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Summary

Adaptation of lipid membrane composition is an
important component of archaeal homeostatic
response. Historically, the number of cyclopentyl
and cyclohexyl rings in the glycerol dibiphytanyl
glycerol tetraether (GDGT) Archaeal lipids has been
linked to variation in environmental temperature.
However, recent work with GDGT-making archaea
highlight the roles of other factors, such as pH or
energy availability, in influencing the degree of
GDGT cyclization. To better understand the role of
multiple variables in a consistent experimental
framework and organism, we cultivated the model
Crenarchaeon Sulfolobus acidocaldarius DSM639 at
different combinations of temperature, pH, oxygen
flux, or agitation speed. We quantified responses in
growth rate, biomass yield, and core lipid composi-
tions, specifically the degree of core GDGT cycliza-
tion. The degree of GDGT cyclization correlated with
growth rate under most conditions. The results sug-
gest the degree of cyclization in archaeal lipids

records a universal response to energy availability
at the cellular level, both in thermoacidophiles, and
in other recent findings in the mesoneutrophilic
Thaumarchaea. Although we isolated the effects of
key individual parameters, there remains a need for
multi-factor experiments (e.g., pH + temperature +
redox) in order to more robustly establish a frame-
work to better understand homeostatic membrane
responses.

Introduction

Key taxa from the domain Archaea produce membranes
partly or mostly composed of the geostable lipid bio-
markers, glycerol dibiphytanyl glycerol tetraethers
(GDGTs; Pearson and Ingalls, 2013; Schouten
et al., 2013). GDGTs are found in both modern environ-
ments and preserved on geologic timescales (Kaur
et al., 2015) which can yield insights into microbial adap-
tation to environmental changes in both the modern and
geologic record and can be a key component of
reconstructing environmental parameters from when the
biomarkers were originally deposited. Archaea that pro-
duce GDGTs maintain optimal membrane fluidity and
permeability by altering the number of cyclopentyl and/or
cyclohexyl rings within the tetraether core (Gliozzi
et al., 2002). Early work with thermoacidophilic archaea
showed that temperature influences GDGT ring abun-
dance (De Rosa et al., 1980a; De Rosa and
Gambacorta, 1988). Early studies also implicated pH and
oxidant availability in altering ring abundance in thermo-
acidophiles (Zillig et al., 1983; De Rosa and
Gambacorta, 1988). Work in global oceans has shown
correlations between sea surface temperature and rela-
tive GDGT composition in the underlying sediments
(Schouten et al., 2002). Recent work with marine meso-
neutrophilic Thaumarchaeota showed that electron donor
or acceptor availability is an important determinant of
GDGT cyclization (Qin et al., 2015; Hurley et al., 2016),
and work with several different species of
thermoacidophilic Crenarchaeota demonstrated that
shifts in pH, temperature, growth phase, or electron
donor availability also resulted in different degrees of
GDGT cyclization (Boyd et al., 2011; Jensen et al., 2015;
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Feyhl-Buska et al., 2016; Zhou et al., 2019;
Quehenberger et al., 2020). These changes in GDGT
composition highlight the need for cells to maintain mem-
brane fluidity and permeability within an operative range
(van de Vossenberg et al., 1998; Oger and Cario, 2013).
Modelling studies show that cyclization of GDGTs
increases the degree of membrane packing by bringing
both the isoprenoid chains and polar head groups closer
together (Shimada et al., 2008). Tighter membrane pack-
ing, in turn, also conserves metabolic energy by reducing
transmembrane proton leak rates and thus may be one
of the many strategies archaea evolved to survive
chronic energy stress (Valentine, 2007). It follows that
not only temperature but also the other major environ-
mental variables that play a significant role in determining
membrane composition, must be considered in order to
understand GDGT-based reconstructions of past
conditions.

