivated to find a suitable replacement capable of matching or bettering this performance 
across four model species of halophiles routinely used in our lab (HBT, HVO, HFX and HAH, 
abbreviations listed in Table 1). 
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Testing new rRNA depletion strategies on total RNA samples from Halobacterium 
salinarum (HBT). 
We first began with a quantification of rRNA removal in HBT to allow continuation of ongoing 
differential gene expression experiments [34]. We used three enzymatic digestion-based rRNA 
depletion approaches from the following commercial kits (details in Table S1 and Methods): (a) 
NEBNext Bacterial rRNA Removal Kit (probes included, abbreviated throughout as “NEB-B”); 
(b) NEBNext rRNA Core Depletion Reagent Set (with user-designed probes specific for HVO, 
method abbreviated throughout as “NEB-HVO”); and (c) the newly released Ribo-Zero Plus kit 
from Illumina (includes probes allowing universal depletion across bacteria and eukaryotes, 
“RZ+”). Following rRNA removal, resultant RNA samples were subjected to Next Generation 
sequencing, and the number of rRNA reads removed was quantified as compared to an untreated 
RNA control (Methods). 
 
We observed that ~95% of reads from sequenced untreated RNA correspond to rRNA (Fig. 3, 
Table S1). RZ+ treatment achieved a negligible reduction of rRNA to ~92%. A slightly more 
substantial reduction was seen with the NEB-B method, with a median remaining rRNA 
percentage of 86%. Of these methods, the best results were obtained using NEBNext with 
customized probes designed to bind HVO rRNA sequences (NEB-HVO), although high levels of  
rRNA still remained (median remaining rRNA 80.5%, range 63% to 86%).  We note that using 
no removal, RZ+, and NEB-HVO methods result in a range of ~1.5-3.6M reads mapping to non-
rRNA genes per sample (with 12 total samples run on one lane, Table S1). Based on our power 
analysis using online tools [38], this level of sequencing depth would require 5-6 biological 
replicates for reliable detection of 75% of differentially expressed genes (FDR < 0.05, log fold 
change >= 2.0) (Fig. S1). Since this depth was achieved with 12 samples multiplexed per lane, a 
requirement of 4-5 samples of each type would restrict RNA-Seq experimental design to a single 
comparison (for example, two genotypes in one condition or two conditions for the same 
genotype) per lane. Hence, the inefficient rRNA removal severely limits the extent to which 
samples can be multiplexed, increasing costs even in modern high-throughput sequencing 
instruments used here (Table S1). 
 
We hypothesized that poor rRNA removal may stem from either the incomplete RNase H 
digestion or the imperfect sequence match between the HVO rRNA probes used in the NEB-
HVO method and the rRNA genes of HBT. To test the efficacy of RNAse H digestion, we 
carried out this digestion over 30 minutes (manufacturer protocol) and 120 mins (extended 
digestion) using the NEB-HVO method. Each digestion time used the same extracted RNA 
sample (split into two different aliquots for digestion), and was performed in biological triplicate 
within the same sequencing batch. A marked improvement in rRNA removal is seen in the 120-
minute digestion (Fig. 4A), with 75% median rRNA remaining, as compared to 85% for the 30 
minute samples. However, when comparing the results between different batches of sequencing, 
we found that the batch effect was stronger than the RNAse effect: 30 minute RNAse H 
digestion from a different batch produced a rRNA range of 63-76% (median 68%), better than 
even the 120 minute digestion from the first batch. Hence, while longer RNAse H digestion 
could potentially improve rRNA removal, this effect is inconsistent. 
 
Based on these results, we then tested the hypothesis that this relatively poor rRNA removal 
(compared to the discontinued RZ method) was associated with sequence mismatches between 
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probes and rRNA. Using the NEB-HVO method, we observed that the probe sequences custom-
designed for HVO rRNA matched HBT 16S rRNA sequences better than to 23S probe sequences 
(Fig. 4B, Table S3). 19% of 16S HVO probe sequences had 100% identity with HBT 16S 
rRNA, compared to only 8% for 23S rRNA. Conversely, 25% of 23S probe sequences shared no 
sequence similarity with HBT 23S rRNA, while this was only 16% for 16S. Corresponding with 
these different levels of sequence identity, we observed that 16S rRNA removal was more 
effective (~15-35% remaining) than 23S rRNA removal (~55-65% remaining, Fig. 4C, Table 
S3). Bacterial probes (included in the NEB rRNA removal kit) have very different rRNA 
sequences from those of archaea. Thus, as expected, the NEB-B method showed 16S and 23S 
rRNA remaining comparable to the no-removal control (Fig. 4C). Hence, there is a strong 
relation between probe sequence and rRNA removal, with even slight increases in probe 
specificity (Fig. 4B), resulting in profound differences in rRNA removal (Fig. 4C). 
 
