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nisms were alkyl length, phosphatidyl
content.
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GRAPHICAL ABSTRACT
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ABSTRACT

The adaptation of bacteria involved in anaerobic ammonium oxidation (anammox) to low temperatures will enable
more efficient removal of nitrogen from sewage across seasons. At lower temperatures, bacteria typically tune the syn-
thesis of their membrane lipids to promote membrane fluidity. However, such adaptation of anammox bacteria lipids,
including unique ladderane phospholipids and especially shorter ladderanes with absent phosphatidyl headgroup, is
yet to be described in detail. We investigated the membrane lipids composition (UPLC-HRMS/MS) and dominant
anammox populations (16S rRNA gene amplicon sequencing, Fluorescence in situ hybridization) in 14 anammox en-
richments cultivated at 10-37 °C. “Candidatus Brocadia” appeared to be the dominant organism in all but two labora-
tory enrichments of “Ca. Scalindua” and “Ca. Kuenenia”. At lower temperatures, the membranes of all anammox
populations were composed of shorter [5]-ladderane ester (reduced chain length demonstrated by decreased fraction
of C20/(C18 + C20)). This confirmed the previous preliminary evidence on the prominent role of this ladderane fatty
acid in low-temperature adaptation. “Ca. Scalindua” and “Ca. Kuenenia” had distinct profile of ladderane lipids com-
pared to “Ca. Brocadia” biomasses with potential implications for adaptability to low temperatures. “Ca. Brocadia”
membranes contained a much lower amount of C18 [5]-ladderane esters than reported in the literature for “Ca.
Scalindua” at similar temperature and measured here, suggesting that this could be one of the reasons for the domi-
nance of “Ca. Scalindua” in cold marine environments. Furthermore, we propose additional and yet unreported
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mechanisms for low-temperature adaptation of anammox bacteria, one of which involves ladderanes with absent
phosphatidyl headgroup. In sum, we deepen the understanding of cold anammox physiology by providing for the
first time a consistent comparison of anammox-based communities across multiple environments.

1. Introduction

Anaerobic ammonium oxidation (anammox) is globally a significant
source of atmospheric dinitrogen from marine, and freshwater environments
(Crowe et al., 2017). In the last decade, anammox bacteria became widely
used at wastewater treatment plants (WWTPs) in partial nitritation/anammox
(PN/A) configurations treating reject water from anaerobic digesters (Lackner
et al., 2014). Their autotrophic metabolism enables nitrogen to be removed
from wastewater with savings on energy, organic carbon, and lower produc-
tion of excess sludge, thus reducing WWTPs operational and capital costs
(Daigger, 2014). To implement anammox process for the treatment of sewage,
one of the issues is the adaptation of anammox populations to low tempera-
tures (Cao et al., 2017). This has stimulated inquiry into the physiology that
anammox bacteria use to adapt to the cold such as via cold-shock protein ex-
pression or changes in the phospholipid composition in their cell membranes
(Kouba et al., 2022a; Kouba et al., 2022b).

Phospholipids in the membranes of anammox bacteria contain a unique
ladderane alkyl moiety. The function of ladderane lipids has been hypothe-
sized to limit the diffusion of protons and radicals from the anammoxosome
organelle (Moss et al., 2018; Nouri and Tantillo, 2012). Ladderane refers to
a moiety composed of five linearly concatenated cyclobutane rings or single
cyclohexane and three cyclobutane concatenated rings. Ladderane lipids
are typically composed of at least one of these moieties attached to an alkyl
chain that connects to glycerol backbone by ether or ester bond (Sinninghe
Damsté et al., 2002). At least one of the sn-1 and sn-2 of alkyl positions on
the glycerol backbone is occupied by a C20-[3]-ladderane, whereas the
other contains another ladderane, a common alkyl chain, or no alkyl at all.
The sn-3 position typically contains a polar head group such as phosphatidyl-
choline, phosphatidylethanolamine, or phosphatidylglycerol (Table 1)
(Boumann et al., 2006; Boumann et al., 2009a). The biochemistry of
ladderane biosynthesis remains unknown (Javidpour et al., 2016). The
same is valid for the factors governing ladderane synthesis, including the cul-
tivation temperature of the cellular environment. Furthermore, we hypothe-
sized that the ladderane lipids in anammox enrichments are structurally
much more diverse than reported to date if only due to biosynthesis by-
products accumulation or lipid degradation.

To date, only two studies linked ladderanes to the adaptation of
anammox bacteria to temperature. Specifically, the ladderane alkyl chain
length has been highlighted as one of the adaptation mechanisms. In-
creased amounts of C20 compared to C18 [5]-ladderanes have been
microbially synthesized at elevated temperatures (Kouba et al., 2022b;
Rattray et al., 2010). Other suggested ladderane adaptations include in-
creased content of non-ladderane straight/branched (C14-16) alkyls and
PE as polar headgroup (Kouba et al., 2022b). However, the impact of micro-
bial composition and process conditions on this C20:C18 ratio and the other
components of anammox membranes such as the number of concatenated
cyclobutane rings, length of more common alkyl chains, ether/ester alkyl
bonds, and triterpenoids remain to be uncovered. Furthermore, the compo-
sition of ladderanes and other lipids varied substantially among anammox
enrichments studied by Rattray et al. (2008), while the effect of process
conditions was unclear.

