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ABSTRACT Marine microorganisms encode a complex repertoire of carbohydrate-active
enzymes (CAZymes) for the catabolism of algal cell wall polysaccharides. While the core
enzyme cascade for degrading agar is conserved across agarolytic marine bacteria, gain of
novel metabolic functions can lead to the evolutionary expansion of the gene repertoire.
Here, we describe how two less-abundant GH96 a-agarases harbored in the agar-specific
polysaccharide utilization locus (PUL) of Colwellia echini strain A3T facilitate the versatility of
the agarolytic pathway. The cellular and molecular functions of the a-agarases examined
by genomic, transcriptomic, and biochemical analyses revealed that a-agarases of C. echini
A3T create a novel auxiliary pathway. a-Agarases convert even-numbered neoagarooligo-
saccharides to odd-numbered agaro- and neoagarooligosaccharides, providing an alterna-
tive route for the depolymerization process in the agarolytic pathway. Comparative
genomic analysis of agarolytic bacteria implied that the agarolytic gene repertoire in ma-
rine bacteria has been diversified during evolution, while the essential core agarolytic gene
set has been conserved. The expansion of the agarolytic gene repertoire and novel hydro-
lytic functions, including the elucidated molecular functionality of a-agarase, promote met-
abolic versatility by channeling agar metabolism through different routes.

IMPORTANCE Colwellia echini A3T is an example of how the gain of gene(s) can lead
to the evolutionary expansion of agar-specific polysaccharide utilization loci (PUL). C. echini
A3T encodes two a-agarases in addition to the core b-agarolytic enzymes in its agarolytic
PUL. Among the agar-degrading CAZymes identified so far, only a few a-agarases have
been biochemically characterized. The molecular and biological functions of two a-agarases
revealed that their unique hydrolytic pattern leads to the emergence of auxiliary agarolytic
pathways. Through the combination of transcriptomic, genomic, and biochemical evidence,
we elucidate the complete a-agarolytic pathway in C. echini A3T. The addition of a-agarases
to the agarolytic enzyme repertoire might allow marine agarolytic bacteria to increase com-
petitive abilities through metabolic versatility.

KEYWORDS agarase, a-agarase, GH96, agar metabolism, polysaccharide utilization loci,
gene gain, novel auxiliary pathway, metabolic versatility

Macroalgae contribute to the primary production in coastal and pelagic marine
ecosystems and provide a rich nutrient source for marine microorganisms (1, 2).

A significant part of the marine algal biomass comprises cell wall polysaccharides such
as agar, porphyran, and carrageenan in red macroalgae, fucan in brown algae, and ulvan in
green algae (3–5). Bioconversion of algal polysaccharides in marine ecosystems is carried out
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by microorganisms that encode a repertoire of carbohydrate-active enzymes (CAZymes) for
the efficient hydrolysis of various algal cell wall polysaccharides. This CAZyme repertoire is
diverse and varies among marine polysaccharide-degrading microorganisms (6).

CAZyme genes are often clustered in genomic regions, known as polysaccharide
utilization loci (PULs) (7–10). PULs were initially identified in Bacteroidetes, and similar
genomic loci were identified later in other phyla (11, 12). Genes in the PULs encode ca-
nonical SusC/SusD proteins for binding and transportation of oligosaccharides (11, 12),
CAZymes (including glycoside hydrolases), transporters, transcriptional regulators, and
auxiliary enzymes (e.g., sulfatases and phosphatases) (10). The genes in PULs are often
regulated as a unit (regulon) (7–9). The SusC/SusD pair is exclusively found within the
Bacteroidetes, whereas the non-Bacteroidetes have TonB-dependent transporters
instead of SusC/SusD (11, 12). While certain marine microorganisms share homologous
glycoside hydrolases within the PULs, less conserved and functionally novel enzymes
may also be found. The identification of coregulated genes within a PUL often leads to the
characterization of novel or rare CAZymes and auxiliary hydrolytic pathways (13, 14).

Among different macroalgal cell wall polysaccharides, agar is a hetero-polymer
composed of two distinct a-1,3 and b-1,4 glycosidic linkage groups between 3,6-anhy-
dro-L-galactose (L-AHG) and D-galactose (15). a-Agarases and b-agarases catalyze the
hydrolysis of two different glycosidic linkages. Recent studies suggest that agarolytic
pathways in marine microorganisms are biased toward cleavage of the b-1,4 glycosidic
linkage (16–19). Model agarolytic bacteria such as Saccharophagus degradans strain 2-
40, Pseudoalteromonas atlantica strain T6c, Vibrio sp. EJY3, and Zobellia galactanivorans
DsijT only use b-agarases to hydrolyze agar polymers by b-1,4 glycosidic link cleaving
(16, 20–22). b-Agarases have been well characterized and are classified into the glyco-
side hydrolase (GH) families GH16, GH50, GH86, and GH118 based on their sequence
similarity (23). Unlike these well-characterized and ubiquitous b-agarases, a-agarases
are rarely found in nature and cleave the a-1,3 glycosidic linkage in agar. Only a few
a-agarases, such as those from Alteromonas agarilyticus strain GJ1B, Thalassotalea agar-
ivorans strain JAMB-A33T, and Thalassomonas sp. strain LD5 have previously been
reported (24–26). All published a-agarases belong to a single CAZy family, GH96 (27).
Another enzyme, GH117 a-neoagarobiose hydrolase (a-NABH), hydrolyzes a-1,3 glyco-
sidic bonds but, in contrast to a-agarases, a-NABH exclusively releases L-AHG from the
nonreducing end of neoagarooligosaccharides (NAOS) (18). The limited genetic diversity
and the rare natural occurrence of a-agarases, compared to b-agarases, raise a fundamental
question about the metabolic benefit and evolutionary niche created by a-agarases.

The agarolytic bacterium Colwellia echini A3T, previously isolated from the micro-
biome of sea urchin (28), encodes both b-agarases and a-agarases organized in a PUL-
like genomic locus (29). Here, we describe in detail the b- and a-agarolytic pathways
in C. echini A3T for the hydrolysis of agar to monosaccharides, using genomics, tran-
scriptomics, and biochemical characterizations of b- and a-agarases. We used the agar-
olytic pathway of C. echini A3T as an experimental model system for elucidating how
gene gain contributes to the emergence of novel auxiliary metabolic pathways and
diversification of the core b-agarolytic pathway. Comparative genomic analysis of 30
other marine bacteria that contain agarolytic enzymes supports that the agarolytic
enzyme repertoire of marine bacteria has diversified during evolution while conserving
essential core genes. This study provides new insights into the role of a-agarases in
the enzymatic degradation of agar and maps the environmental distribution and con-
servation of a-agarolytic pathways in marine bacteria.

RESULTS
Genomic and transcriptomic analyses show that agar hydrolysis is encoded by

a complex gene cluster in Colwellia echini A3T. C. echini A3T possesses a repertoire of
enzymes capable of degrading complex marine polysaccharides (28). In this study, we
focused on the repertoire of agarolytic enzymes produced by C. echini A3T and exten-
sively studied their agar degradation potential. Whole-genome sequencing and anno-
tation of C. echini A3T revealed a cluster of genes responsible for agar hydrolysis and

Pathiraja et al. Applied and Environmental Microbiology

June 2021 Volume 87 Issue 12 e00230-21 aem.asm.org 2

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

em
 o

n 
25

 N
ov

em
be

r 
20

21
 b

y 
19

4.
95

.6
.3

8.

https://aem.asm.org


metabolism. The gene cluster (98.7 kb) contains various agar-specific CAZymes, TonB-
dependent transporters (TBDT), transcriptional regulators, and auxiliary enzymes (sulfa-
tases and phosphatases). The organization of this region has similarities to the PULs
described in Bacteroidetes (10). Therefore, this gene cluster was assumed to be a PUL
specific for agar (designated “AGA PUL”) in C. echini A3T (29) (Fig. 1a) (Table S1 and
Data S1 in the supplemental material).