We conclude from these experiments that the NEBNext Core Reagent Set kit with probes 
custom-designed for the related species HVO (NEB-HVO) is the best of the reagent kits that we 
tested for HBT rRNA removal. RiboZero Plus (RZ+) and NEBNext Bacterial kit using the 
bacterial probes (NEB-B) led to less efficient rRNA removal for HBT. We expect that targeting 
custom probes specifically for HBT would likely result in better rRNA removal.  
 
Species-specific probe methods efficiently remove Haloferax volcanii (HVO) rRNA: 
Having shown the importance of probe sequence specificity, we next tested two different 
methods with rRNA probes targeted to HVO against HVO total RNA samples: (a) NEBNext 
Core Reagent Set  ("NEB-HVO” method); and (b) the siTools RiboPool kit (“rP-HVO”). Unlike 
the enzymatic NEB-HVO method, rP-HVO uses streptavidin-based removal of rRNA hybridized 
to biotinylated probes. For both methods, we used probes custom-designed to be specific to HVO 
rRNA sequences (see Methods). We observed that both methods achieved nearly complete 
rRNA digestion: median values of 0.008% and 0.000008% rRNA remaining were observed 
using NEB-HVO and rP-HVO methods, respectively (Fig. 5; Table S1). These results with near-
complete rRNA depletion in HVO with species-specific probes is in line with the observations 
above: the limiting factor with these probe-based methods is the identity of probe sequences with 
target rRNA sequences. Overall, we found that using probes targeted to HVO with either method 
resulted in efficient and near-complete removal of rRNA from HVO samples, with the 
riboPOOL method resulting in nearly undetectable rRNA.  
 
siTools Panarchaea kit efficiently removes rRNA from diverse halophilic archaeal species: 
To expand our analysis to other model species, we then tested the siTools riboPOOL Panarchaea 
kit (rP-PA, Table S1, methods). The probe set associated with this kit is composed of high 
complexity pools of biotinylated DNA probes with sequences designed to deplete rRNA from a 
broad spectrum of archaea, including several classes of Euryarchaeota and Proteoarchaeota 
(https://sitoolsbiotech.com/ribopools.php). The Panarchaea riboPOOL probes have been shown 
to remove 99% of rRNA from Sulfolobus solfataricus and Sulfolobus acidocaldarius 
(https://sitoolsbiotech.com/pdf/microbes-ribopools-072021.pdf), but to our knowledge have not 
been published for euryarchaeal species like the four model halophiles of interest here. After 
using this kit for ribodepletion, we observed that all tested RNA samples across the four species 
contained <10% rRNA, with median values of 3.3%, 0.0002%, 0.04%, and 0.5% for HBT, HVO, 
HFX, and HAH, respectively (Fig. 6, Table S1). This extensive rRNA removal is more effective 
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for HBT than for any previously tested methods (Fig. 2, 3), and equally as effective as NEB-
HVO and rP-HVO methods for HVO (Fig. 4, 5). The other two species had not been previously 
tested, and no other RNA-seq results (other than for HFX small RNAs, which does not require 
rRNA removal [39]) are available for comparison in the literature. Taken together, these results 
demonstrate that the Panarchaea method (rP-PA) efficiently removed rRNA for four different 
model species of halophilic archaea. 
 
Choice of removal method does not affect per-gene read counts: 
It was observed previously that using different rRNA removal methods can affect relative read 
counts of some non-rRNA genes [40,41]. We therefore tested whether rRNA removal and the 
choice of removal method changes the relative levels of mRNA. We calculated gene counts from 
each sample as a percentage of the total (non-rRNA) counts from that sample, and correlated 
these relative counts obtained from different rRNA removal techniques (see Methods, Fig. 7). 
We observed strong correlations of normalized relative counts of non-rRNA genes among 
different rRNA removal methods, as well as with untreated total RNA data for HBT (Fig. 7A). 
The Pearson’s correlation coefficients between per-gene normalized read counts across different 
methods used on HBT were in the range 0.91-0.99, with an average value of 0.95. Correlation 
with control (untreated) samples was >0.92. Similar results were seen with HVO: 0.94-0.99, 
average 0.97 (Fig. 7B, Table S4). Based on this analysis, we conclude that rRNA removal and 
the choice of removal method does not change the number of reads on a per-gene basis in 
halophilic archaea. These rRNA removal methods can therefore be used for downstream 
applications such as differential gene expression analysis. 
 