We analyzed the composition of phospholipids in 14 different
anammox enrichment cultures obtained under various operational con-
ditions (i.e., cultivation temperature, biomass growth mode, one- and
two-stage PN/A) and in relation to their microbial compositions. Besides
the known ladderane structures, we also detected shorter ladderanes with ab-
sent phosphatidyl headgroup (APH ladderanes). These shorter ladderanes
can be (i) the products of cell lysis and microbial lipid degradation of phos-
pholipids, (ii) intermediates of ladderane lipid biosynthesis, or (iii) regular
membrane constituents (Rattray et al., 2008).

2. Materials and methods
2.1. Anammox enrichments

Anammox biomasses were sampled from the mesophilic (full-
scale: Landshut, Plettenberg, Malmo, Strass, Tilburg, Rotterdam; lab-
scale enrichments: Kuenenia, Brocadia) and psychrophilic (full-
scale: Xi'an, Eisenhiittenstadt, pilot-scale: Lemay, Diibendorf1; lab-
scale: Diibendorf2; lab-scale enrichment: Scalindua) environments
described in Table 2. The table includes the process configuration of
the original reactor, influent, sludge character, cultivation tempera-
ture, and dominant anammox species. Brocadia enrichment was culti-
vated using 45 mM NaNO, and 22.5 mM ammonium sulfate; the other
components were described in Van De Graaf et al. (1996). Scalindua
cultivation used a medium 100 mM NaNO, and 50 mM ammonium
sulfate, along with 30 g L™ ! of red sea salt, 12.5 mL of FeSO,4 (5 g
L™1), and 5 mL of KH,PO, (100 g L™1). Cultivation of planktonic
Kuenenia was described elsewhere (Lotti et al., 2014).

2.2. Ladderane lipid analysis

We used ultra-high performance liquid chromatography coupled to
high-resolution tandem mass spectrometry (U-HPLC-HRMS/MS) to an-
alyze ladderane lipids (in addition to other selected lipids such as
bacteriohopanoids) from the anammox biomasses at exceptionally
high detection sensitivity and to identify the number of carbon atoms
of these lipids. According to Rattray et al. (2008), the polar headgroup
ionization of ladderanes differs substantially, and, to the best of our
knowledge, ladderane lipid standards are not available. Therefore, the
analytical results can be characterized qualitatively and in relative
quantification between lipids with the same polar headgroup.

2.2.1. Reagents and chemicals

Deionized water was obtained from a Milli-Q® Integral membrane
filtration system supplied by Merck (Darmstadt, Germany). HPLC-
grade methanol, isopropyl alcohol, formic acid and ammonium formate
(purity =99%) were purchased from Sigma-Aldrich (St. Luis, MO, USA).

2.2.2. Sample preparation

Samples of anammox biomasses were obtained from the sources de-
scribed in Table 2 and promptly lyophilized. The biomass on plastic carriers
(Malmo, Xi'an, Lemay, Diibendorf2) was manually scratched off. To extract
ladderane phospholipids, a mixture of MeOH:DCM: 10 mmol L™} ammo-
nium acetate (2,1:0.8, v/v/v) was chosen as solvent according to Lanekoff
and Karlsson (2010). Lyophilized anammox biomasses were weighted
(0.2 g) into a plastic cuvette and automatically shaken for 2 min with 2
mL of extraction solvent. The suspensions were sonicated for 10 min and
centrifuged (5 min, 10,000 rpm, 5 °C). Finally, 1 mL of supernatant was
transferred into the vial pending analyses by ultra-high performance liquid
chromatography coupled to high-resolution tandem mass spectrometry (U-
HPLC-HRMS/MS).

2.2.3. Ultra-high performance liquid chromatography coupled to high resolution
mass spectrometry (U-HPLC-HRMS)

A Dionex UltiMate 3000 RS U-HPLC system (Thermo Fisher Scientific,
Waltham, USA) coupled to quadrupole-time-of-flight SCIEX TripleTOF®
6600 mass spectrometer (SCIEX, Concord, ON, Canada) was used to ana-
lyze the ladderane phospholipids.

Chromatographic separation of ladderane extracts was carried out using
the U-HPLC system, equipped with an Acquity UPLC BEH C18 column, 100
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Table 1

Structure of anammox lipids: ladderane phospholipids (composed of glycerol backbone, one C20 [5]-ladderane alkyl moiety, in some cases one
other ladderane or non-ladderane alkyl moiety, in some cases phosphate-bound polar headgroup) and terpenoids, adapted from Rattray et al.
(2008) and Boumann et al. (2009a).

Structure of lipid polar head groups and glycerol backbone
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Description of the examined anammox biomasses and their dominant anammox species. *VERI = Veolia Research and Innovation; ** specific surface 800 m%m ~ . Dominant
anammox genera was determined by 16S rRNA gene amplicon sequencing, and dominant species was determined by Fluorescence in situ hybridization. More detailed in-

formation is contained in Kouba et al. (2019).