The AGA PUL of C. echini A3T contains all the genes required for agar hydrolysis,
uptake, metabolism, and transcriptional control. This comprises nine GH enzymes,

FIG 1 Genomic and transcriptomic analysis of the PUL involved in agar metabolism (AGA PUL) in C. echini A3T. (a) Genes in the AGA PUL were annotated
according to their CAZy family or enzymatic activity. Nine main categories of genes (glycoside hydrolase, L-AHG metabolism, TonB-dependent transporters,
ABC transporter permease, sulfatase, transcriptional regulators, sodium/hexose cotransporters, major facilitator superfamily, and cytochrome P450/
ferredoxin reductase) were identified based on their function in agar metabolism. The names of the genes and their functions are listed in Table S1 in the
supplemental material. (b) Log fold change (logFC) of the gene expression levels of the genes within scaffold 1 of the C. echini A3Tgenome (NCBI Reference
Sequence accession NZ_PJAI02000001.1). Genes with logFC. 2 and P, 0.05 were considered differentially expressed. The gene expression profile of C.
echini A3T was obtained from the RNA-seq analysis of cells grown in marine minimal medium containing either agar or D-glucose as the carbon source. Log
fold changes (logFC) of the gene expression levels in agar compared to D-glucose are shown.
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including two GH96 a-agarases (Ce2834 and Ce2835), one GH86 b-agarase (Ce2867),
four GH50 b-agarases (Ce2839, Ce2840, Ce2842, and Ce2862), one GH2 agarolytic
b-galactosidase (ABG) (Ce2828), and one GH117 a-neoagarobiose hydrolase (Ce2875).
Four putative L-AHG metabolic enzymes are located next to each other in the AGA
PUL; 3,6-anhydro-L-galactose dehydrogenase (AHG dehydrogenase) (Ce2850), 3,6-
anhydro-L-galactonate cycloisomerase (AHGA cycloisomerase) (Ce2847), 2-keto-3-
deoxy-L-galactonate 5-dehydrogenase (KDG dehydrogenase) (Ce2848), and 2,5-diketo-
3-deoxy-L-galactonate 5-reductase (DDG reductase) (Ce2849). Another putative L-AHG
metabolic enzyme, 2-keto-3-deoxy-D-gluconate kinase (KDG kinase) (Ce2874), is
located within the PUL but away from the other four. The 2-dehydro-3-deoxy-6-phos-
phogalactonate aldolase (KDPG aldolase) gene is not found within the AGA PUL, and
two putative aldolase genes are found elsewhere in the genome (Ce755 and Ce359).
The AGA PUL also contains proteins that are expected to be involved in oligo- and
monosaccharide transport, including TBDT (Ce2859 and Ce2863), ABC transporters
(Ce2845, Ce2869, Ce2870, Ce2871, and Ce2872), a major facilitator superfamily (MFS)
transporter (Ce2838), and a sodium/hexose cotransporter (Ce2829). Two transcriptional
regulators (Ce2846 and Ce2861) are also located within the AGA PUL.

Transcriptome sequencing (RNA-seq) gene expression profiling was performed on
C. echini A3T grown in marine minimal medium containing agar as the carbon source
and in D-glucose. The expression profile supported that genes in the coinciding AGA
PUL region were strongly upregulated (log2 fold change. 2) compared to other
genomic regions (Fig. 1b). All the AGA PUL annotated genes were upregulated except
for the transcriptional regulators (Table S2 and Data S2). Two L-AHG metabolic genes
(Ce2848 and Ce2847) were the most upregulated in the PUL (log fold change [FC]. 6),
followed by a TBDT (Ce2863), b-agarases (Ce2862, Ce2839, and Ce2867), and an
a-agarase (Ce2834).

Phylogenetic analysis and molecular characterization of GH96 a-agarases. C.
echini A3T has two GH96 a-agarases (Ce2834 and Ce2835), each with .70% amino
acid sequence identity to a-agarases from Algibacillus agarilyticus strain RQJ05T (Table
S3). In addition, Ce2834 has 74% amino acid identity to a previously characterized
a-agarase from Alteromonas agarilyticus GJ1B (24) and Ce2835 has 71% amino acid
identity to previously characterized a-agarase from Thalassotalea agarivorans JAMB-
A33T. We retrieved amino acid sequences of a-agarase homologs containing GH96 cat-
alytic modules from the NCBI GenBank database (as of December 2020). The a-agar-
ases were clustered into two distinct groups (group I and II) by sequence similarity
(Fig. 2a, Fig. S1). The GH96 members of groups I and II taxonomically belong to the
phyla Proteobacteria and Bacteroidetes, respectively. Sequence analysis revealed that,
apart from a common GH96 catalytic domain, the modular architecture differed
between proteins in group I and II (Fig. 2b). The a-agarases from group I contained
conserved features as follows: (i) noncatalytic carbohydrate binding module family 6
(CBM6), also found in b-agarases (30); (ii) thrombospondin type 3 (TSP3) repeats, which
are short aspartate-rich repeats proposed to serve as a continuous series of calcium
binding sites (31); and (iii) PA14 modules upstream of the GH96 catalytic module.
None of these above-mentioned modules were found in group II. The group II mem-
bers contained a distinct T9SS sorting module downstream of the GH96 catalytic mod-
ule (32) that was not found in group I. The biochemical activities of four a-agarases
from group I were experimentally verified (24–26), but none of the group II a-agarases
has been examined yet. We constructed a gene tree using the amino acid sequences
of a-agarases from Gammaproteobacteria in group I (Fig. 2c, Fig. S2). All a-agarases
formed a single clade, suggesting they are homologs found in closely related
Gammaproteobacteria. The GH96 homologs of closely related Gammaproteobacteria
show .60% amino acid identity with the a-agarases from C. echini A3T. Few ortholog/
paralog relationships were identified in the a-agarase gene tree. Both C. echini A3T and
Algibacillus agarilyticus RQJ05T have two a-agarase genes, which are paralogs, in each
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FIG 2 Phylogenetic analysis of GH96 module containing proteins. (a) Multidimensional scaling plot (MDS plot) showing the distance between the
sequences containing GH96 catalytic modules in the phyla Proteobacteria and Bacteroidetes. (b) Modular architecture of representative GH96 catalytic
module-containing proteins in the phyla Proteobacteria and Bacteroidetes. The GH96 catalytic modules, carbohydrate binding module family 6 (CBM6, Pfam
module ID 03422) modules, thrombospondin type 3 repeats (TSP3, Pfam module ID 02412), and PA14 modules (Pfam ID 07691) are indicated in the figure.
The scale bar shows the length of each protein in the amino acids. (c) Gene tree showing the phylogenetic relationship between GH96 a-agarases Ce2834
and Ce2835 from C. echini A3T and 17 homologs of the phylum Proteobacteria retrieved from the NCBI GenBank (as of December 2020). The gene tree was
constructed using the maximum-likelihood method, using amino acid sequences. Ce2834 and Ce2835 from C. echini A3T are indicated with blue closed
circles. Characterized a-agarases are indicated with red closed circles. The tree was drawn to scale with branch lengths measured in the number of
substitutions per site. The symbols and accession numbers of the respective sequences given in parentheses are as follows: Ce2834 (WP_148747643.1),
Ce2835 (WP_148747644.1) of Colwellia echini A3T, CagAAG1 (EWH08789.1) of Catenovulum agarivorans DS-2, CagAAG2 (WP_040395378.1) of Catenovulum
agarivorans YM01, CcbAAG (WP_108602099.1) Catenovulum sp. CCB-QB4, CmaAAG (WP_048688751.1) of Catenovulum maritimum Q1T, AlgAAG1 (WP
_111979920.1), AlgAAG2 (WP_198673760.1), AlgAAG3 (WP_111979921.1) of Algibacillus agarilyticus RQJ05T, CseAAG (WP_143872330.1) of Catenovulum
sediminis D2T, CucAAG (WP_076419582.1) of Colwellia sp. UCD-KL20, GagAAG (WP_041525041.1) of Gilvimarinus agarilyticus M5cT, MalAAG (WP_053979760
.1) of Marinagarivorans algicola Z1T, TagAAG (WP_093328038.1), TagAAG_A33 (A1IGV8.1) of Thalassotalea agarivorans JAMB A33T, ThaAAG (AQN80853.1) of
Thalassomonas sp. LD5, AltAAG (MAD14829.1) of Alteromonadaceae bacterium, PseAAG (WP_033185639.1) of Pseudoalteromonas sp. PLSV, AagAAG (Q9LAP7
.1) of Alteromonas agarilytica GJ1B, AamAAG (WP_139195727.1) of Aquimarina amphilecti 92VT, and AadAAG (WP_147404403.1) of Aquimarina sp. AD1.
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genome. AlgAAG1 and AlgAAG2 of Algibacillus agarilyticus RQJ05T are orthologs of
Ce2834 and Ce2835, respectively.