Utility of rRNA removal is seen in counts of non-rRNA genes: 
 
Previous studies have suggested a minimum sequencing depth of two [19] to ten [20] million 
reads per sample for obtaining reproducible results for differential expression. On a per-gene 
basis, 5 reads is considered a threshold below which differential expression analysis is unreliable 
[18]. We sought to understand how rRNA removal affects transcript detection using data from 
HBT, from which we have data for a wide array of rRNA removal methods (including no 
removal), and a large range of rRNA remaining in sequenced samples (2%-95%). Across these 
samples, we calculated the number of annotated genes with no mapped reads as well as <5 
mapped reads. For consistency, we only considered samples that had been sequenced on the 
same machine (NovaSeq6000). We observed that more complete rRNA removal generally leads 
to increased detection of genes (Fig. 8). All numbers that follow are median values, obtained 
from Table S1. For untreated RNA (~95% rRNA), ~320 genes showed no reads, and this 
reduced to ~312 for RNA treated with NEB-B (~86% rRNA) and further to ~307 with NEB-
HVO (~68% rRNA). The Panarchaea kit (rP-PA) reduced the number of undetected genes to 
~298 (~3% rRNA). For genes with < 5 counts detected, there was a more dramatic change, from 
~385 genes for untreated RNA, but only ~310 for Panarchaea kit. This trend held true even 
though the total number of reads for all genes (including rRNA) had relatively similar median 
values of ~30M and ~27M reads, respectively (Table S1), suggesting that the improved 
detection of lowly expressed genes is associated with more complete rRNA removal rather than 
deeper overall sequencing of the samples. These above results indicate that better rRNA removal 
improves per-gene counts and detection of lowly expressed genes, which is important for making 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 15, 2022. ; https://doi.org/10.1101/2022.04.15.488396doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.15.488396
http://creativecommons.org/licenses/by-nc-nd/4.0/


   
 

   
 

13 

accurate statistical conclusions regarding differential expression. rRNA removal enables 
increased multiplexing and therefore reduced cost for RNA-seq experiments. 

CONCLUSIONS AND DISCUSSION 

The main technical challenge for prokaryotic transcriptomics is the low ratio of mRNA:rRNA. 
Historically, different methods have been used to eliminate rRNA without biasing mRNA reads: 
from digestion with exonucleases that preferentially degrade rRNA relying on 5’ 
monophosphate; to subtractive hybridization that captures rRNA binding to antisense 
oligonucleotides [42,43]; to poly(A) tail addition to discriminate rRNA or reverse transcription 
with rRNA primers followed by RNaseH digestion [30,44]. However, none of these methods has 
been successfully utilized for haloarchaea. Until the end of 2018, the Ribo-Zero kit from 
Illumina, based on sequence-specific biotinylated probes that hybridize with a pool of microbial 
rRNA sequences and then selectively remove the hybrids using streptavidin-coated magnetic 
beads, enabled removal of ~70% of rRNA for several archaeal species [13-17]. After this 
commercially available kit was discontinued, archaeal transcriptomics was at an impasse. Here 
we invested time to troubleshoot this problem, test, and directly compare newly available tools to 
help the archaeal community to move on with transcriptomic studies. Our investigation provides 
a guide for choosing a suitable application depending on the model organism or the combination 
of archaeal species of interest (e.g. communities, labs using multiple cultured species, 
metatranscriptomics). 
 
We found that both RNAseH-based and biotin-based methods are efficient for rRNA removal. 
Certain commercially available kits from NEB and siTOOLs are most effective when probes are 
designed that target archaeal species of interest. For HVO, the RiboPool kit as well as the 
NEBNext kit with custom-designed probes that target HVO (Fig. 5) resulted in nearly complete 
rRNA removal. A similar number of total reads was observed after sequencing with no 
detectable bias in lowly expressed transcripts (Fig 8). In general, when using targeted kits, we 
found that the most important factor in determining rRNA removal efficiency was percentage 
identity of the target rRNA with the probe sequence (Fig. 4, 5). We found that the Panarchaea kit 
from siTOOLs provides very good rRNA depletion across all four species tested here (Fig. 6) 
and we anticipate that these can be effectively used for metatranscriptomics of archaeal 
communities. Targeted methods from both NEB and SiTOOLs as well as the Panarchaea probe 
set provide comparable performance to the discontinued RiboZero kit for HVO, with remaining 
rRNA close to 0. We further note that the Panarchaea kit exceeds the performance of the 
previous RZ method for HBT (Table S1, Fig. 2 vs Fig. 6). In the future, continuing to deposit 
raw RNAseq data from the archaeal community into online data repositories such as NCBI Gene 
Expression Omnibus is critical for progress in the area of transcriptomics, which would facilitate 
future efforts to predict rRNA removal success depending on probe sequence identity. 
 
