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SUMMARY
This study examines a natural consortium of halophilic archaea, comprising xylan-degrading Halorhabdus
sp. SVX81, consortium cohabitant Haloferax volcanii SVX82 (formerly H. lucentense SVX82), and its DPANN
ectosymbiont Ca. Nanohalococcus occultus SVXNc. Transcriptomics and targeted metabolomics demon-
strated that the tripartite consortium outperformed individual and the Halorhabdus sp. SVX81 with
H. volcanii SVX82 bipartite cultures in xylan degradation, exhibiting a division of labor: the DPANN symbiont
processed glycolysis products, while other members performed xylan depolymerization and biosynthesis of
essential compounds. Electron microscopy and cryo-electron tomography revealed the formation of hetero-
cellular biofilms interlinked by DPANN cells. The findings demonstrated that DPANN symbionts can interact
directly with other members of microbial communities, which are not their primary hosts, influencing their
gene expression. However, DPANN proliferation requires their primary host presence. The study highlights
the collective contribution of consortiummembers to xylan degradation and their potential for biotechnolog-
ical applications in the management of hypersaline environments.
INTRODUCTION

Across all Earth’s biomes, complex microbial consortia cycle

organic and inorganic compounds, producing a significant

portion of the planet’s biomass.1 The biotechnological uses

of these consortia solve numerous human challenges and

problems, from waste management to soil fertilization for agricul-

ture. However, the question ariseswhether the individualmicroor-

ganisms, even the most active ones, fully fulfill their potential

when acting in isolation, outside of the natural microbial consortia.

The advent of advanced RNA and DNA sequencing technologies

has made it somewhat easier to model metabolic interactions

within microbial consortia, including archaeal ones, known for

their diverse metabolic pathways suited to extreme conditions.2

A case in point is consortia of halophilic archaea capable of

degrading xylan in hypersaline environments around the globe.
iScience 28, 111749, Febru
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Xylans are the main structural heteropolysaccharides in plants,

where they can constitute up to 30% of the dry weight of dicotyl

plants, both herbaceous and hardwoods.3 This polymer is sec-

ond only to cellulose in abundance on Earth, and is thus a major

reservoir of reduced carbon in the environment where roughly

1010 metric tons of xylans are turned over annually,4 contributing

to greenhouse gas emissions.5 Thus, efficient breakdown

of xylan-rich wastes helps to restore polluted and depleted

environments.6 However, near-saturating salt concentrations

impede the growth of many xylan-degraders, highlighting the

unique position of extreme halophiles in hypersaline habitats.7–9

Recent studies spotlight theDPANNsuperphylum,whichcom-

prises nanosized archaea previously overlooked as part of the

‘‘microbial dark matter’’,10,11 living symbiotically or parasitically

on other archaea or bacteria. Due to their reduced genomes

and depletedmetabolic pathways, cultivation of DPANNarchaea
ary 21, 2025 ª 2025 The Author(s). Published by Elsevier Inc. 1
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1. Four experimental arrangements used in this study to

elucidate intrinsic interactions between the archaeal consortium

members using transcriptomics

Experiments

Carbone

source SRA accession

Number

of reads

Axenic culture

I. H. volcanii SVX82 D-Xylose SRX22141247 23,511,982

SRX22141248 20,164,144

Bipartite cultures

II. H. volcanii SVX82 +

Ca. N. occultus SVXNc

D-Xylose SRX22141249 25,347,949

SRX22141236 24,042,256

III. Halorhabdus sp.

SVX81 + H. volcanii

SVX82

Beech

wood

Xylan

SRX22141237 21,807,457

SRX22141238 18,522,458

Tripartite culture

IV. Halorhabdus sp.

SVX81 + H. volcanii

SVX82 + Ca. N. occultus

SVXNc

Beech

wood

Xylan

SRX22141239 19,204,142

SRX22141240 21,650,662

SRX22141241 22,735,729
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outside of host environments thus far proved impossible.12–14

The functional role of DPANN archaea in the biosphere remains

largely enigmatic.15,16 Are they friends or foes in natural environ-

ments, and do they play an important and cohesive role in micro-

bial consortia that decomposewaste?Here,we takeacloser look

at a three-membered, extremely halophilic natural consortium

consisting of the xylan-degrading Halorhabdus sp. SVX81, its

associate Haloferax lucentense SVX82, and the DPANN ar-

chaeon Candidatus Nanohalococcus occultus SVXNc, an ecto-

symbiont of H. lucentense.12,13 H. lucentense has been recently

reclassified as Haloferax volcanii17; therefore, this taxonomic

name is used throughout this paper for the strain SVX82.

Through transcriptomics, targeted metabolomics, scanning

electron microscopy (SEM), and cryo-electron tomography

(cryo-ET), we explored the intrinsic interactions among members

of this natural tripartite consortium, aiming to uncover its biotech-

nological potential for xylan degradation and to advance research

on complex microbial communities in extreme environments.

RESULTS

Xylan degradation and quantitative analysis of
xylooligosaccharides
Three xylan-degrading experimental consortia of archaea, along

with an H. volcanii SVX82 axenic culture, were used in this study

(Table 1). Xylan degradation activities of the consortia were

compared to that of the axenicHalorabdus sp. SVX81 culture. Af-

ter 240 h of cultivation, biomass growth significantly slowed in all

three cultures used in this experiment: axenic Halorhabdus sp.

SVX81 (Hr), the bipartite culture with H. volcanii SVX82 (Hr+Hv),

and the tripartite culture withCa. N. occultus SVXNc (Hr+Hv+No),

leaving residual xylan amounts (Table 2). The reduced growth rate

could be due the depletion of essential nutrient, such as vitamins,

and the accumulation of toxic byproducts resulting from the static

cultivation conditions of this experiment. Xylan concentration in

the flasks with cultures in triplicates was measured at the begin-
2 iScience 28, 111749, February 21, 2025
ning of the experiment (before inoculation) and at three time

points: 72, 120, and 240 h of cultivation. The dynamics of xylan

consumption and biomass increase are shown in Figure 1. The

analysis of the presence of X1–X4 xylooligosaccharides in the su-

pernatants is presented in Table 2.