To better interpret GDGT ring abundance in response
to environmental change we cultivated the model thermo-
acidophile, Sulfolobus acidocaldarius DSM639 (hereafter
DSM639), under different regimes of pH, temperature,
physical perturbation, or oxygen availability. This model
organism grows quickly and to high densities, has the
ability to grow under different culture conditions, has a
suite of genetic tools available for downstream manipula-
tion (Wagner et al., 2012), and the biochemical mecha-
nisms of GDGT cyclization are known (Zeng et al., 2019).
Hot springs – such as the one that DSM639 was origi-
nally isolated from – are environments where pH, temper-
ature/oxygen solubility, and hydrology can vary widely
(Hurwitz and Lowenstern, 2014). In order to test how
changes to these parameters individually affected lipid
production in a single model organism, we quantified
core GDGTs and the average abundance of cyclopentyl
rings, as well as growth parameters such as doubling
time and biomass yield, across a range of batch and
fed-batch cultures of DSM639. This contrasts directly
with recent work in this organism that primarily tested
how direct control of nutrient availability affected GDGT
composition and modulated growth rate (Zhou
et al., 2019; Quehenberger et al., 2020). We observed
clear trends between culture doubling time and ring
abundance across all conditions. Under cultivation con-
ditions farthest from the organismal optimum, DSM639
produced several additional GDGT isomers, previously
seen by Zhou et al. (Zhou et al., 2019), in addition to
the typical suite of GDGTs. We discuss the implications
for batch and bioreactor-based cultivation efforts and
highlight the need for multiparameter studies going
forward.

Methods

Axenic cultures of DSM639 were cultivated in either batch
cultures exchanging with the atmosphere or in closed, gas-
fed batches. Medium was prepared following Wagner et al.
(Wagner et al., 2012), with sucrose (0.2% w/v) and oxygen
as the electron donor/acceptor pair. In closed batch experi-
ments a single parameter was varied per experiment –

temperature (65, 70, 75 and 80�C), pH (2, 3, 4), or shaking
speed (0, 50, 61, 75, 97, 125, 200 or 300 RPM) – where
default ‘optimal’ parameters were 70�C, pH 3, and
200 RPM. Five biological replicates were cultivated per con-
dition. Atmospheric batch experiments were performed in
temperature-controlled shaking incubators (Innova42 New
Brunswick, Eppendorf, Hauppauge NY, USA), using the
incubator’s digital control for maintenance of both tempera-
ture and shaking speed. Evaporation was minimized by
maintaining large trays of water in the incubator to saturate
the atmosphere. Gas fed-batch experiments were per-
formed in three 1-L glass bioreactors using myControl PID
controllers (Applikon, Delft, the Netherlands). In all gas-fed
batch experiments, the following parameters were held con-
stant: temperature of 70�C, impeller speed of 200 RPM,
gas flux of 200 ml min, and pH 3. Strain DSM639 was pre-
cultured in batch prior to inoculation into gas fed-batch reac-
tors. The sparge gas contained oxygen partial pressures of
either 0.2, 0.5, 1.0, 2.0 or 20% (balance N2). When
DSM639 was grown on 0.2% O2 it underwent fewer than
two generations before entering stationary phase. Due to
the concern that the harvested biomass was significantly
influenced by the inoculum, we performed a second (sub-
culture) run on 0.2% O2, where two reactors of fresh 0.2%
O2-sparged media were inoculated with late-logarithmic
phase cells from an initial 0.2% O2 experiment. Growth was
determined by optical density measurements at 600 nm.

Biomass for lipids was harvested in early stationary
phase for atmospheric batch conditions, and both late loga-
rithmic and early stationary phase for gas-fed batch (Fig. 1).
Biomass samples were pelleted by centrifugation, frozen at
−80�C, and freeze-dried prior to lipid extraction. Core lipid
fractions were obtained and analysed as previously
detailed (Elling et al., 2017; Zhou et al., 2019). Specific
growth rates were calculated by a modified implementation
of the algorithm in the study by Hall et al. (Hall et al., 2014).
Rate calculation script is available on GitLab (see
Supporting Information SI). GDGT abundances were mea-
sured by ultra-high-performance liquid chromatography
(UHPLC) coupled to an Agilent 6410 triple-quadrupole
mass spectrometer (MS) as previously described (Zhou
et al., 2019). Ring indices (RI) were calculated using the fol-
lowing equation based on peak areas of GDGTs as modi-
fied from the study by Elling et al. (2017):