One of the most important advantages of choosing and efficient rRNA removal method is 
analyzing differential expression of low-count genes. In the current study, we show that efficient 
rRNA depletion enables increased detection of lowly expressed genes (Fig. 8). This 
improvement in coverage of low-count genes enables correct statistical analysis of differential 
expression [19-21]. Accurate detection of lowly expressed transcripts is also important when 
using RNA-Seq to map the transcriptome [12,45], including in metatranscriptomic protocols [44]. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 15, 2022. ; https://doi.org/10.1101/2022.04.15.488396doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.15.488396
http://creativecommons.org/licenses/by-nc-nd/4.0/


   
 

   
 

14 

 
The rapid pace of discovery of new archaeal species [6,46] as well as the use of novel archaeal 
model organisms in lab will bring further challenges for transcriptomics experiments. However, 
the methods tested here provide sufficient flexibility to solve such challenges. For example, it is 
possible that newly identified archaeal species may encode rRNA sequences divergent from 
commercially available primer sets such as siTOOLs Panarchaea. The NEBNext Core Reagent 
Set using the custom probe design tool (https://depletion-design.neb.com/) would therefore be an 
appropriate choice in this case. Removal of rRNA enables increased detection of rare transcripts 
and extensive multiplexing. The methods tested here will therefore facilitate rapid progress in 
understanding the transcriptional response of a wide diversity of archaea to their environment. 
 
 
AUTHOR CONTRIBUTIONS 
Conceptualization, MMP, SS, DNR, and AKS; methodology, MMP, DNR, and SS; software, SS; 
validation, SS and AKS; formal analysis, SS; investigation, SS and MMP; resources, AKS and 
DNR; data curation, SS and AKS; writing—original draft preparation, MMP and SS; writing—
review and editing, SS, AKS, DNR, and MMP; visualization, SS and AKS; supervision, AKS; 
project administration, AKS; funding acquisition, AKS. All authors have read and agreed to the 
published version of the manuscript. 
 
FUNDING  
This research was funded by National Science Foundation (USA) grants 1651117 and 1936024 
to AKS. 
 
DATA AVAILABILITY STATEMENT 
Code used to analyze data associated with this study is freely accessible via 
https://github.com/amyschmid/rRNA_analysis. RNA-seq data is available through the National 
Center for Biotechnology Information Gene Expression Omnibus (NCBI GEO) database at 
accession GSE200776. 
 
ACKNOWLEDGEMENTS 
We thank Schmid lab members for the comments on the data analysis and manuscript text, 
especially Rylee Hackley and Alex Phillips. We thank members of the haloarchaeal research 
community for ongoing discussions regarding the challenges with rRNA removal, especially 
Jocelyne DiRuggiero, Ron Peck, and Alexandre Bisson. 
 
CONFLICT OF INTEREST 
The authors declare no conflict of interest. 
 
 
 
  

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 15, 2022. ; https://doi.org/10.1101/2022.04.15.488396doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.15.488396
http://creativecommons.org/licenses/by-nc-nd/4.0/


   
 

   
 

15 

 
 
REFERENCES 
 
1. Weber, A.P.M.; Weber, K.L.; Carr, K.; Wilkerson, C.; Ohlrogge, J.B. Sampling the 

Arabidopsis transcriptome with massively parallel pyrosequencing. Plant Physiol 2007, 
144, 32-42, doi:10.1104/pp.107.096677. 

2. Nagalakshmi, U.; Wang, Z.; Waern, K.; Shou, C.; Raha, D.; Gerstein, M.; Snyder, M. 
The transcriptional landscape of the yeast genome defined by RNA sequencing. Science 
2008, 320, 1344-1349, doi:10.1126/science.1158441. 

3. Bainbridge, M.N.; Warren, R.L.; Hirst, M.; Romanuik, T.; Zeng, T.; Go, A.; Delaney, A.; 
Griffith, M.; Hickenbotham, M.; Magrini, V.; et al. Analysis of the prostate cancer cell 
line LNCaP transcriptome using a sequencing-by-synthesis approach. BMC Genomics 
2006, 7, 246, doi:10.1186/1471-2164-7-246. 

4. Mortazavi, A.; Williams, B.A.; McCue, K.; Schaeffer, L.; Wold, B. Mapping and 
quantifying mammalian transcriptomes by RNA-Seq. Nature Methods 2008, 5, 621-628, 
doi:10.1038/nmeth.1226. 

5. Woese, C.R.; Fox, G.E. Phylogenetic structure of the prokaryotic domain: the primary 
kingdoms. Proc Natl Acad Sci U S A 1977, 74, 5088-5090, doi:10.1073/pnas.74.11.5088. 

