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Ocean warming driven bleaching is one of the greatest threats to zooxanthellate
cnidarians in the Anthropocene. Bleaching is the loss of Symbiodiniaceae, chlorophyll,
or both from zooxanthellate animals. To quantify bleaching and recovery, standardised
methods for quantification of Symbiodiniaceae and chlorophyll concentrations have
been developed for reef-building scleractinian corals, but no such standard method
has been developed for octocorals. For stony corals, quantification of Symbiodiniaceae
and chlorophyll concentrations often relies on normalisation to skeletal surface area
or unit of biomass [i.e., protein, ash-free dry weight (AFDW)]. Stiff octocorals do not
change their volume, as such studies have used volume and surface area to standardise
densities, but soft-bodied octocorals can alter their size using water movement within
the animal; therefore, Symbiodiniaceae and chlorophyll cannot accurately be measured
per unit of surface area and are instead measured in units of Symbiodiniaceae and
chlorophyll per µg of host protein or AFDW. Though AFDW is more representative
of the full biomass composition than host protein, AFDW is more time and resource
intensive. Here, we provide a streamlined methodology to quantify Symbiodiniaceae
density, chlorophyll concentration, and protein content in soft-bodied octocorals. This
technique uses minimal equipment, does not require freeze-drying or burning samples
to obtain ash weight, and is effective for down to 0.2 g wet tissue. Bulk samples
can be centrifuged, the Symbiodiniaceae pellet washed, and the supernatant saved
for protein analysis. This efficient technique allows for clean, easy to count samples
of Symbiodiniaceae with minimal animal protein contamination. Chlorophyll a and c2

extractions occurs at different rates, with chlorophyll a taking 24 h to extract completely
at 4◦C and chlorophyll c2 taking 48 h. Finally, we found that where necessary, wet weight
may be used as a proxy for protein content, but the correlation of protein and wet weight
varies by species and protein should be used when possible. Overall, we have created
a rapid and accurate method for quantification of bleaching markers in octocorals.

Keywords: bleaching, coral bleaching, soft coral, alcyonacea, zooxanthellae, anemone, soft coral bleaching,
Symbiodiniaceae density
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INTRODUCTION

Coral bleaching is increasing in frequency and severity across
tropical and subtropical reefs, and is estimated to become
a yearly occurrence by the year 2050 if greenhouse gas
emissions remain unchecked (Van Hooidonk et al., 2014).
Bleaching is caused by the breakdown of the symbiotic
relationship between the animal host and their photosynthetic
endosymbionts, Symbiodiniaceae (Hughes et al., 2003). Not all
zooxanthellate animals on reefs are affected equally though.
For example, in Japan, Loya et al. (2001) found that massive
stony corals were the “winners” and branching stony and
octocorals were the “losers” in a coral bleaching event. Bleaching
impacts are often assessed and compared between species
and reef locations, by quantifying the Symbiodiniaceae and
chlorophyll concentrations in photosynthetic animals during,
before, and/or after marine heat waves or other stress
inducing events (Jones, 1997a,b). In fact, coral bleaching
is defined as the significant reduction in symbiont and/or
photosynthetic pigments from the coral host (Hoegh-Guldberg,
1999). Thermal thresholds at which coral photosystems begin
to break down can be determined using 50% effective dose
(ED50), or the temperature at which Symbiodiniaceae lose
50% of their thermal efficiency, as developed by Evensen
et al. (2021). Standardised methods for quantification of
symbiont densities and chlorophyll concentrations have been
in use for years to quantify Symbiodiniaceae and chlorophyll
concentrations in stony corals (Johannes and Wiebe, 1970),
however, there is no such rapid standardised method for fleshy
soft-bodied photosynthetic animals such as octocorals, with
many homogenisation and standardisation methods used in the
literature, many which are time intensive (Riegl, 1995; Ferrier-
Pagès et al., 2009; Hannes et al., 2009; Pupier, et al. 2018;
Rossi, et al. 2018). Developing standardised methods for different
photosynthetic animals is therefore crucial to understand which
species on reefs are either sensitive or resilient to bleaching,
and how each of these species is impacted to help inform
conservation initiatives.

