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Microbial Transcriptomics Example 1 

Gene expression patterns during light and dark 
infection of  Prochlorococcus by cyanophage
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AUTHOR SUMMARY

Approximately half of all photosynthesis on Earth takes place in
the ocean, and a sizable portion of that is carried out by tiny
(about 1 μm in diameter) unicellular cyanobacteria, or blue-
green algae, called Prochlorococcus and Synechococcus, which
often reach densities of 100 million per liter of seawater. Even
more abundant are viruses, called cyanophage, that can attach to
these “host” cells, inject their DNA, and use the host’s bio-
chemical machinery to make more phage. The phage then break
open the host cell, killing it, and release their progeny into the
seawater. One of the ways cyanophages are thought to take over
their hosts is via the use of host-like metabolic genes—acquired
over eons of intimate coevolution—that encode enzymes that
boost metabolic steps that might be bottlenecks in the phage
reproduction process. An apparent contradiction arises, how-
ever, in that many cyanophages carry genes for both photosyn-
thesis and a carbon metabolism pathway called the pentose
phosphate pathway, and these two processes achieve opposite
goals, with photosynthesis “fixing” carbon and the pentose
phosphate pathway “burning” carbon. Are host-like metabolic
genes in cyanophage steering host metabolism toward fixing
carbon or toward burning carbon? In this work, we used a com-
bination of physiology, enzymology, and sequencing approaches
to address this question. Our evidence suggests that cyanophages
direct host metabolism to mobilize carbon stores, burning but
not fixing carbon to fuel the synthesis of DNA building blocks
and phage replication.
The first clues to the strategy used by cyanophages for

directing host metabolism came from the analysis of cyanophage
genomes. These genomes revealed the widespread presence of
the “auxiliary metabolic genes” mentioned earlier, which encode
proteins similar to those used in host metabolism. These genes
tend to be absent from viruses infecting noncyanobacterial hosts,
suggesting that they are a specific adaptation suited to infecting
cyanobacteria. The metabolic pathways that these phage genes
are associated with in host cells include the light reactions of
photosynthesis (1), the pentose phosphate pathway (1), nutrient
acquisition pathways (2), and pathways for nucleotide bio-
synthesis that are also commonly found in noncyanophages (2).
To make sense of host cyanobacterial metabolism as it relates

to phage infection, we first constructed a simple model of host
metabolism (Fig. P1A), facilitated by an analysis of gene ex-
pression patterns over the light–dark cycle of Prochlorococcus
(3). In this model, cyanobacteria use the light reactions of pho-
tosynthesis to harness light energy (hv) and split water to pro-
duce NADPH (electron carrier) and ATP (energy carrier), using
these metabolites to fix CO2 in the Calvin cycle (green) and
produce glucose 6-phosphate during the day. At night, this sugar
is oxidized in the pentose phosphate pathway (red) to NADPH
and ribose 5-phosphate, which can be used for carbon skeletons
or recycled back through the pathway. Finally, nucleotide bio-
synthesis takes the NADPH and ribose 5-phosphate produced by
the pentose phosphate pathway, combined with NADPH and
ATP produced by the light reactions of photosynthesis, to pro-

duce nucleotides, the DNA building blocks of chromosomes. In
essence, taking energy from the sun, electrons from water, and
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B

Fig. P1. Model of cyanobacterial metabolism during cyanophage
infection. (A) In uninfected cells, four interrelated pathways combine
to make DNA building blocks (nucleotides): the light reactions of
photosynthesis, the Calvin cycle (the so-called “dark reactions” of
photosynthesis), the pentose phosphate pathway, and nucleotide
biosynthesis. (B) In infected cells, host-like genes (blue ovals) acquired by
phage over evolutionary time are proposed to augment or inhibit key
steps in host metabolism, leading to increased nucleotide biosynthesis
for phage reproduction.
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Methods
Mapping and counting RNA-Seq reads 

* Map to reference genomes using the BWA (Burrows–Wheeler 
Aligner), generating SAM alignment files.

