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Generating Co-expression Networks for Three Cyanobacteria:
Synechococcus sp. PCC 7942, Synechococcus sp. PCC 7002,
Synechocystis sp. PCC 6803

David Anderson (2023)
Abstract

Cyanobacteria are photosynthetic organisms capable of high growth rate
and represent a promising bioplatform for harnessing the sun’s energy to make
biofuel. Additionally, the process of photosynthesis absorbs CO2 from the
environment. Understanding the metabolic processes involved in photosynthesis
could lead to solutions to the recent rise of CO2 concentration in Earth’s
atmosphere and the associated climate change. More research on the
transcriptional regulation of these cells is needed to learn how to harness the
untapped potential of cyanobacteria for these applications. Transcriptional
analysis via RNA-seq provides an understanding of how gene expression changes
at the mRNA level under diverse growing conditions. | systematically collected
and analyzed RNA-Seq data obtained under a variety of conditions and available
on the NCBI database for three cyanobacteria model organisms: Synechococcus
elongatus sp. PCC 7942, Synechococcus sp. PCC 7002, and Synechocystis sp. PCC
6803. For each organism, the data was mapped to a reference genome to
characterize the RNA expression profile. Samples were checked for quality based
on the number of reads and the correlation of the expression profile between
labeled replicates. All samples were transformed into transcripts per million
reads, followed by a log transformation to account for the wide range of sample
sizes. Gene co-expression networks were generated and analyzed for each
species using Cytoscape. These networks provide a base level of gene expression
for each species. The network topology and high-betweeness nodes of these
networks need to be analyzed further to provide insight on potential ways to
harness cyanobacteria genetics. Additionally, these datasets can be used
together to form a core genome network analysis- one that includes only the
genes that are homologous between the three species. This project has prepared
the way for a more in-depth study on photosynthetic microbes on a genetic
level.



l. INTRODUCTION

Cyanobacteria are photosynthetic organisms capable of fast growth and represent a
promising bio-platform for harnessing the sun’s energy to make biofuel. They have relatively
simple genomes and can be easily cultured in the laboratory, making them ideal for genetic and
biochemical analyses. Their photosynthetic capability allows them to absorb CO; from their
environment and fix it into a biologically useful chemical, such as the sugar form sucrose.

These characteristics make cyanobacteria prime candidates for biotechnical applications.
Improving our understanding of cyanobacteria gene expression, especially with regards to its
metabolic pathways, is the next step in using them as a solution to the rise of CO; concentration
in our atmosphere as well as to synthesize biofuels at a commercial scale. More research on the
transcriptional regulation of these cells is needed to learn how to harness the untapped
potential of cyanobacteria for these applications.

RNA sequencing, or RNA-Seq, is a widely used method for measuring gene expression
levels and identifying differentially expressed genes in various biological samples. This
technique involves the conversion of RNA molecules into complementary DNA (cDNA)
fragments. These fragments are then sequenced using high-throughput sequencing
technologies such as Illumina. Transcriptional analysis via RNA-seq provides an understanding of
how gene expression changes at the mRNA level under diverse growing conditions. It is
commonly used to examine how cyanobacterial genes respond to perturbations in light/dark
cycles, added stress conditions, or nutrient-limited media. This paper presents our analysis of
RNA-Seq data currently available for 3 cyanobacteria species: Synechocystis sp. PCC 6803
(hereafter PCC 6803), Synechococcus sp. PCC 7002 (hereafter PCC 7002), and Synechococcus
elongatus sp. PCC 7942 (hereafter PCC 7942). PCC 6803, PCC 7002, and PCC 7942 are each
considered to be model organisms due to the high amount of completed and continuing
research being performed with them. Combining data collected world-wide into a single dataset
for each of these species forms a clearer picture of how they express their genes under a variety
of growing conditions.