Photosynthetic octocorals can be the second most abundant
benthic group in coral reefs after hard corals and can be just,
if not more, susceptible to bleaching (Loya et al., 2001; Prada
et al., 2010; Dias and Gondim, 2016). Though octocorals do not
build calcified reef structure they are still critically important
parts of coral reef benthic communities by providing food and
habitat for many reef dwelling fishes and invertebrates (Griffith,
1994; Pratchett, 2007; Pratchett et al., 2016). In fact, fish richness
in the Great Barrier Reef has been shown to increase relative
to octocoral, but not stony coral, cover at some locations
(Epstein and Kingsford, 2019). As such, loss of octocorals from
reefs has potential implications to reef ecosystem structure and
function, and it is imperative that we can accurately quantify and
understand the impacts of bleaching on octocorals.

Octocorals are structurally very different from stony corals
and as such require different methods for quantification of
bleaching impacts. Methods for quantifying Symbiodiniaceae
and chlorophyll concentrations usually rely on the ease of
removing tissue from the coral skeletons, and using skeletal

surface area or unit biomass (protein, AFDW) to standardise
concentrations (Johannes and Wiebe, 1970; Grottoli et al., 2006;
McCowan et al., 2011). Surface area and/or volume work well
for standardisation of Symbiodiniaceae and chlorophyll for stiff
octocorals such as gorgonians and Briarium spp. (Ferrier-Pagès
et al., 2009; Hannes et al., 2009), but because soft-bodied
cnidarians do not have solid skeletal structures, surface area
and/or volume are inappropriate standardisations for the vast
majority of soft-bodied zooxanthellate cnidarians. Instead, these
groups have either calcified spicules (octocorals) or no skeletal
structure (anemones) (Koehl, 1982; Sethmann and Wörheide,
2008). Many octocorals also quickly change the water content
of their tissues, which can make both weight and surface area
inappropriate standards (e.g., Davis et al., 2015). In studies of
both stony corals and octocorals, chlorophyll concentrations
are usually reported as µg chlorophyll per Symbiodiniaceae
cell, AFDW (grams), protein (µg), or surface area (cm2),
though occasionally wet weight (grams) or volume (cm3) are
also used (Falkowski and Dubinsky, 1981; Riegl, 1995; Jones,
1997b; Hueerkamp et al., 2001; Pupier et al., 2018; Rossi et al.,
2018). For further discussion on normalisation approaches, see
Edmunds and Gates (2002). Existing methods for extracting
chlorophyll use different solvents, solvent concentrations,
incubation times, and temperatures, all of which may impact
chlorophyll measurements, though 90–100% acetone at 4 or
−20◦C is most common (Falkowski and Dubinsky, 1981; Riegl,
1995; Jones, 1997b; Hueerkamp et al., 2001; Pupier et al., 2018).
Unfortunately, these disparate standardisation measures, and
perhaps differences in extraction protocols, can make direct
comparisons between studies difficult, and as such a standardised
method would greatly enhance comparability between studies.
A standardised method has been proposed for separation
of Symbiodiniaceae from octocoral tissue that maximises
chlorophyll yield and is useful for studies focusing on this
parameter (Pupier et al., 2018), however, the method of sample
processing is time consuming. Here, we propose a combined
protocol for extracting and quantifying Symbiodiniaceae,
chlorophyll, and protein concentrations from wet frozen samples
of soft-bodied cnidarians. We aim to provide an efficient and
effective standardised protocol for separating Symbiodiniaceae
from animal tissue in octocorals and test if wet weight can be
used as a proxy for protein concentration.

MATERIALS AND EQUIPMENT

Tissue homogeniser, such as the OMNI TH tissue homogeniser
with 10 mm stainless steel bit Plate spectrophotometer, such
as the Bio-Rad iMarkTM Microplate Absorbance Reader Single
spectrophotometer, such as the VWR UV-6300PC, Double Beam
Spectrophotometer, Centrifuge with 50 and 10 ml tube adaptors,
Vortex, Freezer,−20 to−30◦C Refrigerator, 4C Surgical scissors,
10 and 50 ml falcon tubes Repeater pipettes (10–1,000 µl),
Pasteur pipettes, 96 well plates, Optical glass cuvettes, Bradford’s
assay kit, such as the Thermo Scientific Coomasie Plus (Bradford)
kit, RO water, Phosphate buffered saline tablets or filtered sea
water (100 µm minimum), and 100% acetone.

