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Summary
Microbialites are one of the oldest known ecosystems on Earth and the coordinated metabolisms and
activities of these mineral-depositing communities
have had a profound impact on the habitability of the
planet. Despite efforts to understand the diversity
and metabolic potential of these systems, there has
not been a systematic molecular analysis of the transcriptional changes that occur within a living
microbialite over time. In this study, we generated
metatranscriptomic libraries from actively growing
thrombolites, a type of microbialite, throughout diel
and seasonal cycles and observed dynamic shifts in
the population and metabolic transcriptional activity.
The most transcribed genes in all seasons were associated with photosynthesis, but only transcripts
associated with photosystem II exhibited diel cycling.
Photosystem I transcripts were constitutively
expressed at all time points including midnight and
sunrise. Transcripts associated with nitrogen fixation, methanogenesis and dissimilatory sulfate
reduction exhibited diel cycling, and variability
between seasons. Networking analysis of the metatranscriptomes showed correlated expression
patterns helping to elucidate how metabolic interactions are coordinated within the thrombolite
community. These findings have identified distinctive
temporal patterns within the thrombolites and will
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serve an important foundation to understand the
mechanisms by which these communities form and
respond to changes in their environment.

Introduction
Microbially induced mineralization is a critical process that
has helped shape Earth’s geological landscape (Dupraz
et al., 2009). This process occurs via the metabolic activities of lithifying microbial communities that facilitate the
precipitation and/or the entrapment of inorganic materials,
which together form depositional structures known as
microbialites (Burne and Moore, 1987; Reid et al., 2000;
Dupraz and Visscher, 2005; Dupraz et al., 2009). The ability of these microbialite-forming communities to alter their
biological and geological environments has enabled these
ecosystems to adapt to a wide range of environmental conditions over the course of Earth’s history (Walter, 1994;
Grotzinger and Knoll, 1999). Microbialites are located
throughout the globe in a wide range of habitats (e.g.,
lacustrine, marine and hypersaline) and their ecological
complexity is just now beginning to be revealed through
advancements in high-throughput sequencing of the taxonomic and functional gene diversity (Breitbart et al., 2009;
Khodadad and Foster, 2012; Petrash et al., 2012;
Bernhard et al., 2011; Mobberley et al., 2013; Russell
et al., 2014; Valdespino-Castillo et al., 2014; Sagha€ı et al.,
2015; Casaburi et al., 2016; Cerqueda-Garcia and Falcon,
2016; Chagas et al., 2016; Ruvindy et al., 2016; Warden
ndez et al.,
et al., 2016; White et al., 2016; Alcantara-Herna
2017; Louyakis et al., 2017).
There are two major categories of microbialites, including stromatolites, with well-laminated internal structures
(Walter, 1994; Reid et al., 2000) and thrombolites, which
have irregular clotted fabrics (Aitken, 1967; Kennard and
James, 1986). Although there has been extensive
research on the metabolisms and organisms associated
with formation of stromatolites (Visscher et al., 2000;
Visscher et al., 1998; Stolz et al., 2001; Burns et al., 2004;
Papineau et al., 2005; Havemann and Foster, 2008; Allen
et al., 2009; Baumgartner et al., 2006; Foster et al., 2009;
Foster and Green, 2011; Goh et al., 2011; Berelson et al.,
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2013; Foster and Green, 2011; Khodadad and Foster,
2012; Pepe-Ranney et al., 2012; Mata et al., 2012; Casaburi et al., 2016; Ruvindy et al., 2016; Suosaari et al.,
2016), far fewer studies have examined thromboliteforming communities (Desnues et al., 2008; Planavsky
et al., 2009; Myshrall et al., 2010; Mobberley et al., 2012;
Edgcomb et al., 2013; Mobberley et al., 2013; Gleeson
et al., 2015; Warden et al., 2016; Louyakis et al., 2017).
One ecosystem, where both microbialite types co-occur
and form calcium carbonate build-ups, is the island of
Highborne Cay, The Bahamas (Myshrall et al., 2010). In
these carbonate-based microbialites, it is the community
composition coupled with the type and rate of the metabolism that alters the microenvironment, thereby creating
conditions that either drive the alkalinity towards precipitation or dissolution of minerals (for review Dupraz et al.,
2009). For example, some metabolisms (e.g., oxic and
anoxygenic photosynthesis, and some forms of sulfate
reduction) increase the local pH thereby promoting conditions for mineral deposition, whereas other metabolisms
(e.g., aerobic respiration, dissimilatory nitrate reduction
and sulfide-oxidation) can result in a net loss of carbonate
(Dupraz and Visscher, 2005; Visscher and Stolz, 2005). In
addition to these intrinsic factors driving local alkalinity, the
precipitation of carbonate is also dependent on the presence of exopolymeric substances (EPS). EPS material
creates an organic matrix within the microbialite-forming
mat community and serves as integral nucleation sites
(Braissant et al., 2007; Dupraz et al., 2009; Planavsky
et al., 2009). The negatively charged acidic groups within
the EPS matrix bind free Ca21, and through modification
or degradation by heterotrophic microbes, the Ca21 is
released. The local increase in free Ca21 and alkalinity
results in biologically induced mineralization within the mat
communities. However, the specific metabolic interactions
and underlying molecular pathways of these metabolisms
have not been fully elucidated in microbialites.
Despite similarities in the overall processes of biologically induced mineralization, Bahamian stromatolites
undergo an iterative growth process through microbial mat
cycling and environmental controls (Visscher et al., 2000;
Bowlin et al., 2012), whereas thrombolites form as a result
of the activity of bundles of calcified cyanobacteria filaments, primarily the taxa Dichothrix spp. of the family
Rivulariaceae (Planavsky et al., 2009; Louyakis et al.,
2017). On the surface of the Bahamian thrombolite platforms (Fig. 1A), there are numerous nodular mat
formations called ‘button’ mats (Fig. 1B) (Myshrall et al.,
2010; Mobberley et al., 2013) that are comprised of vertically orientated Dichothrix spp. filaments (Fig. 1C). The
filaments serve as ‘hot-spots’ for carbonate deposition
(Fig. 1D) and previous isotopic analyses have revealed the
precipitate is derived from photosynthetic activity (Planavsky et al., 2009; Louyakis et al., 2017).
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Fig. 1. Thrombolite of Highborne Cay, The Bahamas.
A. Thrombolite platforms located in the intertidal zone. Red box
reflected area magnified in (B). Bar, 1 m.
B. Thrombolite ‘button’-forming mats found on the surface of the
platforms. Green box represents area magnified in (C). Bar, 2 cm.
C. Cross section of ‘button’ mat depicting the extensive field of
vertically orientated Dichothrix filaments. Blue box reflects area
magnified in (D). Bar, 3 mm.
D. Light micrograph of Dichothrix bundles showing extensive
carbonate precipitation along the filaments. Bar, 1 mm.
E. Maximum and minimum air temperatures for the duration of
experiment from October 2013 thru September 2014. Grey area
reflects the hours of daylight during the same time period. Asterisks
indicate months in which the thrombolite-forming mats were
sampled. [Colour figure can be viewed at wileyonlinelibrary.com]