1D Description of technology

Influent

Sludge character

t(C)

Dominant anammox species

Full-scale installations

Eisenhiittenstadt / SBR DEMON®), one-stage reject water flocs/granules 21 “Ca. Brocadia anammoxidans”, “Ca.
DE Brocadia fulgida”
Landshut / DE TERRAMOX®, two-stage reject water flocs 32 “Ca. Brocadia fulgida”
Malmé / SE AnitaMOX™, Anox Kaldnes, two-stage reject water biofilm, carriers K5** 30 “Ca. Brocadia anammoxidans”, “Ca.
Brocadia fulgida”
Plettenberg / DE ~ SBR DEMON®), one-stage reject water flocs/granules 30 “Ca. Brocadia anammoxidans”, “Ca.
Brocadia fulgida”
Strass / AT continuous DEMON®), one-stage reject water flocs/granules 30 “Ca. Brocadia fulgida”
Rotterdam / NL ANAMMOX®, two-stage reject water granules 37 “Ca. Brocadia anammoxidans”
Tilburg / NL ANAMMOX®, one-stage reject water, CAMBI granules 37 “Ca. Brocadia anammoxidans”
Xian / CN full-scale WWTP, activated sludge process municipal sewage biofilm, carriers - “Ca. Brocadia anammoxidans”
Pilot and lab-scale systems
Lemay / FR lab-scale 1.6 m®, VERI*, one-stage pre-treated municipal sewage biofilm, carriers K5** 20 “Ca. Brocadia anammoxidans”
Diibendorfl / CH  pilot-scale MBBR, EAWAG municipal sewage pre-treated biofilm, carriers 14 “Ca. Brocadia anammoxidans”, “Ca.
in A-stage Brocadia fulgida”
Diibendorf2 / CH  lab-scale MBBR, EAWAG synthetic biofilm, carriers 10 “Ca. Brocadia anammoxidans”, “Ca.
Brocadia fulgida”
Enrichments
Brocadia enrichment, laboratory of Microbiology, Radboud synthetic granules 30 “Ca. Brocadia anammoxidans”
University, NL
Kuenenia enrichment, laboratory of EBT, TU Delft, NL synthetic planktonic 30 “Ca. Kuenenia stuttgartiensis”
Scalindua enrichment, laboratory of Microbiology, Radboud synthetic flocs 20 “Ca. Scalindua spp.”

University, NL

10\, 100 mm X 2.1 mm; 1.7 pm particles (Waters, Milford, MA, USA). The
mobile phase consisted of (A) 5 mM ammonium formate in Milli-Q water:
methanol with 0.1% formic acid (95:5 v/v) and (B) 5 mM ammonium for-
mate in isopropyl alcohol:methanol: Milli-Q water with 0.1% formic acid
(65:30:5, v/v/v). The following elution gradient was used only in positive
ionization mode: 0.0 min (90% A; 0.40 mL min '), 2.0 min (50% A; 0.40
mL min~"), 7.0 min (20% A; 0.40 mL min~ "), 13.0 min (0% A; 0.40 mL
min~ "), 20.0 min (0% A; 0.40 mL min~ '), 20.1 min (95% A; 0.40 mL
min~ 1), 22.0 min (90% A; 0.40 mL min~").

The sample injection volume was set at 2 pL, the column temperature
was kept constant at 60 °C and the autosampler temperature was perma-
nently refrigerated at 5 °C.

A quadrupole-time-of-flight TripleTOF® 6600 mass spectrometer
(SCIEX, Concord, ON, Canada) was used for detection. The ion source
Duo Spray™ with separated ESI ion source and atmospheric-pressure chem-
ical ionization (APCI) was employed. In the positive ESI mode, the source
parameters were set for: nebulizing gas pressure: 55 psi; drying gas pres-
sure: 55 psi; curtain gas 35 psi; capillary voltage: +4500 V; temperature:
500 °C; and declustering potential: 80 V. The other aspects of the analytical
method were consistent with Hurkova et al. (2019) except for confirmation
of compound identification, for which we used accurate mass, isotopic pat-
tern, and MS/MS characteristic fragments.

2.3. Analysis of microbial community composition by rRNA gene amplicon
sequencing

For detecting the dominant anammox genera and quantifying their
relative abundance, the bacterial community compositions of all bio-
masses were analyzed by rRNA gene amplicon sequencing targeting
different hypervariable regions (bacterial 16SV4/16SV3/16SV3-V4/
16SV4-V5, eukaryal 18S V4/18S V9, ribosomal DNA internal tran-
scribed spacers ITS1/1TS2, archaeal Arc 16S V4). Genomic DNA was ex-
tracted from the anammox biomasses using the DNeasy® PowerSoil®
Kit (Quiagen GmBH, Germany) following the manufacturer's protocol.
The purified DNA extracts were submitted to Novogene (Hong Kong,
PRC) for amplicon sequencing analysis using the MiSeq workflow
(Illumina, US). More details on sequencing are described in the Supple-
mentary Materials.