Frontiers in Marine Science | www.frontiersin.org 2 September 2021 | Volume 8 | Article 710730

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-710730 September 3, 2021 Time: 12:7 # 3

Steinberg et al. Quantification of Octocoral Symbiodiniaceae

METHODS

Sample Collection
Soft-bodied coral samples were collected on snorkel from the
world heritage listed Lord Howe Island Marine Park Lagoon.
Three species were sampled – Xenia cf crassa, Cladiella sp.
1, and Cladiella sp. 2 These species were chosen because
they represent two genera and three growth forms, and were
common at the sampling sites. Collections were conducted March
15–25, April 28–May 1, and October 22–28, 2019 at three
reefs within the lagoon (Coral Gardens, North Bay, and Sylph’s
Hole). Ninety approximately five-by-three-centimetre samples
per species were collected using surgical scissors. For Xenia cf
crassa, a stalk with 1–3 stems and all attached polyps were
collected, depending on the size of the stems. For both Cladiella
sp. 1 and Cladiella sp. 2, one stalk with all attached lobes and
polyps was collected. Samples were stored at −4◦C in the field
and during transport before transfer to −20◦C for storage in the
laboratory until processing.

Separation of Coral Symbiodiniaceae
From Tissue
To investigate the appropriate quantity of octocoral tissue needed
for accurate Symbiodiniaceae quantification, subsamples were
taken from 0.2 to 0.7 g and defrosted on paper towels for∼15 min
before being placed in 50 ml tubes. These sizes were chosen
as the pieces were small enough to fit in the homogenisation
mechanism, but not so small as to be difficult to handle. Because
the species have very different anatomical features, only tentacles
were taken from X. cf crassa and only lobe tips were taken
from Cladiella sp. 1 and Cladiella sp. 2 Thus, X. cf crassa were
placed in tubes without further handling, while Cladiella sp.
1 and Cladiella sp. 2 were cut into small (∼1 mm3) pieces
with scissors before placing into tubes. Tubes were then filled
to the 20 ml mark with RO water. RO water was used as it
is recommended by Pupier et al. (2018) to maximise protein
content. Samples were homogenised for 30 s using an OMNI TH
tissue homogeniser with a 10 mm stainless steel bit, checking
halfway to ensure that no pieces had become stuck in the
mechanism. Samples were vortexed to remove any air bubbles
that could trap Symbiodiniaceae cells at the surface and then
centrifuged at 160 RCF for 2 min. The supernatant was removed
with a pipette and saved. It is important to note that the pellet
is not very stable, and supernatant must be pipetted instead of
poured off. The tube containing the Symbiodiniaceae pellet was
then refilled to the 20 ml mark with RO water and resuspended
with a vortex. Centrifugation was repeated at 130 RCF for
2 min. Supernatant was once again removed and added to the
previously removed supernatant for a total of ∼40 ml. The
separated Symbiodiniaceae were topped up with 1 ml of 3× PBS.
Symbiodiniaceae and supernatant from both separations were
then frozen until ready to use.

Coral Protein Quantification
To quantify protein, supernatant was defrosted and topped up
with RO water to the 40 ml mark to standardise volume between

samples. Protein was then quantified against a bovine albumin
standard using the Thermo Scientific Coomasie Plus (Bradford)
kit and protocol. The standard microplate protocol using 15 µl
of sample was followed for both Cladiella sp. 1 and Cladiella
sp. 2, while the micro microplate procedure was followed for
X. cf crassa. The standard microplate protocol has a working
range of 100–1,500 µg/ml, while the micro microplate protocol
has a working range of 1–25 µg/ml (Thermo Scientific, 2018).
All spectrophotometer measurements were taken on a Bio-Rad
iMarkTM Microplate Absorbance Reader at 595 nm. Results were
reported in units of µg/ml.