Although the taxonomic complexity and metabolic potential of thrombolite-forming communities is now emerging,
the transcriptional activities are not well known. Only a single metatranscriptome analysis of a living microbialite has
been completed (Mobberley et al., 2015), and, although it
targeted the Bahamian thrombolites, it was limited to a single time-point (Mobberley et al., 2015). The previous RNASeq study revealed that, at noon, there was pronounced
transcriptional activity that formed a distinctive vertical
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Table 1. Metatranscriptome data summary for four timepoints over three seasons sampled from Highborne Cay thrombolite-forming mats.
Sample

Month

Timepoint

# of reads

# of post-QC readsa

% rRNA

% remaining

% alignedb

oct06_1
oct12_1
oct18_1
oct00_1
oct06_2
oct12_2
oct18_2
oct00_2
mar06_1
mar12_1
mar18_1
mar00_1
mar06_2
mar12_2
mar18_2
mar00_2
aug06_1
aug12_1
aug18_1
aug00_1
aug06_2
aug12_2
aug18_2
aug00_2

October
October
October
October
October
October
October
October
March
March
March
March
March
March
March
March
August
August
August
August
August
August
August
August

6:00
12:00
18:00
0:00
6:00
12:00
18:00
0:00
6:00
12:00
18:00
0:00
6:00
12:00
18:00
0:00
6:00
12:00
18:00
0:00
6:00
12:00
18:00
0:00

39609094
77945514
71433480
39379596
35044080
75711876
46851856
75785140
42286936
43962956
18040772
30358562
50796354
34809204
47205018
78846408
38970248
31367092
63575558
46398488
51792988
55154298
55090470
49895344

33689382
66083045
59414453
31584081
29260586
65456261
41098015
65230103
37108069
36332970
15057539
26183784
42258844
29685603
40876339
68104175
27423407
25207290
46390757
31001238
42670313
46063430
45178031
41203480

80.4
71.6
70.9
79.7
71.0
56.2
71.7
76.2
84.0
53.5
55.1
56.7
54.8
73.6
44.1
55.5
73.9
86.9
69.7
71.3
74.7
75.8
81.3
82.5

19.6
28.4
29.1
20.3
29.0
43.8
28.3
23.8
16.0
46.5
44.9
43.3
45.2
26.4
55.9
44.5
26.1
13.1
30.3
28.7
25.3
24.2
18.7
17.5

59.4
60.4
55.4
55.2
46.0
46.8
46.3
46.2
61.9
42.9
44.6
47.2
44.7
45.6
47.3
46.4
38.3
56.1
41.3
32.1
53.8
59.5
68.6
64.0

a. Quality trimming completed using Trimmomatic within the Trinity pipeline.
b. Percents are non-rRNA portion of raw reads aligned to Trinity assembly using Bowtie2.

gradient of metabolisms within the thrombolite-forming
mats (Mobberley et al., 2015), however, how these activities change over the diel cycle and throughout the year is
not yet known. In this study, we provide the first transcriptional analysis of a lithifying microbial mat system
throughout the diel cycle replicated over the course of a
year. A comparative metatranscriptomic approach was
used to elucidate the activity of the microbial consortium
associated with the thrombolite of Highborne Cay. Overall,
this study provides important snapshots of the thrombolites
throughout the day and year to more fully characterize the
microbiome of these lithifying systems, as well as understand how these communities interact and coordinate their
activities to drive the formation of these structures in an
ever-changing environment.
Results and discussion
To examine how the metabolic activities of thromboliteforming mats of Highborne Cay change over time, metatranscriptomic libraries were generated throughout the diel
cycle and replicated over the course of one year. The
thrombolite-forming button-mats from Site 4 (Andres and
Reid, 2006) were sampled every 6 h, for two consecutive
days, in the months of October (2013), March (2014) and
August (2014). The diel time points were chosen to reflect
the peak of photosynthetic (12:00) and respiration (00:00)

activities of the button-mat communities (Myshrall et al.,
2010) as well as the light/dark transitions at approximately
sunrise (06:00) and sunset (18:00). Although day length
did fluctuate between the different months (Fig. 1E), the
objective was to ensure a consistent sampling regime
between the treatments. The months were chosen as they
reflect the major seasonal transitions in The Bahamas, fall
(October), winter/early spring (March) and summer
(August) and previous studies have ascertained key environmental changes (e.g., temperature, burial events,
photosynthetic active radiation) between these Bahamian
seasons (Bowlin et al., 2012). At the time of collection, the
water temperature was 288C in October 2013, 248C in
March 2014 and 308C in August 2014. The full dynamic
ranges of both water and air temperatures throughout
October 2013 to September 2014 are presented in
Fig. 1E.
In total, 24 libraries were constructed for four time-points
over three seasons with two biological replicates for each.
More than 1 billion reads were recovered and after quality
filtering, 687 million rRNA and 305 million mRNA reads
were retained (Table 1). Sequence data from all seasons
and time-points was assembled using Trinity v2.2.0 (Garber
et al., 2011). A total of 890 921 contigs were recovered with
reads mapped to them. Contigs were annotated to 13 983
KEGG Orthologies (KOs; Supporting Information Table
S1). Genes were considered differentially expressed (DE)
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with p-values  0.01 through a NoiSEQBio DE analysis.
Mapping of reads to assembled contigs resulted in low
overlap between diel time points and seasons. The paucity
of sequenced genomes and metagenomes from these systems does represent a limitation with regard to annotation
and assembly. Additionally, we also acknowledge that only
a single year is represented in this study and that there
may be year-to-year variation within the Highborne Cay
ecosystem. Despite this potential caveat, the differences
between the time points do suggest that the transcriptional
activities within mat community are dynamic throughout the
day and year.
Two replicate metatranscriptomes were generated for
each time point and reproducibility was assessed using
Pearson and Spearman’s rank correlation coefficients.
Pearson correlations for biological replicates ranged from
0.061 to 0.793, with a mean of 0.487 and all p-value
<10211, and Spearman’s rank correlation ranged from
0.296 to 0.506, with a mean of 0.446 and all p-value
<10211 (Supporting Information Table S2). The standard
Pearson correlation for technical replicates of a transcriptome is  0.9, while no standard has yet been devised for
biological replicates (Conesa et al., 2016). Although efforts
were made to collect samples from across the thrombolite
platform in Site 4 (Fig. 1A), the lower correlation values
likely reflect some spatial heterogeneity within the
thrombolite-forming community. Despite the potential heterogeneity, distinctive, reproducible trends were observed
throughout the thrombolite-forming community over time.
Taxonomic dynamics within thrombolite-forming button
mat community
During library construction, the samples underwent rRNA
depletion to help improve mRNA recovery. To test whether
rRNA depletion would have a biasing effect on the recovered taxonomic data, a parallel study was completed using
a previously published dataset from samples collected and
handled identically with the exception that one was rRNA
depleted and the other was not (NCBI Bioproject ID:
PRJNA261361) (Mobberley et al., 2015). A Kruskal-Wallis
test (p > 0.319) showed no significant difference between
rRNA depleted and total RNA samples suggesting the
depletion step did not significantly alter the relative taxonomic abundances. Additionally, Pearson and Spearman
tests showed strong linear correlation (0.965 and 0.892
correlation coefficients, respectively, p-values < 10216),
also suggesting that depletion has no distinguishable effect
on community structure.
The metatranscriptome data was mined for 16S rRNA
transcripts to compare relative abundances of bacteria and
archaea within the community over diel and seasonal
cycles. The use of rRNA transcript levels as a proxy for
microbial activity does have limitations due to differences

