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Glycerol dibiphytanyl glycerol  tetraethers  (GDGTs) are distinctive 

archaeal membrane-spanning lipids with up to eight cyclopentane 

rings and/or  one cyclohexane ring. The number  of rings added to 

the GDGT core structure can vary as a function of environmental 

conditions, such as changes in growth temperature. This physiolog- 

ical response enables cyclic GDGTs preserved  in sediments  to be 

employed  as proxies  for reconstructing past  global  and regional 

temperatures and to provide fundamental insights into ancient 

climate  variability. Yet,  confidence  in GDGT-based paleotempera- 

ture proxies is hindered by uncertainty concerning the archaeal 

communities contributing to GDGT pools in modern environments 

and ambiguity in the environmental and physiological factors that 

affect  GDGT cyclization  in extant archaea. To properly  constrain 

these uncertainties,  a comprehensive understanding of GDGT 

biosynthesis is required. Here, we identify 2 GDGT ring synthases, 

GrsA and GrsB, essential for  GDGT ring  formation in Sulfolobus 

acidocaldarius. Both proteins are radical S-adenosylmethionine 

proteins,  indicating that GDGT cyclization  occurs through a free 

radical mechanism. In addition, we demonstrate  that GrsA intro- 

duces rings specifically at the C-7 position  of the core GDGT lipid, 

while  GrsB cyclizes at the C-3 position, suggesting that cycliza- 

tion patterns  are differentially controlled by 2 separate enzymes 

and potentially influenced by distinct environmental factors. Fi- 

nally, phylogenetic analyses of the Grs proteins reveal that marine 

Thaumarchaeota, and not Euryarchaeota, are the dominant source 

of  cyclized  GDGTs in  open  ocean settings,  addressing  a major 

source of  uncertainty  in  GDGT-based paleotemperature proxy 

applications. 
 

GDGT  | radical SAM | Sulfolobus | paleotemperature proxies 

 
rchaea  are  distinct  from  bacteria  and  eukaryotes  in many 
respects, including, most prominently, the chemistry of their 

membrane  lipids. While bacterial  and  eukaryotic  lipids are  com- 
posed  of  fatty  acid  bilayers,  archaeal  membranes   comprise 
isoprenoidal  bilayers that may be fused to form unique 86 carbon 
membrane-spanning  structures   known  as  glycerol  dibiphytanyl 
glycerol tetraethers (GDGTs) (1).  GDGTs  are  further  modified 
through the insertion of up to 8 cyclopentyl moieties at the C-7 and 
C-3 positions of each of the biphytanyl chains (Fig. 1), cross-linking 
of the 2 biphytanyl chains, and inclusion of a cyclohexane ring at 
C-11 believed  to  be specific to  taxa within the  Thaumarchaeota 
phylum (2). It is proposed  that archaea  modify their GDGTs  as a 
way to adjust  membrane  rigidity in response  to changes  in envi- 
ronmental  temperature, pH, and/or salinity and that these modifi- 
cations provide a protective effect under fluctuating environmental 
conditions  (3). Several studies have specifically documented a re- 
lationship between growth temperature and GDGT  cyclization (4– 
6), and this association  is the basis for a variety of GDGT-based 
paleoenvironmental proxies, such as the TEX86 (Tetraether Index 

of 86 carbons) sea surface temperature proxy. This index, and other 
related parameters such as the Ring Index, allow the occurrence of 
cyclic GDGTs  and their isomers in marine surface sediments to 

 

be correlated  with overlying sea surface temperatures (7, 8). 
Given the ubiquity of GDGTs in marine sediments and their 
resistance to diagenetic alterations, these proxies are potentially 
powerful paleoclimatology  tools that  allow for reconstruction of 
past temperature changes, providing insight into Earth system 
dynamics deep in geologic time (9). 

However,   a  robust   assessment   of  GDGT-based  proxies  is 

hampered  by a variety of unresolved  factors, including the influ- 

ence  of  environmental   factors  other  than  temperature on  in- 

creased tetraether cyclization (9–13) and ambiguity in the archaeal 

taxa contributing  to GDGT  pools in marine ecosystems (14, 15). 

Specifically, applications of TEX86 assume that mesophilic Marine 

Group  I  (MG-I)  Thaumarchaeota are  the  dominant  source  of 

cyclic GDGTs  in  the  pelagic  zone  (9).  However,  studies  have 

shown that MG-II Euryarchaeota are abundant  in near-surface 

waters (14, 15), and some have suggested that marine 

Euryarchaeota are significant contributors  to ocean cyclic GDGT 

pools at shallower depths (13, 16). A mixed archaeal population 

producing cyclized GDGTs  in the marine water column could 

significantly affect TEX86-based temperature estimates,  especially 

if GDGT  distribution  patterns  reflect  changes  in archaeal  com- 

munity structure  rather  than  changes in temperature. Therefore, 

constraining the archaeal sources of GDGTs in the open oceans is 
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Although  S. acidocaldarius is a thermoacidophile not detected  in 
marine  systems that  would be applicable  to TEX86  proxies, it 

