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Influences of claywater and greenwater on
the skin microbiome of cultured larval
sablefish (Anoplopoma fimbria)
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Abstract

Background: The skin microbiome of marine fish is thought to come from bacteria in the surrounding water
during the larval stages, although it is not clear how different water conditions affect the microbial communities in
the water and, in turn, the composition and development of the larval skin microbiome. In aquaculture, water
conditions are especially important; claywater and greenwater are often used in larval rearing tanks to increase
water turbidity. Here, we explored the effects of these water additives on microbial communities in rearing water
and on the skin of first-feeding sablefish larvae using 16S rRNA gene sequencing. We evaluated three treatments:
greenwater, claywater, and greenwater with a switch to claywater after 1 week.

Results: We observed additive-specific effects on rearing water microbial communities that coincided with the
addition of larvae and rotifer feed to the tanks, such as an increase in Vibrionaceae in greenwater tanks. Additionally,
microbial communities from experimental tank water, especially those in claywater, began to resemble larval skin
microbiomes by the end of the experiment. The differential effects of the additives on larval sablefish skin
microbiomes were largest during the first week, post-first feed. Bacteria associated with greenwater, including
Vibrionaceae and Pseudoalteromonas spp., were found on larval skin a week after the switch to claywater. In
addition to additive-specific effects, larval skin microbiomes also retained bacterial families likely acquired from their
hatchery silos.

Conclusions: Our results suggest that larval sablefish skin microbiomes are most sensitive to the surrounding
seawater up to 1 week following the yolk-sac stage and that claywater substituted for greenwater after 1 week
post-first feed does not significantly impact skin-associated microbial communities. However, the larval skin
microbiome changes over time under all experimental conditions. Furthermore, our findings suggest a potential
two-way interaction between microbial communities on the host and the surrounding environment. To our
knowledge, this is one of the few studies to suggest that fish might influence the microbial community of the
seawater.
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Background
The epidermal mucosal layer of marine fish is inhabited
by a diverse assemblage of bacteria that aid in host
health and survival [1, 2]. These microbes are the first
line of defense against pathogens [1–5] and can reduce
frictional drag during swimming [6–8]. During the early
life stages, larval skin is colonized by microbes present
in the water and on the chorion of the egg [1, 2, 9]. The
skin microbiome diversifies over time to ultimately
become distinct from the microbial communities in the
surrounding seawater by adulthood [1, 10–14].
Skin microbiomes vary among marine fish species [13,

15]. Inter- and intra-individual, regional, and seasonal
variation have been observed in some species [13, 14, 16,
17]. Extrinsic factors such as diet [18] and substances
that are present in the water [19, 20] can also shift the
skin microbiomes of some species of marine and
freshwater fish, including larvae. These interactions re-
main unclear, however, and the effects of environmental
conditions and seawater microbiota on the skin micro-
biome of marine fish species such as sablefish (Anoplo-
poma fimbria) are not well understood.
Sablefish are a marine cold-water species found in the

deep waters along the continental slope in the northern
Pacific Ocean [21–23]. Commonly referred to as black
cod or butterfish, sablefish are highly valued in the
seafood market and are considered a prime candidate
for aquaculture. However, the larval stages of rearing
pose a challenge due to high costs [24–27]. Water
additives are commonly used in aquaculture to increase
water turbidity, enabling larvae to better see their feed,
navigate tanks more efficiently, and have higher rates of
growth and survival than larvae reared in clear water
[28–36]. Adding algae to seawater, creating a mixture
known as “greenwater,” has benefits to larval feeding,
behavior, growth, and survival [28, 29, 37–39]. However,
algal paste is expensive, and growing algae can be labor
intensive without consistent yield. It can also promote
bacterial growth, including pathogens [40]. Clay has
been identified as a potential substitute to algae.
Claywater typically has a reduced abundance of Vibrio
spp. [41, 42] and up to 90% cost reduction compared to
greenwater, but research into its effects on larval growth
and survival has yielded mixed results [25, 40–42].
For sablefish, greenwater in the first week of larval

rearing, either alone or with low concentrations of clay,
has led to greater growth and survival compared to only
clay, and switching from greenwater to claywater during
the second week produced 1.5 times greater larval
growth compared to tanks receiving only greenwater
[25]. These results suggest that benefits of greenwater in
the first week of larval rearing may go beyond turbidity,
perhaps helping to shape host-associated microbial com-
munities. Because the fish skin microbiome plays a role

in host health and survival and may be more sensitive to
the conditions and bacteria in the surrounding seawater
during the early life stages, it is important to understand
how the fish skin microbiome develops and changes in
response to water additives used during the larval stages.
Because algae and clay are known to affect the bacter-