© 2020 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology, 22, 4046–4056

Archael membranes respond to multiple stressors 4047



RI =
1� GDGT−1½ �+2� GDGT−2½ �+3� GDGT−3½ �+4� GDGT−4½ �+5� GDGT−5½ �+6� GDGT−6½ �+ 7� GDGT−7½ �+8� GDGT−8½ �

GDGT−0½ �+ GDGT−1½ �+ GDGT−2½ �+ GDGT−3½ �+ GDGT−4½ �+ GDGT−5½ �+ GDGT−6½ �+ GDGT−7½ �+ GDGT−8½ �
ð1Þ

Multiple isomers of GDGTs-3, 4 and 5 were detected in
some experiments, similar to samples from the study by
Zhou et al. (2019). The peak areas of the minor isomers
were summed with their respective major components
(e.g., GDGT-3 + GDGT-30) before calculating RI.
A three-way type II analysis of variance (ANOVA) was

run on GDGT relative abundances for the atmospheric
batch experiments. A one-way type II ANOVA was run
on relative abundances of each GDGT for oxygen con-
centration experiments. Non-metric multidimensional
scaling (NMDS) analyses were conducted for both atmo-
spheric batch and gas-fed batch experiments using the
Bray–Curtis dissimilarity of the absolute abundances of
each GDGT, and the first two dimensions were plotted.
Code for all statistical analyses is available on GitLab
(https://git.dartmouth.edu/leavitt_lab/cobban-saci-lipids-

batch-and-fed-batch-2020) and all data and supplemen
tal figures are also available on FigShare (https://doi.org/
10.6084/m9.figshare.c.4863426.v2).

Results

Strain DSM639 grew faster and to generally higher termi-
nal densities at higher shaking speeds (Fig. 1A), higher
temperatures (Fig. 1B), and at higher oxygen partial pres-
sures (Fig. 1D). DSM639 was less noticeably sensitive to
pH (Fig. 1C); its growth optimum is thought to be pH 3
(Grogan, 1989), although we observed similar growth
rates at all three pH values and higher biomass yields at
pH 2 and 4. The GDGT distributions from all replicates
are shown in Fig. 2 and Table S1. Some conditions
yielded multiple isomers of GDGTs 3, 4 and 5, previously

Fig 1. Averaged growth curves from each experiment, plotted as the Log2(OD600) versus time in hours. (A, B, C) Atmospheric-batch only and
(D) gas-fed batch experiments (see Methods section for details). Error bars show the mean ± 1 SE of Log2(OD600) values for the five replicates
(A–C), or two to three replicates (D). [Color figure can be viewed at wileyonlinelibrary.com]

(1)

© 2020 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology, 22, 4046–4056

4048 A. Cobban et al.

https://git.dartmouth.edu/leavitt_lab/cobban-saci-lipids-batch-and-fed-batch-2020
https://git.dartmouth.edu/leavitt_lab/cobban-saci-lipids-batch-and-fed-batch-2020
https://git.dartmouth.edu/leavitt_lab/cobban-saci-lipids-batch-and-fed-batch-2020
https://git.dartmouth.edu/leavitt_lab/cobban-saci-lipids-batch-and-fed-batch-2020
http://wileyonlinelibrary.com


Fig 2. The core GDGT distribution from each replicate in each experiment. The batch experiments for temperature (A), pH (B) or shaking speed
(C) each had five replicates. The fed-batch experiments had two or three replicate reactors per sampling, and were sampled in both Late Loga-
rithmic (LL) and Early Stationary (ES) growth phases. (D). Also in (D), the 0.2* denotes the serially transferred 0.2% O2 experiment (procedure
detailed in the Methods Section). [Color figure can be viewed at wileyonlinelibrary.com]
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seen only in chemostats under energy limitation (Zhou
et al., 2019). These extra isomers were observed at
higher temperatures (75 and 80�C; Fig. 2A), low pH
(Fig. 2B), shaking speeds above 125 RPM (Fig. 2C), and
under oxygen partial pressures below 0.5% O2.
We performed statistical analyses to determine how