Symbiodiniaceae Quantification
To count Symbiodiniaceae, the Symbiodiniaceae pellet was
topped up to the 5 ml mark using 3× PBS and resuspended
using a vortex. A 200 µl subsample was placed on a Neubauer
Improved haemocytometer and counted. For ease and speed of
counting, if there were more than 30 cells per square in the test
sample, the entire treatment was diluted in separate Eppendorf
tubes by either mixing 500 µl Symbiodiniaceae with 500 µl 3×
PBS (2× dilution) or 250 µl Symbiodiniaceae with 750 µl of
3× PBS (4× dilution). All X. cf crassa samples were 4× diluted,
all Cladiella sp. 2 samples were 2× diluted, and Cladiella sp. 1
samples were either 2× diluted or not diluted at all. The final
count was then multiplied by the dilution to attain correct counts.
Each haemocytometer fill was considered a technical replicate,
while the squares counted within the grid were considered a
sub-replicate. Six technical replicates and 5 sub-replicates per
technical replicate were performed, for a total of 30 replicates.
Replicate numbers were chosen based on previous work in stony
and octocorals and anemones (Brown et al., 1995; Hueerkamp
et al., 2001; Hill and Scott, 2012; Hill et al., 2014; Pupier et al.,
2018; Gierz et al., 2020).

The number of Symbiodiniaceae cells was standardised to
the total protein concentration of the supernatant. The dilution
factor (DF) of the supernatant compared to the resuspended
Symbiodiniaceae pellet must be considered when calculating
Symbiodiniaceae concentrations. In this study, the supernatant
had a volume of 40 ml and the resuspended Symbiodiniaceae had
a volume of 5 ml, and as such the DF was 8. Symbiodiniaceae
per ml was calculated using the following formula: count ×dilution

6.25 ×10−6 ,
where 6.25 × 10−6 is the volume of one haemocytometer grid
square. Symbiodiniaceae per µg protein was calculated using the

following formula:
Symbiodiniceae

ml
DF ×protein

( µg
ml

) or
count ×dilution

6.25 ×10−6

DF ×protein
( µg

ml
) .

Chlorophyll Extraction
To test incubation time for Symbiodiniaceae chlorophyll
extraction, a subset of two individuals of each species were used
to test two incubation times, 24 and 48 h. For both, chlorophyll
concentrations were quantified by removing two replicate 1 ml
subsamples of resuspended Symbiodiniaceae and placing them in
the centrifuge for 10 min at 805 RCF. Supernatant was removed
and discarded. Samples were then resuspended in 5 ml of 100%
acetone and incubated in the dark at 4◦C for either 24 or 48 h.
All acetone was removed and measured using Pasteur pipettes
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as acetone damages repeater pipettes. 24 h was chosen based on
Lesser (1989), and 48 h was also tested when high concentrations
of chlorophyll c2 were found to remain in Symbiodiniaceae after
initial extraction.

After the allotted time, extracts were centrifuged for 10 min
at 805 RCF and 2 ml of extracted chlorophyll in acetone
was aliquoted into two optical glass cuvettes. Absorbance was
measured at 630, 663, and 750 nm using a VWR UV-6300PC
Double Beam Spectrophotometer. Concentrations of chlorophyll
a and c2 in µg/ml were calculated using the following equations
from Jeffrey and Humphrey (1975) for dinoflagellates:

Chlorophyll a = 11.43E663 − 0.64E630

Chlorophyll c2 = 27.09E630 − 3.63E663

As 1 ml of resuspended Symbiodiniaceae pellet was extracted
in 5 ml of acetone, chlorophyll concentrations were multiplied
by five. To calculate chlorophyll per µg protein, the following

equation was used: 5 × chlorophyll
( µg

ml
)

8 ×protein
( µg

ml
) .

To test how much chlorophyll was left in the Symbiodiniaceae
after initial extraction and ensure all possible chlorophyll was
extracted from Symbiodiniaceae, all remaining acetone was
removed and discarded, and the samples were resuspended in
5 ml fresh acetone and allowed to incubate at 4◦C for 24 h.
Samples were then centrifuged and absorbances measured as
above. After testing, the 48 h time point was chosen to obtain
further data. Replicates were excluded if spicules were present in
the acetone during reading. All laboratory work was completed at
the Sydney Institute of Marine Science.

Statistical Analysis
All graphing and statistical analyses were performed in R
version 3.6.1. Differences in protein content between species
were tested using the lme4 glmer function with a Gamma
distribution. Correlations between weight and log of protein
concentration was tested using a linear model with interactions.
Differences in Symbiodiniaceae per protein concentrations
between species were tested using the glmer function in the
package lme4 with a nonbinomial distribution (Bates et al.,
2015). Differences in chlorophyll incubation time were tested
using the glmer function with Gaussian distribution, with
chlorophyll a concentrations square root transformed to meet
assumptions of homoscedasticity. Differences in chlorophyll per
µg of protein between species was tested using the lme4 lmer
function with log transformed data. Random effects for all mixed-
effects models were individual colony and date and location
collected. All pairwise comparisons were made using emmeans
and all distributions were chosen by comparing residual plots
(Lenth et al., 2018).