2.4. Fluorescence in situ hybridization (FISH)

Samples aliquots of all anammox biomasses were fixed and hybridized
according to Nielsen et al. (2009). Since the anammox bioaggregates were
very compact, the samples were gently homogenized with plastic tissue
grinder prior to hybridization. The oligonucleotide FISH probes listed in
Table S 1 were used to detect the anammox populations. Visualization was
done under an epifluorescence microscope Olympus BX51 (Olympus
Corporation of the Americas, USA). Microphotographs were taken with a
LeicaDFC320 camera (Leica Microsystems Imaging Solutions Ltd., UK).
The Cy3 fluorochrome (red emission filter) was used for all specific probes
and DAPI (blue emission filter) was used to detect all biomass. Vectashield
mounting medium was applied for the prevention of fluorescence bleaching.

3. Results and discussion
3.1. Analysis of dominant microbial populations in anammox biomasses

The combination of molecular ecology methods of rRNA-gene amplicon
sequencing and fluorescence in situ hybridization (Table 2, Table S
2) showed that the “Ca. Brocadia anammoxidans” and “Ca. Brocadia fulgida”
were the dominant anammox populations in the mixed cultures from
WWTPs, pilots and most laboratory biomasses. Only the marine enrichment
was dominated by “Ca. Scalindua”. The planktonic anammox enrichment
was dominated by “Ca. Kuenenia stuttgartiensis” and another laboratory en-
richment by “Ca. Brocadia anammoxidans”. More detailed information on
these anammox biomasses has been given in Kouba et al. (2019).

3.2. Composition of ladderane alkyl moiety in phospholipids

All anammox biomasses contained C20 and C18 ladderane alkyl moie-
ties with three and five concatenated cyclobutane rings, [3]- and [5]-
ladderanes. The Table S 3 describes evidence on the content of these
ladderane moieties among anammox genera. The “Ca. Scalindua” enrich-
ment had an exceptionally high content of [3]-ladderanes of 56%, when
compared to “Ca. Brocadia” cultures (only 9-23%) and “Ca. Kuenenia”
(39%). In the “Ca. Kuenenia” enrichment, C22 [5]-ladderanes were also de-
tected in trace amounts, but not in the others.
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In biomasses dominated by “Ca. Brocadia”, the fraction of C20/(C18 +
C20) [5]-ladderanes correlated with temperature: the biomasses sampled
from environments at higher temperatures harbored an elevated content
of C20 [5]-ladderanes compared to C18 ones and vice versa (Fig. 1 A). In
comparison, the enrichment cultures of “Ca. Kuenenia” and biomasses of
“Ca. Brocadia” shared a similar fraction (81%), while the enrichment cul-
ture of “Ca. Scalindua” was composed of a much lower fraction of C20
[5]-ladderanes (37%).

In addition, the total MS signal of all ladderane phospholipids also var-
ied widely in all biomasses, ranging from 350,000 to 34,000,000 counts per
second (standard qualitative measurement unit in MS, Fig. 2).

3.3. Composition of non-ladderane alkyl moiety

All anammox cultures contained straight-chain C14 alkyls, and straight
or branched C15-16 (Table 3), attached to the sn-1 position on the glycerol
backbone. Also, the fraction of C15/(C14 + C15) correlated to the cultiva-
tion temperature: anammox biomasses at lower temperatures presented
shorter alkyl chains in their membranes.

3.4. Composition of phospholipids
The ladderane lipids of the investigated anammox enrichments

contained phosphatidylcholine (PC), phosphatidylglycerol (PG) and/or
phosphatidylethanolamine (PE) as polar headgroups.
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Fig. 1. Relationship between cultivation temperature and ladderane phospholipid
composition in presently analyzed various anammox cultures dominated by “Ca.
Brocadia” (circle), “Ca. Scalindua” (square) and “Ca. Kuenenia” (diamond), and
the relationship proposed by (Rattray et al., 2010) where samples under 20 °C
were marine “Ca. Scalindua”.
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3.4.1. Phospholipids in “Ca. Scalindua”

The “Ca. Scalindua” culture contained almost exclusively PG ladderane
lipids, most abundant was Ve (“V” describes the combination of backbone,
polar headgroup, and alkyl ether at sn-2 position; “c” describes alkyl ether
or ester on sn-1 position; exact % described in Table 3), Vg, VIa and VIg.
Only trace amounts of a few PC and PE, as well as monoalkylethers and
C20[3] monoether, were detected. Alkyl moieties were mostly bound to
glycerol backbone by an ether bond.

3.4.2. Phospholipids in “Ca. Kuenenia suttgartiensis”

The enrichment of “Ca. Kuenenia suttgartiensis” contained a number of
phospholipids with all three PC, PG and PE headgroups. A majority of those
were diethers. PC phospholipids were dominating the spectrum: the most
abundant were Ic, IIc, and IIg, while a similarly high content of VIII PC
monoalkylether was also detected. Second most abundant were PG: Ve,
Vg and Vb were the most numerous. The most abundant PE phospholipids
were IVd, IVc and Illc.