The Ce2834 and Ce2835 genes were cloned and the recombinant proteins were
expressed in Escherichia coli. The endo a-1,3 glycosidase activity of Ce2834 and Ce2835 was
confirmed using a mixture of neoagarotetraose (NA4) and neoagarohexaose (NA6) as the sub-
strates. Upon reaction with Ce2834 or Ce2835, NA4 remained intact, whereas NA6 was hydro-
lyzed to yield two products (Fig. 3a and b). The resulting products were neither D-galactose
nor L-AHG, suggesting that the first and third a-1,3 linkages of NA6 were not hydrolyzed. The
reaction products resulting from the hydrolysis of the second a-1,3 linkages were identified as

FIG 3 Functional characterization of GH96 a-agarases from C. echini A3T. (a) Reaction scheme of the GH96 a-agarase hydrolyzing neoagarohexaose (NA6)
in forming neoagarotriose (NA3) and agarotriose (A3). (b) TLC showing the hydrolysis products released from NA6 by a-agarase. Lanes: S1, D-Gal and L-
AHG; S2, NA2/NA4/NA6; 1, NA4/NA6 mixture with no enzyme; 2, NA4/NA6 mixture with Ce2834; 3, NA4/NA6 mixture with Ce2835. (c) HPLC analysis for the
hydrolysis products of NA6 by a-agarase. Oligosaccharide standards (NA2, NA4, and NA6) are shown in blue. (d and e) MALDI-TOF mass spectrum of NA4/
NA6 before (d) and after (e) treatment with a-agarase. D-Gal, D-galactose (yellow closed circle); L-AHG, 3,6-anhydro-L-galactose (green closed circle); NA6,
neoagarohexaose; NA4, neoagarotetraose; NA3, neoagarotriose; NA2, neoagarobiose; A3, agarotriose.
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agarotriose (A3) and neoagarotriose (NA3) (Fig. 3a). High-pressure liquid chromatography
(HPLC) analysis supported the observation, showing a decreased NA6 peak and a new peak
corresponding to trisaccharide(s) (NA3 or A3) (Fig. 3c). Furthermore, in the matrix-assisted laser
desorption ionization–time of flight mass spectrometry (MALDI-TOF MS) analysis, two new
peaks appeared at 509m/z ([A3-Na]) and 514m/z ([NA3-2Na]), confirming the formation of A3
and NA3 upon hydrolysis of the second a-1,3 linkage in NA6 (Fig. 3d and e). We also observed
a peak corresponding to neoagarobiose (NA2) at 347 m/z ([NA2-Na]), which could be the
result of the spontaneous release of L-AHG at the reducing end of NA3. A similar spontaneous
release of unstable L-AHG moieties from the reducing end of agar-derived oligosaccharides
has previously been observed (26).

Ce2834 and Ce2835 showed activity on agarose and primarily yielded agarotetraose
(A4) and agarohexaose (A6) (Fig. 4a and b). MALDI-TOF MS of the agarose hydrolysis
products from Ce2834 and Ce2835 showed peaks at 653 m/z ([A4-Na]) and 959 m/z
([A6-Na]), which correspond to A4 and A6, respectively (Fig. 4c and d). Product profiles
of previously characterized a-agarases support our observation, as a-agarases from
Alteromonas agarilyticus GJ1B, T. agarivorans JAMB-A33T, and Thalassomonas sp. LD5
produced A6 and/or A4 (24–26). Two peaks at 509 m/z ([A3-Na]) and 815 m/z ([A5-Na]),
were also observed in both spectra, as previously reported for a-agarases (24, 26). This
can be explained by the formation of odd-numbered agarooligosaccharides from

FIG 4 Hydrolysis of agarose by GH96 a-agarases. (a) Schematic representation of hydrolysis of agarose by GH96 a-agarases. GH96 a-agarase is an endo-
acting enzyme yielding mainly A4 and A6. (b) TLC image showing the final hydrolysis products of Ce2834 and Ce2835 using agarose as the substrate.
Lanes: S1, NA2; S2, NA4/NA6; 1, agarose with Ce2834 (without heat inactivation); 2, agarose with Ce2835 (without heat inactivation); 3, agarose with
Ce2834 (after heat inactivation); 4, agarose with Ce2835 (after heat inactivation). (c and d) MALDI-TOF mass spectrum of the final hydrolysis products of
Ce2834 (c) and Ce2835 (d) using agarose as the substrate. NA6, neoagarohexaose; NA4, neoagarotetraose; NA2, neoagarobiose; A6, agarohexaose; A5,
agaropentaose; A4, agarotetraose; A3, agarotriose.

A Novel Auxiliary Agarolytic Pathway by a-Agarase Applied and Environmental Microbiology

June 2021 Volume 87 Issue 12 e00230-21 aem.asm.org 7

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

em
 o

n 
25

 N
ov

em
be

r 
20

21
 b

y 
19

4.
95

.6
.3

8.

https://aem.asm.org


even-numbered ones by the spontaneous hydrolysis of L-AHG at the reducing end (A5
from A6 and A3 from A4), as previously described (Figure 4a) (26).

a-Agarases of C. echini A3T showed optimum activity at 20°C, and the enzymes lost
more than 80% of their activities when the temperature exceeded 30°C (Fig. S3).
Enzyme activity was not detected at temperatures above 30°C. This is an unusual char-
acteristic compared to previously characterized a-agarases (Alteromonas agarilyticus
GJ1B, 42.5°C and Thalassomonas sp. LD5, 35°C) (24, 26). Recombinant protein con-
structs, containing only the GH96 catalytic modules, did not show activity on agarose
(data not shown). This implies that at least one CBM6 needs to accompany the GH96
catalytic module for the a-agarases to be active.

Molecular characterization of GH86 and GH50 b-agarases. C. echini A3T encodes
five b-agarases that belong to two different GH families: GH50 (Ce2839, Ce2840,
Ce2842, and Ce2862) and GH86 (Ce2867). Phylogenetic analysis revealed that the
GH50 b-agarases of C. echini A3T are close homologs of previously known b-agarases
(Table S3, Fig. S4). Similarly, the GH86 b-agarases of C. echini A3T showed high amino
acid identity to putative b-agarases in other Colwellia species and displayed less amino
acid identity with previously characterized GH86 b-agarases (Table S3, Fig. S5). All five
b-agarases were cloned and expressed in E. coli. Only one of the four GH50 b-agarases
(Ce2862) and the GH86 b-agarase (Ce2867) of C. echini A3T were functionally character-
ized. We were unable to determine the activity of the other GH50 b-agarases as we
failed to obtain the soluble and active recombinant enzymes.

b-Agarases of the GH86 family are endo-acting enzymes, whereas GH50 members
are exo-acting enzymes (Fig. S6a) (17, 33). Thin-layer chromatography (TLC) analysis of
agarose hydrolysates of Ce2867 and Ce2862 showed that NA4 and NA6 are the major
products of GH86 b-agarase (Ce2867), while NA2 is the major product of GH50 b-agar-
ase hydrolysis (Ce2862) (Fig. S6b). MALDI-TOF MS analysis of GH86 b-agarase products
had two major peaks at 653 m/z ([NA4-Na]) and 959 m/z ([NA6-Na]) (Fig. S6c), whereas
the major peak generated by GH50 b-agarase was at 342 m/z ([NA2-Na]) (Fig. S6d).
Previously characterized GH86 b-agarases showed similar product profiles as Ce2867
from C. echini A3T, namely, NA4, NA6, and NA8 from Aga86E in S. degradans 2-40 (33),
NA2 and NA4 from a GH86 b-agarase in a nonmarine agarolytic bacterium Cellvibrio
sp. OA-2007 (34), and NA6 from a GH86 b-agarase in Microbulbifer thermotolerans (35).
Exo-acting b-agarases belonging to the GH50 family have been shown to produce
NA2 as the major product (17). We confirmed that Ce2862 is an exo-acting b-agarase
based on the sequence similarity and product profile of previously characterized GH50
b-agarases. Ce2862 shared 46.9%, 45.8%, and 43.3% amino acid identity with the
GH50 b-agarases Ce2839, Ce2840, and Ce2842, respectively. The sequence and bio-
chemical evidence suggest that all four GH50 b-agarases have the same function.