The yield of xylooligosaccharides, detected in the Hr axenic

culture after 120 h of cultivation showed comparable concentra-

tions of xylose, xylobiose, xylotriose, and xylotetraose (26%,

20%, 32%, and 22%, respectively). The presence of Haloferax

in the Hr+Hv bipartite culture caused a significant depletion of

xylooligosaccharides, with their concentrations falling below

the detection limit at 120 and 240 h of cultivation. Xylose was de-

tected only midway through the experiment at 120 h of cultiva-

tion. Although H. volcanii SVX82 cannot degrade xylan due to

the lack of xylanases, it can consume xylose as a monomeric

product of xylan hydrolysis, which is the only product accessible

to this organism.13 We hypothesize that the depletion of mono-

saccharides in the Hr+Hv bipartite culture medium may create

energy constraints for Halorhabdus sp. SVX81, resulting in a

slightly delayed xylan degradation by the Hr+Hv consortium

compared to the axenicHr culture (Figure 1). However, this delay

constantly recorded at all three time point, was statistically insig-

nificant, with p values ranging from 0.27 at 240 h to 0.68 at 72 h.

An intriguing discovery was that the presence of the

H. volcanii’s ectosymbiont, Ca. N. occultus SVXNc, affected

both the kinetics of xylan degradation by the consortium and

the amount of xylose and xylooligosaccharides in the tripartite

culture medium (Figure 1 and Table 2). Specifically, after 120 h

of cultivation, the tripartite culture was enriched in xylose

compared to other consortia, comprising 94.5% of the total

X1-X4 xylooligosaccharides detected. The xylose concentration

in the medium increased to 179 mg L�1, indicating a significant

increase in xylose production beyond the consortium’s con-

sumption capacity. The difference in xylan consumption by the

Hr+Hv+No consortium was statistically significant compared to

the Hr axenic culture (p value 0.035) and showed a notable trend

compared to the Hr+Hv consortium (p value 0.091) at the 120 h

time point of cultivation. Xylan consumption slowed in all consor-

tia and became indistinguishable after 240 h of cultivation due to

methodological constraints of the static growth experiment. The

Hr+Hv+No culture outperforms other cultures in terms of

biomass accumulation at all three time points; however, this dif-

ference was statistically insignificant (Figure 1).

A possible shift in the metabolism of both haloarchaea in

response to the presence of a nanohaloarchaeal ectosymbiont

was further analyzed using comparative transcriptomics.

Differential gene expression in H. volcanii SVX82
Gene expression patterns of H. volcanii SVX82 were analyzed

under four conditions described in Table 1. The full list of genes

and the average reads per kilo base per million mapped reads

(RPKM) values for each experimental group are shown in

Table S1. To determine whether H. volcanii SVX82 exhibits

different gene expression patterns in different consortia, prin-

cipal-component analysis (PCA) was used to plot all experiments

and estimate 95% confidence ellipses around dots representing

experimental repetitions of the same consortia (Figure S1). The

axenic culture (Hv) and the Hv+No bipartite consortium



Table 2. Kinetics of xylan degradation and biomass accumulation by axenic culture of Halorhabdus sp. SVX81, as well the Hr+Hv

bipartite and the tripartite cultures, containing this xylan-decomposing haloarchaeon

Experiment Cultivation, h Biomass, mg L�1 Xylan remaining, mg L�1

Xylooligosaccharides detected, mg L�1

X1 X2 X3 X4

Abiotic control 72 NA 1,840 ± 80a 0b 0 0 0

240 NA 1,800 ± 50 0 0 0 0

Axenic culture

Halorhabdus sp. SVX81 72 183 ± 45 1,667 ± 115 27 20 80 48

120 197 ± 29 1,033 ± 58 49 37.5 60 42

240 383 ± 161 667 ± 58 53 80.5 86 0

Hr+Hv bipartite culture

Halorhabdus sp. SVX81 +

H. volcanii SVX82

72 167 ± 76 1,550 ± 212 0 0 30 26

120 250 ± 71 1,133 ± 208 56 0 0 0

240 433 ± 58 767 ± 115 0 0 0 0

Tripartite culture

Halorhabdus sp. SVX81 +

H. volcanii SVX 82 +

Ca. N. occultus SVXNc

72 183 ± 29 1,400 ± 173 13 123 105 14

120 267 ± 58 800 ± 100 179 4.5 6 0

240 483 ± 29 583 ± 115 14 0 0 0

X1, Xylose; X2, Xylobiose; X3, Xylotriose; X4, Xylotetraose; NA, not applicable.
aMean value ±standard deviation.
b0, the concentration of the compound was below the sensitivity of the method used.
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(experimental settings I and II) exhibited similar, statistically

indistinguishable patterns of gene expression, whereas the

gene expression patterns in the bipartite Hv+Hr and the tripartite

consortia (III and IV) significantly differed from each other and

from those exhibited by consortia I and II. The statistical signifi-

cance of differential gene expression was also confirmed by a

PERMANOVA test, with a p value of 0.01. It should be noted

that despite the general similarity in all-gene expression

patterns between consortia I and II, there were genes showing

statistically significant differences in their expression (see in

the following text.).

Further analysis was conducted to identify metabolic path-

ways-associated genes that were differentially expressed in

different consortia. Genes were linked to metabolic pathways

using Pathway Tools v26.0, and their expression was

compared to that in theH. volcanii SVX82 axenic culture (exper-

imental group I). This comparison allowed for the selection of 38

core genes representing different metabolic pathways, which

were differentially expressed with a fold change of two or

greater and a p value of% 0.05 in at least one pair of compared

consortia. Average RPKM values of these genes across the four

consortia are shown in Table S2. These values were used for

PCA plotting, as shown in Figure 2, where loadings of individual

pathway-associated genes are represented as vectors pointing

toward the plotted locations of the consortia (nodes labeled

from I to IV) in which these genes exhibited the highest

expression.

PCA revealed distinct metabolic changes in each experi-

mental group. The presence of Ca. N. occultus SVXNc in the

Hv+No bipartite culture (experimental group II) caused only mi-

nor changes in expression of genes involved in metabolic path-

ways ofH. volcanii SVX82 compared to its axenic culture (M-plot

of gene regulation is shown in Figure S2A). However, this strain
grown in a consortium with Halorhabdus sp. SVX81 (experi-

mental group III) exhibited significant changes in gene regulation

(as shown in Figure S2B). As shown in the PCA plot in Figure 2,

there is likely an activation of the expression of SVX82 genes

associated with gluconeogenesis and the Entner-Doudoroff

pathway, along with the transcriptional activation of sugar trans-

port systems, several anabolic pathways, nucleotide and amino

acid biosynthesis. These changes are most likely due to

apparent competition between the haloarchaea Hr and Hv for

the uptake of newly formed xylose, which, as shown in Table 2,

is present in the culture medium in minor quantities (less than

60 mg L�1), compared to experimental groups I and II, where

this monosaccharide is readily available to H. volcanii SVX82

(2,000 mg L�1).