1. METHODS
A. Data collection

Samples were found and obtained using the NCBI: Sequence Read Archive (SRA) online,
open-source database for the 3 cyanobacteria species of interest- PCC 6803,3° PCC 7002,40->8
and PCC 7942.>%77 All bio-projects that contained RNASeq data for S. elongatus- PCC7942 were
collected. Most were downloaded directly as fastq files, however the few that were unavailable
in that format were extracted from the database using the “fasterg-dump” command from the
SRA Toolkit from NCBI. Each sample was then compared to the reference genome (.fastq/.gff)
file using the Rsubread library’® for the programming language R. The reference sequences
used: for PCC 6083 it was (GCF_000009725.1_ASM972v1) generated in 2004, for PCC 7002 it
was (GCF_000019485.1_ASM1948v1) generated in 2008, and for PCC 7942 it was
(GCF_022984195.1_ASM2298419v1) generated in 2021. The output from Rsubread is a list of
counts for each gene in the respective genome.



The datasets were then checked for quality. It was determined that samples with too
few overall counts provided a biased, low-resolution gene expression profile. To increase our
confidence in our findings from down-stream analysis, samples that mapped less than 10°
counts were removed. | also did a correlation check to mark any samples that had an expression
profile extremely different from the rest of the samples. | examined the correlation between
samples that were labeled as biological or technical replicates on the NCBI: SRA run selector.
Any samples that had a correlation of less than 0.9 with a replicate sample, including samples
that were not sequenced in replicate, were removed from the dataset. While performing the
replicate correlation check, adjacent samples that were used to study a time series during a
perturbation condition were considered as replicates. An exception was made for samples from
the PCC 6803 project tag "First_Transcriptome" and condition "Kai_dark_11.5h" from project
tag "kaiABC", and from the PCC 7002 project tag "B12", "ccmRdel", and "Acclimation" (see
Table 1) since they were a variety of conditions that | wanted to retain in their respective
datasets. The only identified reason to throw them out was the lack of replicates. The PCC 7942
dataset used was taken directly from Johnson, et al. (2023)- paper not yet published.

B. Generating networks

To create the gene co-expression network, | used the Genie3 package’®° for R on the
normalized counts. Genie3 uses an “ensemble of trees” approach to compare relative levels of
gene expression and connect genes that are commonly expressed together. | used the
FastGreedy algorithm?®! to determine cluster grouping (min # = 12). Each network was filtered
such that all edges below a specified cutoff weight were removed. This simplified the network
by removing connections between less-associated genes. | could then set the cutoff value
based on how many edges would be remaining after applying the filter. The networks were
analyzed using Cytoscape®. Edges and nodes not connected to the main network were
trimmed. To facilitate further analysis of the networks, the networks selected for further
analysis were made up of a similar number of edges- about 4,300 edges per network. The
visualizations of these networks are included here in appendix A as figures 4, 5, and 6.

1. RESULTS AND DISCUSSION

A total of 728 samples covering 250 growth conditions for PCC 6803 were collected from
the online databases (Tablel). Samples with <105 counts tended to be poorly correlated to
their replicates and other like conditions which could be due to poor quality of the reads
preventing their mapping to the reference genome. | removed 89 samples for generating less
than 10° counts and an additional 91 samples that were not available in replicate or were
poorly correlated to their replicate samples. The final PCC 6803 dataset was made up of 515
samples. Figure 1 shows a PCA plot of the samples retained in the dataset.

A total of 269 samples covering 108 growth conditions for PCC 7002 were collected from
the online databases (Table2). | removed 12 samples for generating less than 10° counts and an
additional 36 samples that were not available in replicate or were poorly correlated to their



replicate samples. The final PCC 7002 dataset was made up of 215 samples. Figure 2 shows a
PCA plot of the samples retained in the dataset.

A total of 416 samples covering 238 growth conditions for PCC 7942 were collected from
the online databases (Table 3). | removed 12 samples for generating less than 10° counts and an
additional 66 samples that were not available in replicate or were poorly correlated to their
replicate samples. The final PCC 7942 dataset was made up of 333 samples. Figure 3 shows a
PCA plot of the samples retained in the dataset.