* Calculate the number of reads perfectly aligning to the sense 
and antisense strands of ORFs, rRNAs, tRNAs, and intergenic 
regions using SAMtools and pysam.

* Paired reads were mapped separately; paired reads mapping 
to the same ORF were counted as one transcript for that ORF, 
whereas paired reads mapping to separate adjacent ORFs 
were counted once for each ORF.


Normalization of phage and host transcript abundance 

* Counts were normalized per sample using the RPKM method 
(reads per kbp gene length per million reads). 

* Phage transcript counts were normalized to the total of phage 
plus host transcript counts. Host transcript counts were 
normalized to the total of host counts only.


Clustering of genes by expression pattern 

* Phage genes were clustered by transcript relative abundance 
patterns using two independent approaches: partitioning 
around medoids (PAM) and hierarchical clustering. 


Detection of differential gene expression 

* Differentially expressed host transcripts (messenger RNAs 
and antisense RNAs) were identified using the R packages 
DESeq2 and NOISeq.

* Transcript abundances were analyzed at each timepoint 
separately (no proper t=0 control).

* Lists of differentially expressed genes (DEGs) were the 
intersection of lists derived from from DESeq2 and NOISeq.


Terminology of differential gene expression 

* We avoided the terms “up-regulation” and “down-regulation” 
because we lack evidence of regulatory mechanisms and our 
data reflect relative but not absolute abundances. We instead 
favor the terms “enriched” and “diminished” in reference to 
relative transcript abundance. 

* In some cases we used the common term “differentially 
expressed genes” (DEGs); we emphasize that “expression” in 
this sense refers to transcript abundance only and reflects the 
net result of transcription minus transcript degradation. 
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Microbial Transcriptomics Example 2 

Transcriptional characterization of Vibrio fischeri 
during colonization of juvenile Euprymna scolopes



Methods
Sequence read processing and mapping 

* Map to reference genomes using the BWA (Burrows–Wheeler 
Aligner), generating SAM alignment files, then processed with 
SAMtools.

* The numbers of reads mapping to protein-coding (CDS) or 
rRNA genes were calculated using the htseq-count command 
of HTSeq.


Detection of differential gene expression 

* Differentially expressed host transcripts (messenger RNAs 
and antisense RNAs) were identified using the R packages 
DESeq2 and NOISeq.

* NOISeq was used to filter low counts.

* DESeq2 was used to detect differential expression. The three 
conditions (squid-associated, planktonic, and cultured) were 
contrasted pairwise for all genes, and results exported as 
Benjamini–Hochberg adjusted p-values and log2(fold change). 
Differentially expressed genes were identified using tiered 
cutoffs of these values, with the most stringent cutoff being an 
adjusted p-value < 0.001 and abs(log2(fold change)) > 3.0 
(three replicates per condition). 


RNA-Seq from ribo-depleted, low-biomass samples 

* We determined the lower limit of ribo-depleted RNA that 
would produce robust results when following the standard 
protocol of the TruSeq RNA Sample Preparation Kit (Illumina).

* Using a single sample of V. fischeri total RNA, we made 
TruSeq libraries from three amounts of non-ribo-depleted total 
RNA (1000, 500, and 100 ng), and nine amounts of ribo-
depleted RNA (1000, 500, 100, 50, 25, 10, 5, 2.5, and 1 ng).

* Ribo-depletion using the Ribo-Zero Gold Epidemiology Kit 
before library prep reduced the percentage of rRNA in the 
sample from ~90% to ~1%. 

* Ribo-depletion did not appreciably affect the relative 
abundance of individual mRNAs detected. DESeq2 did not 
identify any genes significantly differentially abundant between 
ribo-depleted and non-ribo-depleted samples (FDR-adjusted 
p-value < 0.05).

* Genes with the lowest relative mRNA abundance (across all 
samples) were those most likely to be undetected in the low-
input RNA samples. 

* Input total RNA could be reduced to 50 ng without loss of 
coverage, reduced further to 10 ng without loss of mRNA 
relative abundance fidelity, reduced further to 2.5 to 5 ng with 
~10% reduction in coverage and mRNA relative abundance 
fidelity.
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