Interestingly, the presence of Ca. N. occultus SVXNc in the

tripartite consortium considerably altered the metabolism of

H. volcanii SVX82, markedly enhancing the synthesis of sec-

ondary metabolites and adjusting metabolic pathways

compared to its axenic culture and the Hv+No bipartite con-

sortium (experimental groups I and II grown on D-xylose).

The strong activation of pyruvate decarboxylase and the

glyoxylate shunt suggests that pyruvate and acetate became

not only the primary sources of energy but also the main

source of carbon for biosynthetic reactions. Increased expres-

sion of genes encoding tRNA charging proteins suggests that

protein biosynthesis by H. volcanii SVX82 was activated in the

tripartite culture. For several genes expressed in axenic

H. volcanii SVX82, transcripts were not detected in the tripar-

tite culture (Table S3), likely due to cooperation among con-

sortium members. Such genes include, for example, Entner-

Doudoroff pathway aldolase eda and three paralogous copies

of 2-dehydro-3-deoxygluconokinase kdgK; 3-dehydroquinate

dehydratase aroD involved in chorismate biosynthesis in
iScience 28, 111749, February 21, 2025 3



Figure 1. Xylan concentrations and

biomass accumulation over time in three

consortia

Hr – axenic Halorhabdus sp. SVX81; Hr+Hv –

Halorhabdus sp. SVX81 + H. volcanii SVX82;

Hr+Hv+No – Halorhabdus sp. SVX81 + H. volcanii

SVX 82 + Ca. N. occultus SVXNc. Data are rep-

resented as mean +/� standard deviation.
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archaea; cobalt-precorrin-6B (C15)-methyltransferase cbiT

and adenosylcobinamide amidohydrolase cbiZ involved in

Cob(II)yrinate a,c-diamide biosynthesis and adenosylcobina-

mide-GDP salvage; multiple chemotaxis and archaellum

biogenesis genes; as well as a number of transcriptional reg-

ulators. This alteration in metabolism highlights the complex

trophic interactions within the consortium, which are influ-

enced by the presence of the symbiont and varying growth

conditions.

Differential gene expression in xylan-degrading
Halorhabdus sp. SVX81
Halorhabdus sp. SVX81 is the only archaeon in the tripartite con-

sortium capable of hydrolyzing xylan to xylooligosaccharides

and xylose, providing its community partners with essential en-

ergy and carbon sources.14 It grows independently on xylan,

but in the tripartite consortium, Halorhabdus sp. SVX81 shows

a statistically significant increase in xylan degradation efficiency

compared to both its axenic culture and the Hr+Hv bipartite cul-

ture (Figure 1 and Table 2). In a previous study,13 we investigated

the association of Ca. N. occultus SVXNc with H. volcanii

SVX82 in the Hv+No bipartite culture grown on D-xylose, corre-

sponding to experimental group II but did not assess the ecto-

symbiont’s colonization specificity in the tripartite consortium.

The enhanced degradation observed under these conditions

may have been due to either the direct physical association or in-

direct influence of Ca. N. occultus SVXNc on the metabolism of

Halorhabdus sp. SVX81, despite the previously reported inability

of the ectosymbiont to stably grow on Halorhabdus sp. SVX81

when these two organisms were attempted to be cultured

together in the absence of H. volcanii SVX82.13

In the tripartite culture with Ca. N. occultus SVXNc, grown on

xylan as the sole source of energy and carbon, Halorhabdus sp.
4 iScience 28, 111749, February 21, 2025
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SVX81 exhibited significant changes in

gene expression (M-plot in Figure S2C).

A detailed analysis of genes homologous

between Halorhabdus sp. SVX81 and

H. volcanii SVX82 revealed 1,572 shared

genes, with 1,174 protein-coding genes

being up- and downregulated under the

studied conditions (Table S4). The anal-

ysis of the expression patterns of genes

homologous between Halorhabdus sp.

SVX81 and H. volcanii SVX82, under the

influence of Ca. N. occultus SVXNc, re-

vealed a statistically significant degree of

metabolic co-regulation between them,

indicated by a Pearson correlation of
0.262 and supported by a two-tailed p value of 1.8e�8 (Figure 3)

The correlation coefficient increased to 0.317 when all genes en-

coding unknown and hypothetical proteins were filtered out. This

co-regulation includes 27 transcriptional regulators and multiple

genes for ribosomal proteins displaying synchronous up- and

downregulation. This result highlights adaptive shifts in protein

synthesis in the tripartite consortium. Notably, key pathways

suchas glycolysis/gluconeogenesiswere broadly downregulated

while enzymes involved in the tricarboxylic acid cycle (TCA) cycle

and acetate-CoA metabolism were upregulated, showcasing a

metabolic pivot to accommodate communal propagation. The

observed gene co-regulation suggests a concerted metabolic

response of these two haloarchaeal consortium members to the

introduction ofCa. N. occultus SVXNc, which is difficult to explain

solely through the indirect action of the symbiont on Halorhabdus

cells. Thus, based on the transcriptome data, we propose thatCa

N. occultus SVXNc can interact with Halorhabdus sp. SVX81

when its host, H. volcanii SVX82, is present in the community

However, given that the symbiont does not grow on Halorhabdus

cells in binary culture, for reasons that remain to be understood

we suggest that colonization of the xylan degrader by the ecto-

symbiont in the tripartite consortium, even if transient, neverthe-

less occurs and tends to rewire the metabolism of Halorhabdus

shifting it toward increased production of xylose—the only xylan

hydrolysis product accessible for the true host of the ectosym-

biont, H. volcanii SVX82.

Differential gene expression in the symbiotic archaeon
Ca. N. occultus SVXNc
The cultivation of the DPANN archaeonCa. N. occultus SVXNc in

the tripartite xylan-degrading consortium notably affected its

gene expression, in contrast to its growth on the xylose-utilizing

host in binary culture (M-plot is in Figure S2D; the full list o



Figure 2. The principal-component analysis (PCA) biplot shows the eigenvectors of different metabolic pathways, which exhibit dissimilar

gene expression in the tested archaeal consortia, and distribution of the gene expression patterns ofH. volcanii SVX82 in different consortia

(I) axenic monoculture on xylose; (II) bipartite co-culture with Ca. N. occultus SVXNc on xylose; (III) Hr+Hv bipartite culture; and (IV) tripartite co-culture on xylan.