Further analysis of these networks is presently underway.

V. CONCLUSION

In conclusion, PCC 6803, PCC 7002, and PCC 7942 are a model cyanobacteria with a
bunch of gene expression data publicly available. | gathered all RNA-seq data available from the
NCBI: SRA database and performed a quality check to remove samples that might skew
downstream analysis. | then generated three co-expression networks, one from each
cyanobacterial species' dataset. An analysis of these networks will help us to understand which
genes are most important in regulating gene expression.

A. Future work

The datasets and corresponding co-expression networks generated for this SULI project
are under further analysis. The genes with the highest betweenness-centrality are being listed
and compared. These genes are called "hub genes" and are thought to play important roles in
the regulation of gene expression. The analysis can include comparing the overall network
topology: characteristics such as the degree distribution and clustering coefficient among
others. Understanding the network topology can provide insights into the underlying biological
processes and functional modules. An iModulon analysis for functional enrichment can be
performed using the datasets reported in this work. This type analysis will give more context to
the biological importance of the gene interactions represented in the co-expression networks.

Additionally, the next aim of this research is to annotate all homologous genes between
these three cyanobacteria species and merge all three datasets to build a single, core gene co-
expression network that will be more generalizable for cyanobacteria. This network can be used
to identify conserved biological pathways shared across the different species provide insights
into the core genetic machinery of cyanobacteria and help identify potential targets for
biotechnological applications. Conversely, a core gene co-expression network can also help
identify species-specific pathways and processes that may be unique to individual species. This
can provide insights into the adaptation and diversification of cyanobacteria in different
environments.
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VI.