in growth rates, life strategies and environmental conditions (Blazewicz et al., 2013). However, rRNA-based
analyses can yield important insight into the community
dynamics and provide qualitative information about those
taxa that have the potential for protein synthesis and how
they fluctuate over time. Together, analyses identified a
total of 23 bacterial phyla, three archaeal phyla and an
additional 26 candidate phyla that exhibited enriched rRNA
transcript expression within the mats over the observed
diel and seasonal cycles. A cladogram and heat map
depicting the differential expression of the 16S rRNA
genes for each of the time points revealed extensive
changes in transcript abundance throughout the day and
between seasons with the node size reflecting the total
16S rRNA transcript number for a given taxa (Fig. 2). Of
the many phyla represented within the thrombolite
communities the most diversely represented within the
metatranscriptomes were the Proteobacteria, Bacteroidetes and Cyanobacteria regardless of season (Fig. 2). A
detailed list of those taxa with the highest levels of 16S
rRNA transcripts through the diel cycle and seasons are
presented in Table 2, Supporting Information Fig. S2 and
Table S3. Although Proteobacteria (specifically Gammaproteobacteria, Alphaproteobacteria and Deltaproteobacteria)
populations represented the most diverse assemblage of
taxa, the individual taxa that were the most enriched
within the thrombolite-forming mat transcriptomes
were the Cyanobacteria (Table 2, Supporting Information
Table S3).
Regardless of season and time of day, the cyanobacterium with the highest level of transcripts within the
community shared sequence similarity with the Xenococcaceae, a family of coccoid cyanobacteria within the Order
Pleurocapsales. This result was visually confirmed with
light- and epifluorescence microscopy, where coccoid cyanobacteria were observed in high numbers in the upper cm
of the thrombolite-forming mats (data not shown). This
taxon, along with Pseudoanabaenaceae, which were also
highly represented within the metatranscriptome (Table 2),
are abundant in other lithifying mat systems, such as
Shark Bay, Western Australia (Goh et al., 2009; Suosaari
et al., 2016), Lake Alchichica, Mexico (Kazmierczak et al.,
2011) and in Lake Van, Turkey (Kazmierczak et al., 2009).
Coccoid cyanobacteria have been shown to have important roles in lithifying systems, as carbonate precipitation
initiates near clusters of coccoid cyanobacteria in some
hypersaline mats (Dupraz et al., 2004). Additionally,
numerous microfossils, dating back to the Archean, have
been interpreted as calcified, colonial coccoid cyanobacteria (Kazmierczak and Altermann, 2002; Altermann et al.,
2006) suggesting their importance in biologically induced
mineralization within the thrombolites.
Unsurprisingly, another highly represented cyanobacterial taxa within the recovered metatranscriptome was the
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Fig. 2. Composition of thrombolite active taxa as visualized with GraPhlAn. Cladograms represent metatranscriptome bacterial and archaeal
diversity for each season,
A. October 2013, (B) March 2014 and (C) August 2014. Cladogram was constructed using total abundances for the seasons with size of
nodes increasing with abundance and colored by phylum. The innermost node (white) represents domain, then phylum, class, order, family,
genus and species on the outermost node. Outer rings represent relative abundance heatmaps for each time-point, innermost is 06:00 (red),
then 12:00 (green), 18:00 (orange) and 00:00 (blue) on the outside. [Colour figure can be viewed at wileyonlinelibrary.com]

family Rivulariaceae, which harbors the filamentous
Dichothrix spp., known to serve as hot spots for carbonate precipitation within the thrombolites (Planavsky
et al., 2009; Louyakis et al., 2017). Much like the coccoid cyanobacteria, the filamentous strains exhibited
very high numbers of transcript levels regardless of season. Although the cyanobacteria transcript levels peaked
at noon, high levels of 16S rRNA transcripts were

observed at night (Table 2). The accumulation or maintenance of rRNA content during the dark periods has
been observed in numerous cultured cyanobacterial
studies (Lepp and Schmidt, 1998; Zinser et al., 2009;
Beck et al., 2014) and may provide the cyanobacteria
with a competitive advantage to respond quickly during
the onset of the light period in the thrombolite
communities.
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October
06:00

100352
124770
141842
94635
84135
73127
35170
44170
43984
8070
16515
11838
3066
6986
6142
11817
8815
6092
4659

March
06:00

161877
46561
38152
66563
58452
44032
42697
21519
40250
19946
12260
25602
16617
17221
12636
12677
10228
12837
9663

Total Transcripts
per Million

471786
422906
398288
270337
246991
242077
188047
184577
160582
76399
67910
60652
44223
43677
41721
38867
34210
28062
26449

Total Transcripts
per Million

699229
205100
190576
187291
153678
137779
110081
108551
103295
96388
77839
74885
65301
63135
53011
48757
48450
47608
47133

193626
48116
56897
55305
44890
42180
31578
34193
28379
23715
17150
20515
17808
12648
11410
11162
10674
12355
13716

March
12:00

129120
69827
52996
35655
35088
38795
59275
33857
30519
18973
27914
19604
9659
12938
15348
11684
8697
8043
8707

October
12:00

171318
58289
48108
42924
33011
28172
23601
25054
22655
30490
28055
19265
15958
15682
11411
9677
11782
10712
13186

March
18:00

149798
87993
58360
41652
41728
50385
60406
72400
36718
39575
8729
17986
28937
16185
11002
7627
9152
7688
8012

October
18:00

172407
52134
47419
22498
17324
23396
12204
27784
12011
22237
20373
9502
14918
17582
17554
15241
15765
11703
10569

March
00:00

92516
140317
145090
98394
86040
79769
33197
34150
49362
9781
14752
11225
2561
7569
9229
7739
7546
6239
5071

October
00:00

Cyanobacteria
Proteobacteria
Cyanobacteria
Cyanobacteria
Cyanobacteria
Cyanobacteria
Cyanobacteria
Proteobacteria
Cyanobacteria
Proteobacteria
Planctomycetes
Cyanobacteria
Cyanobacteria
Proteobacteria
Cyanobacteria
Chloroflexi
Bacteroidetes
Proteobacteria
Planctomycetes

Phylum

Cyanobacteria
Cyanobacteria
Cyanobacteria
Cyanobacteria
Cyanobacteria
Cyanobacteria
Proteobacteria
Cyanobacteria
Cyanobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Cyanobacteria
Chloroflexi
Bacteroidetes
Cyanobacteria
Planctomycetes
Planctomycetes
Proteobacteria

Phylum

Pirellulales
Pseudanabaenales
Rhizobiales
Chroococcales
SBR1031
[Saprospirales]
Myxococcales
Phycisphaerales

Synechococcophycideae
Alphaproteobacteria
Oscillatoriophycideae
Anaerolineae
[Saprospirae]
Deltaproteobacteria
Phycisphaerae