6. Zaremba-Niedzwiedzka, K.; Caceres, E.F.; Saw, J.H.; Backstrom, D.; Juzokaite, L.; 
Vancaester, E.; Seitz, K.W.; Anantharaman, K.; Starnawski, P.; Kjeldsen, K.U.; et al. 
Asgard archaea illuminate the origin of eukaryotic cellular complexity. Nature 2017, 541, 
353-358, doi:10.1038/nature21031. 

7. Cai, M.; Liu, Y.; Zhou, Z.; Yang, Y.; Pan, J.; Gu, J.-D.; Li, M. Asgard archaea are 
diverse, ubiquitous, and transcriptionally active microbes. bioRxiv 2018, 374165, 
doi:10.1101/374165. 

8. Angel, R.; Claus, P.; Conrad, R. Methanogenic archaea are globally ubiquitous in aerated 
soils and become active under wet anoxic conditions. The ISME Journal 2012, 6, 847-
862, doi:10.1038/ismej.2011.141. 

9. Browne, P.D.; Cadillo-Quiroz, H. Contribution of transcriptomics to systems-level 
understanding of methanogenic Archaea. Archaea 2013, 2013, 586369-586369, 
doi:10.1155/2013/586369. 

10. Hackley, R.K.; Schmid, A.K. Global Transcriptional Programs in Archaea Share Features 
with the Eukaryotic Environmental Stress Response. Journal of Molecular Biology 2019, 
431, 4147-4166, doi:https://doi.org/10.1016/j.jmb.2019.07.029. 

11. Martinez-Pastor, M.; Tonner, P.D.; Darnell, C.L.; Schmid, A.K. Transcriptional 
Regulation in Archaea: From Individual Genes to Global Regulatory Networks. Annual 
Review of Genetics 2017, 51, 143-170, doi:10.1146/annurev-genet-120116-023413. 

12. Gelsinger, D.R.; DiRuggiero, J. Transcriptional Landscape and Regulatory Roles of 
Small Noncoding RNAs in the Oxidative Stress Response of the Haloarchaeon Haloferax 
volcanii. J Bacteriol 2018, 200, e00779-00717, doi:10.1128/JB.00779-17. 

13. Cai, M.; Liu, Y.; Yin, X.; Zhou, Z.; Friedrich, M.W.; Richter-Heitmann, T.; Nimzyk, R.; 
Kulkarni, A.; Wang, X.; Li, W.; et al. Diverse Asgard archaea including the novel 
phylum Gerdarchaeota participate in organic matter degradation. Science China Life 
Sciences 2020, 63, 886-897, doi:10.1007/s11427-020-1679-1. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 15, 2022. ; https://doi.org/10.1101/2022.04.15.488396doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.15.488396
http://creativecommons.org/licenses/by-nc-nd/4.0/


   
 

   
 

16 

14. Dulmage, K.A.; Darnell, C.L.; Vreugdenhil, A.; Schmid, A.K. Copy number variation is 
associated with gene expression change in archaea. Microbial Genomics 2018, 4, 
doi:https://doi.org/10.1099/mgen.0.000210. 

15. Qi, L.; Yue, L.; Feng, D.; Qi, F.; Li, J.; Dong, X. Genome-wide mRNA processing in 
methanogenic archaea reveals post-transcriptional regulation of ribosomal protein 
synthesis. Nucleic Acids Res 2017, 45, 7285-7298, doi:10.1093/nar/gkx454. 

16. Zhou, X.; Stevens, M.J.A.; Neuenschwander, S.; Schwarm, A.; Kreuzer, M.; Bratus-
Neuenschwander, A.; Zeitz, J.O. The transcriptome response of the ruminal methanogen 
Methanobrevibacter ruminantium strain M1 to the inhibitor lauric acid. BMC Research 
Notes 2018, 11, 135, doi:10.1186/s13104-018-3242-8. 

17. Zhou, Z.; Liu, Y.; Lloyd, K.G.; Pan, J.; Yang, Y.; Gu, J.-D.; Li, M. Genomic and 
transcriptomic insights into the ecology and metabolism of benthic archaeal 
cosmopolitan, Thermoprofundales (MBG-D archaea). The ISME Journal 2019, 13, 885-
901, doi:10.1038/s41396-018-0321-8. 

18. Tarazona, S.; García-Alcalde, F.; Dopazo, J.; Ferrer, A.; Conesa, A. Differential 
expression in RNA-seq: A matter of depth. Genome Research 2011, 21, 2213-2223. 

19. Baccarella, A.; Williams, C.R.; Parrish, J.Z.; Kim, C.C. Empirical assessment of the 
impact of sample number and read depth on RNA-Seq analysis workflow performance. 
BMC Bioinformatics 2018, 19, 423, doi:10.1186/s12859-018-2445-2. 