APPENDECIES
A. Tables and Figures

. . . # of # Unique e )
Project Tag MNCBI: Bioproject ID | NCBEIL: SRA ID GEOID Raw Read Format o Submitting Entity
Samples Conditions
Ethylene PRINA261291 SRP0O96747 | GSE93614 6 5 2 University of Tennessee
IsiC&D PRINABS2056 SRP301698 | NA 18 P 6 Huazhong Agricultural University
MV _toxicity PRINAT25973 SRP316820 | MNA 18 P 6 Huazhong Agricultural University
Glycogen PRINAB27942 SRP371250 | NA 9 5 3 Chulalongkarn University
Salt PRINASETE23 SRP228526 |NA 3 P 3 Shenzhen University
Alcohal PRINAAB5521 SRP157096 GSE118423 6 5 2 Russian Academy of Science
Hydrazones PRINAS00046 SRP356469 | GSE194275 9 P 3 Central China Normal University
CRISPRi PRIEB35238 ERP118266 |NA 15 S 5 Swedish Royal Institute of Technology
eCarrier PRINAB43552 SRP274142 | GSE155385 18 P ] Universidad Politecnica de Madrid
riMucleaseE PRINA747814 SRP328835 | GSE180316 36 S 4 University of Freiburg
NicA PRINA3B1210 SRP102822 |GS5E97289 4 5 2 Centro Macional de Biotecnologia
RNApoly PRINAAT3849 SRP149383 | GSE115134 3 S 1 Natural History Museum
First_Transcriptome PRINA224696 SRP032228 | NA 12 S 12 University of Freiburg
RMAhelicase PRINAG26347 SRP257225 | MNA 18 P 7 University of Freiburg
RMAhelicase PRINAB27099 SRP257665 | NA 8 P 5 University of Freiburg
Topo_batch PRIEB47621_batch ERP131906 | MNA 76 P 19 University of Bielefeld
Topo_turbidostat PRIEBA7621 ERP131506 | NA 48 P 4 University of Bielefeld
MV _glycogen PRINAZ03019 SRP358297 NA 6 S 2 Chulalongkorn University
Grad-seq PRINABDB723 SRP250715 | MNA L P 1 Albert-Ludwigs University
RMaseE_5 PRINA766607 SRP338861 | G5E184824 8 5 3 U niversity of Freiburg
KpsM PRINAGO3 188 SRP302332 | GSE165073 6 P 2 Instituto de Investigacdo e Inovagdo em Sadde
PS- PRINABBBIT3 SRP286154 | NA 14 S 7 Korea Advanced Institute of Science and Technology
IsiA PRINAG24961 SRP256110 | MA 12 P 4 Huazhong Agricultural University
RibosomeProfiling PRIEB28203 ERP110380 | NA 7 5 7 Swedish Royal Institute of Technology
Butanol PRINA318146 SRPO73279 | NA 18 P 18 Tianjin university
PHA PRINA21B538 SRP0O29697 |GSE5S0688 6 P 3 Riken Yokohama Institute
DeepSeq PRINA213661 SRPO28387 NA 1 S 1 Chinese Academy of Sciences
PndbABDO PRIEB40560 ERP124213 |NA 39 s/p 1z Glasgow Polyomics
CAHS PRINABESE63 SRP401767 |NA 4 P 4 Shenzhen University
RMaseE&) PRINAG11475 SRP252009 | MNA 8 5 3 Institut de Biologie Physico-Chimigue
Typel-RM PRINAB2BOL1T SRP258660 | NA 12 P 4 Chinese Academy of Sciences
Oscillations PRIEB42778 ERP126684 | NA 21 5 10 Swedish Royal Institute of Technology
ws7338 PRINAB29670 SRP281791 | NA 15 S 1 Korea Advanced Institute of Science and Technology
SigB&D PRINA731245 SRP351868 |GSE192357 111 5 15 University of Turku
Fe- PRINAZ15016 SRPO72019 |NA 6 S 2 Arizona State University
asRMA PRINAZ57500 SRP045272 | GSE60109 3 5 4 Korea Advanced Institute of Science and Technology
vs7942 PRINAT79775 SRPO03530 | NA 15 P 15 Joint Genome Institute
CrhR PRINAS54812 SRP21478% | NA 6 5 3 U niversity of Freiburg
HeatAcclimation PRINAT72179 SRP341882 | GS5E186038 72 P 24 University of Essex
kaiABC PRINAS4T483 SRP200618 |GS5E132275 24 P 12 Friedrich-Schiller University
RMNaseE PRINASEA715 SRP221190 | NA 2 S 2 University of Freiburg
Total# of Samples: 728 Total# of Conditions: 250

Citation
#

24
a4
16
28
15
22
39
37
10
12
11
29
23
27
27
1
1
32
30
13
31
6
5
20
14
25
36
26
38
3
35
19
18
34
21
33

17

Table 1. Synechocystis sp. PCC 6803 datasets collected from the NCBI database by bio-project. The 'Project
Tag' column was used as a higher-level identifier during the quality check of the data. 'Bioproject ID', 'SRA
ID', and 'GEO ID' columns are identifiers used in the NCBI, NCBI: SRA, and GEO databases respectively. |
collected 728 RNA-Seq samples from 41 bio-projects representing 250 unique growth conditions.