Myxococcales
Nostocales

Chroococcales
Rhodobacterales
Chroococcales
Stigonematales
Nostocales
Pseudanabaenales

Order

Oscillatoriales
SBR1031
[Saprospirales]
Pseudanabaenales
Phycisphaerales
Pirellulales
Myxococcales

Myxococcales
Rhizobiales

Pseudanabaenaceae
Hyphomicrobiaceae
Cyanobacteriaceae
A4b
Saprospiraceae
OM27

Pirellulaceae

Rivulariaceae
Nostocaceae
Pseudanabaenaceae

Xenococcaceae
Rhodobacteraceae

Family

Pirellulaceae
OM27

Phormidiaceae
A4b
Saprospiraceae
Pseudanabaenaceae

Hyphomicrobiaceae

Pseudanabaenaceae
Rhodobacteraceae

Nostocales
Pseudanabaenales
Rhodobacterales
Chroococcales

Family
Xenococcaceae
Rivulariaceae
Nostocaceae

Order
Chroococcales
Stigonematales
Nostocales

Oscillatoriophycideae
Alphaproteobacteria
Oscillatoriophycideae
Nostocophycideae
Nostocophycideae
Synechococcophycideae
Synechococcophycideae
Deltaproteobacteria
Nostocophycideae
Alphaproteobacteria
Planctomycetia

Class

Deltaproteobacteria
Alphaproteobacteria
Alphaproteobacteria
Oscillatoriophycideae
Anaerolineae
[Saprospirae]
Synechococcophycideae
Phycisphaerae
Planctomycetia
Deltaproteobacteria

Oscillatoriophycideae
Nostocophycideae
Nostocophycideae
Synechococcophycideae
Nostocophycideae
Synechococcophycideae
Alphaproteobacteria
Oscillatoriophycideae

Class

Table 2. Relative abundance of recovered 16S rRNA transcripts (means shown) within thrombolites over diel and seasonal cycles.
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Rhodobacteraceae

[Chlorothrixaceae]
Cyanobacteriaceae
Planococcaceae
Flammeovirgaceae
Pirellulaceae

Myxococcales
Rhodobacterales

Chloroflexales
Chroococcales
Bacillales
Cytophagales
Pirellulales

Phycisphaerales
Nostocales

Phycisphaerae
Nostocophycideae
Alphaproteobacteria
Deltaproteobacteria
Alphaproteobacteria
Synechococcophycideae
Chloroflexi
Oscillatoriophycideae
Bacilli
Cytophagia
Planctomycetia

Bacillaceae
Enterobacteriaceae
Rivulariaceae
Pseudanabaenaceae
Pseudanabaenaceae
Nostocaceae

Xenococcaceae

Chroococcales
Chroococcales
Bacillales
Enterobacteriales
Stigonematales
Pseudanabaenales
Pseudanabaenales
Nostocales
Oscillatoriophycideae
Oscillatoriophycideae
Bacilli
Gammaproteobacteria
Nostocophycideae
Synechococcophycideae
Synechococcophycideae
Nostocophycideae

Cyanobacteria
Cyanobacteria
Firmicutes
Proteobacteria
Cyanobacteria
Cyanobacteria
Cyanobacteria
Cyanobacteria
Cyanobacteria
Planctomycetes
Cyanobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Cyanobacteria
Chloroflexi
Cyanobacteria
Firmicutes
Bacteroidetes
Planctomycetes
63030
38048
97656
88587
137687
46576
18376
66813
31642
15307
39310
10241
13499
15704
25437
8512
3401
14081
3963
9311
71615
53328
213623
223642
40771
20780
8005
38773
7107
19758
18148
3530
9740
1564
12960
25487
4785
27268
13410
3376
215328
144003
14328
11124
44024
56177
62496
17075
23799
23864
9553
26915
25647
20834
7442
7166
15155
1404
8098
9551
603314
436844
328293
326312
236338
193247
137630
130254
81215
77846
72014
68374
68177
57704
49418
44860
44710
43108
30239
30142

253340
201465
2687
2960
13856
69714
48752
7593
18666
18918
5003
27687
19291
19602
3577
3694
21369
355
4768
7905

August
06:00
Total Transcripts
per Million

Table 2. cont.

August
12:00

August
18:00

August
00:00

Phylum

Class

Order

Family
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Other highly represented taxa within the thrombolite
metatranscriptomes included the alphaproteobacterial
families Rhodobacteraceae and Rhizobiales, deltaproteobacterial order Mycoccocales and the Planctomycetes
order Phycisphaerales, which are common in a wide range
marine ecosystems and are thought to play important roles
in biochemical cycling (Baker et al., 2015; Simon et al.,
2017). These taxa exhibited relatively consistent expression of rRNA throughout the diel cycle and over the course
of the year (Table 2, Supporting Information Table S3).
Those enriched taxa that did exhibit seasonal changes
in 16S rRNA expression were the Bacteroidetes, Chloroflexi and Firmicutes. In the Bacteroidetes, the families
Saprospiraceae, Cytophagaceae and the cluster BME43
exhibited increased relative abundance in March and October. Heterotrophic Saprospiraceae are known to hydrolyse
complex carbon compounds and may be contributing to
the degradation of exopolymeric substances (FernandezGomez et al., 2013; McIlroy and Nielson, 2014). The degradation of EPS is an essential process to release calcium
ions during the precipitation of calcium carbonate (Dupraz
et al., 2009) and have been reported in a wide range of lithifying hypersaline mat systems (Mobberley et al., 2012;
Schneider et al., 2013). In the warmer month of August,
however, there was an overall decrease in the representation of Bacteroidetes, with the exception of the family
Flammeovirgaceae, which has been shown to exhibit thermotolerance (Tang et al., 2016) and form associations with
cyanobacteria in marine ecosystems, such as corals (Den
Uyl et al., 2016).
There were also seasonal changes in the orders of the
Chloroflexi and Firmicutes (Table 2). Among the Chloroflexi, the anoxic non-phototrophic Anaerolineae (Class
SBR1031) were enriched in March and October, but lower
in August, whereas the photoheterotrophic Chloroflexales
(Candidate family Chlorothrixaceae) were enriched in
August. These differences in the relative abundance may
simply reflect differences in light levels throughout the
year. In the Firmicutes, the families Bacillaceae and Planococcaceae were also enriched at sunset and midnight in
August (Table 2) and have been isolated from a wide range
of extreme environments including salterns, permafrost,
hyperalkaline lakes and microbial mats (Reddy et al.,
2002; Sorensen et al., 2005). Members of both families
have been shown to have a high tolerance to elevated UV
and salt conditions (Ordonez et al., 2009; Paul et al., 2015;
See-Too et al., 2017) and the increased relative abundance in August may reflect resistance to elevated UV
radiation and desiccation stress in the thrombolites during
the summer.
Although Bacteria dominated the metatranscriptome at
all time points and seasons, Archaea transcripts were
recovered with similarity to three phyla, the methanogenic
Euryarchaeota, ammonia-oxidizing Crenarchaeota and the
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Fig. 3. Relationships between seasons
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Principle component analysis of
thrombolite metatranscriptomes based on
distribution of KEGG Orthology colored by
(A) time or (B) season. Venn diagrams
displaying unique genes counts grouped
by KEGG Orthology (C) time comparisons
between seasons and (D) comparisons
within each season. [Colour figure can be
viewed at wileyonlinelibrary.com]
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newly proposed archaeal phyla Parvarchaeota (Rinke
et al., 2013) (Supporting Information Table S3). Archaea
had very low transcriptional activity in all seasons compared to Bacteria, but were highest in August, comprising
0.138% of recovered rRNA transcripts. Of the three phyla,
the Parvarchaeota were the most abundant subgroup and
the orders YLA114 and WCHD3–30 have been observed
in other microbial mat systems including the hypersaline
smooth mats of Shark Bay, Western Australia (Wong et al.,
2017) and geothermal spring microbialite-forming mats in
Romania (Coman et al., 2015), but their role within these
systems is currently unknown.
Metabolic activity of thrombolite-forming community
Functional genes grouped by KEGG Orthology (KO) classifications were compared using principle component
analysis (PCA, Euclidian distance) based on normalized
and batch corrected using the package RNA-Seq by Expectation Maximization (RSEM) estimated counts (Fig. 3; Li
and Dewey, 2011). When all functional genes were considered, PCA plots showed no significant clustering based on
time of day (Fig. 3A) or season (Fig. 3B), suggesting that
the majority of functional genes within the thrombolites are
constitutively expressed. This assessment was confirmed
when the number of unique gene counts grouped by KOs