To examine precision of methods, coefficients of variation
(CV) for counts within each sample were calculated by
calculating the mean and standard deviation (SD) of sub-
replicates within each technical replicate, and then taking the
mean of these per sample. CV was then calculated using the
following equation: SD of mean

Mean of mean × 100. To calculate the CV
between samples within each sampling site and sampling period,

the mean and SD of each sample was taken and CV calculated
using the follow equation: SD

Mean × 100. The mean of this number
for each sampling site within each sampling period was then
calculated. The mean± SE of all sample CVs is reported.

Coefficients of variation of measurements for chlorophyll a
and c2 within each sample are calculated similarly. Because there
are no sub-replicates (all samples were taken from different
colonies), the mean and SD of the two replicate measures
taken are calculated and CV calculated using the following
equation: SD

Mean × 100. CV between samples within each sampling
site during each sampling period was calculated as above. The
mean± SE of all sample CVs is reported.

RESULTS

Separation of Coral Symbiodiniaceae
From Tissues
Weights of all samples were recorded, with a median weight
of 0.46 g, a mean of 0.47 g, a minimum of 0.17 g, and a
maximum of 0.75 g. Homogenising time was standardised to
30 s for all species and samples. The homogeniser mechanism
was checked for remaining tissue after 15 s, pieces were
removed with tweezers and placed back into the homogenate,
and then homogenisation resumed for 15 more seconds, after
which visual homogenisation (no visible tissue) was achieved.
Symbiodiniaceae and animal tissue were successfully separated in
all but one sample. Successful separation was determined visually
by presence of a distinct algal pellet at the bottom of the test tube
after centrifugation.

Coral Protein Quantification
Here, we found that although both Cladiella sp. 1 and Cladiella
sp. 2 had high enough protein concentrations to use the standard
microplate procedure (range: 75.8–231.8 and 56.6–344.1 µg/ml,
respectively), Xenia cf crassa had very low protein concentrations
and the micro microplate procedure was required (range: 6.4–
42.1 µg/ml).

After multiplication by eight to keep protein and
Symbiodiniaceae concentrations consistent, protein content
of Cladiella sp. 1, Cladiella sp. 2, and Xenia cf. crassa were
1,667.9± 12.8 SE, 1,500.4± 10.96 SE, and 167.4± 1.4 SE µg/ml,
respectively (Figure 1A).

Overall, wet weight was highly correlated with log protein
concentration (R2

= 0.95, p < 0.0005, Figure 2). This pattern was
consistent across species (Xenia cf crassa: R2

= 0.37, p < 0.0005;
Cladiella sp. 1: R2

= 0.68, p < 0.0005; Cladiella sp. 2: R2
= 0.69,

p < 0.0005; Figure 2).

Symbiodiniaceae Quantification
The method described above successfully quantified
Symbiodiniaceae concentration per µg protein. Symbiodiniaceae
concentration of Cladiella sp. 1, Cladiella sp. 2, and Xenia
cf crassa were 1,720.6 ± 19.1 SE, 2,273.9 ± 21.2 SE, and
52,143.3± 481.4 SE cells per µg protein, respectively (Figure 1B).
Coefficient of varience (CV) of Symbiodiniaceae per µg protein
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FIGURE 1 | Boxplots of data generated using the method described in this manuscript. (A) µg protein per ml, (B) Symbiodiniaceae cell per µg protein, (C)
chlorophyll a per µg protein, and (D) chlorophyll c2 per µg protein. Symbiodiniaceae and chlorophyll concentrations were log transformed for plotting to improve the
readability of data.

within samples was 17.2± 0.5 SE. CV of Symbiodiniaceae per µg
protein between samples within site and trip was 34.6± 1.3 SE.