# Unigue

Project Tag MCBI: Bioproject ID NCBL: SRAID GEOID | # of Samples Raw Read Format Corditions Submitting Entity Citation #
NrrA PRIDB6648 DRP004943 NA 8 P 4 Tokyo University of Agriculture 55
Acclimation PRINA1G69550 SRPO13365 MNA 10 5 ) Pennsylvania State University 48
chir PRINA198203 SRP021200 NA 8 S 8 Pennsylvania State University 51
OrganicH+ PRINA212552 SRP0O27559 GSE48981 5 2 University of Wisconsin-Madison 40
CoCulture PRINA231833 SRP034523 GSES3360 42 5 7 Environmental Molecular Sciences Laboratory 41
Vippl PRINA235952 SRP035555 MNA 2 5 2 Pennsylvania State University 58
ChemProduction PRINA283622 SRP058241 NA 2 S 2 Pennsylvania State University 57
ccmRdel PRINAZ88806 SRPOB0290 NA 2 5 2 Pennsylvania State University 46
Zn PRINA292903 SRPO62732 MNA 10 5 10 Pennsylvania State University 50
Network_1 PRINA294693 SRPOG33209 GSET72691 36 5 6 Boston University 52
NutrientResponse  SRP007372 SRPOO7372 MNA ) 5 ) Pennsylvania State University 49
Profiling PRINA234337 SRPOG6851/SRP004049 GSE72691 11 5 9 Pennsylvania State University 47
Network_2 PRINA295259 SRP0G3549 GSET72880 48 5 8 Boston University 52
Fe PRINA310120 SRPOG3025 GSET77354 12 5 4 University of Geneva 42
B12 PRINA325540 SRPO76516 NA 2 5 2 Pennsylvania State University 54
Doc PRINA342321 SRPOB7652 NA 2 5 2 Pennsylvania State University 53
RMNase3 PRINA387916 SRP107964 GSE99279 24 5 ) University of Wisconsin-Madison 44
RNAdecay PRINA429921 SRP130967 GSE109174 21 5 7 University of Wisconsin-Madison 43
Photosynthesis PRINAT77390 SRP344575 NA 12 2 4 University of Southampton 56
1GI1 PRINABO125 SRPOO7768 MNA 3 S/P ] Joint Genome Institute 45

Total # of Samples: 269 Total # of Conditions: 108

Table 2. Synechococcus sp. PCC 7002 datasets collected from the NCBI database by bio-project. The 'Project
Tag' column was used as a higher-level identifier during the quality check of the data. 'Bioproject ID', 'SRA
ID', and 'GEO ID' columns are identifiers used in the NCBI, NCBI: SRA, and GEO databases respectively. |
collected 269 RNA-Seq samples from 20 bio-projects representing 108 unique growth conditions.

Project Tag = MNCBI: Bioproject ID | NCBI: SRA ID GEOID # of samples Raw Read Format C“L:;ilt?g:s Submitting Entity Citation #
StressR PRINALOGAS SRPO03368 | GpOO00O422 14 P 14 Joint Genome Institute 59
Hi _Res PRINA140271 SRPO0G795 | G5E29264 3 S 1 Harvard University 75
FFA PRINA196229 SRP020509 |G5E45762 17 5 6 Sandia National Laboratories 70
RpaA PRINA221220_aws |SRP0303395 GSE51112 18 S 18 Harvard University 65
PRINA259562 PRINA259562 SRP045863 | NA 1 s 1 Joint Genome Institute 59
Nstarv PRINA315938 SRP0O72154 | GSE79726 6 P 3 Korea Institute of Science and Technology 60
ClockRes PRINA354335 SRP093663 | GSES9999 24 S 24 Harvard University 67
ppGpp PRINA401742 SRP117070 |GS5E103462 8 5 4 Harvard University 68
ppGpp PRINA4OL7 7T SRP117071 |GS5E103463 8 5 4 Harvard University 68
ppGpp PRINA403B40 SRP117169 |GS5E103644 6 S 6 Harvard University 68
ppGpp PRINA4040E1 SRP117265 |GSE103704 36 5 18 Harvard University 68
Light PRINA412032 SRP118803 | GS5E104203 60 S 30 Harvard University 66
ppGpp PRINA415380 SRP120955 |GSE105774 36 5 18 Harvard University 68
Sigma PRINA4T2248 SRP148555 |G5E114693 72 5 34 Harvard University 62
H202 PRINAS0D6580 SRP170141 |G5E122841 4 P 4 Kyungpook National University 63
DHAR PRINAS88336 SRP229334 | G5E140121 4 P 4 Kyungpook National University 64
CoCulture PRINAB4A 2094 SRP269594 | NA 6 P 2 National Renewable Energy Laboratory a7
Mixotroph PRINA729175 SRP319593 | NA 9 S 3 Shandong University 73
Glucose PRINA740138 SRP325478 NA 4 P a4 Chinese Academy of Sciences 69
Biofilm PRINABA5529 SRP373421 |G5E205444 21 5 7 University of California San Diego 71
HS199 PRINAB47037 SRP379051 NA 12 P a4 Chinese Academy of Sciences 72
uvTol PRINAB54269 SRP384271 |NA 10 P 4 University of California San Diego 76
HS PRINABS8938 SRP401786 |NA 6 P 2 Shandong University 74
SaltTol PRINAS17560 SRP415570 |GS5E222067 12 P 4 Tianjin University 61