Other agarolytic enzymes and the metabolic fate of L-AHG in C. echini A3T. The
AGA PUL of C. echini A3T contains one copy of an agarolytic b-galactosidase (ABG, Ce2828)
and an a-neoagarobiose hydrolase (NABH, Ce2875), belonging to GH2 and GH117, respec-
tively (18, 19). The ABG of C. echini A3T (Ce2828) has a 37% amino acid identity to the previ-
ously characterized VejABG of Vibrio sp. EJY3. We constructed a phylogenetic tree using close
sequence homologs of Ce2828, previously characterized ABGs, and previously characterized
b-galactosidase (LacZ). Two distinct clades were observed for ABG and b-galactosidase (LacZ).
We found that Ce2828 was grouped with other ABGs (Fig. S7) and Ce2875 has 50% amino
acid identity to previously characterized NABH from S. degradans 2-40 (Fig. S8) (18). We cloned
the genes encoding Ce2828 and Ce2875 and expressed recombinant proteins in E. coli.
Ce2828 displayed b-galactosidase activity against agarooligosaccharides (AOS) (confirmed
with A3) but was inactive on neoagarooligosaccharides (NAOS) (NA2 and NA3) (Fig. S9a and
b). This molecular functionality was verified using the previously characterized VejABG of Vibrio
sp. EJY3 (Fig. S9c) (19). The activity of Ce2875 in hydrolyzing neoagarobiose to D-galactose and
L-AHG was confirmed using the characterized NABH of S. degradans 2-40 as a reference (18)
(Fig. S10).

The biochemical pathways responsible for metabolizing D-galactose and L-AHG in C.
echini A3T were inferred by sequence similarity analysis and supported by the RNA-seq
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analysis. D-Galactose is utilized in the Leloir pathway, the predominant route of galac-
tose metabolism (36). The following four enzymes convert L-AHG to 2-keto-3-deoxy-D-
gluconate: AHG dehydrogenase (Ce2850), AHGA cycloisomerase (Ce2847), KDG dehy-
drogenase (Ce2848), and DDG reductase (Ce2849). Subsequent phosphorylation by
KDG kinase (Ce2874) and hydrolysis by KDPG aldolase yield pyruvate and glyceralde-
hyde-3-phosphate, intermediates of the glycolysis (12, 37). The experimentally charac-
terized AHG dehydrogenase and AHGA cycloisomerase from Vibrio sp. EJY3 have a
54% sequence identity to Ce2850 and 63% sequence identity to Ce2847, respectively
(38). In addition to the sequence similarities, all five genes (Ce2847 to Ce2850 and
Ce2874) were located within the PUL and were also among the highly upregulated
genes in the RNA-seq profiling. We also observed upregulated sulfatases (Ce2853 and
Ce2855) and cytochrome P450 monooxygenases (Ce2880 to Ce2882), involved in the
desulfation (39, 40) and demethylation (41) of algal polysaccharides, respectively.

Elucidation of the complete agarolytic pathway in C. echini A3. Through the combi-
nation of functional annotation, predicted cellular localization (Table S4 and Data S3), and
biochemical characterization, we propose a model for the complete agar metabolic system
in C. echini A3T (Fig. 5). Cellular localization of the enzymes encoded in the AGA PUL (Table
S4 and Data S3) were predicted and used to illustrate the flow of metabolites. Agar depoly-
merization starts with the membrane-bound, surface-exposed a- and b-agarases. The GH86
b-agarase (Ce2867) depolymerizes agar to NA4 and NA6, followed by further hydrolysis to
NA2 by GH50 b-agarases (Ce2839, Ce2840, and Ce2862). Surface-exposed exo-acting GH50
b-agarases also hydrolyze agar into NA2. The a-agarase located on the outer surface acts on
two substrates, agar and NAOS, with a degree of polymerization (DP) greater than 6 (e.g.,
NA6, NA8, and NA10) (Fig. 5, I. Extracellular process). The extracellular a-agarase mainly pro-
duces agarooligosaccharides (AOS) with DP4 or DP6 (A4 and A6) using agar as the substrate.
Furthermore, the extracellular a-agarase also uses NAOS with DP6 or higher to produce a
mixture of odd-numbered agarooligosaccharides (e.g., NA3 and A3 from NA6). The pool of
AOS (e.g., A3, A4, and A6) and NAOS (e.g., NA2, NA3, NA4, and NA6), produced by the com-
bined activity of extracellular a-and b-agarases, is transported into the periplasmic space
through TBDT (Ce2859 and Ce2863). TBDT are involved in oligosaccharide detection and
transport; they are functionally analogous to the SusC/SusD system in Bacteroidetes (42–44).
Both TBDT are encoded in the AGA PUL and were upregulated during growth on agar.

The agarolytic enzymes located in the periplasm hydrolyze NAOS and AOS to NA2. The
GH96 a-agarase (Ce2834), GH50 b-agarase (Ce2842), and ABG (Ce2828) are the key agarolytic
enzymes in the periplasmic space (Fig. 5, II. Periplasmic process). NA6 can be further processed
by periplasmic GH96 a-agarase, resulting in A3 and NA3, or by periplasmic GH50 b-agarase,
yielding NA2. The D-galactose moiety on the nonreducing end of AOS is cleaved by ABG to
yield the respective NAOS and D-galactose. NA4 is hydrolyzed by GH50 b-agarase, yielding
NA2. By this process, the end products of the periplasmic agarolytic pathway are monomeric
sugar (D-galactose), NA2, and NA3. The resultant NA3 is further hydrolyzed by the GH50
b-agarase, resulting in NA2 and L-AHG (Fig. S11). We suggest that the resulting neoagarobiose
(NA2) is transported into the cytoplasm by an MFS transporter (45) such as Ce2838, and
monosaccharides are transported by ABC transporter permeases (46) (Ce2869 and Ce2870)
or the sodium-hexose cotransport protein (Ce2829) (47) in the cytoplasmic membrane. All
the oligo- and monosaccharide transporters are located within the PUL and were highly up-
regulated in RNA-seq profiling, suggesting that they are actively involved in agar metabo-
lism. NA2 is hydrolyzed to D-galactose and L-AHG by NABH (Ce2875) in the cytoplasm. The
resulting D-galactose and L-AHG are metabolized as described elsewhere (12, 36, 37).

Core and auxiliary agarolytic pathways define the metabolic versatility of C.
echini A3T. Although a few a-agarases have been functionally characterized (24–26),
their cellular contribution to the complete hydrolysis of agar into D-galactose and L-AHG
by the a-agarolytic pathway has never been described in the literature. Based on the experi-
mental evidence presented here, we propose an extended agarolytic model for marine bacte-
ria that includes the a-agarolytic pathway. The AOS produced by GH96 a-agarases are further
hydrolyzed by GH50 b-agarases, ABG, and NABH, as described above. Therefore, the sin-
gle addition of GH96 a-agarase to the known b -agarolytic pathway (mainly composed
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of b-agarases, ABG, and NABH) gives rise to a novel auxiliary a-agarolytic pathway in C.
echini A3T.