ial composition of water [40–42], we hypothesized that
they would influence the bacteria on larval skin as well,
particularly in the week of first-feeding when they may
be more sensitive to environmental and diet changes [2,
9, 18]. Here, we investigated the interaction between
microbial communities on the skin of first-feeding sable-
fish larvae and the surrounding tank water under three
different additive treatments: claywater (CC), greenwater
(GG), and greenwater with a switch to claywater after 1
week (GC). This work is part of a larger study; results
on the effects of these treatments on the internal sable-
fish and tank biofilm microbiomes, as well as survival,
are available in Pierce et al. [24]. Our findings have
implications for larval skin microbiome development,
interactions between host-associated microbial commu-
nities and the rearing water, and fish health and survival.

Results
A total of 3,129,355 sequences and 17,336 OTUs were
observed from 147 samples. Reads per sample ranged
mostly from 2000 to 30,000, but three water samples
from claywater tanks and one water sample from a
greenwater tank had fewer than 1000 reads, with a
claywater sample having the fewest number of reads
(285). Algae, rotifer, and larval skin samples ranged
from 20,038–39,092 reads per sample. Powdered clay
and water samples ranged from 285 to 31,831 reads
per sample, with none of the powdered clay samples
having more than 700 reads.

Larval sablefish skin microbiomes
Microbial communities on larval sablefish skin changed
significantly over time (PERMANOVA, R2 = 0.386, p <
0.001), with relatively low influence of water additive
(R2 = 0.069, p = 0.002; Figs. 1a and 2) and no influence of
parental cross (R2 = 0.028, p = 0.18; Additional file 1). The
effects of the water additives on larval skin microbiome
variation were largest during the first week post first-feed,
especially on day 3 between CC and GG treatments (R2 =
0.431, p = 0.004; Additional file 1), although variation be-
tween treatments was low when phylogenetic distance was
considered (R2 = 0.011, p = 0.99; Additional file 2).
Sablefish skin was more similar to water from the hatch-

ing silos than the experimental tank water (Fig. 1b). Spe-
cifically, many of the bacterial families that were abundant
on larval skin were also abundant in the water of the
hatching silos, including Alteromonadaceae, Colwellia-
ceae, Oceanospirillaceae, and Pseudoalteromonadaceae
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(Fig. 2). SourceTracker results indicated that this was es-
pecially true for greenwater treatments: the proportion of
silo water microbial communities represented on larval
skin samples on day 3 was an average of 0.11 in the CC
treatment, 0.39 in the GC treatment, and 0.44 in the GG
treatment. On day 15, the proportion of silo water com-
munities represented on larval skin dropped below 0.1 in

the CC and GC treatments, but remained at an average of
0.25 in the GG treatment (Additional file 3).
Skin communities varied by treatment and time based

on both microbial diversity and composition. On day 3,
fish skin microbial communities from the GC treatment
were significantly more diverse (lmer, � = 0.512, SE =
0.231, df = 45.00, t = 2.214, p = 0.032) and had

Fig. 1 a Principle coordinates analysis (PCoA) ordination of Bray-Curtis distances between microbial communities on larval sablefish skin over
time. b Bray-Curtis PCoA of microbial communities associated with larval skin, hatching silo water, and experimental tank water. c Bray-Curtis
PCoA of tankwater microbial communities over time. Silo water was only sampled once prior to the experiment/stock-out (pre-experiment). Each
point represents a single sample (n = 6 per treatment for each date and sample type. Pre-experiment silo water n = 3). CC = claywater for 15 days.
GC = greenwater with a switch to claywater after 1 week. GG = greenwater for 15 days
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significantly more OTUs (� = 275.17, SE = 109.50, df =
44.61, t = 2.51, p = 0.016) than fish skin communities in
the CC treatment (Fig. 3a and b). Six OTUs were signifi-
cantly different between skin communities from CC and
GG treatments on day 3 compared to two OTUs on day
15. On day 3, two unclassified Colwelliaceae OTUs, a
J115 (Alteromonadales), and a Perlucidibaca were more
abundant in skin communities from the CC treatment.
A third unclassified Colwelliaceae and a Pseudoaltero-
monas were more abundant in skin communities from
the GG treatment. The same Pseudoalteromonas OTU
as well as an unclassified Vibrionaceae were more abun-
dant in skin communities from the GG treatment than
the CC treatment on day 15 (DESeq, p < 0.05; Fig. 4).
PERMANOVA results also showed a significant differ-
ence between skin communities from GG and GC treat-
ments on day 7 (Bray Curtis: R2 = 0.222, p = 0.027;
Weighted UniFrac: R2 = 0.276, p = 0.008; Additional files 1
and 2), even though there were no OTUs that were
significantly different between the two treatments on
that day, suggesting that differences may be due to low
abundance OTUs and/or there were differences in
relative abundance rather than differences in specific
organisms.
OTUs associated with greenwater were found on