The gene expression patterns are depicted by thick red dots, plotted according to their eigenvalues of the first two principal components. The eigenvectors of the

metabolic pathways are represented as green lines, directed toward the gene expression plots where they exhibit the highest expression or in the opposite

direction from the patterns where they were most inhibited. The lengths of the vector lines correspond to the relative loadings of the eigenvectors.
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regulated genes is in Table S5). In particular, the archaeal/vacu-

olar-type H-ATPase and glucose-6-phosphate isomerase genes

were significantly upregulated in the ectosymbiont, although

they were suppressed in H. volcanii SVX82 and Halorhabdus

sp. SVX81 within the same consortium. This activation suggests
active acetyl-CoA and/or succinyl-CoA synthesis, which could

subsequently be transported to host cells, given that Ca. N. oc-

cultus SVXNc lacks a functional TCA cycle.14 The activation of

two glycosyltransferase genes may facilitate the processing of

host-derived carbohydrates. The majority of glycolytic enzymes
iScience 28, 111749, February 21, 2025 5



Figure 3. The plot of co-regulation of homologous genes in Halorhabdus sp. SVX81 (Hr) and H. volcanii SVX82 (Hv)

Each colored dot represents a pair of homologous genes from the two genomes. These pairs are plotted based on their Log2(fold_change) values, comparing the

Hr+Hv bipartite and tripartite consortia on xylan, respectively for Halorhabdus sp. SVX81 (x axis) and H. volcanii SVX82 (y axis). Co- and counter-regulated gene

pairs are differentiated by dots of various colors, as detailed in the figure legend. The dots on the two right panels represent pairs of homologous genes that were

expressed and regulated exclusively in either H. volcanii (panel titled ‘‘Hv’’) or Halorhabdus sp. SVX81 (panel titled ‘‘Hr’’). The distribution of the dots in these

panels corresponds to their Log2(fold_change) values. The estimated Pearson correlation and the two-tailed p value are also displayed on the plot.

iScience
Article

ll
OPEN ACCESS
remained consistently expressed. The upregulation of genes

responsible for biogenesis of the archaellum and type IV pili im-

plies a potential role for the symbiont in formation of biofilm-like

networks to interact with the host cells and, possibly, with other

consortium members.

Significant downregulation of 15 ribosomal protein genes mir-

rors similar adjustments in H. volcanii SVX82 and Halorhabdus

sp. SVX81, aimed at optimizing ribosome function under new con-

ditions.Moreover, the downregulation of several RNA polymerase

subunits might adjust gene transcription, alongside numerous

other genes that are differentially expressed.18 Thegenesdifferen-

tially expressed in this experiment are listed in Table S3. However,

the biological implications of these changes remain challenging to

fully interpret due to a limited understanding of the biology and

metabolism of nano-sized DPANN archaea. Based on these

data, it can be assumed that the suppression of many genes in

Ca. N. occultus SVXNc, detected in the tripartite consortium

compared to the binary culture, can likely be explained by the

increased influx of a much broader spectrum of metabolites,
6 iScience 28, 111749, February 21, 2025
cofactors,andbiosynthesisprecursorsbetween theectosymbiont

and host cells, including Halorhabdus sp., due to its aforemen-

tioned, even if transient, association with Ca. N. occultus SVXNc.

Intracellular interactions between consortiummembers
The observed co-regulation of genes between Halorhabdus sp.

SVX81 and H. volcanii SVX82, influenced by the presence of

Ca. N. occultus SVXNc, underscores the complexity of microbial

consortia and the extent to which symbionts can influence all

members of the consortium, including those that are not their pri-

mary hosts. This transcriptome-based inference was confirmed

by the scanning electronmicroscopy (SEM) analysis of the tripar-

tite consortium, which showed that Ca. N. occultus SVXNc, the

ectosymbiont of H. volcanii, indeed interacts with both: its pri-

mary host (Figure 4A) andHalorhabdus cells (Figure 4B). Dividing

ectosymbiont cells were observed on the surface of both hal-

oarchaeal members of the tripartite consortium. Notably, at the

early stages of cultivation (72 h), the proportion of Halorhabdus

sp. SVX81 cells associated with nanohaloarchaea was already



Figure 4. Scanning electron microscopy

(SEM) images of the colonization of cells

of archaeal consortium members by the

DPANN ectosymbiont Ca. N. occultus

SVXNc

All scale bars in the figure correspond to 2 mm.

(A) Colonization of the primary host, H. volcanii

SVX82 visualized at 72 h of cultivation; (B) Cells of

the ectosymbiont on the cells of two species,

H. volcanii SVX82 and Halorhabdus sp. An arrow

indicates a Ca. N. occultus cell that has begun

division on the surface of a Halorhabdus cell; (C

and D) Colonization of cells of the xylan-degrading

consortium cohabitant Halorhabdus sp. SVX81 by

the ectosymbiont visualized at 120 h of cultivation;

(E and F) Hypercolonization of cells of H. volcanii

SVX82 by the DPANN ectosymbiont visualized

after one month of cultivation. In all SEM photos,

cells of the DPANN ectosymbiont Ca. N. occultus

SVXNc are indicated by arrows. Cells ofH. volcanii

SVX82 and Halorhabdus sp. were distinguished

based on cell morphology, as explained in the

STAR Methods.
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7.20 ± 1.04% (n = 677). However, this fraction was significantly

lower compared to that of ectosymbiont SVXNc cells attached

to H. volcanii SVX82 (13.05 ± 0.47%; n = 359). This disparity is

partly due to the fact that while Ca. N. occultus SVXNc formed

an association with Halorhabdus sp. SVX81 with a median mul-

tiplicity of only one cell per host cell, themedianmultiplicity of ec-

tosymbiont cells attached to one H. volcanii SVX82 cell was

much higher: two to four cells per host cell. At a later stage of

cultivation (120 h), the proportion of Halorhabdus cells showing

association with Ca. N. occultus SVXNc increased to 14.18 ±

1.86% (n = 231) (Figure 4C). The median multiplicity of nanoha-

loarchaeal cells attached to Halorhabdus did not change with

the time of cultivation, while the average number of cells
iSc
attached to H. volcanii SVX82 increased

significantly, accounting for more than

95% of all detected ectosymbiont cells.