Functional annotation and protein characterization suggest that C. echini A3T uses a
complex combination of these agarolytic enzymes. This complex agarolytic system

FIG 5 Schematic model of agar metabolism in C. echini A3T. Initial depolymerization occurs at the cell
surface by GH86, GH50, and GH96 agarases. Resulting oligosaccharides are funneled into the periplasm by
TonB-dependent transporters. Within the periplasm, AOS and NAOS are further hydrolyzed into
neoagarobiose by GH2 ABG, GH96, and GH50 agarases. The resulting NA2 and monosaccharides are
transported into the cytoplasm by MFS and ABC transporters. NA2 is hydrolyzed to D-galactose and L-AHG
by GH117 NABH inside the cytoplasm. L-AHG is metabolized by four enzymes located in the AGA PUL: 3,6-
anhydro-a-L-galactose dehydrogenase (AHG dehydrogenase); 3,6-anhydro-a-L-galactonate cycloisomerase
(AHGA cycloisomerase); 2-keto-3-deoxy-L-galactonate 5-dehydrogenase (KDG dehydrogenase); and 2,5-
diketo-3-deoxy-L-galactonate 5-reductase (DDG reductase). The resulting 2-keto-3-deoxy-D-gluconate is
phosphorylated by 2-keto-3-deoxy-D-gluconate kinase (KDG kinase) and hydrolyzed by 2-keto-3-deoxy-D-
phosphogluconate aldolase (KDG adolase). D-Glyceraldehyde-3-phosphate and pyruvate enter the glycolysis
reaction. D-Galactose is metabolized through the Leloir pathway. Enzymes that are functionally annotated
and verified by RNA-seq analysis are indicated in dark blue. Enzymes that are functionally annotated,
verified by RNA-seq analysis, and functionally characterized are indicated in red. Gal, D-galactose; L-AHG, 3,6-
anhydro-L-galactose; L-AHGA, 3,6-anhydro-L-galactonate; L-KDGal, 2-keto-3-deoxy-L-galactonate; L-DDGal, 2,5-
diketo-3-deoxy-L-galactonate; KDG, 2-keto-3-deoxy-D-gluconate; KDPG, 2-keto-3-deoxy-D-phosphogluconate;
NA6, neoagarohexaose, NA4, neoagarotetraose, NA3, neoagarotriose; NA2, neoagarobiose; A3, agarotriose;
NAOS, neoagarooligosaccharides; AOS, agarooligosaccharides.

Pathiraja et al. Applied and Environmental Microbiology

June 2021 Volume 87 Issue 12 e00230-21 aem.asm.org 10

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

em
 o

n 
25

 N
ov

em
be

r 
20

21
 b

y 
19

4.
95

.6
.3

8.

https://aem.asm.org


exemplifies the emergence of auxiliary pathways diverging from the core agarolytic
pathway in marine agar-degrading bacteria, indicating metabolic versatility (Fig. 6).
The core and auxiliary pathways are not entirely compartmentalized, which allows
them to share the intermediates (e.g., AOS and NAOS of variable DPs). The core path-
way is primarily composed of a combination of various b-agarases and NABH that are
indispensable for hydrolyzing agar to D-galactose and L-AHG. The core agarolytic path-
way is highly conserved in many microorganisms that feed on agar. In contrast, an aux-
iliary pathway contains less conserved enzymes that diversify the intermediates of the
core pathway and provide alternative routes to obtain monosaccharides.

The core b-agarolytic pathway of C. echini A3T is composed of GH50, GH86 b-agar-
ases, and NABH (Fig. 6, core pathway). The b-galactosidase activity by ABG, along with
the NAOS hydrolase activity of NABH, can be regarded as an auxiliary pathway (ABG/
NABH auxiliary pathway) for converting NAOS to D-galactose and L-AHG (Fig. 6, Aux
Pathway B). NABH releases L-AHG from the nonreducing end of even-numbered NAOS
in this auxiliary pathway and produces odd-numbered AOS. Then D-galactose at the
nonreducing end of the resulting AOS is released by ABG, producing even-numbered
NAOS. This process continues until NAOS is completely hydrolyzed to D-galactose and
L-AHG. This system is not unprecedented, as it was reported that Vibrio sp. EJY3 can
also hydrolyze agar using the same dual agarolytic pathways (core b-agarolytic path-
way and ABG/NABH auxiliary pathway) (48). We have elucidated a new auxiliary path-
way in C. echini A3T (a-agarase auxiliary pathway) (Fig. 6, Aux Pathway A) in which an
a-agarase plays the central role. The a-agarase auxiliary pathway also employs ABG,
which links the core b-agarolytic pathway (GH50/86 b-agarases and NABH) to the aux-
iliary pathway. The addition of a GH96 a-agarase means that NAOS generated by the
core pathway provides an influx of intermediates to the a-agarase auxiliary pathway.

FIG 6 Divergence of the core b-agarolytic pathway and emergence of auxiliary agarolytic pathways in C. echini A3T. Complete hydrolysis of
agar into D-gal and L-AHG through the core b-agarolytic pathway (core pathway) in C. echini A3T recruits GH86, GH50 b-agarases, and GH117
NABH. Other agarolytic microorganisms that harbor GH16 and GH118 b-agarases can include these also in the core b-agarolytic pathway. In
the ABG/NABH auxiliary pathway (Aux Pathway B), NABH releases the L-AHG at the nonreducing end of even-numbered NAOS and produces
odd-numbered AOS. D-Galactose at the nonreducing end of the resulting AOS is released by ABG. In the a-agarase auxiliary pathway (Aux
Pathway A), even-numbered NAOS are hydrolyzed to a mixture of odd-numbered AOS and NAOS. These AOS require ABG to release the D-
galactose at the nonreducing end and convert them to NAOS. NAOS, neoagarooligosaccharides; AOS, agarooligosaccharides; L-AHG, 3,6-
anhydro-L-galactose; D-Gal, D-galactose.
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In the a-agarase auxiliary pathway, NAOSs are hydrolyzed by a-agarase into a mixture
of odd-numbered AOS and NAOS. The AOSs require ABG to release the D-galactose at
the nonreducing end and convert them to NAOS, which is further hydrolyzed by GH50
b-agarase and NABH in the core pathway.

AGA PUL of C. echini A3T encodes both the core and auxiliary agarolytic pathways.
The metabolic versatility model that illustrates the sharing of intermediates between core
and various auxiliary pathways was confirmed by analysis of the genomes of agarolytic ma-
rine microorganisms. We hypothesized that gene gain in AGA PUL is the key event for auxil-
iary function that drives metabolic versatility. To investigate the metabolic versatility in other
marine bacteria, we collected genome sequences of 15 bacteria possessing characterized
glycoside hydrolases related to agar metabolism (as in CAZy) and an additional 15 genomes
containing GH96 catalytic modules (the list of these bacteria is in Table S5). Once all protein-
coding sequences in the 30 genomes were clustered into the orthologous groups based on
sequence similarity, we predicted the genomic regions containing potential AGA PULs using
the essential genes for agar metabolism (L-AHG metabolic enzymes and NABH) as probes.
The boundaries of potential AGA PUL in each genome were manually inspected and ortho-
log groups related to agar metabolism located within the PUL were annotated (Fig. S12,
Table S6, S7, Data S3). The potential AGA PULs of Bacteroidetes were cross-checked with the
PUL database (PULDB) (49). Our predictions were compatible with the PUL available in the
PULDB except for Aquimarina sp. BL5, Aquimarina sp. AD1, and Bacteroides plebeius M12.
The genus Aquimarina lacked predicted PULs in PULDB and we could not predict the agar-
specific PUL in Bacteroides plebeiusM12.

Based on the composition of conserved genes in the potential PUL, the bacterial
genomes were clustered into three clades (Fig. 7). While members in clade 1 and clade 2
belong to Gammaproteobacteria, members of clade 3 are from the classes Flavobacteriia and
Cytophagia, belonging to Bacteroidetes. The SusC/SusD genes were found exclusively within
the phylum Bacteroidetes. Transcriptional regulators of the IclR family and the GntR family
are highly conserved within the PULs of Gammaproteobacteria, whereas Bacteroidetes lacked
both the GntR family and both transcriptional regulator types. KDG kinase was also not
found within the phylum Bacteroidetes. Lack of a similar kinase gene in the carrageenan-spe-
cific PULs of some Bacteroidetes was reported in the literature, and it was suggested that
they might use a nonphosphorylation variant of the Entner-Doudoroff pathway (11, 50). We
identified two ortholog groups of GH16 b-agarase, representing two different GH16 subfa-
milies. Sequence analysis using the dbCAN2 meta server (51) showed that one ortholog
group represents GH16_15, including AgaC from Z. galactanivorans DsijT, and the other rep-
resents the GH16_16, including Aga16B, from S. degradans 2-40. Two ortholog groups were
identified for the GH86 b-agarase as well, suggesting two potential, yet undefined, GH86
subfamilies.

b-Agarase and NABH are highly conserved across the genomes studied, emphasizing
their role in the core agarolytic pathway. NABH was not found in Microbulbifer agarylyticus
strain JAMB-A3T orMicrobulbifer thermotolerans strain JMAB-A94, although it is plausible that
these bacteria have distant homologs that perform the same molecular function. The
Aquimarina sp. BL5 does not encode any b-agarase, but does code for GH96, ABG, NABH,
and L-AHG metabolic enzymes in its genome. The majority of genomes containing b-agar-
ase and/or NABH (23 of 29) possessed ABG. This suggests that microorganisms with ABG
diversify the core pathway and evolve the ABG/NABH auxiliary pathway for agar degrada-
tion (Fig. 6, Aux Pathway B) (48). We observed the coexistence of ABG and a-agarase in all
genomes containing a-agarase (except for Cellvibrionaceae bacterium AOL6) suggesting
that a-agarase collaborates with ABG to extend the core agarolytic pathway by building a
second auxiliary pathway (a-agarase auxiliary pathway) (Fig. 6, Aux Pathway A).