Chlorophyll Extraction
Because Symbiodiniaceae contain both chlorophyll a and c2,
extraction time was tested for both types. Extraction time was
tested by allowing the Symbiodiniaceae pellet to extract for
either 24 or 48 h, removing all acetone, and resuspending the
previously extracted pellet. This allowed us to test if the amount
of chlorophyll extracted was higher at 48 than 24 h, and to
test how much chlorophyll was still in the Symbiodiniaceae
after extraction. For extraction of chlorophyll a, there was no
significant difference between acetone incubation time of 24 or
48 h, suggesting that 24 h was sufficient to extract all chlorophyll
from the pellet. Additionally, there was no significant difference
in the amount of chlorophyll found in the second round of

incubation between samples incubated 24 or 48 h, confirming
that 24 h was sufficient for full extraction (p > 0.05, Figure 3A
and Table 1). There was significantly less chlorophyll extracted
in the second round of extraction than the first, suggesting that
very little chlorophyll was left after initial incubation (p > 0.05,
Figure 3A and Table 1).

For chlorophyll c2, there was significantly more chlorophyll
extracted after 48 than 24 h and after 48 h there was significantly
less chlorophyll in the second extraction (p < 0.05, Figure 3B and
Table 1), suggesting that 24 h of incubation is not long enough
to extract all chlorophyll. The amount of chlorophyll left over
after the initial round of incubation was not significantly different
between 24 and 48 h (p > 0.05, Figure 3B).

Chlorophyll a concentrations of Cladiella sp. 1, Cladiella sp.
2, and Xenia cf crassa were 0.008 ± 0.0004 SE, 0.01 ± 0.0004,
and 0.3 ± 0.08 SE µg chlorophyll a per µg protein, respectively
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FIGURE 2 | Tissue wet weight vs. log protein concentration in three species of octocoral. Linear model lines of best fit with 95% confidence intervals are represented
for each species in the same colour as the scatter points.

FIGURE 3 | Chlorophyll extraction time for chlorophyll a and c2. (A) Extraction of chlorophyll a between initial and secondary extraction after 24 and 48 h.
(B) Extraction of chlorophyll c2 between original and refilled vials after 24 and 48 h. Significant differences between fills are indicated by a bar and the associated
p-value, while significant differences between time points are indicated using different letters.

(Figure 1C). Chlorophyll c2 concentrations of Cladiella sp. 1,
Cladiella sp. 2, and Xenia cf crassa were 0.002 ± 0.00009 SE,
0.003 ± 0.0001 SE, and 0.08 ± 0.004 SE µg chlorophyll c2 per
µg protein, respectively (Figure 1D). CV of chlorophyll a per
µg protein within samples was 4.5 ± 0.3 SE. CV of chlorophyll
a per µg protein between samples within site and collection
interval was 4.5 ± 0.4 SE. CV of chlorophyll c2 per µg protein
within samples was 14.8 ± 0.9 SE. CV of chlorophyll c2 per µg
protein between samples within site and collection interval was
14.8± 1.3 SE.

DISCUSSION

Here, we provide an efficient and effective method for
quantifying Symbiodiniaceae and chlorophyll concentrations in
octocorals, which may also be useful for other thick-fleshed
zooxanthellate animals (Figure 4). The homogenisation method
described here takes only 30 s per sample and is effective in
separating Symbiodiniaceae from coral tissue for quantification
of Symbiodiniaceae, chlorophyll, and protein. Although methods
have been long established for stony corals, soft zooxanthellate
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TABLE 1 | Generalised linear mixed model results of extraction time of
chlorophylls a and c2.

Chlorophyll a extraction time

Chisq Df Pr (>Chisq)

Time 0.02 1 0.9

Fill 184.5 1 <0.0001

Time × fill 0.004 1 0.95

Chlorophyll c2 extraction time

Time 2.6 1 0.1

Fill 0.6 1 0.4

Time × fill 6.0 1 0.01

Chlorophyll c2 pairwise comparisons of interaction term

t-ratio Df p-value

Original fill 24–48 h −2.9 18 0.01

Refill 24–48 h 0.6 18 0.6

24 h original fill-refill −1.2 18 0.3

48 h original fill-refill 2.3 18 0.04

Significant values are indicated in boldface.