Inhabitants of the halophilic xylan-de-

grading consortium formed a complex

heterocellular biofilm matrix, as shown in

extended data Figure S2A. Moreover, a

pattern of tight attachment of one nanoha-

loarchaeal cell to both Halorhabdus

sp. SVX81 and H. volcanii SVX82 cells

was often observed (Figures S2B–S2E).

Further studies should clarify whether

an exchange of metabolites between

H. volcanii and Halorhabdus cells through

the bridging DPANN symbionts is

possible. Numerous free symbiotic cells

unattached to host cells were also

observed in the tripartite consortium dur-

ing the SEM observations. In addition to

the previously described pore formation,

SEM analysis revealed another mode

of interaction between the symbiotic
DPANN cells and host cells. Namely, thin, long stalks resembling

pilus-like structures or intracellular channels were observed to

connecteither theectosymbiontand thehostcellsor theectosym-

biont cells themselves (Figures S2F–S2J).

Additionally, we set out to test whether the ectosymbiont re-

mains attached to the Halorhabdus cells under conditions

when all the digestible substrate has already been consumed

and the consortium is in deep starvation mode. In a month-old

tripartite culture, no infected Halorhabdus cells were detected,

while the median multiplicity of nanohaloarchaeal cells attached

to H. volcanii increased significantly, with more than 20–25 cells

of the ectosymbiont found attached to a single H. volcanii host

cell (Figures 4E and 4F).
ience 28, 111749, February 21, 2025 7
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Figure 5. Cryo-electron tomography images of the interaction be-

tween the DPANN symbiont and its host, H. volcanii SVX82, as well

as the non-host member of the archaeal consortium,Halorabdus sp.

SVX81

Features, morphologies and interaction events observed between (A)

H. volcanii SVX82 and Ca. N. occultus SVXNc, and (B) Halorhabdus sp. SVX81

and Ca. N. occultus SVXNc. Scale bars represent 100 nm. Pore formation

between the cells of H. volcanii and Ca. N. occultus is indicated by a thick red

arrow. Surface layers (S-layers) in both organisms and an outer layer (O-layer)

in the double-layered structure of the cell wall of Halorhabdus sp. SVX81 are

indicated by yellow and white thin titled arrows, respectively.
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Further insight into the physical interactions between the Ca.

N. occultus SVXNc ectosymbiont and its natural and transient

hosts, H. volcanii and Halorhabdus, was obtained using cryo-

ET that revealed potential mechanisms for metabolite exchange

through extracellular structures. Recent studies have reported

that DPANN archaea interact with their host and exchange me-

tabolites through pores and cytoplasmic tunnels penetrating

cellular membranes.19,20 These structures were hypothesized

to facilitate the exchange of not only metabolites but also pro-

teins, such as methyltransferases.21 The interaction between

the symbiont and the H. volcanii host involves the formation of

a cytoplasmic bridge that traverses the S-layers of both cells,

as indicated by a red thick arrow in Figure 5A. Cryo-ET confirmed

the binding of Ca. N. occultus cells to Halorhabdus (Figure 5B);

however, the physical mechanism of this interaction likely differs.

No pore formation was observed between the cells, but the

visible local depression of the Halorhabdus’s cell wall at the

site of contact with the Ca. N. occultus cells suggests a rather

tight interaction between the organisms. The difference in phys-

ical interaction mechanisms between the cells of the symbiont

and the cells of H. volcanii and Halorhabdus is likely associated

with the obvious differences in the cell wall structures of these

two species of halophilic archaea. H. volcanii has a typical

archaeal surface layer (S-layer) surrounding a single lipid mem-

brane,22 whereas, for Halorhabdus sp. SVX81, cryo-ET analysis

revealed a complex and unusual double-layered cell wall struc-

ture with an additional outer layer (Figure 5B).
DISCUSSION

Intrinsic relationships between cohabiters in an environment can

be understood through analyzing gene co-expression and tran-

scriptional regulation, reflecting nutrient availability, environ-

mental stresses, and consortium composition.23,24 Here, we

examined a natural consortium of three extremophilic archaeal
8 iScience 28, 111749, February 21, 2025
organisms: Halorhabdus sp. SVX81, capable of hydrolyzing

xylan; H. volcanii SVX82, a free-living archaeon that grows on

xylose formed during the hydrolysis of xylan by Halorhabdus

sp. SVX81; and Ca. N. occultus SVXNc, a nano-sized ectosym-

biont of H. volcanii SVX82 from the DPANN superphylum, char-

acterized by a theoretically predicted minimal cell size25 and a

highly reduced genome.14 The dependence of DPANN archaea

on their hosts for key biosynthetic precursors, such as amino

acids, nucleotides, fatty acids, and cofactors, due to their

compromised anabolic pathways, is evident. For example, the

activation of genes involved in amino acid synthesis is observed

in H. volcanii SVX82 in the presence of the ectosymbiont.

Despite having highly restricted metabolic pathways, Ca. N. oc-

cultus SVXNc maintains a functional glycolysis pathway,14 sug-

gesting that it contributes its glycolytic capacity to supplement

its host’s biosynthetic potential.

Colonization ofH. volcaniiSVX82 byCa. N. occultus SVXNc al-

ters the host’s metabolism, notably downregulating its glycolytic

pathways. This interaction suggests a complex exchange of me-

tabolites, with Ca. N. occultus SVXNc potentially providing

glycolysis products to its host. Interestingly, the suppression of

glycolysis, accompanied by sustained phosphorylation of carbo-

hydrates by glucokinase in H. volcanii SVX82 colonized by the

ectosymbiont, leads to a 50-fold increase in the concentration

of phosphorylated glucose in its cytoplasm.13 This suggests a

tight metabolic relationship between the symbiont and its host.

This study demonstrates that microbial consortia, such as the

one described herein, can outperform pure cultures in biotech-

nological applications, like xylan degradation. While Halorhab-

dus sp. SVX81 alone degrades xylan, H. volcanii SVX82 can

contribute only to oligosaccharide degradation but utilizes

xylose produced by Halorhabdus sp. SVX81, also supporting

its symbiont Ca. N. occultus SVXNc (Figure 1 and Table 2). Con-

trary to the initial belief that Halorhabdus sp. SVX81 is the sole

supporter of the consortium, a complex network ofmetabolic ex-

changes was uncovered, whereby the combined consortium’s

biodegradation capability exceeds the individual capacities

with the demonstrated statistical significance at the 120 h time

point of cultivation (Figure 1). This necessitates numerous meta-

bolic adjustments among all members, challenging the simplistic

view of one consortium provider and multiple consumers.