Although known core genes for agar metabolism (b-agarases, NABH, and L-AHG
metabolic enzymes) are highly conserved within the PUL, the auxiliary gene composi-
tion of the PULs (ABG, a-agarase, etc.) vary among the microorganisms. This evidence
strengthens the notion that the core agarolytic system of marine bacteria is regulated
together within the agarolytic PUL. While the ABG/NABH auxiliary pathway is linked to
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the PUL in most Bacteroidetes, the ABG in most Proteobacteria was found elsewhere in
the genome (i.e., outside the PUL). In most of the a-agarase-encoding microorganisms,
a-agarase genes were found outside the PUL. However, C. echini A3T has a highly inclusive
PUL in which all genes necessary for core and auxiliary agarolytic pathways, including ABG
and a-agarase, are enclosed. We did not find similar PUL organization in any other genomes
studied here. The PUL organization of C. echini A3T indicates that these genes are collectively
regulated as a functional unit handling agar hydrolysis, transport, and metabolism in a con-
certed manner, which was also supported by RNA-seq analysis (Fig. 1b).

DISCUSSION

The a-agarases have rarely been found in the known PULs of agarolytic bacteria (49).
Thus, we aimed to characterize the AGA PUL of C. echini A3T, which encodes two GH96

FIG 7 Conservation of the key genes within the agar-specific PUL in agarolytic bacteria. For the comparative analysis, we selected 30 genomes: 15
genomes with GH96 catalytic modules and 15 genomes with characterized glycoside hydrolases related to agar metabolism (GH16, GH50, GH86, and
GH117) based on the data available in the CAZy database. The conservation of genes related to agar metabolism was evaluated using a heatmap based on
the localization within the PUL, elsewhere in the genome, or absent in the genome. Bacterial species were clustered into three clades based on the
conservation profile. Taxonomy of the bacterial species and putative agar catabolic pathways (core or auxiliary) used by each microorganism are indicated.
Pr, Proteobacteria; Ba, Bacteroidetes; Gp, Gammaproteobacteria; Fl, Flavobacteriia; Cy, Cytophagia.
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a-agarases. The genomic, transcriptomic, and biochemical analyses presented here support
the observation that the agarolytic system of C. echini A3T is arranged and regulated similar
to PULs in Bacteroidetes. As such, this study supports the notion that PUL-like gene clusters
are not limited to the phylum Bacteroidetes, but are also found in Gammaproteobacteria
known to lack the canonical SusC/SusD genes (11, 12). Comparative genomic analysis of 30
marine agarolytic bacteria in this study revealed that potential AGA PULs are widely distrib-
uted in marine agarolytic bacteria, which was validated with the experimentally characterized
PULs in the database (49). The sizes and composition of these potential AGA PULs varied
from one species to another (sizes of 8 to ;110kb representing 6 to ;70 genes). While the
core agarolytic pathway, exemplified by b-agarase, NABH, and L-AHG metabolic enzymes, is
conserved in marine bacteria, the addition of genes to this core agarolytic repertoire has
allowed auxiliary pathways to evolve (i.e., a-agarases in this study and ABG in reference 48).
Such evolutionary events eventually contribute to microbial adaptation and colonization into
diverse environmental niches. In C. echini A3T, the diversification of the AGA PUL is highly evi-
dent, as it contains the genes encoding both core and auxiliary functions within the same
gene cluster.

Genomic analysis of marine bacteria showed that a-agarases are rare in natural
environments. They are distributed almost exclusively among closely related orders of
Gammaproteobacteria (Alteromonadales and Cellvibrionales), suggesting that a-agarases
have evolved more recently than b-agarases. The limited distribution of a-agarases in na-
ture also suggests that a-agarases may confer a niche-specific function rather than support-
ing general agar metabolism. Colwellia species are not frequently found on the surface of
macroalgae but they are common in cold marine environments and found as symbionts of
marine organisms (52). C. echini A3T was originally isolated from the sea urchin
Strongylocentrotus droebachiensis that relies on an algal diet (28). A mutualistic relationship
has been suggested for some endosymbiotic bacteria, isolated from marine herbivores, that
produce enzymes to degrade marine algal polysaccharides (53, 54). Although the composi-
tion and structure of the microbiome of such herbivores are poorly understood, the nutri-
ent-niche hypothesis predicts that nutrient availability defines the ecological niches within
the digestive system (55). Diversification of the agarolytic gene repertoire may allow C. echini
A3T to effectively utilize the algal polysaccharides within the sea urchin intestine. Bacteria
that can utilize the limiting nutrients can successfully colonize and adapt into these niches,
giving them an advantage over other members of the gut microbiome (55–57). We specu-
late that the alternative degradative ability of a-agarases might facilitate the establishment
of C. echini A3T in a specific niche within the sea urchin intestine by selectively utilizing cer-
tain agar-derived oligosaccharides.

MATERIALS ANDMETHODS
Genome sequencing, annotation, and phylogenetic analysis. The draft genome sequence of iso-

late C. echini A3T is available in the NCBI Reference Sequence database under accession number GCF
_002843355.2. Automatic annotation of the genome sequence was performed using Rapid Annotation
on the Subsystem Technology server (RAST) (58). Identification of CAZymes and sulfatases was carried
out using hidden Markov model searches against the local version of dbCAN database, as described pre-
viously (29). GH catalytic modules and noncatalytic CBM6 modules of CAZymes were predicted using
the dbCAN2 server (51) and NCBI conserved domain search tool. (www.ncbi.nlm.nih.gov/Structure/cdd/
wrpsb.cgi). Signal peptides were predicted using the SignalP 5.0 (59) (http://www.cbs.dtu.dk/services/
SignalP/) and LipoP 1.0 (60) (www.cbs.dtu.dk/services/LipoP) servers. Predictions of subcellular localiza-
tion of proteins were performed using pSORTb v.3.0 (61) (www.psort.org/psortb/) and CELLO v.2.5 (62)
(cello.life.nctu.edu.tw). Phylogenetic analysis of a- and b-agarases was done using GH96, GH50, and
GH86 sequences available from the NCBI GenBank database (sequences were retrieved in December
2020). Multiple sequence alignments of amino acid sequences were performed using the ClustalOmega
tool (https://www.ebi.ac.uk/Tools/msa/clustalo/). The pairwise distance matrix of the amino acid sequen-
ces of GH96 catalytic module containing proteins was computed using the Protdist program (Version
3.66) PHYLIP package (63). Phylogenetic analyses were conducted using MEGAX (64) with the maxi-
mum-likelihood method with 100 bootstrap iterations.

RNA-seq expression profiling for different carbon sources. For routine culture maintenance, C.
echini A3T was grown in Difco Marine Broth 2216 (BD Biosciences, San Jose, CA) at 20°C, in a shaking in-
cubator at 180 rpm. For the transcriptomic analysis, an overnight culture of C. echini A3T in marine broth
was harvested and washed three times using phosphate-buffered saline solution to remove any residual
marine broth. Washed cells were resuspended and diluted to an optical density at 600 nm (OD600) of
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;0.1 in marine minimal broth (MMB) containing 2.3% (wt/vol) aquarium sea salt mix (Instant Ocean Sea
Salts; Aquarium Systems, Mentor, OH, USA), 0.1% (wt/vol) yeast extract (BD Biosciences, San Jose, CA),
0.05% (wt/vol) NH4Cl (Tokyo Chemical Industries, Japan), and 10mM Tris-HCl buffer (pH 7.4) (Duchefa
Biochemie, Haarlem, Netherlands). Diluted cells were inoculated in triplicate into MMB supplemented
with 0.2% D-glucose (Deajung, South Korea) and incubated at 20°C, 180 rpm shaking incubator until
reaching the stationary phase. Cells were harvested, washed as described above, and diluted up to
OD600 ;0.1 in MMB. These cells were used to inoculate 10ml of MMB supplemented with 0.2% D-glucose
(Deajung, South Korea) or 0.2% agar (BD Biosciences, San Jose, CA) as the carbon source. Cells were incu-
bated at 20°C in a 180 rpm shaking incubator until the OD600 reached 0.8. Bacterial cultures were mixed
well and aliquots of 500 ml of cells were harvested by centrifugation at 4°C. Cell pellets were immedi-
ately frozen in liquid nitrogen and stored at 280°C.