WT does produce  GDGTs  with up to 8 cyclopentyl rings (Fig. 1A), 
and  it  is one  of  a  few genetically  tractable   archaeal  model 
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systems (21).  Our  studies  revealed  that  deletion  of grsA and 
grsB in S. acidocaldarius results in complete  loss of GDGT  cy- 
clization. In addition,  we demonstrate that  each tetraether cy- 
clization protein inserts cyclopentane rings at specific locations on 
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chemical mechanism of GDGT synthesis. Finally, bioinformatics 
analyses show that  Grs homologs in marine  systems are domi- 
nated by MG-I Thaumarchaeota species and validate the underlying 
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TEX86  assumption  that  Thaumarchaeota, and not Euryarchaeota, 
are  the  dominant  contributors   to  cyclic GDGT  pools  in  the 
surface ocean. 
 

Results 

Identification  of 2 GDGT Cyclization Proteins in S. acidocaldarius. To 
identify potential  GDGT  cyclization candidate  proteins, we first 
hypothesized  that  the introduction of cyclopentane  rings into the 
GDGT  core  structure  would require  a free  radical  mechanism, 
most likely carried  out by a radical S-adenosylmethionine (SAM)
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protein. The radical SAM protein family encompasses a wide class 
of enzymes that generate  a deoxyadenosyl radical to initiate  a di- 
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verse set of otherwise  difficult chemical reactions  (22). We have 
previously shown that  radical  SAM proteins  are  critical for fine- 
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tuning of various lipid structures,  including formation  of the non- 
hydrolyzable  calditol  head  group  in  the  membrane  lipids  of  S. 
acidocaldarius and modifications to hopanoid lipids in bacteria (23– 

O 

O 

 
C3 

HO C7 
O 

 
O 

 

 
 
GDGT-7 

 

 
 
 
C7’ 

 
O 

O 
OH 

C3’ 

1 0 

 
0 

 

2 0 
WT + pJK031A-grsA-grsB 

 

1 

26). Both modifications  involve formation  of new C−C  bonds at 
otherwise unreactive  carbon atoms. The S. acidocaldarius genome 
contains   18  annotated  radical   SAMs  (Pfam:  04055),  and  we 
searched for homologs of each of these proteins that were present 
in the genomes of archaea that produce  cyclic GDGTs  and absent 
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C7’ 

O 1 
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OH 

from those that  produce  only GDGT-0  or which do not produce 
any GDGTs  at all. This analysis resulted in 3 GDGT  ring synthase 

C3 19 21     23      25    27     29    31     33 

Time (min) 
(grs) candidate  genes: saci_0240, saci_1585, and saci_1785. 

Deletion   of  saci_1785  in  S.  acidocaldarius  did  not  alter 
Fig. 1.   GrsA (Saci_1585) and GrsB (Saci_0240) are required  for  GDGT ring 

formation. (A) Various GDGT structures produced by S. acidocaldarius. Acy- 

clic GDGT-0 is hypothesized to be the biosynthetic  precursor to cyclic GDGTs. 

The C-7 and  C-3 positions  are  indicated  on  GDGT-8. (B) LC-MS merged 

extracted ion chromatograms (EICs) of acid-hydrolyzed lipid extracts of S. 

acidocaldarius wild type (WT), grs single and double mutants, and the 

complemented  double deletion strain. Grey boxes indicate amplification of y 

axis to  highlight smaller peaks. (C ) LC-MS merged  EICs of  acid-hydrolyzed 

lipid  extracts of M. acetivorans WT with  empty  plasmid pJK031A showing 

only  a minor  production of  GDGT-0 and M. acetivorans  WT with  S. acid- 

ocaldarius grsA and grsB heterologously expressed producing  GDGTs with 

up to 2 rings. The numbers above each chromatographic peak indicate the 

number of cyclopentane rings in the GDGT structure. Multiple isomers of ring- 

containing GDGTs and their  mass spectra are shown in SI Appendix, Fig. S1. 
 

 
critical  but  has  been  difficult, as there  are  currently  no  MG-II 

isolates in culture  to directly test for GDGT  production  and the 

proteins required for tetraether biosynthesis are still unknown (17– 
20). Identification  of GDGT  ring formation  proteins  would al- 

low for a direct assessment through  bioinformatics analyses of 

the archaeal  taxa potentially  producing cyclized GDGTs  in ma- 

rine environments.  This would also enable transcriptomic  and 

biochemical studies that directly assess how changes in temperature 

affect  the  expression  and  biochemical  activity of these  proteins. 
These types of studies would provide significant insight into current 

GDGT-based proxy ambiguities  and  vastly improve  the  devel- 

opment and understanding of these paleotemperature proxies. 