3.4.3. Phospholipids in “Ca. Brocadia anammoxidans”

The two mixed psychrophilic cultures dominated by only “Ca. Brocadia
anammoxidans” were Lemay (20 °C) and Xi'an. Both biomasses displayed
similar phospholipid spectra that were dominated by PC phospholipids: the
highest contents were detected for IIj / IIk / IIm, IIg, Ig and ITh / IIi. PE
were dominated by IVj / IVk / IVm and IVg. PG contained mostly VIj /
VIk / VIm, Vg and VIh / VIi. Both PG and PE headgroups were less abun-
dant than PC ones. Also, the Lemay culture contained a notable amount of
VIII, ladderane C20[3] monoether.

The mesophilic biomasses of WWTPs Rotterdam and Tilburg as well
as the “Ca. Brocadia” enrichment were dominated by “Ca. Brocadia
anammoxidans”. Overall, their spectra were also relatively consistent,
dominated by PC phospholipids (ITh / IIi, IIj / IIk / IIm, IIc and IIg).
Smaller amounts of PG (VIh / VIi, VIj / VIk / VIm and Vc) and PE
(IVj / IVK / IVm, IVh / IVi and IVc) were also detected. The Rotterdam
biomass also contained an especially high content of VIII, a ladderane
C20[3] monoether.

3.4.4. Phospholipids in “Ca. Brocadia fulgida”

Two of the mesophilic biomasses were dominated by “Ca. Brocadia
fulgida” (Landshut, Strass). Again, there were many similarities, such as
dominant PC phospholipids Id and Ilc, and the content of VIII, ladderane
C20[3] monoether. Further, lesser amounts of PG (VIh / VIi) and PE (IVd)
phospholipids were detected.

3.4.5. Phospholipids in other “Ca. Brocadia”

In five other mixed cultures (Eisenhiittenstadt, Malmo, Plettenberg
and Diibendorf1-2), both “Ca. Brocadia fulgida” and “Ca. Brocadia
anammoxidans” were predominant. In all these cultures, PC phospho-
lipids were dominating the spectra.

Psychrophilic biomasses (Diibendorf) contained mostly PC (IIj / Iik /
Iim, Iig and Iic), followed by PG (VIj / VIk / VIm, VIg, and VIh / VIi).
PE (IVd and IVg) were least abundant.

Mesophilic cultures were dominated again by PC (Ild, IIc and ITh / IIi).
The most abundant PG were VIh / VIi, VIj / VIk / VIm and VIg, while PE
were dominated by IVd.

3.5. Composition of ladderanes with absent phosphatidyl headgroup

In anammox communities, we detected not only ladderanes typically re-
ported in the literature (Boumann et al., 2006; Boumann et al., 2009a) but
also shorter ladderanes with absent phosphatidyl headgroups (‘APH
ladderanes’) depicted in Fig. 3 and Table 4, respectively. All shorter lipids
we searched for were shown at Fig. S 1. Two cultures (Plettenberg,
Eisenhiittenstadt) were dominated by C15-[3]-ladderane fatty acid (3p —
“3” means that this ladderane is comprised of only single alkyl with 3
concatenated cyclobutane rings and “p” specifies its structure according
to the Table 4), another culture by C18-[3]-ladderane alcohol (3c,
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The error bars are minimum and maximum values.

Brocadia). Two enrichments (Kuenenia and Scalindua) were dominated by
APH ladderane with two C20-[3]-ladderane ethers (3.3e - “3.3” means that
the lipid is composed of C20 [3]-ladderane ether and another [3]-ladderane
whose structure is given by “e” according to the Table 4, both bound to a
glycerol backbone). One culture (Xi'an) contained an equally high content
of APH ladderanes with i) C18-[5]- and C20-[3]-ladderane ethers (3.5f
“5” refers to [5]-ladderane with structure given by “f” in the Table 4) and
ii) C14-alkyl and C20-[3]-ladderane ethers (3.14 — “14” refers to non-
ladderane C14 alkyl bound to the glycerol backbone in addition to C20
[3]-ladderane ether). The majority of cultures (8) were dominated by
APH ladderane with C14-alkyl and C20-[3]-ladderane ethers (3.14).

3.6. Triterpenoids content in anammox biomasses

The anammox communities were also evaluated for the content of
triterpenoids. The most abundant triterpenoids were bacteriohopanetetrol
cyclitol ether, followed by bacteriohopanetetrol and squalene. The C27
hopanoid ketone was not detected (signal specified in Table S 4). “Ca.
Scalindua” contained exceptionally high amounts of all detected
triterpenoids. The second most triterpenoid-rich organism was “Ca.
Brocadia anammoxidans”. The least triterpenoid-rich organism was “Ca.
Kuenenia stuttgartiensis”, containing an order of magnitude lower signal
of bacteriohopanetetrol cyclitol ether.