Cell pellets were resuspended in 1ml of TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and incubated
for 2min at room temperature for lysing. Cell lysate was mixed with 200 ml of chloroform and the aque-
ous phase was separated by centrifugation at 12,500� g for 5 min. Isopropanol (0.5 volumes) (Sigma, St. Louis,
MO, USA) was added to the separated aqueous phase and loaded onto an RNeasy mini column (Qiagen,
Germany). Columns were washed with 70% ethanol (Sigma, St. Louis, MO, USA) and the RNA was eluted with
RNase-free water. The DNase treatment was performed using RNase-free DNase I (Thermo Fisher Scientific, MA,
USA) and the RNA was purified using the RNeasy minikit (Qiagen, Germany). The RNA concentration was deter-
mined using a Qubit RNA BR assay kit (Invitrogen, Carlsbad, CA, USA). The quality of RNA was determined
using the Qsep1 Bio-fragment analyzer (Bioptic Inc, Taiwan) equipped with an RNA cartridge.

RNA-seq library preparation was performed as follows. mRNA enrichment was performed using the
Ribo-Zero rRNA removal kit for bacteria (Illumina, San Diego, CA, USA). rRNA-depleted samples were
purified using Agencourt AMPure XP beads (Beckman Coulter, Brea, CA, USA). The RNA-seq libraries
were prepared using NEBNext Ultra RNA library prep kit for Illumina (New England BioLabs, Ipswich, MA,
USA) according to the manufacturer’s instructions. Sequencing was performed on the Illumina MiSeq
platform (Illumina, San Diego, CA, USA) using an Illumina MiSeq reagent kit V3 (300 bp paired ends).

Quality control and trimming of Illumina sequence reads were performed with TrimGalore ver. 0.5.0
(https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/). The Illumina universal adapter sequences
and the index sequences were trimmed. Reads shorter than 40bp were discarded and the bases with Q, 20
were trimmed from the 39 and 59 ends of the reads. The reads were mapped to the C. echini A3T genome (GCF
_002843355.2) by Bowtie2 software (65). SAMtools (66) was used to convert the alignment files into BAM files.
The number of reads mapped to the predicted CDS was analyzed using the Bioconductor package (67).
Differential gene expression analysis was performed with the edgeR package (68) in Bioconductor. Genes with
a P value of,0.05 and log fold change (logFC) of.2 were considered differentially expressed.

Cloning and expression of enzymes. Genomic DNA of C. echini A3T was isolated using Exgene Cell
SV genomic DNA extraction kit (GeneAll, South Korea). Genes encoding two putative a-agarases
(Ce2834 and Ce2835), a GH86 b-agarase (Ce2867), four GH50 b-agarases (Ce2839, Ce2840, Ce2842, and
Ce2862), a GH2 agarooligosacchrolytic b-galactosidase (Ce2828), and a GH117 neoagarobiose hydrolase
(Ce2875) were cloned in this study. If necessary, secretory signal peptides were removed before cloning.
Ce2834 was cloned as four different constructs: (i) the complete Ce2834 gene; (ii) Ce2834 without the
signal peptide; (iii) the GH96 catalytic module with the immediately adjacent CBM6 module; and (iv)
the GH96 catalytic module without CBM6 modules. Ce2835 was cloned as three different constructs: (i)
the complete Ce2835 gene; (ii) the GH96 catalytic module with the CBM6 module; and (iii) the GH96 cat-
alytic module without CBM6 modules. Ce2828, Ce2834, Ce2835, and Ce2875 were cloned into modified
pET21a vectors (pB3-His6, pB4-MBP-His6, and pB6-TRX-His6), which were kindly provided by the Structural
Genomics Center, UC Berkeley, CA, USA. Ce2839, Ce2840, Ce2842, and Ce2862 were cloned into pET9a-
USER vectors as previously described (37). The primer sequences used to amplify the target genes and
their respective vectors are listed in Table 1. Bacterial strains used in this study are listed in Table 2.

Recombinant proteins were expressed in Escherichia coli strain BL21(DE3). The cells were grown in
lysogeny broth (LB) medium (BD Biosciences, San Jose, CA) containing 100mg/ml ampicillin (Duchefa
Biochemie, Haarlem, Netherlands) until the optical density at 600 nm reached 0.5 to 1.0. Overexpression
of recombinant proteins was induced by adding 1 M isopropyl-b-D-thiogalactopyranoside (IPTG)
(Duchefa Biochemie, Haarlem, Netherlands) to a final concentration of 1mM. The cells were incubated at
18°C overnight in a 180-rpm shaking incubator.

Preparation of soluble enzyme extracts. Cells were harvested by centrifugation at 5,000� g for
20min at 4°C. The cell pellets were resuspended in a lysis buffer containing 20mM Tris-Cl (pH 8.0),
200mM NaCl, 5mM b-mercaptoethanol, and 5% glycerol. The cells were then disrupted by sonication.
The soluble and insoluble fractions were separated by centrifugation at 15,400� g for 20min at 4°C and the
abundance of each recombinant protein in the soluble and insoluble fractions was assessed by SDS-PAGE.
The amount of total protein in the soluble extract was determined by Bradford protein assay (Bio-Rad,
Hercules, CA, USA) using bovine serum albumin (TaKaRa, CA, USA) as the standard. The soluble enzyme
extract was stored at220°C for activity assay studies.

Enzyme activity assays. Neoagarooligosaccharide substrates were prepared in-house using recombinant
GH16 and GH50 b-agarases from S. degradans 2-40, as described earlier (17, 69). Agarose (BD Biosciences, San
Jose, CA) was hydrolyzed with b-agarases to generate neoagarobiose, neoagarotetraose, and neoagarohexaose.
The hydrolysis products were purified and used in subsequent enzymatic assays. The activity of a-agarases was
determined using 1% (wt/vol) agarose (20mM Tris-Cl, pH 7.5) and a mixture of neoagarotetraose and neoagaro-
hexaose in 20mM Tris-Cl (pH 7.5). All reaction mixtures were incubated at 20°C overnight. The activities of all C.
echini A3T b-agarases were determined using 1% (wt/vol) agar (20mM Tris-Cl, pH 7.5) and the reaction was car-
ried out at 30°C overnight. The activity of neoagarobiose hydrolase (NABH) was determined using neoagarobiose
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in 20mM Tris-Cl (pH 7.5). The NABH enzymatic reaction was carried out at 25°C overnight. A mixture of neoagaro-
tetraose, neoagarotriose, and agarotriose (20mM Tris-Cl, pH 7.5) was used to determine the specificity of GH2
agarooligosaccharolytic b-galactosidase. The enzymatic reaction was carried out at 25°C overnight.

Qualitative analysis of reaction products by TLC, HPLC, and MALDI-TOF MS. Thin-layer chroma-
tography (TLC) was performed to identify the reaction products of each enzymatic reaction. The enzymatic
reaction mixture was centrifuged and 1 ml of supernatant was spotted on a TLC silica gel 60 plate (Merck,
Darmstadt, Germany). TLC plates were developed using n-butanol:ethanol:water (3:1:1, vol/vol/vol) as the
mobile phase. The developed TLC plate was dried, and separated sugars were visualized using 10% (vol/vol)
sulfuric acid and 0.2% (wt/vol) naphthoresorcinol (Sigma-Aldrich, St. Louis, MO, USA) in ethanol, followed by
heating the TLC plate at 90°C for 2min.