In  this study, we utilized  a comparative  genomics  approach 

coupled to gene deletion  and lipid analyses to identify 2 GDGT 

ring synthase proteins, GrsA and GrsB, in Sulfolobus acidocaldarius. 

tetraether lipid production,  nor did we observe any other  pheno- 
typic consequences  of this deletion.  However,  deletion  of 
saci_0240 and saci_1585 resulted  in a dramatic  reduction  in the 
number  of GDGT  rings (Fig. 1B and SI Appendix, Fig. S1). Mu- 
tants lacking saci_1585 (grsA) produced  primarily GDGT-0  with a 
small amount  of GDGT-1,  while saci_0240 (grsB) deletion  mu- 
tants produced GDGTs with up to a maximum of 4 rings. Deleting 
both  grsA and  grsB together   resulted  in  the  complete  loss  of 
GDGT  cyclization, indicating that ring formation  is not essential 
in S. acidocaldarius, although we do observe a reduced growth rate 
(SI Appendix, Fig. S2). Complementation of the double deletion 
strain by expressing grsA and grsB together  restored  the ability to 
produce  GDGTs  with up to 8 cyclopentyl rings (Fig. 1B). 

We next wanted to determine  whether any other  proteins  are 
required for inserting cyclopentyl rings into the core GDGT 
structure.  To do so, we heterologously  expressed each gene in 
Methanosarcina acetivorans, a methanogen  that  produces  minor 
amounts of GDGT-0  but does not produce any cyclized GDGTs. 
Expression of grsA and grsB together  in M. acetivorans produced 
GDGTs  with 1 or 2 cyclopentyl rings (Fig. 1C), indicating  that 
these 2 proteins are sufficient for ring formation. However, GrsA 
and GrsB did not produce  GDGTs  with more than 2 rings in M. 
acetivorans, and  expression  of grsA alone  resulted  in the  pro- 
duction  of  GDGT-1,   while  expression  of  grsB alone  did  not 
produce any cyclized GDGTs  (SI Appendix, Fig. S3). This partial 
complementation is most likely due to a combination  of factors, 
including inefficient expression of thermophilic proteins in a 
mesophilic strain and the small amount of endogenous GDGT-0, 
a  potential   Grs  substrate,  available  in  the  heterologous  host. 
Nonetheless,  these expression results in M. acetivorans together 

https://www.pnas.org/cgi/doi/10.1073/pnas.1909306116
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with the gene deletions analyses in S. acidocaldarius confirm that 

GrsA and GrsB are necessary for GDGT  ring formation. 
 

Grs Proteins Add Cyclopentane Rings at Distinct Locations. Having 

established that GrsA and GrsB are required for GDGT cyclization, 

we subsequently wanted to assess how these 2 proteins together 

generate  the various ring patterns  observed in S. acidocaldarius 

membrane-spanning lipids. Deletion  of grsB indicated  that  GrsA 

adds 4 rings to the core structure  (Fig. 1B), and this was confirmed 

by complementing the double deletion mutant with grsA alone (Fig. 

2A). In contrast,  deletion  of grsA suggested that  GrsB only intro- 

duces one ring (Fig. 1B). But complementation of the double 

deletion  mutant   with  only  grsB resulted  in  the  production   of 

GDGT-1  and a small amount  GDGT-2  (Fig. 2A), demonstrating 

that  GrsB can add multiple rings but is less efficient than GrsA. 

Because the ΔgrsAΔgrsB strain only produces GDGT-0, this in- 

efficiency may be a result of GDGT-0 not being the preferred  GrsB 

substrate. We hypothesized that GrsB might favor a cyclized GDGT 

substrate  with rings already  introduced  at a specific position  and 

that each protein  is potentially cyclizing the isoprenoid  structure  at 

distinct locations (Fig. 2B). 
If our hypothesis is correct,  then  the GDGT-1  and GDGT-2 

produced  by grsB complementation and the GDGT-1,  GDGT-2, 

GDGT-3,  and GDGT-4  generated through  grsA complementa- 

tion  should  have rings at different  positions  (Fig. 2A). To test 

this, biphytane  structures  were  generated from  complemented 
and wild-type lipid extracts through ether bond cleavage and 
analyzed  by gas chromatography−mass spectrometry  (GC-MS) 
(27). In the extracts of the grsA-complemented mutant, biphytanes 
with no rings or with 1 or 2 rings at C-7 were detected,  indicating 
that GrsA only adds rings at the C-7 position (Fig. 2C and SI 
Appendix, Fig. S4). In the lipid extracts of the grsB-complemented 
mutant, only a small amount of biphytane with one ring could be 
detected,  and  this ring was located  exclusively at the  C-3 posi- 
tion. Further,  we only observed biphytanes with rings at both the 
C-3 and C-7 positions when grsA and grsB are expressed together 
and did not detect  any biphytanes  with rings only at C-3 in this 
strain. All told, these  data  demonstrate that  GrsA  and GrsB in- 
troduce rings at C-7 and C-3, respectively, and that GrsB prefers a 
substrate  with existing C-7 rings (Fig. 2B). This suggests that  cy- 
clization at C-7 by GrsA is occurring prior to cyclization by GrsB 
at C-3, and, therefore,  ring formation  progresses from the center 
of the tetraether lipid outward toward the glycerol moieties. 
 

Redundant Grs Copies Identified in Archaeal Genomes Are Functional. 