3.7. Effect of cultivation temperature on ladderane and other alkyl moieties

Anammox biomasses dominated by “Ca. Brocadia” were composed of
shorter length of [5]-ladderane ester alkyl chain at low cultivation temper-
ature, from C20 to C18 (Fig. 1 A). Previously, Rattray et al. (2010) have pro-
posed a relationship between anammox biomass cultivation temperature
and the length of alkyl chain in [5]-ladderane ester moiety, showing that

anammox populations cultivated at higher temperatures synthesized in-
creased amounts of C20 [5]-ladderane esters and at lower temperatures
synthesized increased amounts of C18 [5]-ladderane esters. This was
based on monitoring ladderanes in “Ca. Brocadia” in cultivations under
16, 25 and 35 °C as well as on ladderane lipids composition from anammox
biomasses collected from various environments at distinct temperatures.
This was initially corroborated by our previous study cultivating anammox
enrichment at reduced temperatures and analyzing ladderanes after adap-
tation in comparison to control (Kouba et al., 2022b). The present study
was able to further corroborate this by analyzing ladderanes in anammox
biomasses collected from reactors under various cultivation temperatures.
Furthermore, the combined datasets from this study and Rattray et al.
(2010) provide further evidence (Fig. 1 A) that “Ca. Brocadia” are able to
modulate fractional content of C20 and C18 [5]-ladderane esters in a dis-
tinct, much narrower, range (0.6-1.0) than “Ca. Scalindua” (0.1-0.7)
which could predispose “Ca. Scalindua” to being more efficiently adaptable
to low temperatures.

In “Ca. Brocadia” genus, lower temperatures trigger the synthesis of
shorter alkyl chains, C15 alkyls giving ground to C14 ones (Fig. 1 B). Com-
pared to mesophilic biomasses dominated by “Ca. Brocadia anammoxidans”,
the psychrophilic conditions induced the production of more (i) [5]-
ladderane alkyl moieties instead of [3]-ladderanes, (ii) fatty acids compared
to ethers and (iii) more C14 and C16 non-ladderane alkyls. This highlights
physiological mechanisms at a cell membrane level for the adaptation of
“Ca. Brocadia” to cold stress. Increased content of [5]-ladderanes would
make the membrane more rigid which goes against the typical adaptive mea-
sures of bacteria at low temperatures and suggests that the function of these
unique structures, such as the maintenance of proton motive force or possibly
retention of crucial anammox metabolites (Moss et al., 2018; Nouri and
Tantillo, 2012), needs to be enhanced at low temperature. The latter two phe-
nomena are in line with the theory of homeoviscous adaptation of bacterial
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Table 3

Composition of ladderane phospholipids (% of the whole ladderane signal = counts per second (standard
measurement unit in MS), per 0.2 g of dry weight biomass) in the anammox biomasses, as analyzed by
U-HPLC-HR-MS/MS.
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Fig. 3. Ladderanes with absent phosphate headgroup detected in some of the present anammox cultures besides those already listed in Table 1. Relative abundance depicted

in Table 4.

membranes, suggesting that bacteria maintain their membrane viscosity at
lower temperatures by synthesizing shorter, more branched and unsaturated
alkyls to reduce the membrane phase transition temperature. This mainte-
nance of membrane viscosity is crucial for the function and mobility of mem-
brane proteins, diffusion of nutrients and proper separation during cell
division (Siliakus et al., 2017).

Regarding the shorter ladderanes with absent phosphatidyl headgroup
(APH ladderanes), the highest relative content was detected in the biomass

of the full-scale WWTP Eisenhiittenstadt, adapted to 21 °C (29%, signal of
APH ladderanes compared to the sum of phospholipids and APH
ladderanes). Other cold-adapted (10-20 °C) enrichments also contained el-
evated amounts of APH ladderanes compared to the cultures adapted to
mesophilic conditions at 30-32 °C (Fig. 2). The elevated amounts of APH
ladderanes in psychrophilic cultures are also illustrated in Fig. 4 B that
shows the relation between cultivation temperature (psychrophilic vs
mesophilic), the accumulation of APH ladderanes in anammox enrichments
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Table 4
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Composition of ladderane lipids with absent phosphate headgroup (APH ladderanes) (% of signal of all APH ladderanes = counts per second (standard measurement unit in
MS), per 0.2 g of dry weight biomass) in the anammox biomasses, as analyzed by U-HPLC-HR-MS/MS. Structure of detected APH ladderanes depicted at Fig. 3.
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and the degree of enrichment of anammox bacteria (given as percentage of
operational taxonomical unit within the bacterial family Brocadiaceae).
The APH ladderanes can be (i) the products of cell lysis and microbial
lipid degradation of phospholipids, (ii) intermediates of ladderane lipid
biosynthesis, or (iii) regular membrane constituents (Rattray et al., 2008).
In the present biomasses, the dominant APH ladderanes did not match
the dominant phospholipids. Specifically, sn-1 positions of APH ladderanes
contained mostly ethers, whereas the phospholipids contained mainly es-
ters. Moreover, most dominant APH ladderanes were shorter than C20
ladderanes in phospholipids: a) individual C18-C15s ladderane fatty acids
and alcohols, b) more complex APH ladderanes with either the C14 straight
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Fig. 4. Relation between the accumulation of ladderane phospholipids (A) and
ladderanes with absent phosphate headgroup (B) in anammox enrichments, the
degree of enrichment of anammox populations (given by the percentage of
operational taxonomic units OTU within the bacterial family Brocadiaceae) and
the cultivation temperature. Red — mesophilic; Blue — psychrophilic.