each GDGT was individually impacted by changing cul-
ture conditions. Main effects ANOVA was performed on
GDGT relative abundances for each experimental condi-
tion (Table 1). Temperature correlated with significant
variation in relative abundances of all GDGTs except for
GDGT-0, 1 and the isomer of GDGT-3. Shaking speed
was associated with significant variation in all relative

abundances except GDGT-3, the GDGT-3 isomer,
GDGT-7, and GDGT-8. In response to pH, all GDGTs
varied significantly except for GDGT-0, -1, -2, -7 and -8.
Oxygen flux caused variation in all observed GDGTs,
except GDGT-0, -3, -3 isomer, and -4. We also rea-
nalyzed data from a recent chemostat experiment we
performed with DSM639 (Zhou et al., 2019), finding that
growth rate significantly correlated with the relative abun-
dance of all GDGTs, except GDGT-3 isomer. Consider-
ing in aggregate our atmospheric batch, gas-fed batch,
and chemostat experiments with DSM639, our results
demonstrate that each physical variable can indepen-
dently influence different subsets of GDGT core lipids.

Table 1. Results of ANOVA for GDGT relative abundances based on variation in experimental conditions.

Factor GDGT.0 GDGT.1 GDGT.2 GDGT.3
GDGT.3.

iso GDGT.4
GDGT.4.

iso GDGT.5
GDGT.5.

iso GDGT.6 GDGT.7 GDGT.8

Temperature NS NS ** *** NS *** *** *** *** *** *** ***
RPM *** *** *** NS NS *** ** *** ** ** NS NS
pH NS NS NS *** *** *** *** ** *** *** NS NS
O2 sparge NS * ** NS NS � ** * ** * NA NA
Doubling

time
*** *** *** *** NS *** *** *** *** *** *** ***

Results of type-II three-way ANOVAs (temperature, RPM, and pH) and one-way ANOVAs (O2 sparge and doubling time individually). Data for
targeted doubling time are from the study by Zhou et al. (2019). Notations: *** P < 0.001; **P < 0.01; *P < 0.05; �, 0.05 < P < 0.06; NS (not signif-
icant), P > 0.06; NA, below detection limit.

Fig 3. The doubling time (A–D) or ring index (E–H) for each set of conditions. Each point represents a single replicate. The RI in fed-batch exper-
iments (H) was determined both in late-log phase and early stationary phase and are separated by colour coding, with blue and pink
corresponding to Late Log and Early Stationary, respectively. At 0.2% O2, the serial transfer experiment is denoted as solid circles for both RI
and doubling time. [Color figure can be viewed at wileyonlinelibrary.com]
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Doubling time and RI were determined from each repli-
cate under each condition (Fig. 3). As temperature
increased, doubling time decreased and RI increased
(Fig. 3A and E). Doubling was fastest at pH 3, slightly
slower at pH 2, and slowest at pH 4, while RI was highest
at pH 3, lower at pH 2 and lowest at pH 4 (Fig. 3B and
F). Growth was faster and RI increased along with shak-
ing speed from 50 to 200 RPM, with exceptions at 0 and

300 RPM (Fig. 3C and G). In gas-fed experiments,
growth was the slowest at 0.2% O2, faster at 0.5%, 1.0%
and 2% O2, and fastest at 20% O2. In these experiments
RI was highest at 20% O2, then dropped as % O2

decreased to 0.5%, but then increased again at the low-
est O2 concentration of 0.2% (Fig. 3D and H).