The discovery that specific tetraether rings are introduced  by 
distinct proteins indicates that we may be able to predict the 
cyclized GDGT  structures  produced  by different  archaea  based 
on the Grs homologs present in their genomes. To determine 
whether  this is possible,  we searched  for  GrsA  and  GrsB  ho- 
mologs in a subset of Crenarchaeota, Thaumarchaeota, and 
Euryarchaeota species for which GDGT  profiles have been de- 
termined  (12). We predicted  that archaea  that produce  GDGTs 
with 1 to 4 rings at C-7 would have one GrsA homolog in their 

A 
S. acidocaldarius ∆grsA∆grsB 

C 
 

×10
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WT genome,  while archaea  that  produce  more-complex  structures 
such as GDGT-5  through  GDGT-8  or crenarchaeol, with an ad- 
ditional cyclohexane ring at C-11, would have a second synthase in 
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bp4 their  genomes.  This pattern  was observed  for several of the  ar- 
chaea  in our  search  (SI Appendix, Table  S1). However,  we also 
found  that  some  archaea  have  multiple  GrsA  or  GrsB  copies, 
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∆grsA∆grsB which was unexpected  given their  lipid  profiles.  For  example, 
 
related to S. acidocaldarius that also produces GDGTs  with up to 
8 cyclopentane  rings (18), has 1 GrsA (SSO0604) and 2 potential 
GrsB homologs (SSO0477 and SSO2881). Based on sequence 
homology alone, it is unclear whether these multiple GrsB copies 
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are functional  and whether  they are both catalyzing the insertion 
of cyclopentane  rings at C-3. 

To test the functionality of these potentially redundant Grs 
homologs, we expressed  the S. solfataricus grs genes in the S. 
acidocaldarius  ΔgrsAΔgrsB  mutant.  The  S. solfataricus GrsA 

GDGT-0 HO 
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O
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4 

(SSO0604)  homolog  produced   GDGT-1   through  GDGT-4,   in- 
dicating that this protein  has the same function as the S. acid- 
ocaldarius  GrsA  (Fig.  3A).  Expression  of  grsB1 (SSO0477) 
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OH 

GDGT-2 (C3) grsB 
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bp2x 
produced  GDGT-1  and a minor amount  of GDGT-2,  while grsB2 
(SSO2881) expression resulted in a small amount of GDGT-1 (Fig.

 
HO 

O 

O  0 

O 

O 

GDGT-8 (C3+C7)      
OH

 

bp1 bp2     bp3 bp4 

 
80     85 90      95    100    105    110 
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3A). This minor production  of cyclized GDGTs  in the double de- 
letion mutant  by the S. solfataricus GrsB homologs indicates  that 
both GrsB homologs are functional but also suggests that, similar to 

 

Fig. 2.   GrsA and GrsB insert rings at distinct locations on the core GDGT 

structure. (A) LC-MS merged EICs of acid-hydrolyzed extracts from the 

complemented  ΔgrsAΔgrsB deletion strains showing that  GrsA can generate 

GDGT-1 to GDGT-4 (Top) and  GrsB only  produces  GDGT-1 and  GDGT-2 

(Bottom).  (B) GrsA is proposed to utilize  GDGT-0  as a substrate and intro- 

duces 4 rings at the C-7 position, while GrsB prefers a substrate with  rings at 

C-7 and introduces  rings at the C-3 position.  GrsB is also able to introduce 

rings at the C-3 position of GDGT-0, but this is thought to be an unfavorable 

side reaction  in  the  complementation experiments.  (C ) GC-MS  total  ion 

chromatograms of  biphytanes  released by ether  cleavage of  lipid  extracts 

from S. acidocaldarius WT, ΔgrsAΔgrsB complemented with  grsA alone, grsB 

alone,  and both  genes together, showing  that  GrsA synthesizes rings ex- 

clusively at C-7 and GrsB at C-3. Grey boxes indicate amplification of y axis to 

highlight smaller  peaks. bp,  biphytane.   Mass spectra  of  biphytanes  are 

shown in SI Appendix, Fig. S4. 

what we observe with GrsB in S. acidocaldarius, their preferred 
substrate might be a cyclized GDGT. To test this, we expressed the 
grsB homologs  individually in the  S. acidocaldarius  grsB mutant 
which produces  GDGT-1  through  GDGT-4.  Complementation of 
this strain demonstrated that GrsB1 produces  significant amounts 
of  GDGT-5   through   GDGT-7   and  GrsB2  produces  GDGT-5 
through  GDGT-8  (Fig.  3B). Thus,  both  of these  S. solfataricus 
proteins   are  functional   GrsB  homologs  that  prefer   a  cyclized 
GDGT  substrate  and are cyclizing at the C-3 position. 