alkyl or C18-[5]-ladderane alkyl. Thus, we hypothesize that these APH
ladderanes are regular membrane constituents (hypothesis iii) linked to
low-temperature adaptation: These shorter APH ladderanes could be intro-
duced to anammox membranes at low temperatures similarly to phospho-
lipids with shorter ladderane alkyls. On the other hand, the increased
relative content of APH ladderanes was also detected in cultures adapted
to 37 °C (up to 16%); these matched the dominant phospholipids which
suggests that these could be the products of more efficient lysis of dead
anammox cells and subsequent degradation of anammox membrane lipids
by heterotrophs.

3.8. Distinct ladderane lipid composition between anammox genera and species

Several notable differences in the composition of i) lipid alkyl moi-
ety, ii) polar headgroup, iii) alkyl moiety bond to glycerol backbone,
and iv) terpenoids were highlighted among the anammox populations
(Table 3, Table S 3, Table S 4). Overall, the present study found some
similarities with Rattray et al. (2008) as well as some distinctions and
characterized extra anammox species to a previously unreported level
of detail.

“Ca. Scalindua” contained an exceptionally high amount of [3]- com-
pared to [5]-ladderanes, as well as terpenoids. The high terpenoid abun-
dance matches with Rattray et al. (2008). In our previous study (Kouba
et al., 2019), we showed that the enrichment of the marine “Ca. Scalindua”
was one of the biomasses that were the most adapted to low temperatures.
Specifically, it had the highest activity of all 14 anammox cultures at
10-20 °C. The most abundant terpenoids were bacteriohopanoids, which
have been suggested to facilitate an optimal equilibrium between mem-
brane fluidity and rigidity (Boumann et al., 2009b). While the evidence pro-
vided on the link between ladderane lipids composition and the dominant
anammox genera are preliminary, the specificities in membrane physiology
appear to make “Ca. Scalindua” exceptionally suited for adaptation at low
temperatures. “Ca. Scalindua” was also the only biomass that contained al-
most exclusively PG as the headgroup. In contrast, “Ca. Scalindua” in
Rattray et al. (2008) contained also PC and PE, and the PG lipids had differ-
ent compositions. Hypothetically, this could be explained by these two en-
richments of “Ca. Scalindua” containing different species.

The “Ca. Kuenenia stuttgartiensis” biomasses investigated in this study
and by Rattray et al. (2008) and Neumann et al. (2014) shared many simi-
larities in their phospholipid profile: they all contained all the three polar
headgroups. Furthermore, alkyl moieties were equally diethers and fatty
acids and some dominant phospholipids were Ic, Ilc, IVc, and VIIL In addi-
tion, we detected the Ila, IIb, Illc, IIIg, Va-Vc, VIa, VIb, and X phospholipids
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in “Ca. Kuenenia stuttgartiensis” enrichment, as well as some non-
ladderane phospholipids, mainly those with PC headgroup.

The mesophilic cultures of “Ca. Brocadia fulgida” (Landshut, Strass)
were remarkably similar to those of Rattray et al. (2008) in the content of
(i) all three polar headgroups, (ii) the dominant PC Ilc and IId, (iii) the
alkyl moieties bound mostly by fatty acids, and (iv) the abundant content
of VIIL In contrast, we detected a higher abundance of IIb and IVd, and a
small amount of Ia, Id, Illc, IIIg, IVa, IVg, Vb-Vd, VII and X ladderanes.

Further, compared to all other biomasses examined, “Ca. Brocadia
anammoxidans” had twice as many non-ladderane alkyl moieties and cor-
respondingly less ladderane moieties than biomasses dominated by other
populations. The only available report on “Ca. Brocadia anammoxidans”
ladderane lipids was provided by Sinninghe Damsté et al. (2005) using
GC with much lower resolution than the present study.

The comparison of the terpenoid signals revealed a higher content in the
“Ca. Brocadia anammoxidans” than the “Ca. Kuenenia stuttgartiensis” en-
richments. The signal of the bacteriohopanetetrol cyclitol ether was higher
by an order of magnitude. Interestingly, the “Ca. Brocadia anammoxidans”
enrichment had lower activation energy of the anammox reaction between
10 and 15 °C, thus being less susceptible to low temperature (Kouba et al.,
2019). Thus, our data reinforce the hypothesis initially suggested by
Boumann et al. (2009b) that bacteriohopanoids may play a role in main-
taining membrane fluidity in anammox cells.