The RI results from each experimental condition were
compared using doubling time as the reference variable

Fig 4. Ring index versus doubling time. All biological replicates are shown, with experiments differentiated by shape in each condition. Batch experiments
(A–C) only varied a single parameter relative to standard conditions at 70�C, pH 3, 200 RPM. In gas-fed batch experiments (D), lipid samples taken for
GDGT analysis during each of the two sampled growth phases are identified by colour, and 0.2* represents the serially transferred 0.2% O2 experiment.
Data from constant-rate experiments performed with the same strain (E) are provided for comparison (data from the study by Zhou et al., 2019). Linear
regressions for each experiment have grey shaded regions showing 95% confidence interval (A: slope = −0.10 ± 0.01, P < 0.0001, R2 = 0.64; B:
slope = −0.147 ± 0.03, P < 0.001, R2 = 0.62; C: slope = −0.011 ± 0.0017, P < 0.0001, R2 = 0.53; D: slope = 0.120 ± 0.0015, P < 0.0001, R2 = 0.68; E:
slope = 0.031 ± 0.0031, P < 0.0001, R2 = 0.82). [Color figure can be viewed at wileyonlinelibrary.com]
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(Fig. 4). Interestingly, linear regressions for all of these
different experimental conditions coalesce around a pat-
tern of negative correlation between RI and doubling time
in atmospheric batch experiments (Fig. 4A–C), but posi-
tive correlation between RI and doubling time in gas fed-
batch and chemostat experiments (Fig. 4D and E).
Differences in core GDGT composition between sam-

ples was compared via NMDS using Bray–Curtis dissimi-
larity, separately for atmospheric batch, fed-batch, and
chemostat cultivation experiment (Figs. 5 and 6). In batch
conditions, there is visually distinct clustering of samples
based on temperature, pH, or shaking speed (Fig. 5).
Closer points on the NMDS are more similar in overall
GDGT composition than they are to points farther away.
This approach can identify unique GDGT distributions in
samples which may otherwise appear similar in terms of
consolidated metrics, such as RI. In gas fed-batch experi-
ments, separate clusters can be seen based on both
growth phase and oxygen concentration (Fig. 6A). In
chemostat experiments from the study by Zhou et al.
(Zhou et al., 2019) clusters seem to arise based on dou-
bling times (Fig. 6B). Stress values for all conditions are
shown on each NMDS plot and were all below 0.05, indi-
cating a good fit of the original data to the two-
dimensional ordination.

Discussion

Our studies of the model thermoacidophile DSM639 are
broadly consistent with prior data, including work on other
thermoacidophilic Crenarchaeota as well as the more dis-
tantly related mesoneutrophilic Thaumarchaeota. The
results support the previously demonstrated roles of pH,
temperature, and oxygen (electron acceptor) availability
in affecting core GDGT composition. We further examine,
for the first time, the impact of agitation on GDGT cycliza-
tion. Given the two enzymes responsible for cyclization of
GDGT’s (Zeng et al., 2019), we hypothesize the possible
relative activity of GrsB to GrsA which cyclize GDGT 5–8
and 1–4, respectively, with GrsB requiring the products of
GrsA as its substrate. In grsA knockout strains very little
cyclization occurs (producing some GDGT-1), while in
grsB knockouts GDGT’s 1–4 are produced presumably
by GrsA. Higher temperatures yielded higher average
cyclization, which is consistent with most experimental
studies of both Thaum- and Crenarchaeota (Boyd
et al., 2011; Elling et al., 2015; Kaur et al., 2015; Jensen
et al., 2015; Qin et al., 2015; Feyhl-Buska et al., 2016),
yet opposes recent environmental findings in alkaline
hotsprings (Boyer et al., 2020). GDGT composition
shifted from predominantly GDGT-4 or lower at 65�C and
70�C to much more GDGT-5 and -6 at 75�C and 80�C,
from which we hypothesize that GrsB is much more
active above 70�C. When pH deviated from the optimum

pH of �3 for DSM639, overall cyclization decreased.
Whereas prior thermoacidophile studies showed that
cyclization primarily decreased with increases in pH

Fig 5. Clustering of GDGT composition in batch experiments colour
coded by change in growth condition. Experiments were performed at
70�C, pH = 3, 200 RPM, with a change in only the individual condition
described in the legend. NMDS is based on abundance of hydrolyzed
core GDGT lipids using Bray–Curtis dissimilarity (stress = 0.043). [Color
figure can be viewed at wileyonlinelibrary.com]