The occurrence  of multiple  Grs homologs  in a variety of ar- 
chaea  raises the  question  as to  what purpose  these  redundant 
copies serve. It is possible these multiple grs gene copies may be 
differentially  expressed under  distinct environmental  conditions 
or that  there  are differences  in the enzymatic properties  of the 

https://www.pnas.org/lookup/suppl/doi%3A10.1073/pnas.1909306116/-/DCSupplemental
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S. acidocaldarius ∆grsA∆grsB 
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B 
S. acidocaldarius ∆grsB 

has been suggested that MG-II Euryarchaeota are also significant 
contributors  to ocean cyclic GDGT  pools at shallower depths 
(13, 16) but this has been difficult to assess, as MG-II  organisms 

8 
1 
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 + p1561-SSO0477 have not been cultured and shown to produce cyclic GDGTs. One 
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7 

study attempted to correlate cyclic GDGT distribution in the North 
Pacific Subtropical  Gyre (NPSG)  with the occurrence  of Eur- 
yarchaeota  and  Thaumarchaeota 16S ribosomal  RNA  (rRNA) 
and  metagenomic  gene sequence  counts (16). Although  the corre- 
lation between GDGTs  detected  and the occurrence  of MG-II 
Euryarchaeota  above 150 m was robust,  these  findings were 

(grsB1) 
4 

 
2 

0 
8 

0 + p1561-SSO2881 
(grsB2) 

4 

 

 
3 4 

8 2 5 
1 

4    0 

 
0 

+ p1561-SSO2881 

(grsB2) 
6 

8 

7 

contentious,  because  detection  of a  specific archaeal  group 
with genetic markers unrelated  to GDGT biosynthesis does not 
necessarily indicate that this group is producing the observed 
GDGTs  (28, 29). 

To better clarify whether MG-II Euryarchaeota are a potential 
source of cyclic GDGTs  in the NPSG, we searched for GrsA and 
GrsB homologs in 38 publicly available NPSG metagenomes  (SI 
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Time (min) 
Appendix, Table  S2) in  the  Joint  Genome  Institute  (JGI)  In- 
tegrated  Microbial Genomes (IMG) database (30). We retrieved 

709 Grs  homologs  (>400  amino  acids, e value < 1e−20, >20% 
identity)  from  metagenomes   collected  at  125  m  and  deeper. 
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Above this depth,  only one  Grs  homolog  was detected  from a 
metagenome collected  at 25 m. The  majority of Grs homologs 
were present  in the metagenome samples collected from deeper 
in the  water  column,  with the  most  homologs  retrieved  from 
500 m (291) and 770 m (235). However, only 8 (1%) of the Grs 
sequences  retrieved   were  unique  when  redundant  sequences 
were removed  from the dataset,  indicating that  the diversity of 
Grs sequences in the NPSG water column is limited. 

grsA grsB grsA grsB1 grsB2 

 
S. acidocaldarius S. solfataricus 

 
Fig. 3.   S. solfataricus Grs homologs are functional. (A) LC-MS merged EICs 

of acid-hydrolyzed  lipid  extracts of S. acidocaldarius ΔgrsAΔgrsB expressing 

S. solfataricus grs homologs. Expression of SSO0604 results in the production 

of GDGT-1 through GDGT-4, expression of SSO0477 produces GDGT-1 and 

GDGT-2, and  expression  of  SSO2881  produces  only  GDGT-1. (B) LC-MS 

merged EICs of acid-hydrolyzed lipid extracts of S. acidocaldarius ΔgrsB 

expressing the 2 S. solfataricus GrsB homologs  (SSO0477 and SSO2881). In 

this strain,  the  S.  solfataricus  GrsB1 (SSO0477) produces GDGT-5 through 

GDGT-7, while  GrsB2 (SSO2881)  produces GDGT-5 through GDGT-8 (bold 

numbers).  Because the  S.  acidocaldarius  ΔgrsB strain  produces  GDGT-1 

through GDGT-4, these results suggest that S. solfataricus GrsB1 and GrsB2 

prefer  cyclized GDGT substrates. (C ) Quantification of grsA and grsB tran- 

scripts in S. acidocaldarius and S. solfataricus. In S. acidocaldarius, grsA is 

expressed 9-fold higher than grsB. In S. solfataricus, grsA is expressed 18-fold 

higher than grsB1 and 134-fold higher than grsB2, while  grsB1 is expressed 

7-fold  higher  than grsB2. 
 

 
various Grs proteins  that  provide a physiological advantage.  To 

begin to distinguish between  these  2 possibilities, we measured 

transcript  levels of the  grs genes  in the  wild-type strains  of S. 

acidocaldarius and S. solfataricus under  standard  growth condi- 

tions. We found that grsB1 transcript levels in S. solfataricus were 

7-fold higher than the transcript  levels of grsB2 (Fig. 3C), dem- 

onstrating  that  these  redundant proteins  are  expressed  at  dif- 

ferent levels. In addition, both the S. acidocaldarius and S. 

solfataricus grsA genes are expressed 1 to 2 orders of magnitude 

higher than the grsB genes (Fig. 3C). Thus, there does appear  to 

be some differential  transcriptional control of grsA and grsB. 
 

Grs Homologs in Open Oceans Are Restricted to the Thaumarchaeota. 