High-pressure liquid chromatography (HPLC) analysis was performed as follows. Reaction products
obtained by the hydrolysis of a neoagarohexaose/neoagarotetraose mixture were analyzed using a
Waters 1525 binary HPLC system (Waters) equipped with a gel permeation column (KS-802; Shodex) and
a refractive index detector. Analysis was conducted at 50°C using distilled water as the mobile phase at
a flow rate of 1.0ml/min. Molecular size markers of 324Da, 630Da, and 936Da were used to distinguish
the degree of polymerization (DP) of products.

TABLE 1 Primer sequences used for recombinant protein expression in this study

Locus tag Primer name Sequence (59–39) Vector(s)
Ce2828 ABG2828_pB_F GGCGGTGGTGGCGGCATGAGTAAATTAAACGATAATCAGCAGGTA pB3-His6; pB4-MBP-

His6; pB6-TRX-His6ABG2828_pB_R GTTCTTCTCCTTTGCGCCCCTATTACTTTACTTTTATGTAAATGATTTGATCT
Ce2834 aAg2834_full_pB_F GGCGGTGGTGGCGGCATGTATAATACAAAACAAACACTAATCAGTGC pB3-His6; pB4-MBP-

His6; pB6-TRX-His6aAg2834_WOS_pB_F GGCGGTGGTGGCGGCATGTATGCAGATACGAGCACAATTCAAG
aAg2834_trunc_pB_F GGCGGTGGTGGCGGCATGTCGAAAGGAGTAGAAAATGGTGATG
aAg2834_GH96_pB_F GGCGGTGGTGGCGGCATGGATCATTATGTAGCTGAAGTTCAAGG
aAg2834_pB_R GTTCTTCTCCTTTGCGCCCCTAATGAGCTAATTCTAATATACCCCACA

Ce2835 aAg2835_Full_pB_F GGCGGTGGTGGCGGCATGAAAACATCAAAAATACTACTCTTTTCAAC pB3-His6; pB4-MBP-
His6; pB6-TRX-His6aAg2835_Trunc_pB_F GGCGGTGGTGGCGGCATGTCAGAAGGTGAGGAAACAGG

aAg2835_GH96_pB_F GGCGGTGGTGGCGGCATGGATCATTTTGTAGCCGAAATTGAAG
aAg2835_pB_R GTTCTTCTCCTTTGCGCCCCTATTAGTGACCTAATTCAAGAATACC

Ce2839 bAg2839_USER_F GGCTTAAU TTGACAGACAACAAAGATGC pET9a-USER-His
bAg2839_USER_R GGTTTAAU ACCATATCGATTTTGATACATAGTAG

Ce2840 bAg2840_USER_F GGCTTAAU ACTGATAATTCAACAGCTATAGTCG pET9a-USER-His
bAg2840_USER_R GGTTTAAU ATCGTTAGTAAAACGTCTGTTATAGA

Ce2842 bAg2842_USER_F GGCTTAAU AATACACCAGCAGAGTTAAAGC pET9a-USER-His
bAg2842_USER_R GGTTTAAU ATGTGCATTAGGTAGCATTTC

Ce2862 bAg2862_USER_F GGCTTAAU CTTAAATCCACACTTGATGCTA pET9a-USER-His
bAg2862_USER_R GGTTTAAU ATTAAACCGACGTTCATACATC

Ce2867 bAg2867_pB_F GGCGGTGGTGGCGGCATGGATGATGAACCATTAGCGCCAAC pB3-His6; pB4-MBP-
His6; pB6-TRX-His6bAg2867_pB_R GTTCTTCTCCTTTGCGCCCCTATTATTTACTTCTTGATAACGCACGACT

Ce2875 NABH2875_pB_F GGCGGTGGTGGCGGCATGATGAATTTATCAAATAAAAAATTAAGTTTAGCAAG pB3-His6; pB4-MBP-
His6; pB6-TRX-His6NABH2875_pB_R GTTCTTCTCCTTTGCGCCCCTACTAATTAGAGTTTTGGAAAGTACCAG

TABLE 2 Bacterial strains and vectors used in this study

Strain or vector Description
Reference or
source

Strains
E. coli DH5a F2 endA1 supE44 thi-1 recA1 relA1 gyrA96 deoR nupG U80dlacZDM15 D(lacZYA-argF) U169 hsdR17

(rK
2, mK

1) l2

Invitrogen,
Carlsbad, CA, USA

E. coli BL21(DE3) F2 ompT gal dcm lon hsdSB (rB2mB
2) l (DE3[lacI lacUV5T7p07 ind1 sam7 nin5]) [malB1] K-12(lS) Invitrogen,

Carlsbad, CA, USA
Colwellia echini A3T Gram-negative, rod-shaped, and facultatively anaerobic bacterium that uses agar as sole

carbon source.
(28)

Vectors
pB3-His6 Modified pET21a vector; a LIC sequence with an N-terminus TEV cleavage site and His

tag is inserted.
Structural Genomics
Center, UC
Berkley

pB4-MBP-His6 Modified pET21a vector; a LIC sequence with an N-terminus TEV cleavage site, His tag,
and maltose-binding protein fusion tag is inserted.

Structural Genomics
Center, UC
Berkley

pB6-TRX-His6 Modified pET21a vector; a LIC sequence with an N-terminus TEV cleavage site, His tag,
and thioredoxin fusion tag is inserted.

Structural Genomics
Center, UC
Berkley

pET9a-USER-His Modified pET21a vector for USER cloning. (12)
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Matrix-assisted laser desorption ionization–time of flight mass spectrometry (MALDI-TOF MS) analy-
sis of the reaction products was carried out as follows. An aliquot of 2 ml of the sample was dropped on
the target plate and mixed with 2,5-dihydroxybenzoic acid (DHB) as the matrix. DHB was dissolved in
50:50 (vol/vol) acetonitrile and water containing 0.5% trifluoroacetic acid (TFA) at a concentration of
10mg/ml. The MS spectra were obtained using a Bruker UltrafleXtreme matrix-assisted laser desorption
ionization (MALDI) MS instrument (Bruker, Bremen, Germany) equipped with a SmartBeam II laser.

Bioinformatic analysis of PUL.We searched the GenBank database for bacteria that contain GH96 cata-
lytic modules, based on sequence similarity to Ce2834 and Ce2835. We retrieved 15 genomic sequences that
contain GH96 catalytic modules. Genome sequences of Alteromonas agarlyticus GJ1B and Thalassomonas sp.
LD5, which were used to characterize a-agarase, are not available yet. Further, we selected 15 microorganisms
that possess characterized glycoside hydrolases related to agar metabolism (GH16, GH50, GH86, and GH117)
based on the data available in the CAZyme database. Collectively, 30 genome sequences were used for com-
parative genome analysis (Table S5) and downloaded from the NCBI RefSeq database. The coding sequences
of these 30 genomes were divided into ortholog groups based on sequence similarity using OrthoFinder (70).
Using the NABH and L-AHG metabolic enzymes (AHG dehydrogenase, AHGA cycloisomerase, KDG dehydro-
genase, and DDG reductase) as queries, the genomic regions that possess the agar-specific PUL were searched.
The boundaries of the PUL regions were manually expanded by 5kb until no additional coding sequences
related to agar metabolism (GH16, GH50, GH86, GH96, GH117, GH2, TBDR, or SusC/SusD) were found. Finally,
the boundaries of the putative PUL were manually refined. All the ortholog groups that were found within the
putative PULs were collected and ortholog groups that were functionally related to agar metabolism (empirical
or transcriptomic evidence), or else highly conserved within the PUL, were sorted. We filtered 26 ortholog
groups that fall under the criteria above (Table S6). Results were gathered in a matrix to indicate the presence
of each ortholog group. Values were assigned as an ortholog group within PUL (value 2), ortholog group else-
where in the genome (value 1), or ortholog group absent in the genome (value 0). From this matrix, a heatmap
and a hierarchical classification of the organisms were made using pheatmap R package (71). For hierarchical
classification, “complete” algorithm was used with Euclidean distances. Subfamily classification of the GH16
b-agarase was performed using the dbCAN2 meta server (HMMdb v9) (51).

Data availability. The draft genome sequence of C. echini A3T is available in the NCBI Reference
Sequence database under the accession number GCF_002843355.2. RNA-seq data are available in the
NCBI Sequence Read Archive under accession numbers SRR13994254 to SRR13994259.
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