Fig 6. Clustering of GDGT composition in fed-batch and chemostat
experiments. Clustering based on NMDS of abundance of hydrolyzed
core GDGT lipids using Bray–Curtis dissimilarity. Stress for each NMDS
is reported in the top right of a given panel. Gas-fed batch experiments
are arranged by symbol for experimental type and colour for growth
phase of collected sample (A). Data in (B) are from the study by Zhou
et al. (2019) and show effects of different doubling times as controlled
by chemostat (B). [Color figure can be viewed at wileyonlinelibrary.com]

© 2020 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology, 22, 4046–4056

4052 A. Cobban et al.

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


(Boyd et al., 2011; Kaur et al., 2015; Feyhl-Buska
et al., 2016), we observed decreased overall cyclization
when the pH was both above and below optimal. Despite
the similarity in RI values at pH 2 and pH 4, the composi-
tion of GDGTs at each pH also was distinct (Figs. 2 and
5). GDGT profiles contained more of both the higher and
lower ring-numbered GDGTs at pH 2 but showed more of
the moderately cyclized (GDGT-3, -4) compounds at
pH 4. From this, we hypothesize an increase in activity of
GrsB at lower pH. These observations also highlight that
differences in GDGT composition are not always cap-
tured by RI values. We saw very little or none of the most
cyclized lipids (GDGT-7, -8; Fig. 2) in all but the most
extreme conditions, which is consistent with other recent
experiments in thermoacidophiles (Jensen et al., 2015).
The results of ANOVA show that all conditions tested
had a significant effect on a unique subset of GDGTs,
as opposed to unidirectional or single-pattern control
over the total lipid composition (Table 1). This makes it
difficult to assess the robustness of uniform metrics that
consolidate GDGT composition data into a single value,
e.g., RI or TEX86. This complication affects application
of such index values to environments in which there
may be multiple variables experiencing simultaneous
shifts caused by different environmental drivers (e.g.,
Polik et al., 2018).

To our knowledge, this study is the first to specifically
address the effects of agitation speed on GDGT compo-
sition. Shaking of microbial cultures is classically
believed to provide aeration and increase oxygen avail-
ability. However, we saw contradictory trends in RI as a
function of shaking speed, with outlying data at 0 and
300 RPM (Fig. 3G). Between these ranges, however, RI
increased as growth rates and shaking speed increased.
The inconsistent response to shaking, along with dis-
crepancies within the % O2 experiments, as discussed
below, suggests that the effects of shaking are not
solely tied to O2 availability in the growth medium. This
makes it difficult to hypothesize what, if any effect shak-
ing has on enzymatic activity responsible for cyclization.
Previous study using Escherichia coli as a model taxon
suggested that shaking, independent of aeration, affects
growth by inducing stress caused by physical interaction
with the environment (Juergensmeyer et al., 2007).
Physical stress may have caused the anomalous trend
at 300 RPM, while the trend at 0 RPM may reflect O2-
limitation (similar to the 0.2% O2 experiment, Fig. 3H).
Further work would be needed to disentangle the effects
of physical stress versus oxygen availability, but it is
important to note that both conditions can vary in natural
systems. Examples include hot springs where high water
temperature lowers gas solubility, and in which local
hydrology directly influences the level of physical
perturbation.

The oxygen partial pressure experiments expand on
the existing understanding of GDGT response to electron
acceptor availability. Our data are consistent with recent
batch experiments performed on mesoneutrophilic
Thaumarchaeota, where RI generally decreased with ini-
tial headspace % O2 (Qin et al., 2015). All such experi-
ments (ours and ref. Qin et al., 2015) were isothermal, of
constant pH, and tested similar ranges of % O2. Taken
together, these data show that two distinct groups of
archaea both exhibit consistent responses of lipid compo-
sition to trends in O2 partial pressures. Importantly, both
our data and the results from Qin and colleagues (Qin
et al., 2015) differ from the agitation speed experiments,
which show the opposite relationship between RI and
growth rate. The oxygen limitation experiments per-
formed here were mixed with an impeller, while those
from Qin and colleagues (Qin et al., 2015) were per-
formed without shaking – in both cases, electron-
acceptor availability was modified without altering the
other environmental factors that may otherwise change in
the agitation speed experiments. In our experiment,
GDGT-5 or above were only produced in significant
quantities in the 0.2% oxygen experiments, from which
we might hypothesize a slight increase in GrsB activity at
very low oxygen conditions. From the variation in RI in
these experiment types, it seems possible that higher ring
indices are associated with higher metabolic energy
stress and mechanical/environmental stresses.