were compared, as depicted in the Venn diagrams (Fig. 3C
and D), revealing that the majority of unique genes were
expressed at all time points (KO 5 4898) and during all
three seasons (KO 5 6013). There were, however, unique
gene counts associated with each diel time point with the
highest number recovered from the midnight samples
(KO 5 773) followed by noon (KO 5 556). With respect to
the seasons, March (KO 5 1063) had the highest number of
unique gene counts followed by August (KO 5 703), suggesting that some pathways within the thrombolite-forming
communities do differentially respond to changes in their
environment over diel and seasonal cycles.
To begin to elucidate those pathways that might be differentially expressed over time, several key metabolisms
were examined that have been typically associated with
the promotion or dissolution of carbonate (Visscher and
Stolz, 2005; Dupraz et al., 2009). These metabolisms
include photosynthesis, nitrogen fixation, denitrification,
methanogenesis and dissimilatory sulfate reduction
(Fig. 4). The data were normalized for within sample
counts (transcripts per million, TPM), across samples
(trimmed mean of M-values, TMM) and batch corrected,
allowing for comparisons between times and seasons.
These normalized data were used for all downstream analyses. The specific genes used for these metabolic
comparisons are listed in Supporting Information Table S4.
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Expression of photosynthetic pathways during diel and
seasonal cycles
For photosynthesis, the transcripts were differentiated based
on Photosystem I (PSI) and II (PSII) and showed pronounced differences (Fig. 4). Transcripts associated with
PSII genes exhibited a pronounced diel cycle with expression increasing rapidly after sunrise and peaking at noon,
mirroring many previous studies in both cyanobacterial cultures and non-lithifying microbial mat communities (Fig. 4;
Steunou et al., 2008; Ludwig and Bryant, 2011). For example, in cyanobacteria, the expression of psbA gene, which
encodes for the D1 reaction centre protein, has long been
known to respond to the quality and quantity of light (Kulkarni
and Golden, 1994). Genes for PSII (e.g., psbA, psbC, psbD,
psbF and psbE) and photosynthesis antenna proteins (e.g.,
apcD) were some of the most highly expressed transcripts
at noon regardless of the season (Fig. 5). Although PSII
associated gene expression levels drop precipitously at sunset and midnight, PSII-associated transcripts were still
present in high numbers (Fig. 4). At night, psbA transcripts
have been shown to be more stable with a half-life of approximately 7 h and play a role in regulating D1 production at the
translational level (Mohamed and Jansson, 1991). Additionally, some diazotrophic coccoid cyanobacteria isoforms of
psbA are transcribed at night to form nonfunctional D1 proteins thereby preventing oxygen evolution during the
nitrogen fixation period (Wegener et al., 2015).

In contrast, transcripts associated with PSI showed no
diel cycling and maintained a relatively high, but constant,
level of expression even at night. Several studies using cultured cyanobacteria have shown that under high light
intensity almost all of the PSI genes are downregulated
(Hihara et al., 2001; Ludwig and Bryant, 2011) to lower the
susceptibility of the cells to damage (Hihara et al., 1998),
giving the appearance of no diel rhythmn. Cyanobacteria
often regulate their PSII/PSI ratios to rapidly adjust to ever
changing cellular redox states and maintain a balance
between CO2 fixation and generation of reductants to
avoid excess production of reactive oxygen and nitrogen
species, which can cause photooxidative damage to the
cells (Ludwig and Bryant, 2011).
Cyanobacteria have also evolved efficient mechanisms
to acquire the inorganic carbon needed for photosynthesis.
Genes associated with carbon concentrating mechanisms
(CCM) were identified in the thrombolite-forming communities and some exhibited differential diel expression. The
complete family of genes encoding CCM proteins
(ccmKLMNOP) were recovered but exhibited no differential
expression between the treatments, suggesting no pronounced diel or seasonal cycling. Genes associated with
NADPH dehydrogenase (e.g., ndhD, ndhM, ndhN) were
enriched at noon in all seasons (Fig. 5) and, in cultures,
have been shown to be associated with CO2 uptake and
are upregulated under high light and low CO2 conditions
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(Hihara et al., 2001). Although not typically present in
marine cyanobacteria, transcripts associated with the high
affinity bicarbonate transport system cmpABCD peaked at
dawn (Badger and Price, 2003), albeit at low expression
levels. A low affinity SulP-type bicarbonate transporter,
bicA, exhibited higher expression levels peaking at 06:00
with the highest expression in March (Fig. 5). This transporter has been identified across a range of marine
cyanobacteria and BicA has been shown to act independently in the uptake of bicarbonate, simplifying the process
of carbon concentration within the cyanobacteria carboxysome (Price et al., 2004). The increased expression of
bicA at dawn has been observed in several Microcystis
strains as well as non-lithifying mats (Jensen et al., 2011;
Sandrini et al., 2016), and may be light-dependent (Price
et al., 2010). Further examination of these contigs may
reveal novel homologs of the bicA gene within the
thrombolite-forming communities.
In addition to oxygenic photosynthesis, anoxygenic photosynthesis can locally increase the pH thereby creating a
microenvironment that is favorable to promoting carbonate
precipitation. Evidence for diel cycling of anoxygenic photosynthesis was also observed as genes encoding the
photosynthetic reaction centre (puf operon) and bacteriochlorophyll biosynthesis (bchC, bchG), which are common
to a diverse group of anoxygenic phototrophs from the Proteobacteria and Chloroflexi, were primarily expressed at
midnight (Fig. 5). Specifically, pufL and pufM, which
encode for the light and medium polypeptide genes of the
reaction centre respectively, as well as the pufC gene,
which encodes the cytochrome c subunit of the complex,
were significantly expressed at midnight regardless of season (Fig. 5). A similar trend of the enrichment of transcripts
associated with anoxygenic phototrophy at night has been
observed in both cultured Roseobacters (Yurkov and
Beatty, 1998) and in coastal marsh systems (Gifford et al.,
2014). Evidence with cultured strains indicates that the
transcription of the puf operon is light sensitive, but not
oxygen sensitive (Nishimura et al., 1996) suggesting the
differential expression of the puf operon genes at night is a
strategy to avoid photo-induced damage within the
thrombolites.
Nitrogen cycling within thrombolite-forming mats
With regard to nitrogen cycling within the thromboliteforming mats, metatranscriptome analysis revealed a pronounced diel cycling of nitrogenase transcripts suggesting
that nitrogen fixation is the primary N source for the thrombolite communities. In August and October, the overall
expression of the Mo-nitrogenase structural genes (nifD,
nifH, nifK) peaked at 18:00, whereas in March, these
genes peaked at midnight (Fig. 4). Additionally, several
transcripts encoding nitrogenase FeMo cofactors (nifB)