The DPANN symbiont may function as an ‘‘external mitochon-

drion,’’ responsible for glycolysis, energy production, and

possibly the maintenance of the transmembrane proton poten-

tial, shared with the host cells through the activation of the

archaeal/vacuolar-type H+ ATPase. However, these hypotheses,

derived from gene regulation analysis, require experimental

confirmation in future studies. Halorhabdus sp. SVX81 and

H. volcanii SVX82 use metabolites from Ca. N. occultus SVXNc

for synthesis of essential biomolecules and, in return,may supply

carbohydrates. Thus, the three organisms exist in a mutualistic

relationship facilitated by close cellular interactions, as evi-

denced by SEM (Figure 4) and cryo-ET (Figure 5). The interac-

tions between the ectosymbiont Ca. N. occultus SVXNc and its

host H. volcanii SVX82 deduced from the transcriptomics study

(Tables S5 and S6) are summarized in Figure 6.

Gene co-regulation between Halorhabdus sp. SVX81 and

H. volcanii SVX82 indicates direct symbiotic interaction, which



(legend on next page)
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is a novel discovery contrasting our previous findings that Ca. N.

occultus SVXNc cannot establish a stable binary co-culture with

Halorhabdus sp. SVX81.13 The hypothesis of the direct interac-

tion between Halorhabdus cells and the DPANN ectosymbiont

was confirmed by SEM (Figure 4) and cryo-ET (Figure 5). To

our knowledge, this is the first observation of DPANN archaea

being capable of simultaneous attachment to different hosts

belonging to distinct orders.

One possible reason for the inability of Ca. N. occultus SVXNc

to maintain permanent growth on Halorhabdus cells in a binary

culture is the complex structure of the cell-wall of this archaeon,

which differs from the single S-layer surrounding H. volcanii’s

cells.22 The double-layered cell wall revealed for Halorhabdus

sp. SVX81 by cryo-ET (Figure 5), is uncommon for archaea,

with only a few species having similar structures, such as Igni-

coccus hospitalis, Methanomassiliicoccus luminyensis, and

several members of the archaeal Richmond Mine acidophilic

nanoorganisms (ARMAN group).26 However, all these archaea

are phylogenetically distant from Halorhabdus. To the best of

our knowledge, the structure of the cell wall of Halorhabdus

has not been studied until now.

Another factor influencing interactions between the symbiont

and Halorhabdus cells can be the metabolic deficiencies of Hal-

orhabdus, which lacks functional gluconeogenesis and has an

incomplete TCA cycle due to the absence of several important

genes, such as 2-oxoglutarate dehydrogenase that converts ox-

oglutarate to succinyl-CoA, fueling the anabolic part of the TCA

and gluconeogenesis.27 Additionally, Halorhabdus sp. lacks the

glyoxylate shunt, necessary for using acetate for cell growth.28

Regardless of the reason, the inability of the DPANN symbiont

to stably thrive on Halorhabdus underscores the essential role

of H. volcanii in maintaining the integrity of the tripartite archaeal

consortium. This interdependency leads to an optimized con-

sortium for degrading xylan waste more effectively.

A striking discovery was that the increased xylan degradation

activity by the tripartite consortium exceeds the consortium’s

need for xylose, resulting in the accumulation of the sugar in

the medium (Table 2). This sugar accumulation provides a foun-

dation for further development of the natural microbial consortia

through the incorporation of new members, which may, in turn,

further enhance waste biodegradation. The findings of this study

offer insights into leveraging natural microbial communities for

waste decomposition in harsh environments and understanding

the ecological roles of DPANN archaea.

Conclusion
This study reveals the intricate metabolic and ecological interde-

pendencies within a tripartite consortium of extremophilic
Figure 6. Graphical summary of the pathways and systems showing dif

SVXNc

The regulated genes are identified by their predicted gene names, as listed in Tabl

depicted using different colors for the gene names and connecting arrows, as exp

change in expression, with a p value of 0.05 or less. The following abbreviations ar

acetate; Ac-CoA – acetyl-CoA; Arg – arginine; Asn – asparagine; Cit – citrulline

glutamine; Glu-p – glucose phosphate; Gly – glycine; His – histidine; Mal – malate;

Orn – ornithine; PEP – phosphoenolpyruvate; Pro – proline; PRPP – 5-phospho-a

tricarboxylic acid cycle; THF – tetrahydropholate; Trp – tryptophan; UDP-N-Gla
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archaea, comprising Halorhabdus sp. SVX81, H. volcanii SVX82,

and Ca. N. occultus SVXNc. By combining transcriptomics, me-

tabolomics, and advanced imaging techniques, the findings high-

light how these organisms coordinate metabolic pathways,

enablingefficient xylandegradationunderhypersalineconditions.

The consortium’s enhanced biodegradation capabilities stem

from a mutualistic exchange of metabolites, with the DPANN ec-

tosymbiont functioning as a key metabolic partner, providing

glycolytic outputs while relying on its hosts for essential biosyn-

thetic precursors. The observed sugar accumulation in the me-

dium suggests potential for further biotechnological optimization,

including the incorporation of additional microbial partners to

enhance waste decomposition. This work underscores the

ecological and functional roles of DPANN archaea in microbial

communities and provides a foundation for leveraging archaeal

consortia in industrial applications targeting waste management

in extreme environments.

Limitations of the study
The potential biotechnological significance of using archaeal

consortia for xylan degradation requires confirmation through

further studies employing flow cultivation approaches, as the

static cultivation method used in this study demonstrated clear

limitations. Consequently, statistically significant changes in

xylan degradation by different consortia became evident only

at the 120-h time point of cultivation. Metabolic interactions be-

tween archaeal species were predicted based on the analysis of

transcriptional regulation of genes encoding key enzymes and

metabolites. However, many regulated genes in these microor-

ganisms remain unidentified or hypothetical, and those with as-

signed functions were predicted based on sequence homology

with other known proteins. These limitations restricted the

detailed analysis of metabolic interplay among consortium

members.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

Haloferax volcanii SVX82 (former Haloferax

lucertense SVX82)

Russia: Razval and Ozero Dunino lakes,

Sol-Iletsk region

SAMN30630946

Ca. Nanohalococcus occultus SVXNc Russia: Razval and Ozero Dunino lakes,

Sol-Iletsk region

SAMN30630938

Halorhabdus sp. SVX81 Russia: Razval and Ozero Dunino lakes,

Sol-Iletsk region

SAMN30630960

Deposited data

H. volcanii SVX82 (whole genome sequence) GenBank CP104741-44

Ca. N. occultus SVXNc (whole genome sequence) GenBank CP104395

Halorhabdus sp. SVX81 whole genome sequence) GenBank CP104322

RNA sequences from consortium I (H. volcanii

SVX82)