Total # of Samples: 397 Total # of Conditions: 219

Table 3. Synechococcus elongatus sp. PCC 7942 datasets collected from the NCBI database by bio-project.
The 'Project Tag' column was used as a higher-level identifier during the quality check of the data.
'Bioproject ID', 'SRA ID', and 'GEO ID' columns are identifiers used in the NCBI, NCBI: SRA, and GEO
databases respectively. | collected 397 RNA-Seq samples from 24 bio-projects representing 219 unique
growth conditions.




Principal Component Plot: PCC 6803

80 &
°
60 o o000 ..
[ ] :‘ e
o ‘ o‘ )
40 o“ : b o
°
® o o0® 2 3 .
- & Y o gJoo
f\_ 20 ® e L * ® o ™ ‘ ® o
o ®e e o° °o "
& ' °® :.o ° «*’ °
z S %o ® 8\ oo L
2 9 -] » & a -
5 °
g ’ Y o L)
E e 2° ° “ & °
3 ® o *H o " L]
-20 = a& FRY a1
s’a % o
J b oo A
-40 °
60
-150 -100 -50 0 50 100

Component 1: 39.5%

150

® o 0 00

Butanol
CRISPRi
CrhR
Ethylene
Glycogen
HeatAcclimation
Hydrazones
IsiA

IsiC&D

KpsM
MV_glycogen
MV_toxicity
NtcA
Oscillations
PHA

PS-

PndbA600
RNAhelicase
RNApoly
RNaseE&J
RNaseE_5
Salt

SigB&D
Topo_batch
Topo_turbidostat
Type1-RM
asRNA
eCarrier
kaiABC
MNucleaseE
vs7338
vs7942

Figure 1. Principle component analysis of the 515 samples of Synechocystis PCC 6803 from 32 bio-
projects used in this study. Each bio-project was given a tag unique tag. Samples are grouped and

colored by bio-project.

Principal Component Plot: PCC 7002
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Figure 2. Principle component analysis of the 215 samples of Synechococcus PCC 7002 from 11 bio-
projects used in this study. Each bio-project was given a tag unique tag. Samples are grouped and

colored by bio-project.




Principal Component Plot: PCC 7942
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Figure 3. Principle component analysis of the 333 samples of Synechococcus elongatus PCC 7942
from 15 bio-projects used in this study. Each bio-project was given a tag unique tag. Samples are

grouped and colored by bio-project.




Figure 4. Gene co-expression network for Synechocystis PCC 6803. Colors show clusters detected by the
FastGreedy algorithm (nmin = 12 nodes). Sizing of the nodes and edges represents the betweenness
centrality of that node or edge. The network was filtered to have the strongest ~6000 edges and then
edges not connected to the main network were discarded. This network contains 4252 edges.
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Figure 5. Gene co-expression network for Synechococcus PCC 7002. Colors show clusters detected by
the FastGreedy algorithm (nmin = 12 nodes). Sizing of the nodes and edges represents the betweenness
centrality of that node or edge. The network was filtered to have the strongest ~5000 edges and then
edges not connected to the main network were discarded. This network contains 4380 edges.
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Figure 6. Gene co-expression network for Synechococcus elongatus PCC 7942. Colors show clusters detected by

the FastGreedy algorithm (Nmin

12 nodes). Sizing of the nodes and edges represents the betweenness

centrality of that node or edge. The network was filtered to have the strongest ~6000 edges and then edges not

connected to the main network were discarded. This network contains 4255 edges.
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