and stabilizing proteins (nifW) were highly differentially
expressed at midnight regardless of season (Fig. 5). These
differences in nitrogenase reductase expression correspond to non-lithifying cyanobacterial mats from
Mushroom Spring in Yellowstone and may reflect the
increase accumulation of fixed carbon during August and
October where the days are longer, thereby providing
more available energy for the onset of nitrogenase transcription (Steunou et al., 2008). In the thrombolites, the
majority of the nitrogenase transcripts were produced by
coccoid (Order Chroococcales) and filamentous (Order
Nostocales) cyanobacteria regardless of season, although
there were differences in the diel peak of transcripts. The
nitrogenase transcripts derived from the coccoid cyanobacteria were enriched at both 18:00 and 00:00, whereas
nif transcripts derived from the filamentous cyanobacteria
peaked primarily at midnight. The H2 generated from the
nitrogen fixation may be recovered by the cyanobacteria
through the presence of a bidirectional hydrogenase (hox)
that is highly expressed at night (Fig. 5).
The metatranscriptomic results indicated that the primary sink for N in the thrombolite community was
assimilatory nitrate reduction, as transcript levels for denitrification (< 700 TPM) and ammonium oxidation (< 300
TPM) were very low at all time points and seasons. It is
possible that the sampling regime did not fully capture diel
transcriptional activity, as transcripts associated with denitrification pathways (e.g., nirS, nosZ, norC), although
relatively stable by mRNA standards, typically have a halflife extending to only 30 min (Hartig and Zumft, 1999).
There was, however, an observable trend of an increase in
transcripts associated with denitrification at 00:00 and
06:00, but it was not statistically significant (Fig. 4; see
Table S4 for complete list). Overall, these results suggest
that denitrification and ammonium oxidation do not represent primary sinks for N within the thrombolite
communities.
Expression of anaerobic respiration metabolisms
Although photosynthesis and nitrogen fixation processes
dominated the metatranscriptomes, there was evidence of
a diverse array of respiration processes, including methanogenesis and dissimilatory sulfate reduction. For
example, transcripts related to methanogenesis were
recovered from several Archaea and exhibited diel and
seasonal trends (Fig. 2, Supporting Information Table S2).
In August, transcript levels were highest at 00:00, whereas
in October and March the highest number of methanogenesis transcripts were recovered at 06:00 (Fig. 4;
Supporting Information Table S4). The majority of
recovered methanogenic Euryarchaeota within the
thrombolite-forming mats appeared to be methylotrophic
(Orders Methanobacterales, Methanosarcinales). For
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Fig. 5. Volcano plots visualizing gene expression changes between 00:00 (up on left) and 12:00 (up on right) or 18:00 (up on left) and 06:00
(up on right) for each season, October, March and August.
Points represent unique KEGG Orthologies; log2(FC) < 5 and FDR adjusted p-value < 0.01, green; log2(FC) > 5 and FDR adjusted pvalue < 0.01, orange; log2(FC) > 5 and FDR adjusted p-value < 0.001, red; no significance, black; FC, fold change. [Colour figure can be
viewed at wileyonlinelibrary.com]
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Fig. 6. Gene expression network using Bray-Curtis dissimilarity (cutoff: 0.45).
Each circle is a KEGG orthologue (KO) and lines connect similar expression patterns (i.e., shorter lines indicate a closer connection). Only
KOs associated with Energy Metabolism pathways are displayed. [Colour figure can be viewed at wileyonlinelibrary.com]

example, transcripts of methyltransferase genes associated with methanogenesis from methanol (e.g., mtaC) and
methylamines (e.g., mttB, mttC) were recovered, primarily
from August samples and peaked in expression at 06:00
(data not shown). Methylotrophic methanogenesis is more
varied and may enable these taxa to overcome competition
for H2 by other metabolisms (e.g., sulfate reduction). Additionally, numerous transcripts associated with aceticlastic
methanogenesis were also recovered (e.g., acsCD, ppa,

ackA) but these transcripts showed no significant differential expression patterns between time points or seasons
(data not shown). These results suggest that the methanogens can use a range of compounds as substrates,
whereas electrons can come from H2 or through methyl
disproportionation, enabling greater metabolic versatility
within the thrombolite-forming community.
Another key metabolism observed within the mat that
plays an important role in carbonate precipitation is sulfate
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reduction (Dupraz and Visscher, 2005). In the adjacent
stromatolites at Highborne Cay, there is extensive biogeochemical evidence to suggest sulfate reduction increases
localized alkalinity, thereby promoting carbonate precipitation (Visscher et al., 2000; Baumgartner et al., 2009).
Microelectrode profiling in the thrombolites have shown
that the distribution of sulfide is detectable but its abundance changes at different depths (Louyakis et al., 2017).
Numerous taxa typically associated with sulfate reduction
have been recovered from the thrombolites (Myshrall
et al., 2010; Mobberley et al., 2012; Louyakis et al., 2017),
but their transcriptional activity throughout the diel cycle is
not yet known.
One of the key steps in sulfate reduction is the direct
reduction of sulfite to sulfide by dissimilatory sulfite reductase (dsrAB) (Rees, 1973). However, previous
metagenomic analyses recovered very few dsrAB genes
from the thrombolite-forming populations (Mobberley et al.,
2013; Mobberley et al., 2015). Therefore, the transcription
of genes typically associated with this pathway was examined here (Fig. 4). Transcripts of dsrAB were recovered
from Desulfovibrio, the archaea Archaeoglobus and the
phototrophic sulfur bacterium Allochromatium but exhibited
relatively low read counts (< 700 TPM) with transcript levels peaking at midnight in August. Transcripts for dsrAB
associated genes, including APS reductase (aprAB) and
sulfate adenylyltransferase (sat), were also recovered at a
higher level from a more diverse consortium of taxa, which
also included Desulfovibrionales and Chroococcales, but
these genes can have alternative functions in addition to
sulfate reduction. Interestingly, numerous transcripts were
also recovered for anaerobic sulfite reductases (asrC) originally described in Salmonella and Clostridium (Hallenbeck
et al., 1989; Czyzewski and Wang, 2012). Additionally,
thiosulfate (phsA) and tetrathionate reductases (ttrB) were
highly expressed within the thrombolites at night (Figs 5
and 6). Together, these results suggest that much like the
stromatolites, dissimilatory sulfate reduction is an important component of the sulfur cycle in the thromboliteforming community, but is likely a multi-step process with
intermediate sulfur species (e.g., trithionate pathway;
Kobayashi et al., 1969) rather than the direct reduction of
sulfate to sulfide by dissimilatory sulfite reductase (Rees,
1973). These pathways may be highly dependent on the
nature of electron donors and the environmental
conditions.
The oxidation of inorganic sulfur compounds within the
thrombolite-forming mats is less clear, as transcripts associated with pathways, such as the SOX pathway, were in
low abundance at all time points. However, transcripts
associated with sulfide:quinone oxidoreductase (sqr) gene,
which can catalyse the oxidation of sulfide to elemental
sulfur in a wide range of phototrophic and chemotrophic
bacteria (Ghosh and Dam, 2009), were observed in higher

numbers at periods of low oxygen concentration (00:00
and 06:00), but exhibited no seasonal differences (data not
shown). These results may suggest a higher prevalence of
anaerobic oxidation of sulfide at night, which has been
observed in the adjacent stromatolites and may promote
carbonate precipitation (Visscher et al., 2000). More
detailed comparative metagenomics and metatranscriptomics are required to identify the full range of sulfur
cycling within the thrombolite-forming communities.
Network analysis of metabolic pathways
To begin to assess the overarching architecture of the transcriptional network within the thrombolites, all transcripts
(regardless of differential expression) encoding genes
associated with metabolism were clustered by KEGG and
mapped with a weighted approach using Phyloseq (Fig. 6)
(McMurdie and Holmes, 2013). The topography of the network indicated two primary clusters with high levels of
connectivity within the transcriptome. In cluster 1, pathways associated with sulfur and nitrogen cycling were
highly intertwined. Specifically, transcripts associated with
ammonia oxidation (e.g., amoAB), dissimilatory nitrate
reduction [e.g., nitrous oxide reductase (e.g., nosZ), nitrate
reductase (e.g., narGH) and nitrite reductases (e.g., nifK)],
as well as several nitrite oxidation (e.g., norB) reactions
clustered extensively with transcripts associated with dissimilatory sulfur reduction genes. These dissimilatory
sulfur reduction transcripts were associated with thiosulfate
reductase (e.g., phsA), tetrathionate reductase (ttrA),
dimethyl sulfoxide (DMSO) reductase (dsmAB), dimethyl
sulfide dehydrogenase (e.g., ddhAC), dimethylsulonioproprionate (DMSP) lyases (e.g., dddL) and an anaerobic
sulfite reductase (asrA). Although this network does not
reflect the differential expression of these genes within the
thrombolites, these results reveal respiration versatility and
suggest that these sulfur and nitrogen pathways may be
tightly coordinated and regulated. Several previous studies
have shown that some sulfide oxidizing bacteria (e.g., Thiobacillus spp.) under anaerobic conditions can use nitrate
as the terminal electron acceptor rather than oxygen
(Visscher and Taylor, 1993). For example, the oxidation of
sulfur and thiosulfate can be linked to nitrate and nitrite
reduction in both cultivars (Aminuddin and Nicholas, 1973)
as well as in oceanic oxygen minimum zones (Azhar et al.,
2014), suggesting that in the thrombolite-forming mats the
sulfur and nitrogen cycle are closely coupled.
Interestingly, transcripts associated with dissimilatory
sulfite reductases (dsrA and dsrB), which directly reduce
sulfite to sulfide, were not associated with cluster 1 and
were located within an uncompressed section of the network, suggesting that the expression of these genes are
distinctly regulated. The regulation of dsrAB is highly variable between organisms and in many organisms is not
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dependent on sulfide levels (Grimm et al., 2010). In some,
sulfide-oxidizing taxa expression of dsrAB is increased
under sulfur-oxidizing conditions and under high levels of
reduced sulfur compounds (Chan et al., 2008; Grimm
et al., 2010). However, in several purple and green sulfur
bacteria, as well as some sulfide oxidizers, dsrAB have
been shown to be constitutively expressed (Beller et al.,
2006).
The transcriptional network also revealed a second cluster of transcripts primarily associated with photosynthesis
(PSII and PSI), nitrogen fixation (e.g., nifDK), ammonia
assimilation (e.g., gltBD) and assimilatory sulfur pathways,
such as cysteine biosynthesis (e.g., cysECHIJKM), suggesting these metabolisms exhibit extensive connectivity
within the thrombolite-forming mats. The transcripts associated with this cluster are diverse representing a wide
range of taxa associated with these core metabolisms
within the thrombolites. Together, the networking maps
reveal that, with regard to energy metabolism, the
thrombolite-forming mats exhibit tightly coordinated
expression patterns amongst the diverse assemblage of
taxa. Although no taxa-specific clusters are observed
within these metabolic clusters, deeper examination of individual gene nodes may help elucidate the potential crosstalk that occurs between individual taxa and identify how
the community interactions are coordinated. These coordinated activities may serve as important regulators of the
biogeochemical processes that drive the precipitation of
carbonate within the thrombolite-forming communities.
Conclusions
Microbialites represent an important ecosystem to understand the metabolic processes that lead to microbially
induced mineralization. Therefore, examining the ecosystem dynamics of living thrombolites is essential to gain a
more in-depth assessment of these ancient ecosystems.
Our comparative analysis of thrombolite metatranscriptomes provided a new perspective on how microbes
coordinate their metabolic activities across diel and seasonal cycles. First, this study demonstrated that the two
most transcriptionally active taxa within the thrombolites
were the filamentous Rivulariaceae, which have been previously shown to serve as hot spots for precipitation within
the thrombolites (Planavsky et al., 2009; Louyakis et al.,
2017), and the Xenococcaceae. These results suggest
that these coccoid cyanobacteria may be working synergistically with the Dichothrix spp. to help facilitate the onset
of carbonate precipitation within the thrombolite-forming
mats and this putative relationship will need further
exploration.
Second, our results provide evidence for dynamic temporal patterns of gene expression demonstrating
distinctive diel and seasonal metabolism fluxes that occur

in responses to changing environmental cues. Lastly, the
network mapping of the metabolism transcripts revealed a
high level of connectivity between nitrogen and sulfur
cycling pathways as well as the photosynthesis and assimilatory sulfur pathways, indicating these are among the
most tightly regulated metabolic processes within the
thrombolites. Together, our findings underscore the importance of elucidating the relative contribution of the different
taxa and metabolisms within thrombolite-forming ecosystems as it will lead to a better understanding of the
underlying interactions and controls required for microbially
induced mineralization.
Experimental procedures
Sample collection
Samples of thrombolite-forming mats were collected in October 2013, March 2014 and August 2014 from the island of
Highborne Cay, Exumas, The Bahamas (768490 W, 248430 N).
For each season samples were collected for two consecutive
sunny days at four time-points: sunrise (06:00), midday
(12:00), sunset (18:00) and midnight (00:00). Three replicate
button formations (Fig. 1B) were collected for each time-point
using a sterile scalpel and placed immediately in RNAlater
(Life Technologies, Grand Island, NY) before being transported to Space Life Sciences Lab, Merritt Island, FL where
they were stored at 2808C until processing. Metadata for
annual temperature and day lengths were attained from
archives from Weather Underground (https://goo.gl/qkXGc7).