Our  identification  of the Grs proteins  now allows us to more di- 

rectly address the potential  contributions  of Thaumarchaeota and 

Euryarchaeota to cyclic GDGT  pools in marine  settings. As pre- 

viously noted,  TEX86  paleotemperature proxies are based on the 

assumption  that mesophilic MG-I Thaumarchaeota are the domi- 

nant source of cyclic GDGTs  in the pelagic zone (9). However, it 

To determine  which archaeal  group the NPSG homologs are 
derived from, a maximum-likelihood phylogenetic tree was 

generated with 329 unique Grs homologs (e value < 1e−20, >20% 
identity) retrieved from the JGI IMG archaeal isolates genomes 
database  (SI Appendix, Fig. S5). Due to short sequences, present 
transcriptome data  were insufficient to include  in our phyloge- 
netic trees. The clustering of the NPSG metagenome sequences 
revealed that all 8 homologs are closely related  to MG-I 
Thaumarchaeota Grs  sequences  (Fig.  4).  This  indicates  that, 
even though MG-II  Euryarchaeota dominate  the surface waters 
of the NPSG based on 16S rRNA  gene and metagenomic  anal- 
yses (16), the MG-I Thaumarchaeota are the only source of cy- 
clic GDGTs  in both the shallow and deep waters of the NPSG. 
The lack of Grs homologs at shallower depths also suggests that 
MG-II  Euryarchaeota, more broadly, may not produce  any cyclic 
GDGTs. To test this, we searched for Grs homologs in 228 MG-II 
metagenome  acquired   genomes   (MAGs;   taxon   ID:   133814) 
recently  assembled  from  a variety of marine  environments  (31) 
and   available  in  the   National   Center   for  Biotechnology   In- 
formation  database.  We did not detect any Grs homologs in these 

searches (e value < 1e−20, >20% identity), suggesting that MG-II 
Euryarchaeota do not have the genetic potential  to produce  any 
cyclized GDGTs.  Thus, our analyses support  the hypothesis that 
mesophilic marine Thaumarchaeota are the dominant source of 
cyclic GDGTs  in the open ocean. 
 

Discussion 

The discovery of isoprenoidal tetraether lipids in archaea over 40 y 
ago (17) has generated  significant interest  in the biosynthesis and 
biomarker applications of these unique molecules. From a bio- 
synthesis perspective,  the  proteins  and  catalytic mechanisms  be- 
hind  the  potential   condensation   of  2  diether   lipids  to  form 
GDGT-0 and the reactions that insert the cyclopentane or cy- 
clohexane  rings into the core GDGT  have been  difficult to elu- 
cidate (1, 19, 20). Although a few studies have suggested potential 
mechanisms for the diether condensation  (32–36), no potential 
mechanism has been proposed for the formation of the cyclo- 
pentane  rings. Our finding that 2 radical SAM proteins are 
necessary for GDGT  cyclization establishes that  a free radical 

https://www.pnas.org/cgi/doi/10.1073/pnas.1909306116
https://www.pnas.org/lookup/suppl/doi%3A10.1073/pnas.1909306116/-/DCSupplemental
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Clade A 
Ca. Nitrosocaldus islandicus 
Ca. Nitrososphaera gargensis 
Ca. Nitrosocaldus islandicus 

Ca. Nitrosocaldus islandicus 
Unclassified Archaeon Obs5 
Thaumarchaeota archaeon 

Ca. Nitrososphaera gargensis 
Nitrososphaera viennensis 
Unclassified Thaumarchaeota 
Ca. Nitrosocosmicus exaquare 
Nitrosotalea sp. CS NCS1 

Ca. Nitrosotenuis aquarius 

Thaumarchaeota archaeon 

HOT231_1_0200m 

Thaumarchaeota archaeon 

HOT224_1_1000m 

HOT232_2_0500m 
Cenarchaeum symbiosum 
Ca. Nitrosopelagicus brevis 
HOT225_1_0125m 

Ca. Nitrosoarchaeum limnia 

MG-I.1a Thaumarchaeota 

Nitrosopumilus maritimus 

Ca. Nitrosopumilus koreensis 
 

Tree scale: 1 

Bootstrap > 0.9 

Clade B 
Ca. Nitrosocaldus islandicus 

Unclassified Archaeon Obs5 
Thaumarchaeota archaeon 
Ca. Nitrososphaera gargensis 