SRA SRX22141247

SRX22141248

RNA sequences from consortium II (H. volcanii

SVX82 + Ca. N. occultus SVXNc)

SRA SRX22141249

SRX22141236

RNA sequences from consortium III

(Halorhabdus sp. SVX81 + H. volcanii SVX82)

SRA SRX22141237

SRX22141238

RNA sequences from consortium IV

(Halorhabdus sp. SVX81 + H. volcanii

SVX82 + Ca. N. occultus SVXNc)

SRA SRX22141239

SRX22141240

SRX22141241
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

The model microorganisms used in this study were halophilic archaea isolated from a natural xylan-degrading consortium,12–17,21

consisting of the xylan-degrading Halorhabdus sp. SVX81, the xylose-consuming H. volcanii SVX82 and its ectosymbiont Ca. N. oc-

cultus SVXNc, were analyzed in various compositions.

This study did not include any animals, human participants, cell lines or any other methods, which would require special permis-

sions or ethical approvals by the research institutes.

METHOD DETAILS

Cultivation conditions
Four experimental groups were created to elucidate possible interactions among the consortium members, cultivated either on

D-xylose, or beech wood xylan as the sole carbon source (Table 1). All experimental settings used previously described LC liquid

mineral medium.12 After sterilization (121�C, 20 min) and cooling, the pH was adjusted to 7.2 by the adding sterile 1M KOH. The me-

diumwas additionally supplementedwith 1mL L-1 of the 1,0003 trace element SL-10 solution prepared as describe elsewhere29 and

including 50mg L-1 yeast extract and 1mL L-1 of vitamin mix30 containing 5.0 mg L-1 thiamine (vitamin B1), 5.0 mg L-1 calcium panto-

thenate, 2.0 mg L-1 biotin, 5.0 mg L-1 p-aminobenzoic acid (PABA), 5.0 mg L-1 nicotinic acid (niacin), 10.0 mg L-1 pyridoxine (vitamin

B6), 2.0 mg L-1 folic acid, 5.0 mg L-1 riboflavin (vitamin B2), and 0.5 mg L-1 cobalamin (vitamin B12). Vitamins were obtained from

Merck Life Science S.r.l. (Milan, Italy), dissolved separately, sterilized through 0.22 mm nylon filters (Sigma-Aldrich, product number

WHA99102502), and then combined into a stock solution.

Sterilized beech wood xylan (Megazyme, catalogue number P-XYLNBE-10G) was added at a final concentration of 2.0 g L-1 to the

growth broth for cultivation of xylan-degrading archaeal consortia. For cultivation of xylose-consuming consortia, which are unable to

degrade xylan,12 10 mM D-xylose was added instead of the beech wood xylan. All cultures were incubated in 120 mL serum vials (in

triplicate) in a thermostat at 40�C, statically, to create microaerobic conditions. Their growth was observed over a 240 h period. The

same cultures were used for all downstream analyses including transcriptomics, scanning electron microscopy (SEM) and electron

cryotomography (cryo-ET).
iScience 28, 111749, February 21, 2025 e1
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The initial xylan content in the control (abiotic) experiment and in the experimental groups was within the range of 1,890 ± 60 (stan-

dard deviation – SD)mg L�1, corresponding to 94.5 ± 3.0%of the added amount of xylan (2,000mg L�1), thus confirming the reliability

of the chosen xylan precipitation method for its detection in solutions. The variation in xylan content in the abiotic group over time

was measured after 72 h of incubation and at the end of the experiment (240 h), ranging between 1,840 ± 80 mg L�1 and 1,800 ±

50 mg L�1, respectively, indicating the stability of added polysaccharide at high salinity and 40�C throughout the experiment.

Xylan consumption by both the SVX81 axenic culture and the consortia containing Halorhabdus sp. SVX81 was monitored

throughout the experiment using amodified precipitationmethod of the Azo-Xylan (Megazyme, catalogue number S-AXBL).31 Briefly,

15 mL from each xylan-supplemented experiment was collected after 72, 120 and 240 h of cultivation and clarified by centrifugation

at 9,000 3 g for 15 min at 4�C. The biomass pellet and supernatant were separated, and xylan was further precipitated by adding

25 mL of precipitation solution (40 g L�1 CH3COONa$3H2O and 4.0 g L-1 Zn(CH3COO)2$2H2O in 77% (v/v) ethanol in MilliQ water,

pH 5.0) to 10 mL of supernatant and leaving the reaction mixture at room temperature for 1 hour. The precipitated xylan was then

collected by centrifugation at 2,000 3 g for 10 min at 4�C and the resulting pellet was left to dry completely in an oven at 65�C for

24 hours. The dry weight of residual beech wood xylan was then measured and the rate of its degradation during the experiments

was calculated as difference between the amounts of xylan harvested from parallel abiotic controls. Experiments were conducted

in triplicate, and mean values with standard deviations were calculated using the NumPy v.1.26.4 library in Python 3. Statistical sig-

nificance of differences in xylan concentration across the culture media of different consortia was assessed by calculating p-values

from independent two-sample t-tests using the stats.ttest_ind function from the scipy v.1.11.2 library in Python 3. The library mat-

plotlib v.3.8.3 was used in Python 3 for result visualisation.

Analysis of xylooligosaccharides
Xylooligosaccharides were analyzed by high-performance anion-exchange chromatography with pulsed amperometric detection

(HPAEC-PAD), following a slightly modified approach that we described previously.13 Briefly, the supernatant of triplicates (each

aliquot of 300 ml), obtained by centrifuging the corresponding growing culture at 9000 3 g for 15 min at 4�C, was pooled together

and absolute ethanol was added to a final ethanol concentration of 80% (v/v) and then centrifuged at 10,0003g for 10 min at 4�C
to precipitate both extracellular proteins and exopolysaccharides, including remaining high molecular weight xylan. Replica pooling

was done specifically to reduce the total number of samples to avoid extensive ‘‘ion poisoning’’ of the column due to the high salinity

of the samples, which significantly reduces the sensitivity of the analysis. Supernatants (250 mL aliquots) were than diluted 10-times

with MilliQ water and filtered through 0.22 mm nylon filters (Sigma-Aldrich, product number WHA99102502). Xylooligosaccharide

analysis was performed using an HPAEC-PAD, Dionex ICS3000 system, CarboPack PA-100 anion-exchange column (4 mm 3

250 mm) coupled to a CarboPac PA-100 guard column (4 m 3 50 mm), and an autosampler (model AS-HV), as described else-

where.13 Identification of xylooligosaccharides containing up to six units (xylose, xylobiose, xylotriose, xylotetrose, xylopentose

and xylohexose) was carried out by comparing the retention times of the corresponding standards (all provided by Megazyme,

NEOGEN Europe Ltd).