larval skin a week after the switch to clay, including
those classified as Pseudoalteromonas. There was no

significant effect of treatment on larval skin micro-
biome variation on day 15 (PERMANOVA, R2 = 0.153,
p = 0.22; Additional file 1), however, sablefish skin
from the GC treatment shared more core OTUs with
those from the GG treatment than the CC treatment
(Fig. 5). The same Vibrionaceae OTU that was over
six times more abundant in GG tank water than CC
tank water throughout the experiment (DEseq, p <
0.001; Fig. 4) was also three times more abundant in
larval skin from the GG treatment than the CC treat-
ment on day 15 (log2 fold change = 2.296, SE = 0.809,
p = 0.027; Fig. 4). Additionally, the same Pseudoaltero-
monas OTU was four times more abundant in GG
microbial communities from both larval skin and tank
water on day 3 and day 15, relative to the CC treat-
ment (p < 0.05; Fig. 4).
Larval sablefish skin microbiomes were distinct from

the surrounding water throughout the experiment (Fig.
1b, Additional file 1) and had at least 200 more OTUs
than tank water of the same treatment (lmer; p < 0.001;
Fig. 3a). This was less evident towards the end of the ex-
periment, as sablefish skin and tank water microbiomes
were more similar to each other on day 15 than on day
3, especially in claywater and when phylogenetic distance
was considered (Fig. 1b, Additional files 1 and 2). While
sablefish skin and tank water microbial communities
were more similar on day 15 compared to day 3, they

Fig. 2 Relative abundances of bacterial families greater than 5% of the total abundance in larval fish skin, experimental tank water, and hatching
silo water microbial communities, faceted by date and treatment (For each sample type and day, n = 6 per treatment. Pre-experiment silo
water n = 3)
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were still statistically distinct (PERMANOVA; p > 0.05;
Additional files 1 and 2). The number of OTUs in larval
sablefish skin communities decreased by at least 200
between day 3 and day 15 in all treatments (p < 0.05). In
the GC treatment, the number of OTUs was reduced by
at least 400 (� = � 569.67, SE = 105.83, df = 30.00, t = �
5.38, p < 0.001; Fig. 3a). On day 15, larval sablefish skin
microbial communities across treatments shared 38 core
OTUs (core OTU defined at 90% prevalence), and only
8 were also core OTUs from tank water communities.
Core OTUs shared by only larval skin communities were
unclassified members of Cryomorphaceae, Halomonada-
ceae, J115 (order Alteromonadales), OM27 (order Myxo-
coccales), and Vibrionaceae, as well as Arcobacter,
Methylotenera mobilis, Perlucidibaca, ZD0117 (family
Alteromonadaceae), BD2–13 (family Alteromonadaceae),
Crocinitomix, Thalassomonas, and Phaeobacter.

Tank water microbial communities
Additives significantly influenced tank water microbial
communities (PERMANOVA; R2 = 0.319, p < 0.001;
Additional file 1) to a greater extent than they did larval
skin. Additionally, changes over time were treatment
specific. Between day 0 and day 3, there was a large shift
in the microbial communities in tank water from all
treatments, especially those with greenwater. At day 0,
GC tank water communities were significantly more di-
verse than those in the CC treatment (lmer; � = 0.63,
SE = 0.20, df = 57.25, t = 3.13, p < 0.001; Fig. 3b), but by
day 3 there was a significant reduction in diversity in
greenwater tanks (p < 0.05) and a significant increase in
the number of OTUs in all tank water communities (p <
0.01; Fig. 3a and b) that remained throughout the experi-
ment. On day 0, a Devosia OTU was enriched in the CC
treatment, and a Gomphosphaeriaceae OTU was

Fig. 3 Effects of treatment and date on (a) the observed number of OTUs and (b) Shannon diversity of microbial communities on larval sablefish
skin and in experimental tank water. Samples from larval skin were not taken on day 0. (For each date and sample type, n = 6 per treatment).
CC = claywater for 15 days. GC = greenwater with a switch to claywater after 1 week. GG = greenwater for 15 days. Box plots represent median
values with lower and upper hinges corresponding to the first and third quartiles
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