3.9. Impact of other process conditions on ladderanes

The only planktonic enrichment of “Ca. Kuenenia stuttgartiensis” was
characterized by an exceptionally high signal of total ladderane lipids
(Fig. 2). This corresponded to the high degree of enrichment of this popula-
tion (78%) within the family Brocadiaceae (Table S 2; (Kouba et al., 2019)
and likely to low content of extracellular polymeric substances (EPS) dilut-
ing ladderane-rich bacteria (Lotti et al., 2019). EPS are much more abun-
dant in biofilms and bioaggregates than in cells in suspension. In theory,
the absence of EPS could also affect lipid ionization; however, we do not
know whether EPS were extracted by our solvent and if and when they
were eluted. If they were eluted in the same retention time as ladderanes,
they could theoretically compete for ionization charge and affect our anal-
ysis. At this point, the effect of EPS on ladderane analysis is pure specula-
tion. Out of the PN/A process parameters, salinity is an intriguing
parameter to investigate further, as moderate halophiles and halotolerant
were shown to adapt to saline environment by increasing the proportion
of anionic lipids, e.g., phosphoglycerols (Russell, 1989). The most impor-
tant outlier was indeed formed by the enrichment of the marine “Ca.
Scalindua” which was cultivated with the most saline medium when com-
pared to other biomasses and, hypothetically, the salt content could also in-
duce changes in the lipid content. Also, “Ca. Scalindua” is phylogenetically
more distant which also may affect the lipid content.

3.10. Implications for the production of ladderanes

We suggest that anammox biomasses rich in ladderanes can be obtained
in a planktonic mixed culture enriched in “Ca. Kuenenia”. Such planktonic
cultivation mode of anammox microorganisms has first been reported by
Van Der Star et al. (2008) using a membrane bioreactor operated with a
biomass retention time of 12 days. At the time of this writing, the solids re-
tention time of our planktonic enrichments had been reduced to 10 days.
The cultivation also involved low levels of calcium and magnesium to pre-
vent biomass aggregation, and that has resulted in a biomass concentration
of 0.5 g-VSS/L and enrichments of up to 98%.

We have shown that in addition to ladderane phospholipids, anammox
enrichments can also contain significant amounts of ladderanes with absent
phosphate headgroup (APH ladderanes) besides the ones already identified
by Rattray et al. (2008). Yet their origin and putative physiological function
need to be determined. Fig. 4 shows the relation between the cultivation
temperature, the accumulation of ladderanes in anammox enrichments,
and the degree of enrichment of anammox lineages within the family
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Brocadiaceae. The results provide evidence that cultivation temperature
plays a crucial role in the accumulation of either ladderane phospholipids
(30-32 °C) or APH ladderanes (<21 °C). Specifically, psychrophilic enrich-
ments seemed to accumulate fewer phospholipids and more APH
ladderanes compared to mesophilic enrichments, potentially facilitating
homeoviscous membrane adaptation.

Overall, the specific composition of ladderane phospholipids seems to
depend on anammox populations that dominate the biomass, the cultiva-
tion regime and conditions, and temperature. These factors impact the
alkyl chain length of ladderanes, the number of cyclobutane rings on
ladderane moiety, presence of non-ladderane alkyls and/or the phospho-
lipid polar headgroup composition, as well as the presence of APH
ladderanes, which in turn crucially affect the ladderane utilization potential
in biotechnologies. For example, biomass containing more [5]- or at least
[3]-ladderanes on the sn-1 position as compared to straight or branched al-
kyls has potential for yielding more energy-dense extracts.

4. Conclusions

We aimed to comprehensively analyze the ladderane lipid composition
of various anammox biomasses and to identify the major factors influencing
the lipid composition, including ladderanes with absent phosphatidyl
headgroup that could play an important role in anammox membrane phys-
iology but remained to be characterized.

Compared to the mesophilic biomasses, the psychrophilic populations of
“Ca. Brocadia” had substantially lower fraction of C20/(C18 + C20) [5]-
ladderane esters which is an important confirmation of previous prelimi-
nary evidence on the involvement of these fatty acids in low-temperature
adaptation of anammox bacteria. We provide further evidence that “Ca.
Brocadia” can only modulate this fraction in a narrower range (0.6-1.0)
than the salt-adapted marine “Ca. Scalindua” (0.1-0.7).

Ladderanes with absent phosphatidyl headgroup were detected in high
amounts particularly in anammox enrichments adapted to low tempera-
tures, possibly linking to homeoviscous membrane adaptation. In turn,
relatively lower levels of ladderane phospholipids were detected in bio-
masses adapted to low temperatures, most likely due to the lower level
of anammox biomass enrichment.

The composition of ladderane lipids (e.g., Nr of cyclobutane rings, ether/
ester bonds, chain length, polar headgroup), along with hopanoids and
squalene abundances can vary across anammox populations. “Ca.
Scalindua” contained an exceptionally high content of [3]-ladderanes
(56% vs 9-39% for other genera). “Ca. Brocadia anammoxidans” from
psychrophilic biomasses contained more [5]-ladderane alkyl moieties,
more fatty acids and more C14 and C16 non-ladderane alkyls compared
to the mesophilic ones.

Overall, this study provides important description of the membrane
physiology of anammox populations in relation to temperature conditions.
Importantly, the generated scientific knowledge can be utilized in the fu-
ture to tailor the production of ladderanes from anammox cultures using
microbial community engineering principles, besides a better management
of anammox-based wastewater treatment performance in cold climates.
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