Scanning electron microscopy (SEM)
Cells grown in LC liquid mineral medium supplemented with xylan (2 g L-1) were fixed with 2.5% glutaraldehyde (v/v, final concen-

tration) for 1 hour. The fixative was removed by washing twice with LC mineral medium. The fixed material was placed onto poly-L-

lysine-coated coverslips for 10 min to cross-link microbes with poly-L-lysine coating. Dehydrating was achieved using a series of

increasing of acetone in water mixtures (10, 30, 50, 70, 90% (v/v) acetone) and pure acetone on ice for 10 min for each step.

Once in 100% acetone, samples were allowed to reach room temperature while being replenished with fresh 100% acetone. The

samples were then subjected to critical-point drying with liquid CO2 (Quorum K850 Critical Point Dryer, Quorum Technologies

Ltd., London, UK). The dried samples were covered with a gold film by sputter coating (QuorumQ150R S plus; Quorum Technologies

Ltd., London, UK) before examination in a scanning electron microscope TESCANMira 3 (Tescan Brno s.r.o., Brno, Czech Republic)

with an acceleration voltage of 5 kV. The haloarchaeal members of the tripartite consortium were easily distinguishable by cell

morphology. Whereas Halorhabdus sp. SVX81 cells under all experimental conditions presented a rod-shaped morphology,

H. volcanii SVX82 cells were pleomorphic, with the majority of cells (�75%) existing as erythrocyte-like flat disks, consistent with

previous observations.13

Cryo-electron tomography
The cryo-electron tomography (Cryo-ET) procedures were explained in detail in the previous publications.21,32,33 Samples for the

cryo-ET analysis were prepared from the H. volcanii SVX82 and Ca. N. occultus SVXNc (Hv+No) bipartite consortium grown on

xylose, and the tripartite consortium includingHalorhabdus sp. SVX81,H. volcanii SVX82 andCa. N. occultus SVXNc grown on xylan.

DNA/RNA extraction and analysis
All these procedures were described in detail in the previous publication.21

RNA was extracted from 5 mL of triplicate cultures at the late exponential phase using the MasterPureTM Complete DNA and RNA

Purification Kit (Epicentre, VWR, Milan, Italy). Cells were harvested by centrifugation at 10,0003 g, 4�C, for 20 min, and RNA extrac-

tion followed the manufacturer’s instructions. The RNA was resuspended in 50 mL of RNase-free water and treated with the TURBO
e2 iScience 28, 111749, February 21, 2025
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DNA-free kit (Ambion, TX, USA) to remove residual DNA. RNA quality and concentration were measured using the Qubit 3.0 fluorom-

eter (Thermo Fisher Scientific, Italy). DNA removal was confirmed by PCR amplification with Arch519F/Arch915R primers,34 targeting

Halobacteria. PCR was performed on a MasterCycler 5331 Gradient PCR (Eppendorf, Hamburg, Germany) with the following con-

ditions: 94�C for 5 min; 35 cycles of 94�C for 1 min, 50�C for 1 min, and 72�C for 2 min; followed by 72�C for 10min. No PCR products

were detected on a 1% agarose gel. RNA integrity was assessed using the Agilent 2100 Bioanalyzer (Agilent Technologies). After

rRNA depletion and DNase treatment, sequencing was performed by FISABIO (Valencia, Spain) using the Illumina� NextSeq plat-

formwith 23 100 bp paired-end libraries (NextSeq Reagent Kit v2.5). Metatranscriptome analysis and quality checks were conduct-

ed with PRINSEQ-lite.

QUANTIFICATION AND STATISTICAL ANALYSIS

Transcriptional analysis was conducted using Bioconductor version 3.17 on R-3.4.4. RNA sequences were aligned against the refer-

ence genomes of the respective organisms available at the Genbank database. The featureCounts in Bioconductor’s Rsubread

v.2.0.1 package counted reads over coding sequences (CDS). DESeq2 v.1.26.0 and GenomicFeatures v.1.38.2 normalized counts

by total reads andCDS lengths, analyzing gene expression, fold changes, and p-values across datasets. Gene regulation involving an

absolute expression fold change of 2 or greater, with a p-value of 0.05 or less, was considered statistically significant.

Pairs of homologous genes shared byHalorhabdus sp. SVX81 andH. volcanii SVX82 were identified using the GET_HOMOLOGUES

v.2602020 programwith default parameters.35 Fold change values of gene expression predicted by the program DESeq2were used to

calculate Pearson product-moment correlation of gene regulation using function stats.pearson of the library scipy v.1.11.2 in Python 3.

The two-tailed p-value of Pearson correlation was calculated using function stats.t.cdf of the same library. Principal Component Anal-

ysis (PCA) algorithm, implemented in the PAleontological STatistics (PAST) 4.02 program (http://folk.uio.no/ohammer/past/),36 was

used for clustering gene expression patterns of H. volcanii SVX82 in different consortia. For the PCA analysis, reads per kilo base

per million mapped reads (RPKM) values of gene expression were calculated by Equation 1:

RPKMg =
109 3Nmapped reads per gene

Total mapped reads3gene length
(Equation 1)

Before PCA clustering, row-scaling normalization of RPKM values for the same genes, determined under different growth condi-

tions, was performed by dividing all values in each row by the highest RPKM value in that row (Table S1). Row-scaling normalization is

necessary to eliminate the dominance of highly expressed genes during PCA analysis. The program PAST was used to draw esti-

mated 95%confidence ellipses for the distribution of gene expression patterns on the PCA plot. Statistical significance of differences

between gene expression patterns was calculated using the Permutational Multivariate Analysis of Variance (PERMANOVA) algo-

rithm,37 implemented as the stats.distance function in the skbio v.0.6.2 library in Python 3 using the default settings of arguments

(999 permutations).

Additional information regarding the numbers of experiments and definitions of deviation bars can be found in the section results

and in figure legends.
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