Nitrososphaera viennensis 
Ca. Nitrosocosmicus exaquare 

Unclassified Thaumarchaeota 
Thaumarchaeota archaeum 
Nitrosotalea sp. CS NCS1 

Thaumarchaeota archaeon 

Ca. Nitrosotenuis aquarius 

Cenarchaeum symbiosum 

Thaumarchaeota archaeon 
Ca. Nitrosoarchaeum limnia 

Ca. Nitrosoarchaeum limnia 

Nitrosopumilus maritimus 

Ca. Nitrosopumilus koreensis 
NPSG Ga0052235_10544711 
HOT236_2_0770m 

MG-I Thaumarchaeote 

Nitrosopelagicus sp. REDSEA 
HOT237_1_0025m 
HOT238_1_0125m 

Thaumarchaeota archaea 
 

Tree scale: 1 

Bootstrap > 0.9 

homolog  as  well  as  a  unique  Grs  responsible   for  generating 
the C-11 cyclohexane ring. Our bioinformatics analyses did reveal 
several potential  Grs homologs in Thaumarchaeota genomes (SI 
Appendix, Table S1), and future  analyses of these homologs may 
reveal the synthase responsible for the cyclization at C-11. We also 
demonstrate that the grsA and grsB genes are differentially expressed 
under  standard  conditions  in both  S. acidocaldarius  and  S. sol- 
fataricus. This implies that the regulatory mechanisms that control 
cyclization at  C-7 and  C-3 (and  perhaps  C-11 of crenarchaeol) 
may differ and  be influenced  by distinct  environmental  factors. 
Because paleotemperature proxies are derived from ratios of a 
subset of cyclized GDGTs,  the robustness of TEX86 and other 

indices  can  be improved  by determining  which cyclization sites 
(C-3 vs. C-7 vs. C-11), if any, respond  to environmental or physio- 
logical fluctuations,  through  in vivo and in vitro analyses of the 
respective Grs proteins. 

Finally, this work demonstrates the usefulness of identifying 
GDGT ring synthase proteins in constraining the environmental 
sources of cyclized GDGTs.  Through bioinformatics analyses of 
metagenomic  samples from the North Pacific, we show that MG-I 
Thaumarchaeota are indeed the dominant source of cyclic GDGTs 
in the open ocean. Further,  we show that genomes of MG-II 
Euryarchaeota acquired from metagenomic data do not harbor any 
Grs homologs, suggesting that these archaea  do not contribute  to 

Fig. 4.   NPSG metagenomic Grs homologs cluster only with Thaumarchaeota 

Grs homologs. Two clades from a rooted  maximum-likelihood phylogenetic 

tree of Grs homologs (e value, <1e−20; protein  identity, >20%) identified in 

cultured  archaeal genomes, single-cell acquired genomes (SAGs), MAGs, or 

NPSG metagenomes. Grs homologs from the NPSG metagenomes are shown in 

red. Full phylogenetic  maximum  likelihood (PhyML) tree is shown in SI Ap- 

pendix, Fig. S5. Black circles indicate branches that have bootstrap values 

greater than 0.9, and the scale bar represents one change per nucleotide site. 

 

 
mechanism is involved in their formation—most likely generating 
the radical necessary to initiate the internal cyclopentane ring 
formation  from the isoprenoid  methyl groups (37). Our analyses 
also demonstrate that GrsA and GrsB introduce  rings specifically 
at the C-7 or C-3 position, respectively, and suggest that the preferred 
substrate for each protein differs, with GrsA appearing to prefer the 
acyclic GDGT-0  and  GrsB  favoring C-7 cyclized GDGTs.  This is 
significant, as it shows that there is an ordered  process to cyclization, 
with the C-7 rings being introduced  prior to the C-3 rings. Further,  it 
suggests that GDGTs with rings only at the C-3 position are unlikely 
to  occur  naturally,  thereby  constraining  the  number  of  possible 
GDGT  isomers in nature.  These  findings also confirm that  cycli- 
zation occurs after the formation  of the ether bonds to glycerol-1- 
phosphate  (SI Appendix, Fig. S6) and after the condensation of 2 
diether  lipids, as has been  suggested by previous studies (32, 38, 
39). However, it is still unclear whether the GDGT  substrate must 
be unsaturated for cyclization and whether different  phospholipid 
and hexose head groups influence ring formation (SI Appendix, Fig. 
S6).  Additional   biochemical  and  structural   characterizations  of 
GrsA and GrsB, as well as identification  of the proteins  required 
for diether  condensation and  head  group  modification,  are  nec- 
essary to resolve these open questions. 

The finding that GrsA and GrsB introduce rings at distinct 
locations is also significant from a geochemical perspective. The 
TEX86 paleotemperature proxy is a ratio of a subset of cyclized 

GDGTs  that correlates the degree of cyclization with sea surface 
temperature (7), despite surface waters not being the primary 
habitat   of  these  organisms.  The  direct  relationships   between 
GDGT  ring distributions  and  thermal  properties  therefore  re- 
main unclear. One cyclized GDGT  structure  that features 
prominently  in the TEX86 paleotemperature proxy is an isomer 

of crenarchaeol, a GDGT  that appears to be restricted to 
Thaumarchaeota species and contains 4 cyclopentane rings at C-7 
and  a unique  cyclohexane  ring at  C-11 (7, 9). Given  our  find- 
ings, we would predict that Thaumarchaeota would harbor a GrsA 

cyclic GDGT  pools  in any marine  environment.  However,  it is 
possible  that   MG-II   Euryarchaeota  can  cyclize  their   GDGTs 
through  distinct proteins  not related  to Grs, and, therefore, culti- 
vation and lipid analyses of marine Euryarchaeota directly should 
be a priority to confirm these  results. Additionally,  coanalyses of 
pelagic marine GDGTs and Grs homologs in pelagic metagenomes 
are  still needed  to  determine  whether  these  patterns  are  wide- 
spread  and  whether  they  are  influenced   by  seasonal  changes. 
Nonetheless,  the results of this study demonstrate the importance 
of understanding the  molecular  details  of GDGT  biosynthesis in 
extant  organisms  to  better   constrain  paleotemperature  proxies 
which, in turn, will allow for more accurate  reconstruction of an- 
cient global temperatures and impact our understanding of past 
temperature variability and Earth  system dynamics. 
 