20. Liu, Y.; Zhou, J.; White, K.P. RNA-seq differential expression studies: more sequence or 
more replication? Bioinformatics 2014, 30, 301-304, doi:10.1093/bioinformatics/btt688. 

21. Davis, C.A.; Hitz, B.C.; Sloan, C.A.; Chan, E.T.; Davidson, J.M.; Gabdank, I.; Hilton, 
J.A.; Jain, K.; Baymuradov, U.K.; Narayanan, A.K.; et al. The Encyclopedia of DNA 
elements (ENCODE): data portal update. Nucleic Acids Res 2018, 46, D794-D801, 
doi:10.1093/nar/gkx1081. 

22. Babski, J.; Haas, K.A.; Näther-Schindler, D.; Pfeiffer, F.; Förstner, K.U.; Hammelmann, 
M.; Hilker, R.; Becker, A.; Sharma, C.M.; Marchfelder, A.; et al. Genome-wide 
identification of transcriptional start sites in the haloarchaeon Haloferax volcanii based 
on differential RNA-Seq (dRNA-Seq). BMC Genomics 2016, 17, 629, 
doi:10.1186/s12864-016-2920-y. 

23. Allers, T.; Barak, S.; Liddell, S.; Wardell, K.; Mevarech, M. Improved strains and 
plasmid vectors for conditional overexpression of His-tagged proteins in Haloferax 
volcanii. Appl Environ Microbiol 2010, 76, 1759-1769, doi:10.1128/AEM.02670-09. 

24. Peck, R.F.; DasSarma, S.; Krebs, M.P. Homologous gene knockout in the archaeon 
Halobacterium salinarum with ura3 as a counterselectable marker. Molecular 
Microbiology 2000, 35, 667-676, doi:https://doi.org/10.1046/j.1365-2958.2000.01739.x. 

25. Liu, H.; Han, J.; Liu, X.; Zhou, J.; Xiang, H. Development of pyrF-based gene knockout 
systems for genome-wide manipulation of the archaea Haloferax mediterranei and 
Haloarcula hispanica. Journal of Genetics and Genomics 2011, 38, 261-269, 
doi:https://doi.org/10.1016/j.jgg.2011.05.003. 

26. Pfeiffer, F.; Broicher, A.; Gillich, T.; Klee, K.; Mejia, J.; Rampp, M.; Oesterhelt, D. 
Genome information management and integrated data analysis with HaloLex. Arch 
Microbiol 2008, 190, 281-299, doi:10.1007/s00203-008-0389-z. 

27. Pfeiffer, F.; Dyall-Smith, M. Open Issues for Protein Function Assignment in Haloferax 
volcanii and Other Halophilic Archaea. Genes (Basel) 2021, 12, 
doi:10.3390/genes12070963. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 15, 2022. ; https://doi.org/10.1101/2022.04.15.488396doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.15.488396
http://creativecommons.org/licenses/by-nc-nd/4.0/


   
 

   
 

17 

28. Schmid, A.K.; Reiss, D.J.; Kaur, A.; Pan, M.; King, N.; Van, P.T.; Hohmann, L.; Martin, 
D.B.; Baliga, N.S. The anatomy of microbial cell state transitions in response to oxygen. 
Genome Res 2007, 17, 1399-1413, doi:10.1101/gr.6728007. 

29. Bonneau, R.; Baliga, N.S.; Deutsch, E.W.; Shannon, P.; Hood, L. Comprehensive de 
novo structure prediction in a systems-biology context for the archaea Halobacterium sp. 
NRC-1. Genome Biol 2004, 5, R52, doi:10.1186/gb-2004-5-8-r52. 

30. Culviner, P.H.; Guegler, C.K.; Laub, M.T. A Simple, Cost-Effective, and Robust Method 
for rRNA Depletion in RNA-Sequencing Studies. mBio 2020, 11, e00010-00020, 
doi:10.1128/mBio.00010-20. 

31. Bitan-Banin, G.; Ortenberg, R.; Mevarech, M. Development of a gene knockout system 
for the halophilic archaeon Haloferax volcanii by use of the pyrE gene. J Bacteriol 2003, 
185, 772-778, doi:10.1128/JB.185.3.772-778.2003. 

32. Allers, T.; Ngo, H.-P.; Mevarech, M.; Lloyd, R.G. Development of additional selectable 
markers for the halophilic archaeon Haloferax volcanii based on the leuB and trpA genes. 
Applied and environmental microbiology 2004, 70, 943-953, doi:10.1128/AEM.70.2.943-
953.2004. 

