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Increases in stressors associated with climate change such as ocean acidification
and warming temperatures pose a serious threat to intertidal ecosystems. Of crucial
importance are the effects on foundational species, such as fucoid algae, a critical
component of rocky intertidal shorelines around the world. The impact of climate change
on adult fronds of fucoid algae has been documented but effects on early developmental
stages are not as well understood. In particular, ocean acidification stands to impact
these stages because zygotes and embryos are known to maintain internal pH and
develop a cytosolic pH gradient during development. To assess the effects of seawater
acidification on early development, zygotes of Fucus gardneri were exposed to artificial
seawater (ASW) buffered to conditions that approximate current global averages and
extend largely beyond future projections. Exposure to acidic seawater had significant
effects on embryonic growth. Specifically, rhizoid elongation, which occurs by a process
known as tip growth, was significantly reduced with each 0.5 unit drop in pH. When
pH was decreased from 8.0 to 7.5, which is similar to levels that have been observed
in Burrard Inlet, there was reduction in rhizoid growth rate of almost 20%. Under more
extreme conditions, at pH 6, rhizoid growth rates were reduced by 64% in comparison
to embryos exposed to seawater at pH 8.0. On the other hand, acidic seawater had
no effect on earlier processes; zygotes became multicellular embryos with well-formed
rhizoids on a similar time course within the first 24 h of development, even when
exposed to pH 6, an extreme pH well below what is expected in the future. This suggests
that zygotes can maintain an internal pH that allows germination and cell division to
occur. Tip growth, however, depends on the extended maintenance of an internal pH
gradient. It is therefore possible that disruptions to this gradient could account for the
observed reductions in rhizoid elongation. Under acidic conditions proton influx into the
cell becomes energetically more favorable than at pH 8, and expulsion would be more
difficult. This could disrupt the cytosolic pH gradient and in turn affect rhizoid growth.

Keywords: ocean acidification, fucoid algae, rhizoid elongation (tip growth), effects of climate change, algal
development
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INTRODUCTION

Fucoid algae are found on rocky intertidal shores around the
world. They are foundational species in the ecosystems they
occupy as they provide food, shelter, and habitat for many other
organisms (Schiel, 2006). They are generally known as ecosystem
engineers because they form extensive canopies that provide
refuge for other organisms, especially during low tides. Their
presence is associated with increases in species diversity and
abundance at a variety of sites including locations impacted
by industrial activities or contaminants, making them indicator
species for the habitats they occupy (Watt and Scrosati, 2013;
Bellgrove et al., 2017; