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Euendolithic, or true-boring, cyanobacteria
actively erode carbonate-containing substrata in a
wide range of environments and pose significant
risks to calcareous marine fauna. Their boring
activities cause structural damage and increase
susceptibility to disease and are projected to only
intensify with global climate change. Most research
has, however, focused on tropical coral systems, and
limited information exists on the global distribution,
diversity, and substratum specificity of euendoliths.
This metastudy aimed to collate existing 16S rRNA
gene surveys along with novel data from the south
coast of South Africa to investigate the global
distribution and genetic diversity of endoliths to
identify a “core endolithic cyanobacterial
microbiome” and assess global diversification of
euendolithic cyanobacteria. The cyanobacterial
families Phormidesmiaceae, Nodosilineaceae,
Nostocaceae, and Xenococcaceae were the most
prevalent, found in >92% of categories surveyed. All
four known euendolith clusters were detected in
both intertidal and subtidal habitats, in the North
Atlantic, Mediterranean, and South Pacific oceans,
across temperate latitudes, and within rock,
travertine tiles, coral, shell, and coralline algae
substrata. Analysis of the genetic variation within
clusters revealed many organisms to be unique to
substratum type and location, suggesting high
diversity and niche specificity. Euendoliths are
known to have important effects on their hosts.
This is particularly important when hosts are
globally significant ecological engineers or habitat-
forming species. The findings of this study indicate

high ubiquity and diversity of euendolithic
cyanobacteria, suggesting high adaptability, which
may lead to increased community and ecosystem-
level effects with changing climatic conditions
favoring the biochemical mechanisms of
cyanobacterial bioerosion.

Key index words: bioerosion; climate change; co-
ralline algae; cyanobacteria; endolith; microbiome;
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Abbreviations: ASV, amplicon sequence variants;
Gya, billion years ago; HTP, high throughput;
SIMPROF, similarity profile permutation test;
UBC, unknown boring cluster

Bioerosion by photosynthetic euendolithic (also
known as boring) microorganisms causes structural
damage to organic carbonate structures, and weath-
ering of rocks in terrestrial, marine, and freshwater
environments. Bioerosion also occurs through the
actions of heterotrophic microorganisms, as well as
sponges, invertebrates, and the vertebrates that
feed on them. The process of bioerosion plays an
important role in both local (e.g., coral reefs) and
global biogeochemical cycles (Schneider and Le
Campion-Alsumard 1999, Tribollet 2008, Gleason
et al. 2017a, 2017b). Euendoliths are also impor-
tant primary producers (Tribollet 2008) that con-
tribute significantly to the cycling of nutrients,
especially carbon and nitrogen, in nearshore mar-
ine waters (Tribollet et al. 2006, Pfister
et al. 2010). Euendoliths bore into a wide range of
substrata (Ram�ırez-Reinat and Garcia-Pichel 2012a;
Couradeau et al. 2017), but are particularly
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efficacious in carbonate-containing rock and the
calcium carbonate exoskeletons of organisms such
as mollusks (Kaehler and McQuaid 1999, Ndhlovu
et al. 2019), crustacea, echinoderms, and corals
(Campion-Alsumard and Hutchings 1995, Pernice
et al. 2020). The damage caused by euendoliths
weakens the structural integrity of the substratum,
which increases the costs of repair and mainte-
nance for host organisms (Kaehler and
McQuaid 1999, Day et al. 2000, Zardi et al. 2009,
�Curin et al. 2014) and increases erosion rates of
carbonate coastlines (Donn and Boardman 1988).
For living organisms, boring also increases the
chance of lethal damage from shell collapse, preda-
tion, or physical impacts (Webb and Kor-
rubel 1994, Kaehler and McQuaid 1999), as well as
vulnerability to disease (Gleason et al. 2017a). The
euendolithic lifestyle is found across a wide range
of organisms, including fungi, green and red algae,
cyanobacteria, and sponges (Gektidis et al. 2007,
Cockell and Herrera 2008, Sch€onberg and Wis-
shak 2012, Murphy et al. 2016, Gleason
et al. 2017b). The cyanobacteria include numerous
species of euendoliths such as Hormathonema sp.,
Hyella sp., Mastigocoleus testarum, and Plectonema tere-
brans, frequently occurring at high abundances on
limpets, mussels, rocks, and experimental carbon-
ate blocks (Gektidis et al. 2007, Prusina et al. 2015,
Ndhlovu et al. 2019). Their boring lifestyle may
provide them with several ecological advantages
including protection from environmental extremes,
excessive ultraviolet light, abrasive detachment
from substrata, grazing and predation, and
increased access to nutrients (Guida et al. 2017).

Recent research has suggested that the euen-
dolithic lifestyle evolved as an alternative carbon
acquisition mechanism during a time when dis-
solved inorganic carbon was less readily available for
autotrophy (Guida et al. 2017). Euendoliths have
been observed to be organically preserved in lime-
stones from 700–800 Mya (Knoll et al. 1986), and
there is evidence of their presence possibly as long
ago as ~3.4 Gya (Banerjee et al. 2006, Brasier
et al. 2006). In the present day, euendoliths are
ubiquitous, and they, along with other endoliths
(chasmo- and crypto-endoliths; organisms that
exploit rock surfaces, fissures, spaces in porous
rocks as well as euendolithic excavations) have been
observed in many ecosystems and habitats around
the globe (Golubic et al. 1981).

Endoliths are of particular interest in marine sys-
tems because their bioerosive ability is likely to
increase with increasing ocean acidification and
temperatures through global climate change, which
could have devastating impacts on the fitness and
mortality of ecologically important calcifying organ-
isms and ecosystems (Zardi et al. 2009, Marquet
et al. 2013). These include coral reefs (Pernice
et al. 2020), coralline algae, and bivalve beds (Orr
et al. 2005, Garcia-Pichel et al. 2010, Diaz-Pulido

et al. 2011), in addition to carbonate coastlines
important to the tourism industry in places such as
Menorca (Roush et al. 2018), the Caribbean archi-
pelago (Donn and Boardman 1988, Cambers 2005),
and carbonate beaches in Australia (Short 2001).
There is a wealth of research on the detrimental
effects of ocean acidification on the biology of calci-
fying fauna (Orr et al. 2005, Gazeau et al. 2007,
Melzner et al. 2011, Rodolfo-Metalpa et al. 2011,
Stumpp et al. 2011), but little research exists on
how on how calcium carbonate degrading organ-
isms will exacerbate erosion rates, threatening natu-
ral ecosystems (De’ath et al. 2009, Tribollet
et al. 2009, Diaz-Pulido et al. 2011) and commercial
bivalve aquaculture (Zardi et al. 2009).
Ocean acidification facilitates chemical erosion by

euendoliths; as lower pH reflects a higher concen-
tration of carbonic acid in the surrounding water,
resulting in increased spontaneous dissolution of
calcium carbonate, in addition to “softening” the
exposed surfaces of calcium carbonate structures,
thus enabling more effective mechanical erosion
(Tribollet et al. 2009, Sch€onberg et al. 2017).
Higher dissolution rates of calcium carbonate
decrease the energy expenditure required to pump
calcium ions away from the substrate, facilitating
euendolithic bioerosion of calcium carbonate
(Garcia-Pichel et al. 2010, Ram�ırez-Reinat and
Garcia-Pichel 2012a; Guida and Garcia-Pichel 2016).
Increasing ocean acidification also affects calcifying
organisms directly as the saturation state of calcium
carbonate decreases (Caldeira and Berner 1999,
Hurd et al. 2020, Zhao et al. 2020), making it
metabolically more difficult to mineralize. The
greatest pH changes are expected in surface waters
(Caldeira and Wickett 2003), putting shallow water
and intertidal organisms, especially at risk. For
example, euendolithic infestation can damage large
proportions of populations of mollusks such as the
mussels Mytilus galloprovincialis (Marquet et al. 2013,
Ndhlovu et al. 2019) and Modiolus barbatus (�Curin
et al. 2014), and the limpet Patella rustica (Prusina
et al. 2015). In fact, euendoliths can be responsible
for up to 60% of total mortality in mussel popula-
tions through shell collapse by bioerosion (Kaehler
and McQuaid 1999, Zardi et al. 2009, Ndhlovu
et al. 2019).
To understand the ramifications of global climate

change on the interactions of euendoliths, calcifying
organisms and the ecosystems that rely upon them
requires an understanding of the distribution, diver-
sity, and function of euendoliths, endoliths, and
facilitating organisms. In this study, a meta-analysis
approach was used to examine the prevalence and
diversity of euendolithic cyanobacteria, and at the
same time, apply new molecular methods to analyze
euendolithic species. All available 16S rRNA gene
amplicon sequencing data from relevant carbonate
endolith microbiome studies were re-examined,
along with new sequencing data collected on the
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coast of South Africa for this study. This metastudy
had three specific objectives: to (i) identify a core
endolithic microbiome of cyanobacteria across cal-
cium carbonate structures; (ii) examine the pres-
ence of euendoliths across ecosystems, including
habitat, substrata, and geographic location; and (iii)
investigate the genetic diversity within known euen-
dolith clades to determine the ubiquity of known
euendolithic organisms.

MATERIALS AND METHODS

Sample collection. Live organisms (the mussel Perna perna,
the barnacle Octomeris angulosa, the whelk Burnupena lagenar-
ia, and the limpet Scutellastra cochlear) and rock chips were
collected from the intertidal rocky shore at Morgans Bay
(32°42039.2″ S 28°20023.1″ E) and Cannon Rocks (33°45006.8″
S 26°32041.6″ E) on the south coast of South Africa during
September 2019. Samples were milled to create a fine dust
using a flame-sterilized Dremel (WI, USA) 4.4 mm diamond
wheel point bit, and the resulting fine particulate material
weighed into 1.5 mL microcentrifuge tubes. The most eroded
section of shells (typically the apex) was used for extraction.

16S rRNA gene library preparation and Illumina sequenc-
ing. DNA extractions were performed by incubating samples
in 487.5 lL concentrated lysis buffer (final concentrations:
50 mM Tris–HCl pH 8.0, 100 mM EDTA pH 8.0, 100 mM
NaCl, 0.5% SDS) and 12.5 lL of Proteinase K
(20 mg � mL�1) at 55°C for 12 h. DNA was then extracted
following a standard phenol/chloroform/isoamylalcohol
(25:24:1) extraction method (Hogan et al. 1986, Geist
et al. 2008).

Extracted DNA was quantified (NanoDrop 2000, Thermo
Scientific) and extractions from the six individuals of each
species for each site pooled in equal concentrations. The 16S
rDNA v3- v4 region was amplified under the following PCR
conditions: 341f (50-TCGTCGGCAGCGTCAGATGTGTA
TAAGAGACAGCCTACGGGNGGCWGCAG) and 805r (50-
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTA
CHVGGGTATCTAATCC; Klindworth et al. 2013), 25 ng of
template DNA (pooled), 5 pmol of each primer, and
0.5 units of Phusion Flash High-Fidelity taq polymerase mas-
termix (ThermoFisher Scientific) in a 25 lL reaction under
the following conditions: Initial denaturation at 98°C for
10 s, followed by 25 cycles of 98°C for 5 s, 55°C for 10 s,
72°C for 30 s, and a final extension at 72°C for 60 s.

PCR product clean-up was performed using 20 lL of
AMPure XP beads (Agencourt, Beckmann Coulter) per sam-
ple, 2 x 200 lL washes of 80% ethanol, and resuspended in
50 lL of 10 mM Tris pH 8.5 buffer. Illumina sequencing
adapters (Nextera XT Index Kit, Illumina) were attached
using 20 ng of template DNA, 4 lL of index primer, and
0.8 units of KAPA HiFi HotStart ReadyMix in a 40 lL reac-
tion under the following conditions: Initial denaturation at
95°C for 3 min, followed by 8 cycles of 95°C for 30 s, 55°C
for 30 s, 72°C for 30 s, and a final extension at 72°C for
5 min. Final PCR products were cleaned using 56 lL of
AMPure XP beads, 2 9 200 lL washes of 80% ethanol, and
resuspended in 25 lL of 10 mM Tris pH 8.5 buffer. The pre-
pared library was pooled at a concentration of 4 nM and
sequenced on a MiSeq (Illumina) using the 600-cycle MiSeq
reagent kit v3 (Illumina) with a 5% spike-in of pre-prepared
PhiX sequencing control v3 library (Illumina). Sequencing
was performed by the Aquatic Genomics Research Platform
at the South African Institute for Aquatic Biodiversity (SAIAB,
Grahamstown, South Africa). Sequence data were deposited

and are publicly available in the NCBI Sequence Read
Archive (SRA) under the BioProject ID PRJNA634631.

Metastudy data retrieval. A “Web Of ScienceTM” advanced
search was performed with the terms: TS = ((biofilm OR
endolith* OR microbiota OR epilith*) AND (16S OR
metabarcod* OR sequenc* OR amplicon) AND (intertidal
OR shell OR coral* OR rock OR calcium OR calcareous OR
carbonate OR exoskeleton)). The initial search yielded 1239
results. Studies were filtered by study title and abstract where
studies using sequencing of marine calcium carbonate struc-
tures were included (n = 226). A final filter of studies was
performed with studies included only if they extracted DNA
from the whole structure rather than swab or tissue only
(therefore including euendolithic bacteria), and the data
were readily available, correctly formatted and with sufficient
accompanying metadata. This resulted in 16 Sanger sequenc-
ing studies and 17 high-throughput sequencing (HTP) stud-
ies to be included in this metastudy (Table 1). The samples
from which data were obtained for this study, and the
method of DNA extraction for samples collected for this
study included the whole skeleton or shell; therefore, epi-
lithic and chasmoendolithic population will be included.
Hypotheses 2 and 3 were limited to previously determined
“euendolith” clusters in order to focus analyses on euendolith
populations.

Bioinformatic analysis. Sequence data were retrieved using
the SRA toolkit (SRA Toolkit Development Team 2020) and
imported into QIIME2 v2020.2 (Bolyen et al. 2019) alongside
the novel sequence data obtained during this study. After
adaptor-trimming and read-joining (if applicable), HTP
sequences were quality filtered, chimeras removed, and the
data denoised using DADA2 (Callahan et al. 2016) and
Deblur (Amir et al. 2017) pipelines for pyrosequenced and
Illumina sequenced samples, respectively. All sequences were
then allocated to taxa using the SILVA 132 database (Quast
et al. 2013) using the Blast+ consensus classifier (Camacho
et al. 2009). Taxa that were of the phylum Cyanobacteria
were included, and chloroplasts excluded.

Cluster and SIMPROF analyses were used to generate den-
drograms for the core cyanobacterial microbiome using PRI-
MER6 (Clarke and Gorley 2006) with group average
clustering and 1000 permutations on a presence/absence Sør-
ensen resemblance matrix of sequences that were allocated
to at least Order level. For the identification of sequences
that matched to known euendolith clusters, 16S rRNA
sequences were placed into a reference tree following the
Cydrasil 2.0 protocol (Roush et al. 2021). The placed
sequences were visualized and manipulated within iTOL v4
(Letunic and Bork 2019) to extract sequences that were
placed with a likelihood ratio > 0.7 within known euendolith
clusters (Roush and Garcia-Pichel 2020).

To analyze the genetic diversity of Amplicon Sequence
Variants (ASVs) within clusters, all sequences were aligned,
and a ~211 bp section (16S rRNA position ~557–768) of the
V3–V4 region of the 16S rRNA gene extracted as this section
was fully contained within 3211 of the total of 4051
sequences. Sequences that placed within each known cluster
were extracted and aligned using MAFFT v7 (Katoh and Stan-
dley 2013), and a maximum likelihood tree was built with
RaxML v8 with the GTRGAMMA substitution model and
1000 bootstraps (Price et al. 2010). Trees were visualized and
manipulated within MEGA 7.0 (Kumar et al. 2016) and Fig-
tree V1.4.4 (Rambaut 2012).

RESULTS

The core cyanobacterial microbiome of calcium carbonate
structures. To analyze the presence and distribution

748 ADAM J. WYNESS ET AL.



T
A
B
L
E
1.

St
u
d
ie
s,

ci
ta
ti
o
n
s,

an
d

re
le
va
n
t
sa
m
p
le

o
r
se
q
u
en

ce
(d

ep
en

d
in
g
o
n

se
q
u
en

ci
n
g
ty
p
e)

ac
ce
ss
io
n

n
u
m
b
er
s
an

d
m
et
ad

at
a
fo
r
th
e
sa
m
p
le
s
in
cl
u
d
ed

in
th
e

m
et
a-
an

al
ys
is
.

A
u
th
o
r
(Y
ea
r)

Sa
m
p
le
/
R
ea
d
A
cc
es
si
o
n

C
o
u
n
tr
y

R
eg

io
n

O
ce
an

L
at
it
u
d
e

L
o
n
gi
tu
d
e

H
o
st

H
ab

it
at

Se
q
u
en

ci
n
g

T
yp
e

A
ld
re
d
an

d
N
el
so
n
(2
01

9)
P
R
JN

A
52

43
14

E
n
gl
an

d
N
ew

ca
st
le

N
o
rt
h
Se

a
55

°0
2’

N
1°
25

’
W

B
ar
n
ac
le

In
te
rt
id
al

H
T
P

A
rf
ke

n
et

al
.
(2
01

7)
P
R
JN

A
38

56
15

U
SA

N
o
rt
h
C
ar
o
li
n
a

N
o
rt
h
A
tl
an

ti
c

34
°4
2’

N
76

°4
5’

W
Sh

el
l

In
te
rt
id
al

H
T
P

B
ri
to

et
al
.
(2
01

2)
H
Q
83

29
01

P
o
rt
u
ga
l

M
o
le
d
o

N
o
rt
h
A
tl
an

ti
c

41
°5
0’

N
8°
52

’
W

Sh
el
l

In
te
rt
id
al

Si
n
gl
e
re
ad

C
h
ac
�o
n
et

al
.
(2
00

6)
D
Q
38

03
90

-
D
Q
38

04
04

P
u
er
t
R
ic
o

C
ay
o
s
D
e
B
ar
ca

N
o
rt
h
A
tl
an

ti
c

17
°5
5’

N
66

°1
5’

W
Sh

el
l,
C
o
ra
ll
in
e

al
ga
e
an

d
R
o
ck

In
te
rt
id
al

Si
n
gl
e
re
ad

C
le
ar
y
et

al
.
(2
01

9)
P
R
JN

A
38

25
76

T
ai
w
an

P
en

gh
u
C
o
u
n
ty

N
o
rt
h
P
ac
ifi
c

23
°3
1’

N
11

9
°3
60

E
B
ar
n
ac
le
,
C
h
it
o
n
,

C
o
ra
l,
E
ch

in
o
d
er
m
,

M
u
ss
el
,
Sh

el
l

Su
b
ti
d
al

H
T
P

C
o
u
ra
d
ea
u
et

al
.
(2
01

7)
K
T
97

27
44

-
K
T
98

18
74

;
K
X
38

86
31

;
K
X
38

86
32

;
K
X
38

86
33

P
u
er
to

R
ic
o

Is
la

d
e
M
o
n
a

N
o
rt
h
A
tl
an

ti
c

18
°0
8’

N
67

°8
8’

W
R
o
ck

an
d
Sh

el
l

In
te
rt
id
al

Si
n
gl
e
re
ad

D
ia
z
et

al
.
(2
01

3)
JQ

91
74

86
-
JQ

91
77

19
B
ah

am
as

B
ah

am
as

A
rc
h
ip
el
ag
o

N
o
rt
h
A
tl
an

ti
c

23
°5
3’

N
75

°2
2’

W
R
o
ck

Su
b
ti
d
al

Si
n
gl
e
re
ad

F
o
st
er

et
al
.
(2
00

9)
E
U
24

89
65

-
E
U
24

91
28

;
F
J3
73

35
5
-
F
J3
73

44
5

B
ah

am
as

H
ig
h
b
o
rn
e
C
ay

N
o
rt
h
A
tl
an

ti
c

24
°4
3’

N
76

°4
9’

W
St
ro
m
at
o
li
te

Su
b
ti
d
al

Si
n
gl
e
re
ad

G
o
d
o
y-
V
it
o
ri
n
o
et

al
.
(2
01

7)
P
R
JN

A
37

91
03

P
u
er
to

R
ic
o

Is
la

P
al
o
m
in
o
s

N
o
rt
h
A
tl
an

ti
c

18
°2
1’

N
65

°3
4’

W
C
o
ra
l

Su
b
ti
d
al

H
T
P

G
o
ld
sm

it
h
et

al
.
(2
01

9)
M
K
17

54
95

-
M
K
17

63
00

U
SA

R
h
o
d
e
Is
la
n
d

N
o
rt
h
A
tl
an

ti
c

41
°3
7’

N
71

°2
0’

W
C
o
ra
l

Su
b
ti
d
al

Si
n
gl
e
re
ad

H
av
em

an
n
an

d
F
o
st
er

(2
00

8)
E
U
91

79
48

-
E
U
91

81
21

B
ah

am
as

H
ig
h
b
o
rn
e
C
ay

N
o
rt
h
A
tl
an

ti
c

24
°4
3’

N
76

°4
9’

W
St
ro
m
at
o
li
te

In
te
rt
id
al

Si
n
gl
e
re
ad

K
im

es
et

al
.
(2
01

3)
JQ

51
47

88
–7

14
3

P
u
er
to

R
ic
o

L
a
P
ar
gu

er
a

N
o
rt
h
A
tl
an

ti
c

17
°5
6’

N
67

°0
2’

W
C
o
ra
l

Su
b
ti
d
al

Si
n
gl
e
re
ad

L
i
et

al
.
(2
01

3)
P
R
JN

A
19

68
15

C
h
in
a

H
ai
n
an

P
ro
vi
n
ce

N
o
rt
h
P
ac
ifi
c

18
°1
3’

N
10

9
°2
80

E
C
o
ra
l

Su
b
ti
d
al

H
T
P

M
ar
ce
li
n
o
et

al
.
(2
01

7)
P
R
JN

A
39

08
73

P
ap

u
a
N
ew

G
u
in
ea

D
’E
n
tr
ec
as
te
au

x
Is
l.

So
u
th

P
ac
ifi
c

9°
41

’
S

15
0
°4
80

E
C
o
ra
l

Su
b
ti
d
al

H
T
P

M
ar
ce
li
n
o
an

d
V
er
b
ru
gg

en
(2
01

6)
P
R
JN

A
31

97
25

V
ar
io
u
s

V
ar
io
u
s

V
ar
io
u
s

-
-

C
o
ra
l,
C
o
ra
ll
in
e

al
ga
e,

R
o
ck

Su
b
ti
d
al

H
T
P

P
fi
st
er

et
al
.
(2
01

4)
P
R
JE
B
18

56
5

U
SA

W
as
h
in
gt
o
n

N
o
rt
h
P
ac
ifi
c

48
°3
2’

N
12

4
°7
40

E
Sh

el
l

In
te
rt
id
al

H
T
P

P
o
ll
o
ck

et
al
.
(2
01

8)
P
R
JE
B
28

18
3

A
u
st
ra
li
a

V
ar
io
u
s

V
ar
io
u
s

-
-

C
o
ra
l

Su
b
ti
d
al

H
T
P

Q
u
� er
� e
et

al
.
(2
01

9)
P
R
JN

A
52

40
10

F
ra
n
ce

B
an

yu
ls
-s
u
r-
M
er

M
ed

it
er
ra
n
ea
n
Se

a
42

°
N

3°
E

C
o
ra
ll
in
e
al
ga
e

Su
b
ti
d
al

H
T
P

R
am

� ır
ez
-R
ei
n
at

an
d

G
ar
ci
a-
P
ic
h
el

(2
01

2a
,
20

12
b
)

JN
81

07
02

-
JN

81
07

46
V
ar
io
u
s

V
ar
io
u
s

V
ar
io
u
s

-
-

C
o
ra
l
an

d
Sh

el
l

In
te
rt
id
al

Si
n
gl
e
re
ad

R
am

�ır
ez
-R
ei
n
at

an
d

G
ar
ci
a-
P
ic
h
el

(2
01

2a
,
20

12
b
)

H
Q
90

66
40

-
H
Q
90

66
42

P
u
er
to

R
ic
o

C
ab

o
R
o
jo

N
o
rt
h
A
tl
an

ti
c

17
°5
6’

N
67

°1
1’

W
Sh

el
l

In
te
rt
id
al

Si
n
gl
e
re
ad

R
o
u
sh

et
al
.
(2
01

8)
P
R
JN

A
39

65
81

M
en

o
rc
a

Se
ve
ra
l

M
ed

it
er
ra
n
ea
n
Se

a
39

°5
8’

N
4°
50

E
R
o
ck

In
te
rt
id
al

H
T
P

R
o
u
sh

et
al
.
(2
02

0)
P
R
JN

A
59

62
77

;
P
R
JN

A
60

37
80

P
u
er
to

R
ic
o

Is
la

d
e
M
o
n
a

N
o
rt
h
A
tl
an

ti
c

18
°0
8’

N
67

°8
8’

W
R
o
ck
,
T
ra
ve
rt
in
e

ti
le
s

In
te
rt
id
al

H
T
P

R
u
b
io
-P
o
rt
il
lo

et
al
.
(2
01

6)
K
U
93

68
38

-
K
U
93

68
71

Sp
ai
n

A
li
ca
n
te

M
ed

it
er
ra
n
ea
n
Se

a
38

°1
3’

N
0°
28

’
W

C
o
ra
l

Su
b
ti
d
al

Si
n
gl
e
re
ad

R
u
b
io
-P
o
rt
il
lo

et
al
.
(2
01

6)
P
R
JN

A
31

58
08

Sp
ai
n

A
li
ca
n
te

M
ed

it
er
ra
n
ea
n
Se

a
38

°1
3’

N
0°
28

’
W

C
o
ra
l

Su
b
ti
d
al

H
T
P

Sc
h
€o
tt
n
er

et
al
.
(2
01

1)
F
R
85

14
76

-
F
R
85

17
58

Jo
rd
an

R
ed

Se
a

In
d
ia
n
O
ce
an

29
°2
70

N
34

°5
80

E
R
o
ck

Su
b
ti
d
al

Si
n
gl
e
re
ad

Sh
ar
p
et

al
.
(2
01

7)
P
R
JN

A
38

01
19

U
SA

R
h
o
d
e
Is
la
n
d

N
o
rt
h
A
tl
an

ti
c

41
°2
80

N
71

°2
10

W
C
o
ra
l

Su
b
ti
d
al

H
T
P

Su
n
ag
aw

a
et

al
.
(2
00

9)
F
J2
02

06
3
-
F
J2
03

66
2

P
an

am
a

B
o
ca
s
d
el

T
o
ro

N
o
rt
h
A
tl
an

ti
c

9°
15

’
N

82
°0
7’

W
C
o
ra
l

Su
b
ti
d
al

Si
n
gl
e
re
ad

Su
n
ag
aw

a
et

al
.
(2
01

0)
G
U
11

79
26

-
G
U
11

98
87

P
an

am
a

B
o
ca
s
d
el

T
o
ro

N
o
rt
h
A
tl
an

ti
c

9°
15

’
N

82
°0
7’

W
C
o
ra
l

Su
b
ti
d
al

Si
n
gl
e
re
ad

V
ij
ay
an

et
al
.
(2
01

9)
P
R
JN

A
41

83
44

U
SA

H
aw

ai
’i

N
o
rt
h
P
ac
ifi
c

21
°2
10

N
15

7
°5
70

W
P
o
ly
ch

ae
te

tu
b
es

Su
b
ti
d
al

H
T
P

W
eb

st
er

et
al
.
(2
01

1)
H
M
17

86
58

-
H
M
17

86
63

;
H
M
17

74
81

-
H
M
17

86
56

A
u
st
ra
li
a

G
re
at

B
ar
ri
er

R
ee
f

So
u
th

P
ac
ifi
c

18
°4
9’

S
14

7
°3
80

E
C
o
ra
ll
in
e
al
ga
e

Su
b
ti
d
al

Si
n
gl
e
re
ad

W
en

ze
l
et

al
.
(2
01

8)
P
R
JN

A
43

36
14

Sc
o
tl
an

d
N
o
rt
h
E
as
t

N
o
rt
h
Se

a
57

°0
7’

N
2°
03

’
W

Is
o
p
o
d
s

In
te
rt
id
al

H
T
P

W
il
li
am

s
et

al
.
(2
01

5)
K
T
96

28
75

-K
T
96

29
00

T
h
ai
la
n
d

K
o
P
h
u
ke

t
In
d
ia
n
O
ce
an

7°
50

’
N

98
°2
50

E
C
o
ra
l

In
te
rt
id
al

Si
n
gl
e
re
ad

T
h
is
P
u
b
li
ca
ti
o
n

P
R
JN

A
63

46
31

So
u
th

A
fr
ic
a

E
as
t
C
ap

e
In
d
ia
n
O
ce
an

33
°0
8’

S
27

°4
40

E
R
o
ck
,
Sh

el
l

In
te
rt
id
al

H
T
P

C
at
eg

o
ri
es

o
f
la
ti
tu
d
e,

o
ce
an

,
h
o
st

su
b
st
ra
ta
,
an

d
h
ab

it
at

w
er
e
th
o
se

u
se
d
fo
r
th
e
an

al
ys
is
o
f
th
e
d
is
tr
ib
u
ti
o
n
o
f
cy
an

o
b
ac
te
ri
a
an

d
eu

en
d
o
li
th
s.

GLOBAL MARINE EUENDOLITHIC CYANOBACTERIA 749



of all cyanobacterial taxa among systems, sequences
were collapsed to the family-level automated phylo-
genetic placements as designated by the SILVA data-
base (referred to hereon as “SILVA families”).
Family level was selected despite there being some
physiological differences among species at this taxo-
nomic rank, as it allowed for good differentiation
among systems and retaining information on poten-
tial physiological effects while avoiding speculation
on organism physiology at the species level. The
number of studies representing each category was
not equal, and several categories were included for
which only one appropriate study existed; these
included the South Atlantic, echinoderms, isopods,
chitons and polychaete tubes, and travertine terres-
trially derived limestone predominantly comprised
of calcium carbonate in this case placed in marine
systems for experimental investigation of euen-
dolithic activity (Roush and Garcia-Pichel 2020).
Their inclusion did not, however, appear to influ-
ence the overall findings. Rarefaction curves of
observed ASVs and number of samples against
sequencing depth showed that the asymptote of
ASV richness was reached for all categories; there-
fore, the cause of the trends observed should not be
attributed to the sampling effort (Fig. S1 in the Sup-
porting Information). Importantly, as for all ecologi-
cal studies, nondetection of families does not
necessarily indicate their absence.

The methods of DNA extraction for samples
included from other studies, and the samples col-
lected for this study include the whole shell; there-
fore, the cyanobacterial communities reported in
“The core cyanobacterial microbiome of calcium
carbonate structures” section in the Results include
all lithobionts, rather than allowing for the focus on
euendoliths. “Global distribution of known euen-
dolithic cyanobacteria” section extracts data only on
previously identified euendolithic groups of
cyanobacteria to focus on their distribution.
Habitat: A higher number of cyanobacterial

SILVA families were detected in intertidal samples
than subtidal samples, with all families observed in
subtidal samples also being observed in intertidal
samples, with the exception of the Prochloraceae,
an abundant and important group of marine pri-
mary producers (Partensky et al. 1999; Fig. 1). The
Thermosynechococcaceae, Rubidibacteraceae, and
Limnotrichaceae were observed in intertidal samples
but not the subtidal.
Substrata: Cyanobacterial communities were sepa-

rated into five significantly different substratum
groups (SIMPROF; P < 0.05; Fig. 2); A, coralline
algae, rock, travertine tile, shell (including bivalves
and gastropods), and coral; B, barnacle, chiton, and
polychaete tubes; and then three hosts were signifi-
cantly different; C, stromatolite; D, echinoderm,
and E, isopod (Fig. 2). Samples from isopods con-
tained no photosynthetic cyanobacteria and were
therefore an outlying group. Cyanobacterial

communities of echinoderms and stromatolites were
the least similar to the other substrata (SIMPROF;
44.53% similarity; Pi 6.45, P < 0.001, and 59.87%; Pi
4.66 P < 0.001 for echinoderms and stromatolites,
respectively), with a lower number of detected
SILVA families (8 of 20 assigned families). The
main groups to which most hosts belonged (A and
B) had a similarity of 68.15% (SIMPROF; Pi 4.14,
P < 0.001). In terms of a core microbiome, out of
the 11 substratum types, the Phormisdemiaceae and
Xenococcaceae were detected in 10 of the 11 sub-
strata, and the Nodosilineaceae, Cyanobacteriaceae,

FIG. 1. Distribution of cyanobacterial SILVA families in inter-
tidal and subtidal habitats using 16S rRNA sequence data from
32 previously published studies and novel data collected for this
study. Most cyanobacterial families are ubiquitous between inter-
and subtidal locations. Shaded cells indicate presence, and
n = the number of unique studies. Dendrogram represents the
similarity of communities between habitats using cluster analysis
with SIMPROF analysis. Dotted branches indicate a nonsignificant
difference between nodes in the SIMPROF analysis. [Color figure
can be viewed at wileyonlinelibrary.com]
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and Coleofasciculaceae were detected in 9. In the
first group of substrata (A), many families were pre-
sent in all substratum types (Fig. 2), including the
Phormidesmiaceae, Xenoccoaceae, Nodosilineaceae,
Nostocaceae, and Leptolyngbyaceae, which were
also observed in both habitats (Fig. 1). Whereas
in group B, there was a lower richness of families,
with the Thermosynechococcaceae, Pseudanabae-
naceae and several families of the Nostocales being
absent.
Latitude: Latitude categories were split into 20-

degree sections (Fig. S2 in the Supporting Informa-
tion). Unfortunately, no samples from extreme lati-
tudes (>69° N or > 50° S) were included in the
final analysis. However, samples from the more tem-
perate regions (49° N–30° N, 29° N–10° N, 11° S–
30° S and 31° S–50° S) were more similar to each
other, than to the coldest (69° N–50° N) and equa-
torial (9° N–10° S) latitudes (SIMPROF; 54.89%
similarity; Pi 8.54, P < 0.002; Fig. 3). There were no
distinctly different communities among samples,
rather the temperate samples contained more
SILVA families, with up to 19 of the 20 families for
29° N–10° N, compared with just 5 for 69° N–50° N.

The families that were present across all latitudes
however were very similar to those present in the
majority of habitat and substrata types, which
included the Phormidesmiaceae, Xenococcaceae,
Nodosilineaceae, and Nostocaceae.
Ocean: The North Atlantic, Mediterranean, and

South Pacific formed a group of oceans that was sig-
nificantly different from the others (SIMPROF;
73.7% similarity, Pi 5.30, P = 0.009) and contained
the highest numbers of cyanobacterial SILVA fami-
lies (Fig. 4). The South Atlantic and the Indian
Ocean formed a second group, containing fewer
families, notably lacking the Oscillatoriaceae, with
the North Pacific and North Sea remaining signifi-
cantly different from each other and the other
oceans (Fig. 4). The Phormidesmiaceae and Nodosi-
lineaceae of the Phormidesmiales, and the Xenococ-
caceae and Nostocaceae of the Nostocales were
detected across all oceans in addition to almost all
other system categories, forming a core cyanobacte-
rial microbiome.
Global distribution of known euendolithic cyanobacte-

ria. In a study of euendolith colonization dynamics
on travertine tiles, Roush and Garcia-Pichel (2020)

FIG. 2. Distribution of cyanobacterial SILVA families across host substrata using 16S rRNA sequence data from 32 previously published
studies and novel data collected for this study. Cyanobacterial families on substrates clustered into five groups: coralline algae, coral, tra-
vertine, shell, and rock, and barnacles, chitons, and polychaetes, with Stromatolites, Echinoderms being significantly different from all
other substrata. Shaded cells indicate the presence, and n = the number of unique studies. Dendrogram represents the similarity of com-
munities between host substrata using cluster analysis and SIMPROF analysis. Dotted branches indicate a nonsignificant difference
between nodes in the SIMPROF analysis. [Color figure can be viewed at wileyonlinelibrary.com]
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categorized four main clusters of true euendolithic
cyanobacteria. These were used for this study to iso-
late only euendoliths for examination of their geo-
graphic and habitat distribution. Briefly, Cluster 1 is
a cluster of Leptolyngbya-like cyanobacteria. Cluster 2
contains the Pleurocapsales. Cluster 3 contains ASVs
similar to Mastigocoleus testarum, a well-studied model
organism for euendoliths (Garcia-Pichel
et al. 2010). A novel cluster of unknown boring
euendoliths, the Unknown Boring Cluster (UBC)
was identified as a key pioneer group most closely
related to Stanieria sp.

All of the clusters were present in both intertidal
and subtidal habitats, and on rock, travertine, coral,
shell, and coralline algae substrata, with only the
Mastigocoleus testarum cluster absent from stromato-
lites (Fig. 5). More than one cluster was absent from
chitons, polychaete tubes, and echinoderms, and
the UBC was often only present in categories where
all other clusters were present. However, all

categories across all systems that contained
cyanobacteria contained ASVs that were successfully
allocated to a known euendolith cluster. No known
euendoliths were detected on isopods, though this
was limited to a single study.
All clusters were detected at the temperate lati-

tudes of 49° N–10° N and 31° S–50° S. The UBC
was notably absent from 9° N–30° S. The
Leptolyngbya-like and pleurocapsalean clusters were
detected in all oceans, with the Mastigocoleus
testarum-like being absent only from the North Sea.
The UBC however was only present in the North
Atlantic, Mediterranean, and South Pacific. Over all
categories, the Leptolyngbya-like cluster was the most
common, detected in 25 of the total 26 categories,
followed by the Pleurocapsalean cluster with 21, the
M. testarum-like cluster with 20, and the UBC with
14.
Genetic diversity within known euendolith cyanobacterial

clades. The Leptolyngbya-like cluster was the largest

FIG. 3. Distribution of cyanobacterial SILVA families across latitude categories using 16S rRNA sequence data from 32 previously pub-
lished studies and novel data collected for this study. Cyanobacterial families of temperate regions appeared to cluster together. Shaded
cells indicate the presence, and n = the number of unique studies. Dendrogram represents the similarity of communities between latitude
categories using cluster analysis and SIMPROF analysis. Dotted branches indicate a nonsignificant difference between nodes in the SIM-
PROF analysis. [Color figure can be viewed at wileyonlinelibrary.com]
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euendolith cluster with 237 ASVs comprising a total
of 335 placed sequences, followed by the Pleurocap-
salean cluster with 78 ASVs and 147 total sequences.
The Mastigocoleus testarum-like cluster and the UBC
had a similar total number of sequences with 104
and 109, respectively; however, the UBC was aggre-
gated into 20 unique ASVs, whereas the M. testarum-
like cluster contained 45. The majority of ASVs of
the Leptolyngbya-like cluster were found only inter-
tidally. Where present, subtidal ASVs were closely
clustered and found on more substrata and at more
geographic locations than intertidal ASVs (Fig. S3
in the Supporting Information). The majority of
Leptolyngbya-like ASVs were from the North Atlantic
from rock and travertine with sequences from coral,
shell, and other locations interspersed. There were,

however, several distinct branches that contained
ASVs from a range of locations.
The majority of ASVs belonging to the Pleurocap-

salean cluster were found intertidally. Where pre-
sent, subtidal ASVs were closely related and almost
always detected in corals (Fig. S4 in the Supporting
Information). Only three ASVs were detected in
stromatolites, with two of them being closely related.
As with the ASVs in the Leptolyngbya-like cluster,
some branches appeared to be conservative in their
distribution, being limited to only the North Atlan-
tic, whereas some branches were more widely dis-
tributed.
The majority of the ASVs allocated to the Mastigo-

coleus testarum-like cluster were found on rocks and
travertine, intertidally. Subtidal ASVs were often

FIG. 4. Distribution of cyanobacterial SILVA families across oceans categories using 16S rRNA sequence data from 32 previously pub-
lished studies and novel data collected for this study. Similarly, to the latitude categories, cyanobacterial families did not appear to cluster
based on ocean connectivity. Shaded cells indicate the presence, and n = the number of unique studies. Dendrogram represents the simi-
larity of communities between oceans using cluster analysis and SIMPROF analysis. Dotted branches indicate a nonsignificant difference
between nodes in the SIMPROF analysis. [Color figure can be viewed at wileyonlinelibrary.com]
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found in pairs adjacent to each other, rather than
interspersed (Fig. S5 in the Supporting Information).
Similarly, ASVs detected in shells were more closely
related despite often being detected in geographically
different areas, whereas ASVs detected on corals were
not closely related and were spread more evenly
throughout the phylogenetic tree.

The UBC formed the smallest group of euen-
doliths detected, with relatively few nucleotide substi-
tutions per site compared with the other clusters
(Fig. 6) in addition to several ASVs that contained
many sequences from several studies, suggesting
lower genetic diversity among ASVs within this group.
This small cluster of euendoliths was distributed
among fewer categories than other clusters; however,
there was a relatively clear structure to the phylogeny
of the detected ASVs. The branch annotated UBC:A
was almost exclusively detected in intertidal travertine

and rock samples, from the Roush et al. (2020) study
that originally detected the cluster (Roush and
Garcia-Pichel 2020), whereas the majority of ASVs
were detected subtidally or both intertidally and sub-
tidally. Only one ASV was detected on coral (UBC:B),
and it was not detected in any other samples.

DISCUSSION

Core cyanobacterial community. The first objective of
this study was to identify whether there was a core
microbiome of lithobiontic cyanobacteria across cal-
cium carbonate structures in different substrata and
geographical systems. The Phormidesmiaceae and
Nodosilineaceae of the Phormidesmiales, the Xeno-
coccaceae, Nostocaceae, and Chroococcidiopsi-
daceae of the Nostocales and the Leptolyngbyaceae
of the Leptolyngbyales formed a group of

FIG. 5. Distribution of previously recognized euendolithic clusters among different habitats, host substrata, latitude categories, and
oceans using 16S rRNA sequence data from 32 previously published studies and novel data collected for this study. The UBC only colo-
nizes nonliving substrates, while the three more well-known clusters are more cosmopolitan in their habitats, where n = the number of
unique studies and * denotes a study containing those sequences that did not discriminate between dead coral and dead shell.
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cyanobacterial families that were almost ubiquitous
over all samples analyzed.

In terms of sequence identification using the
SILVA database for ASVs falling within the clusters
identified by Roush et al. (2020), sequences placed
within the euendolith Cluster 1 (the Leptolyngbya-like
group) comprised the Nodosilineaceae and the
Phormidesmiaceae and may also include the well-
documented euendolith Plectonema terebrans (Roush
and Garcia-Pichel 2020). Cluster 2, the Pleurocap-
salean group, is a diverse group that encompasses
known euendoliths including Hyella sp., Solentia sp.,
and Hormathonema sp. which fall within the Xeno-
coccaceae. The UBC cluster is a cryptic group whose
closest alignment is to the Xenococcaceae (Roush
and Garcia-Pichel 2020); however, further investiga-
tion is necessary to classify the group. Sequences
that were placed within Cluster 3, the Mastigocoleus
testarum-like group, were contained in the Nosto-
caceae, the family that includes the known euen-
doliths Kyrtuthrix dalmatica (Palinska et al. 2017,
Ndhlovu et al. 2019) and Scytonema endolithicum
(Gektidis et al. 2007). It is worth noting that the
euendolith clusters from Roush et al. (2020), used
to guide this study introduce a bias to the dataset
that should be recognized; the clusters were deter-
mined from research focused on intertidal rock and
travertine tiles in the Caribbean.
Distribution of Euendolithic cyanobacteria. The sec-

ond objective was to examine the distribution of the
euendoliths. This analysis revealed that all clusters

were present in temperate marine systems, on rock,
travertine, coral, shell, and coralline algae.
Neither latitudinal gradients nor ocean connectiv-

ity/proximity was informative in explaining the pres-
ence of the euendolith cluster across the
biogeographic regions. For example, the UBC clus-
ter was notably absent from several geographical cat-
egories, with no obvious pattern to its absence. The
Pleurocapsalean cluster and the UBC were both
absent from the latitudinal category of 9° N–10° S
despite this containing five studies that included
samples from coral, coralline algae, and rock, in all
of which the UBC cluster was found elsewhere at
other latitudes (Fig. 5). The UBC cluster was a rela-
tively small group with fewer occurrences and lower
diversity than other clusters (Fig. 6), which suggests
a relatively new group that has not diversified to
have the greater temperature and substratum speci-
ficity shown by other clusters.
The UBC and the Pleurocapsalean cluster were

notably absent from equatorial marine samples, pos-
sibly as a result of a sampling bias toward more
active grazing species in the case of the Pleurocap-
salean cluster (Grange et al. 2015) and sampling of
more mature euendolith communities (Roush and
Garcia-Pichel 2020). Nevertheless, their presence in
equatorial samples was expected. Some euendolithic
species are more easily removed by grazing, such as
Hyella sp. (contained within the Pleurocapsalean
cluster) and Mastigocoleus testarum (Grange
et al. 2015) due to their shallow boring or poor

FIG. 6. Maximum likelihood phylogenetic tree (1000 bootstraps using the GTRGAMMA substitution model) of 16S rRNA sequences
from 32 previously published studies and novel data collected for this study placed within the euendolith “unknown boring cluster”
(UBC) using the Cydrasil 2.0 protocol. The UBC:A branch was almost exclusively observed in intertidal travertine and rock samples and
UBC:B detected only on coral. The tree was rooted to the nearest outgroup on the Cydrasil reference tree. Shaded cells on the right indi-
cate the presence of that ASV in different habitats, host substrata, latitude, and ocean categories. # Seqs indicates the number of studies
that contained the ASV, and the scale bar denotes nucleotide substitution per site.
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attachment. These genera were also absent from
echinoderms and polychaete tubes, and the Pleuro-
capsalean cluster was only absent from chitons. This
may be explained by high grazing activity on those
substrata by other organisms, or self-cleaning by the
organism, which may remove weakly attached bacte-
ria, allowing deeper borers, or cyanobacteria with
greater attachment strength, to persist.

The absence of any geographic trends in endolith
distribution among oceans or latitudes is presum-
ably a result of the width of the latitudinal brackets
used, while oceans include many habitats and biore-
gions with a wide range of conditions of light inten-
sity and temperature. However, using ocean as a
metadata category for the phylogenetic trees of indi-
vidual clusters allowed the observation of ASVs that
were detected more widely than others. For exam-
ple, the “Ocean” categories demonstrate the larger
geographical distribution better than “Latitude” for
the branches within the phylogenetic trees.

Of particular interest was the genetic diversity
analysis of the UBC. Over half of the ASVs were
identified in stromatolites, with half found exclu-
sively there. The topography of the tree suggests
stromatolites as an evolutionary origin for the clus-
ter, with UBC:A (Fig. 6) diverging from stromato-
lites and being identified exclusively in rock and
travertine. The single ASV observed in corals in the
North Atlantic is particularly interesting, as it could
represent radiation of this recently discovered group
into corals as a new substratum, making it of future
concern over coral reef degradation should it dis-
perse to other latitudes and geographical areas.
Where present, the UBC is an important pioneer
cluster in euendolith colonization dynamics (Roush
and Garcia-Pichel 2020), so it would be of interest
to further investigate the identity, origin, and geo-
graphical expansion of the cluster.

The cyanobacterial community was most similar
among coralline algae, shells, coral, and rock (includ-
ing travertine), and these substrata collectively con-
tained all the previously identified euendolith
clusters. ASVs tended to be quite substratum-specific,
usually being restricted to either rock and/or traver-
tine and one other substratum, with very few being
present in both coral and shell. This suggests high
substratum (as well as geographic and niche) speci-
ficity of euendoliths, contrary to previous suggestions
that phototrophic endoliths are generalists (Tribol-
let 2008, Marquet et al. 2013, Ndhlovu et al. 2019).

Although limited to a single study (Wenzel
et al. 2018), no euendoliths were detected on iso-
pod carapaces. Samples from isopods contained no
photosynthetic cyanobacteria or other euendoliths.
This could be a result of frequent molting of the
isopods in the included study (Jaera albifrons) mean-
ing the protective epicuticle layer over the calcium
carbonate layers does not become sufficiently
eroded to allow euendolith communities to establish
themselves.

Coralline algae, many shell-bearing organisms,
and corals are important ecosystem engineers and
are important for fostering biodiversity (Buschbaum
et al. 2009, G�omez-Lemos et al. 2018). It is known
that microbial dissolution of corals (Tribollet
et al. 2009, Reyes-Nivia et al. 2013) and coralline
algae (Reyes-Nivia et al. 2014) increases under con-
ditions of elevated pCO2. Consequently, changes in
the identity and boring efficiency of the endolithic
communities associated with ecological engineers as
a result of changes in ocean pH and temperature
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Figure S1. Alpha-rarefaction curves for host sub-
strata (a), latitude category (b), habitat category
(c), and ocean category (d) constructed using the
number of unique ASVs and sequencing depth
(number of sequences from all studies) of 16S
rRNA sequences from 32 previously published
studies and novel data collected for this study.

Figure S2. World map showing the position lati-
tudinal categories used for the analysis of the glo-
bal distribution of cyanobacterial species.

Figure S3. Maximum likelihood phylogenetic
tree (1000 bootstraps using the GTRGAMMA sub-
stitution model) of 16S rRNA sequences from 32
previously published studies and novel data col-
lected for this study placed within the euendolith
cluster 1, Leptolyngbya-like cyanobacteria using the
Cydrasil 2.0 protocol. The tree was rooted to the
nearest outgroup on the Cydrasil reference tree.
Shaded cells on the right indicate the presence of
that ASV in different habitats, host substrata, lati-
tude, and ocean categories. # Seqs indicates the
number of studies that contained the ASV, and
the scale bar denotes nucleotide substitution per
site.

Figure S4. Maximum likelihood phylogenetic
tree (1000 bootstraps using the GTRGAMMA sub-
stitution model) of 16S rRNA sequences from 32
previously published studies and novel data col-
lected for this study placed within the euendolith
cluster 2, the Pleurocapsales using the Cydrasil
2.0 protocol. The tree was rooted to the nearest
outgroup on the Cydrasil reference tree. Shaded
cells on the right indicate the presence of that
ASV in different habitats, host substrata, latitude,
and ocean categories. # Seqs indicates the num-
ber of studies that contained the ASV, and the
scale bar denotes nucleotide substitution per site.

Figure S5. Maximum likelihood phylogenetic
tree (1000 bootstraps using the GTRGAMMA sub-
stitution model) of 16S rRNA sequences from 32
previously published studies and novel data col-
lected for this study placed within the euendolith
cluster 3, Mastigocoleus testarum-like cyanobacteria
using the Cydrasil 2.0 protocol. The tree was
rooted to the nearest outgroup on the Cydrasil
reference tree. Shaded cells on the right indicate
the presence of that ASV in different habitats,
host substrata, latitude, and ocean categories. #
Seqs indicates the number of studies that con-
tained the ASV, and the scale bar denotes nucleo-
tide substitution per site.
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