33. Schwarzer, S.; Rodriguez-Franco, M.; Oksanen, H.M.; Quax, T.E.F. Growth Phase 
Dependent Cell Shape of Haloarcula. Microorganisms 2021, 9, 
doi:10.3390/microorganisms9020231. 

34. Sakrikar, S.; Schmid, A.K. An archaeal histone-like protein regulates gene expression in 
response to salt stress. Nucleic Acids Res 2021, 49, 12732-12743, 
doi:10.1093/nar/gkab1175. 

35. Langmead, B.; Salzberg, S.L. Fast gapped-read alignment with Bowtie 2. Nature 
Methods 2012, 9, 357-359, doi:10.1038/nmeth.1923. 

36. Li, H.; Handsaker, B.; Wysoker, A.; Fennell, T.; Ruan, J.; Homer, N.; Marth, G.; 
Abecasis, G.; Durbin, R.; Genome Project Data Processing, S. The Sequence 
Alignment/Map format and SAMtools. Bioinformatics 2009, 25, 2078-2079, 
doi:10.1093/bioinformatics/btp352. 

37. Anders, S.; Pyl, P.T.; Huber, W. HTSeq—a Python framework to work with high-
throughput sequencing data. Bioinformatics 2015, 31, 166-169, 
doi:10.1093/bioinformatics/btu638. 

38. Busby, M.A.; Stewart, C.; Miller, C.A.; Grzeda, K.R.; Marth, G.T. Scotty: a web tool for 
designing RNA-Seq experiments to measure differential gene expression. Bioinformatics 
2013, 29, 656-657, doi:10.1093/bioinformatics/btt015. 

39. Paya, G.; Bautista, V.; Camacho, M.; Castejon-Fernandez, N.; Alcaraz, L.A.; Bonete, 
M.J.; Esclapez, J. Small RNAs of Haloferax mediterranei: Identification and Potential 
Involvement in Nitrogen Metabolism. Genes (Basel) 2018, 9, doi:10.3390/genes9020083. 

40. Harrington, C.A.; Fei, S.S.; Minnier, J.; Carbone, L.; Searles, R.; Davis, B.A.; Ogle, K.; 
Planck, S.R.; Rosenbaum, J.T.; Choi, D. RNA-Seq of human whole blood: Evaluation of 
globin RNA depletion on Ribo-Zero library method. Scientific Reports 2020, 10, 6271, 
doi:10.1038/s41598-020-62801-6. 

41. Adiconis, X.; Borges-Rivera, D.; Satija, R.; DeLuca, D.S.; Busby, M.A.; Berlin, A.M.; 
Sivachenko, A.; Thompson, D.A.; Wysoker, A.; Fennell, T.; et al. Comparative analysis 
of RNA sequencing methods for degraded or low-input samples. Nature methods 2013, 
10, 623-629, doi:10.1038/nmeth.2483. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 15, 2022. ; https://doi.org/10.1101/2022.04.15.488396doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.15.488396
http://creativecommons.org/licenses/by-nc-nd/4.0/


   
 

   
 

18 

42. Pang, X.; Zhou, D.; Song, Y.; Pei, D.; Wang, J.; Guo, Z.; Yang, R. Bacterial mRNA 
Purification by Magnetic Capture-Hybridization Method. Microbiology and Immunology 
2004, 48, 91-96, doi:https://doi.org/10.1111/j.1348-0421.2004.tb03493.x. 

43. Su, C.; Sordillo, L.M. A simple method to enrich mRNA from total prokaryotic RNA. 
Molecular Biotechnology 1998, 10, 83-85, doi:10.1007/BF02745865. 

44. He, S.; Wurtzel, O.; Singh, K.; Froula, J.L.; Yilmaz, S.; Tringe, S.G.; Wang, Z.; Chen, F.; 
Lindquist, E.A.; Sorek, R.; et al. Validation of two ribosomal RNA removal methods for 
microbial metatranscriptomics. Nature Methods 2010, 7, 807-812, 
doi:10.1038/nmeth.1507. 

45. Giannoukos, G.; Ciulla, D.M.; Huang, K.; Haas, B.J.; Izard, J.; Levin, J.Z.; Livny, J.; 
Earl, A.M.; Gevers, D.; Ward, D.V.; et al. Efficient and robust RNA-seq process for 
cultured bacteria and complex community transcriptomes. Genome Biology 2012, 13, 
r23, doi:10.1186/gb-2012-13-3-r23. 

46. Farag, I.F.; Zhao, R.; Biddle, J.F. "Sifarchaeota," a Novel Asgard Phylum from Costa 
Rican Sediment Capable of Polysaccharide Degradation and Anaerobic Methylotrophy. 
Appl Environ Microbiol 2021, 87, doi:10.1128/AEM.02584-20. 