Methods 

Microbial Strains, Media, and Growth Conditions. Strains used in this study are 

listed in SI Appendix,  Table S3.  S. acidocaldarius MW001 and S. solfataricus 

DSM1617 were cultured  at 75 °C in Brock medium  supplemented with  0.1% 

NZ-Amine and 0.2% sucrose (40). The pH of the growth medium was adjusted 

with sulfuric acid to pH 3.5. S. acidocaldarius MW001 and mutant  strains are 

uracil auxotroph and required  supplementation with 10 μg/mL uracil. For 

growth on solid medium, Brock medium was solidified with  0.6% gelrite. 

M. acetivorans C2A strains were grown  in single-cell morphology (41) at 

37 °C in bicarbonate-buffered high-salt  liquid  medium  containing  50 mM 

trimethylamine in Balch tubes with  a N2/CO2 (80/20) headspace. Growth  on 

medium solidified  with  1.6% agar was performed as previously described by 

Sowers et al. (41), except cells were spread directly on plates without the use 

of top agar. Solid media plates were incubated in 3.5-L anaerobic jars under 

an N2/CO2/H2S (80/20/1,000 ppm) atmosphere contained inside an anaerobic 

glove chamber. All M. acetivorans manipulations were carried out under 

anaerobic conditions in an anaerobic glove chamber unless otherwise stated. 

Puromycin dihydrochloride (Research Products International) was added to a 

final  concentration of  2 μg/mL from  a sterile,  anaerobic  stock solution. 

Sterile, anaerobic tetracycline  hydrochloride solutions were prepared  fresh 

and added 1.6 μg/mL to induce protein  expression. 

Escherichia coli strains were grown  in lysogeny broth  (LB) at 37 °C with 

shaking at 225 rpm. LB media was solidified with 1.5% agar. The E. coli strain 

WM4489, a DH10B derivative  designed to control  oriV-based plasmid copy 

number, was used for M. acetivorans plasmid construction and maintenance 

(42). LB media was supplemented,  if necessary, with  100 μg/mL ampicillin, 

50 μg/mL kanamycin, and 20 μg/mL chloramphenicol for E. coli growth, and 

10 mM rhamnose to increase plasmid copy number. 

 
Molecular Cloning. All plasmids and oligonucleotides used in this study are 

described in SI Appendix,  Tables S4 and S5. Details of plasmid construction 

are described in SI Appendix. 
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Construction of S. acidocaldarius Mutants and Complementation. S. acidocaldarius 

markerless gene deletions were constructed through homologous  recombina- 

tion mediated allelic replacement as previously described by Wagner et al. (21) 

with minor modifications as outlined in SI Appendix and in Zeng et al. (23). For 

complementation experiments, plasmids were transformed into  the appropri- 

ate strains  as described in SI  Appendix,  and all complemented  strains (con- 

taining pSVA1561 plasmids) were supplemented  with 0.4% maltose to induce 

protein  expression. 

 
Lipid  Extraction  and  Analyses. Cultures  of  S.  acidocaldarius  (45  mL)  or 

M. acetivorans (250 mL) were harvested at stationary  phase of growth by 

centrifugation at 11,000 × g for 10 min, and pellets were frozen  at −20 °C 

prior  to extraction.  A modified ultrasonic extraction  method  (43) was used 

to  extract  both  intact  polar  and core GDGTs as described in SI Appendix. 

Lipids analysis by liquid  chromatography–mass  spectrometry  (LC-MS) was 

performed on an Agilent  1290 series UHPLC (ultrahigh-performance liquid 

chromatography) system coupled  to an Agilent  6530 quadrupole time-of- 

flight (Q-tof)  mass spectrometer  through an Agilent jet  stream dual  elec- 

trospray ionization (AJS-ESI) interface  as described in SI Appendix. 

 
Ether Cleavage and Biphytane Analyses. To elucidate the ring configuration on 

biphytanes, GDGTs were subjected to ether cleavage. Briefly, aliquots of total 

lipid extracts were transferred  into  a 2-mL vial and dried with  N2  prior  to the 

addition of boron tribromide (BBr3) (0.5 mL, 1 M in DCM; Sigma-Aldrich). The 

vial was sealed and heated at 60 °C for  2 h. After  removing  the solvent and 

residual BBr3 with N2, the bromides were reduced to hydrocarbons by the ad- 

dition  of superhydride  (0.5 mL, lithium triethylborohydride [LiEt3BH], in DCM, 

Sigma-Aldrich), and the mixture was maintained sealed at 60 °C for 2 h. A few 

drops of water  were  added  to quench  the reaction,  and  the  hydrocarbon 
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