RNA isolation, purification and cDNA synthesis
Upon thawing, samples were gently pressed and centrifuged
multiple times for removal of RNAlater. A modified PowerBiofilm RNA Isolation Kit (Qiagen, Carlsbad, CA, USA) was used
to extract total RNA from 100 mg of sample per reaction.
Modifications included adding BFR1, ß-mercaptoethanol
(2.8%) and BFR2 solution directly to the bead tube prior to
adding the mat. Additionally, to ensure adequate lysing of cyanobacterial filaments without compromising the overall quality
of the RNA, the bead tubes underwent homogenization in a
BioSpec Mini-Beadbeater-8 in three, 1 min increments with 1
min rests on ice in-between. The bead tubes were then heated
to 658C for 5 min in a water bath and vortexed for 10 min.
BFR3 was increased to 200 ll and added to the supernatant.
The manufacturer’s protocol was followed for the remaining
steps. An additional DNAse treatment, the Turbo DNA-free Kit
(Ambion, Applied Biosystem Business, CA), was used to
remove residual DNA and the samples were purified using
RNA Clean and Concentrator-5 (Zymo Research, Orange,
CA, USA).
Nucleic acid concentrations were measured with a Qubit
2.0 Fluorometer (Invitrogen, Life Technologies, Carlsbad, CA,
USA). Quality of the RNA was visualized on an Agilent 2100
Bioanalyser with an RNA 6000 Nano Chip (Agilent Technologies, Santa Clara, CA, USA). To ensure the RNA extracts did
not contain any enzymatic inhibitors, samples were amplified
using real-time PCR. Universal primers, targeting the 16S
rRNA gene (Khodadad et al., 2011), with an iTaq Universal
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SYBR Green One-Step kit (BioRad, Hercules, CA, USA) were
used on a CFX96 Touch platform (BioRad, Hercules, CA,
USA) as previously described (Casaburi et al., 2017). Overall,
approximately 3–5 extractions for each of the collected thrombolite button formations (n 5 3) were pooled to acquire the
minimum 1 lg of RNA needed for each library preparation.

Generation and sequencing of RNA libraries
Recovered RNA first underwent rRNA depletion with RiboZero Gold rRNA Removal Kit (Epidemiology, Illumina, San
Diego, CA, USA) followed by purification with RNA Clean and
Concentrator-5. Synthesis of cDNA libraries was accomplished using ScriptSeq v2 RNA-Seq Library Preparation Kit
(Illumina, San Diego USA) following manufacturers protocol.
Libraries were purified with Axygen AxyPrep Mag kit (Axygen
Biosciences, Union City, CA, USA) and quantified before
sequencing. For all time-points (n 5 4) and seasons (n 5 3),
duplicate libraries were generated for a total of 24 libraries
that were sequenced at the University of Florida’s Interdisciplinary Centre for Biotechnology Research using NextSeq
500/550 High Output v2 Kit (paired end, 150 cycles, insert
size 550 bp) on a NextSeq 500 sequencing system (Illumina,
San Diego, CA, USA). Sequences of thrombolite cDNA were
deposited in the NCBI Sequence Read Archive (SRR6006825
though SRR6006848). BioSample accession numbers are
consecutive from SAMN07554631 through SAMN07554654
under BioProject PRJNA305634.

Sequence quality control, assembly, annotation
and mapping
A comprehensive flowchart of the bioinformatic analysis is
described in Supporting Information Fig. S1. Briefly, sequences were trimmed using Trimmomatic v0.35 with a threshold
of Q5 (Bolger et al., 2014) and rRNA was removed using SortMeRNA, as previously described (Kopylova et al., 2012).
FastQC was used to analyse read quality (Andrews, 2014).
Taxonomic analysis was completed on the quality-filtered 16S
rRNA gene sequences isolated from each sample using
Quantitative Insights Into Microbial Ecology (QIIME v1.9.1)
(Caporaso et al., 2010b). Operational taxonomic units (OTUs)
were assigned to the reads at 97% identity against the Greengenes database v13.8 (DeSantis et al., 2006) using the
UCLUST method (open reference OTU picking) within QIIME.
Representative reads were aligned with PyNAST (v1.2.2)
(Caporaso et al., 2010a) to the Greengenes Core reference
alignment and a phylogenetic tree was built with FastTree
(v2.1.3) (Price et al., 2013). The resulting biom data was visualized using GraPhlAn v0.9.7 (Asnicar et al., 2015) after
removal of unassigned records. The networking analysis
included only transcripts with > 10 hits to a specific gene and
was completed using the R package Phyloseq v1.19.1
(McMurdie and Holmes, 2013).
The remaining sequences were assembled using Trinity
v2.2.0 with the following parameters: fastq assembly (left read
file contained forward and unpaired reads), minimum contig
length of 75 bp and normalized reads (Garber et al., 2011).
Detonate v1.11 was used to score assembly tools under
altered parameters to facilitate selection for downstream

analysis (Li et al., 2014). Alignment was completed using
Bowtie2 v2.2.9 (Langmead and Salzberg, 2012) and RSEM
v1.2.7 (Li and Dewey, 2011) estimation was used for counts of
sample replicates, as well as pooled samples. RSEM estimates were rounded to nearest integer, length corrected
(transcripts per million method), trimmed mean of M-values
(TMM) adjusted for normalized expression values (EdgeR
v3.16.5) (Robinson et al., 2010; McCarthy et al., 2012), and
batch corrected with ARSyNseq. NOISeq v2.18.0 (Tarazona
et al., 2011; Tarazona et al., 2015) in Bioconductor v3.4 was
used for PCA plotting (Euclidian distance) as well as differential expression analysis with the following noiseqbio
parameters: norm 5 ‘tmm’, k 5 0.5, r 5 50, filter 5 1,
nclust 5 15, a0per 5 0.9 and random.seed 5 12 200. Venn
diagrams were generated using the R package, VennDiagram
v1.6.17 (Chen and Boutros, 2011). The metatranscriptome
assembly was annotated using Trinotate v3.0.1 using complete pipeline (http://trinotate.github.io). KEGG terms were
associated with their respective pathways using the R package KEGGREST (Tenenbaum, 2017).
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Fig. S2. Taxonomic histograms for each sample to family
level or higher if unable to classify to family. Legend

C 2017 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 20, 842–861
V

A year in the life of a thrombolite 861
identifies thirty most abundant taxa over all libraries and
lists in order of bar plot from top to bottom. Note, two colors
of Chroococcales reflect both ‘unclassified’ and ‘other’
designations.
Table S1. Summary of Trinity assembly statistics
Table S2. Correlation coefficients for sample pairs; replicates outlined in bold, Pearson correlation on bottom (blue
scale) and Spearman correlation on top (green scale).

Table S3. Relative abundance of active taxa within thrombolites over diel and seasonal cycles.
Table S4. Genes used to generate metabolism profiles in
Figure 4.
Table S5. Expressed genes in thrombolites with normalized
counts over diel and seasonal cycles and number of orthologs detected in Trinity assembly.
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