 
  

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 15, 2022. ; https://doi.org/10.1101/2022.04.15.488396doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.15.488396
http://creativecommons.org/licenses/by-nc-nd/4.0/


   
 

   
 

19 

FIGURE LEGENDS 
 
Fig 1 – Slowdown in Archaeal RNA-Seq publications in recent years. Lines depicting 
number of publications per year detected in the NCBI PubMed databased searched with the 
terms “Archaea” (red), “RNA-Seq” (blue), and “Archaea RNA-Seq” (green), plotted on log-scale 
y-axis. Dotted line at 2018 marks discontinuation of the Illumina RiboZero kit. 
 
Fig 2 – Percentage of rRNA remaining in halophile RNA by using the discontinued 
Ribozero kit (RZ). Each dot denotes one sample, with light orange dots representing Hbt. 
salinarum and blue dots representing Hfx. volcanii samples. Horizontal bars represent the median 
% rRNA remaining. 
 
Fig 3 - rRNA removal using alternative methods in Hbt salinarum. Each dot represents 
percentage of counts mapping to rRNA genes after using no removal (brown), New Ribozero kit 
(RZ+, dark orange), NEBNext kit with bacterial probes (NEB-B, orange), and NEBNext kit with 
HVO probes (NEB-HVO, peach). Horizontal bars represent the median value. 
 
Fig 4 – Increasing RNAse digestion time is less important than probe sequence identity for 
efficient rRNA removal. (A) Dotplot showing percentage of counts mapping to rRNA genes 
after using NEB-HVO method on HBT total RNA samples after 30 minutes (brown) or minutes 
120 (light orange) of RNAseH digestion. “NEB30 (2)” samples to the right of the dotted line 
were processed and sequenced in a different batch. Horizontal bars represent the median value. 
(B) Percentage of custom-designed HVO probes classified into 16S (black) and 23S (grey). 
Levels of sequence identity of HVO probes with Hbt. salinarum (HBT)16S and 23S rRNA genes 
are shown on the X-axis, whereas percentage of total probes at each sequence identity level is 
shown on the Y-axis. (C) Percentage of total reads mapping to either 16S (left panel) or 23S 
rRNA (right panel) genes of HBT using 3 different rRNA removal methods  - none (brown), 
NEB-B (dark orange), NEB-HVO (light orange). 
 
Fig 5: Species-specific probes efficiently remove rRNA from target species. Dotplots 
showing percentage of rRNA remaining after using probes with sequences specific for Hfx. 
volcanii (HVO) rRNA. Dark blue dots represent %rRNA remaining in individual replicate 
samples depleted with NEBNext Core Reagent Set  (“NEB-HVO” method). Light blue dots 
represent %rRNA remaining in individual replicate samples depleted with the siTools RiboPool 
kit (“rP-HVO”). Horizontal bars represent the median value.  
 
Fig 6 – Panarchaea kit efficiently removes rRNA from total RNA across halophilic species. 
Dotplots showing percentage of remaining counts mapping to rRNA genes in Hbt. salinarum 
(HBT, orange), Hfx. volcanii (HVO, blue), Hfx. mediterranei (HVO, purple), Hca. hispanica 
(HCA, grey). Horizontal bars represent the median value of three biological replicate samples.  
 
Fig 7: Choice of removal method does not affect relative abundance of mRNAs. Correlations 
between relative abundance of each gene after different rRNA removal methods in (A) Hbt. 
salinarum (HBT) and (B) Hfx. volcanii (HVO). Each dot represents the percent of total 
normalized reads for each gene (see Methods section). Methods shown here are “Control” (no 
removal), “RZ” (using discontinued RiboZero kit), “NEB-HVO” (using NEBNext kit with 
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custom HVO probes), “NEB-120” (NEBNext kit with custom HVO probes and 120 mins of 
RNAse digestion), “rP-PA” (siTools riboPOOL method using Panarchaeal probes), and “rP-
HVO (siTools riboPOOL method using HVO-specific probes). 
 
Fig 8 – More complete rRNA removal leads to increased detection of lowly expressed genes. 
Number of genes with zero (open circle) and <5 (filled circle) reads detected in sequencing 
samples treated with different rRNA removal methods in Hbt. salinarum. The darker the circle 
color, the more complete the rRNA removal for each method: riboPOOL Panarchaea (rP-PA, 
black); NEBNExt with HVO-specific probes (NEB-HVO, dark grey); NEBNext with bacterial 
probes (NEB-B, grey); no removal (none, light grey). 
 
Figure S1 - Analysis of sequencing depth, number of biological replicates, and detection of 
differentially expressed genes (2-fold differential expression) using the online tool Scotty. 
Squares with red dots are predicted to have <75% detection of differentially expressed genes. 
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