cnidarians have posed a challenge due to their unique anatomy.
Standardised methods for quantifying bleaching markers such as
Symbiodiniaceae and chlorophyll concentrations are imperative
for studies of colony health and reactions to stressors. We found
that using a tissue homogeniser instead of a tissue grinder
reduced wet sample processing time to ∼30 s per sample
instead of 30 min, though samples did need to be defrosted
before homogenisation which may have affected chlorophyll
concentrations. Other studies have also used tissue homogenisers,
though homogenisation time varied greatly or was not reported,
with some studies homogenised for up to 2 min for whole
colonies (e.g., Kirk et al., 2005; Studivan et al., 2015; Rossi
et al., 2018). Previous reductions in chlorophyll concentrations
using frozen and defrosted specimens were possibly attributed
to the long processing time and heat produced during grinding
as increased handling can reduce pigment concentrations
(Metaxatos and Ignatiades, 2002; Hannides et al., 2014; Pupier
et al., 2018). In addition, the method developed here requires
very small sample sizes but can be used successfully for a
range of weights (0.17–0.75 g wet weight). Here, we discuss
the optimisation and application of our proposed methods for
use with soft-bodied cnidarians and outline the caveats and
considerations with using this approach.

Separation of Coral Symbiodiniaceae
From Tissues
Though a method has previously been published for separating
Symbiodiniaceae from coral tissue in freeze dried samples, this
method is ineffective for wet samples (Pupier et al., 2018). This
method takes 5 min per freeze-dried sample or 30 min per
wet frozen sample, which can be prohibitive in experiments
with many treatments and/or replicates. The Pupier method
was specifically developed to optimise chlorophyll yield and

as such is not appropriate for all samples and situations.
Though Pupier found that freeze drying significantly increased
chlorophyll yields, they found no effect on Symbiodiniaceae
concentrations, suggesting that while this method may be
superior for quantification of chlorophyll, it is inefficient for
quantification of Symbiodiniaceae. We found that using a tissue
homogeniser instead of a tissue grinder reduced wet sample
processing time to ∼30 s per sample instead of 30 min.
A caveat to this method is that we tested it only on three
species and it may not apply to all octocorals or other
soft zooxanthellate cnidarians. On the other hand, a similar
method has previously been used to separate Symbiodiniaceae
from tissue in anemones and octocorals with varying tissue
characteristics (Hannes et al., 2009; Hill and Scott, 2012; Hill
et al., 2014; Studivan et al., 2015; Rossi et al., 2018), and as such
may be able to be applied to other groups of zooxanthellate
animals that are difficult to quantify by weight or surface area
such as sponges, jellies, and thick-fleshed stony corals (e.g.,
Heliofungia spp.), though this still requires verification. Some
studies that homogenised tissues do not report on the type of
homogeniser used, or homogenise for different purposes, such
as genetic extraction, and use methods that do not preserve
the integrity of the Symbiodiniaceae cells (e.g., Kirk et al.,
2005; Wessels et al., 2017), which makes finding an appropriate
homogenisation method in the literature difficult. Overall,
separation with a tissue homogeniser works well for creating
Symbiodiniaceae samples that are relatively free of contamination
by coral tissue which can clog the haemocytometer and make
counting difficult.

During homogenisation, we observed that spicule-rich tissue
easily became stuck in the homogenisation mechanism, and
that centrifugation could create a layer of coral tissue on
top of the Symbiodiniaceae pellet which could interfere with
counting. For lobed colonies or colonies with many spicules it
is important to cut the sample into smaller pieces (∼1 mm3)
before homogenisation, as large pieces are likely to get caught
in the homogeniser mechanism. This can be achieved quickly
and easily by placing the sample in a 50 ml tube and making a
few cuts with scissors against the side of the tube. To separate
Symbiodiniaceae from coral tissue in a centrifuge, we found that
the ideal method was to use relatively low RPMs for a short time,
as high RPMs or long times would cause protein to be pulled onto
the Symbiodiniaceae pellet and would interfere with counting, as
reported in the methods.

Coral Protein Quantification
The most commonly used normalisation metrics for octocoral
Symbiodiniaceae and chlorophyll measurements are surface area
or volume, ash-free dry weight (AFDW), or protein content (e.g.,
Ferrier-Pagès et al., 2009; Hannes et al., 2009; Studivan et al., 2015;
Pupier et al., 2018; Rossi et al., 2018). For a full list of all the
normalisation metrics used in previous octocoral literature, see
Pupier et al. (2018). Surface area and volume are only appropriate
for stiff octocorals, such as gorgonians, which do not change
their volume over time. The most comprehensive measure is
AFDW, as it considers total tissue composition, but involves
using a muffle furnace over the course of many hours. Protein
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FIGURE 4 | Infographic of protocol for extraction and measurement of Symbiodiniaceae and chlorophyll from octocorals. Icons and infographic by Melissa Pappas,
EmergingCreativesOfScience.com.
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content is relatively simple to measure from wet homogenised
samples, as protein kits simply require a small amount of coral
supernatant to be added to a pre-mixed reagent solution and read
in a spectrophotometer (Thermo Scientific, 2018). Previously,
Pupier et al. (2018) found that total DW and AFDW are not
well correlated and suggested use of AFDW as a normalisation
parameter. As determination of protein content does not require
drying or burning of samples, and takes only 10 min of incubation
time after mixing with reagent solution, the authors suggest
normalising Symbiodiniaceae and chlorophyll concentrations to
protein content for efficiency, or to AFDW for comparison
to total tissue composition. If protein or AFDW cannot be
obtained, wet weight could be used as a proxy. The degree of
correlation varied between species, with an R2 of only 0.37 for
Xenia cf crassa, suggesting that wet weight is not appropriate
as a substitute for protein for all species. Overall, the authors
recommend using protein concentration whenever possible to
maintain consistency among studies.

Symbiodiniaceae and Chlorophyll
Quantification
Counting Symbiodiniaceae cells by microscopy was not
particularly precise, with mean CV between sites and trips nearly
35, suggesting that there is a large amount of variability in the
data, but not enough to be indicative of problems, especially
given these are natural samples (Brown, 1998). On the other
hand, CV of Symbiodiniaceae within a single sample was
much lower at only 17.2, showing that the variation found in
counts is due to treatment and not found within individual
colonies. Extraction of chlorophyll using the method described
above was extremely precise, with mean CV of both types
of chlorophyll well below the ∼30% that Brown (1998) has
suggested could be indicative of problems in the data, though
more leniency is given for natural samples. Chlorophyll a
and c2 did not extract at the same rate, as such if chlorophyll
a is the only pigment of interest, then 24 h of incubation
is sufficient. If chlorophyll c2 concentrations are also being
investigated, then 48 h incubation time is necessary. Freeze
drying samples previously resulted in a twofold increase in
chlorophyll concentration (Pupier et al., 2018), results using the
method described here likely will not be directly comparable
with results from freeze dried samples. While we extracted
chlorophyll in a 4◦C refrigerator, other studies have successfully
extracted in −20◦C freezer (e.g., Jones, 1997a), but may not be
directly comparable so care should be taken when comparing
between studies that extract using different methods or at
different temperatures.

CONCLUSION

Here, we have developed an effective, efficient, and streamlined
process for quantifying Symbiodiniaceae and chlorophyll
concentrations of octocorals which may also be useful in studies
of other fleshy zooxanthellate animals (Figure 4). Though
freeze-drying yields higher chlorophyll concentrations and may
be more appropriate for studies focusing on this parameter, it

takes significantly longer to process samples. The speed with
which samples can be processed makes this method ideal for
studies that involve large numbers of samples, for example,
when examining the effects of natural bleaching events. While
the method has been demonstrated for three quite different
octocorals, testing on species with a wider range of spicules and
protein concentrations is now warranted.

This method is a synthesis of disparate methods from the
literature, and as such comparisons made using this method
against others in the literature should be done carefully. Many
factors may affect reported concentrations, including chlorophyll
extraction time, medium, and temperature; and whether weight,
dry weight, or protein content were used to standardise
measurements. Because of this, the authors believe it is important
to have a standardised, comparable method of extraction and
quantification of Symbiodiniaceae cells, protein, and chlorophylls
for future work in this field. It is the recommendation of the
authors that chlorophyll should be extracted in 100% acetone
at 4◦C for 24 h if only chlorophyll a will be examined,
or 48 h if chlorophyll c2 is also of interest, and that all
concentrations should be standardised to protein content when
possible. Octocorals are an important part of reef ecosystems and
are becoming the focus of many studies. This rapid method may
therefore represent a timely addition to the suite of tools of any
octocoral researcher.
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