Growth rate and ring index broadly covary, indepen-
dent of which variable is causing this forcing (Fig. 4). The
temperature, pH and shaking speed experiments show
inverse trends between growth rate and RI, consistent
with batch experiments in the existing Thaumarchaeota
(Supporting Information Fig. S1) and Crenarchaeota
(Supporting Information Fig. S2) literature (Jensen
et al., 2015; Elling et al., 2014; Feyhl-Buska et al., 2016).
However, these trends directly oppose results from other
experiments characterizing GDGT response to pH in
thermoacidophiles (Feyhl-Buska et al., 2016). It is possi-
ble that the fastest growth conditions in batch culture are
those with high environmental or energetic stress (high
temperature/shaking speed), and this increase in stress
necessitates generally higher cyclization for the cells to
maintain homeostasis. For pH, it is possible that GDGT
distribution may be changing in a way that is not best
recorded by RI, leading to a lack of consistent trends
when only these simple index values are reported. The
gas-fed batch experiments showed consistent positive
trends between RI and doubling time (more rings at
slower growth rate) as in other bioreactor-based experi-
ments with both thermoacidophiles and ammonia oxidiz-
ing archaea (Hurley et al., 2016; Zhou et al., 2019).
Because the bioreactor-based experiments vary only in
electron donor or acceptor availability, i.e., have constant
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physical conditions, pH, and growth stage – the environ-
mental stresses across each set of experiments should
be equivalent. Thus, the growth rates and RI values of
bioreactor experiments are specifically responding to var-
iations in energy supply and demand. Cell responses,
including extent of GDGT cyclization, should be tied to
energy availability, i.e. electron donor/electron acceptor
availability. This disconnect between energy availability
versus a mixture of environmental stressors may be at
the root of the opposing trends of RI vs. growth rates for
batch (Fig. 4 A–C) and bioreactor (Fig. 4 D, E; Qin
et al., 2015; Zhou et al., 2019) experiments.
The occurrence of multiple isomers of a GDGT

(e.g., GDGT-3 and GDGT-30) consistently occurred when
DSM639 was cultivated under conditions we interpret as
the most physiologically stressful. Namely, the isomers
were most abundant at the lowest pH, highest tempera-
ture, highest shaking speed, and lowest oxygen concen-
trations (Fig. 2). It is possible that these isomers were
produced as part of a generic cellular stress response, or
that they have different physical properties that are
advantageous in less hospitable living conditions.
Finally, the overall distribution of lipids changed dra-

matically in response to shifts in temperature, pH, shak-
ing speed or oxygen concentration in directions that were
not reflected by RI alone. The clearest example of this is
the response to pH (Fig. 2B), where the pH 2 and four
experiments were more similar in RI value than they were
to the RI value for pH 3, but differed markedly in their
GDGT distributions. This may indicate that despite hav-
ing similar RI values, their associated lipid profiles incor-
porated different mixtures of GDGTs that could have
opposing effects on membrane fluidity and permeability.
This observation highlights how taking the weighted aver-
age of GDGTs in a measurement like RI can mask vari-
ance. It is critical to note this when considering shifts in
RI in natural systems where independent measures of
pH, temperature, or oxygen availability, for example, may
not be available. Our assessment of GDGT ring distribu-
tion does not take into account the relative contribution of
calditol linked GDGT’s in the core lipid fraction, as the
ether-bound calditol moiety (in contrast to phosphate and
glycolsidically bound head groups) is not removed by
acid hydrolysis. Calditol-linked lipids can make up a large
fraction of the total lipid composition in Sulfolobus
(Langworthy, 1977), and calditol, a unique nonitol, is rela-
tively more abundant in cultures of Sulfolobus grown
autotrophically than heterotrophically (De Rosa
et al., 1980b). In this work, the degree of cyclization was
slightly higher in calditol-linked lipids than in intact polar
lipid (IPL) GDGT’s (De Rosa et al., 1980a). Other
research showed similar results with higher cyclization in
another IPL, the nonitol ether-bound lipids (GDNT) ver-
sus GDGT’s in Sulfolobus (Trincone et al., 1989;

Quehenberger et al., 2020). Recent work has shown that
calditol-linked lipids are slightly more cyclized than
GDGTs in Sulfolobus acidocaldarius (Supporting Infor-
mation Fig. S3, data from the study by Zeng et al., 2018),
and that the trends in relative lipid composition based on
cyclization values are fairly consistent between GDGTs
and Hex-2-GDGT/Hex-GDNT (Quehenberger et al.,
2020). Because of these earlier observations, we assume
that in our heterotrophically grown cultures, while calditol
may be present, it is both relatively less abundant and
the associated GDGT cyclization is largely consistent
with the rest of the core GDGT pool. Even if RI values
are slightly shifted within the calditol-GDGT pool (<0.5 RI
units; Supporting Information Fig. S3), these differences
are not large enough to affect the overall trends of our
observations (up to 2 RI units).

GDGT cyclization by both thermoacidophile and
mesoneutrophile archaea reflects strain-specific mem-
brane optimization to a wide array of environmental per-
turbations. Insights from experiments such as our present
work are supported by observations from redox-stratified
marine and terrestrial systems where either electron
donor or acceptor availability, or other major parameters
such as temperature or pH, are statistically correlated
with shifts in GDGT composition (Pearson et al., 2008;
Xie et al., 2015; Zhang et al., 2016; Sollich et al., 2017;
Hurley et al., 2018; Weber et al., 2018). Further work is
needed to determine how GDGT composition shifts in
cultivation experiments might compare with in situ
responses how this may affect our understanding of geo-
logic record, and how enzymatic activity and transcrip-
tional response for grsA/grsB changes in response to
environmental conditions. Resolving how environmental
parameters trigger archaea to vary their degree of GDGT
cyclization in complex systems remains a core challenge.

Conclusions

Our experiments indicate that thermoacidophilic
Crenarchaeota similar to Sulfolobus sp. alter their mem-
brane lipid composition in response to temperature, pH,
shaking speed, and oxygen concentration. Higher physi-
cal stress (high temperatures or shaking speeds) and
lower energy availability (low % O2) were mostly associ-
ated with higher RI values, while higher physicochemical
stress at sub- and super-optimal pH caused a variety of
changes to lipid composition that were not visible in con-
solidated RI values. This physiological plasticity likely
allows cells to maintain optimal membrane fluidity and
permeability, as well as minimize energy loss, when con-
fronted with chemical and physical stress. Our results
also show that future experimentation may be impacted
by even simple modification to culture mixing or oxygena-
tion. This survival strategy of varying GDGT cyclization in
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response to a variety of environmental challenges is
common to the Cren- and Thaumarchaeota; such obser-
vations ultimately support Valentine’s hypothesis
(Valentine, 2007) that the unifying physiological and evo-
lutionary feature of the archaeal domain is the ability to
persist under conditions of chronic energy stress. It is
most likely that single-value GDGT distribution indices
such as TEX86 represent a combination of reactions,
including to physicochemical stress and energy availabil-
ity as well as the contributions of different taxonomic
groups. Therefore, expanding the experimental matrix
tested here is a priority going forward to better constrain
the multivariate interactions of these environmental con-
ditions in affecting GDGT profiles. This work may be
extended to less extreme environments by similar multi-
parameter experimentation with low temperature, neutro-
philic archaea that synthesize GDGTs.
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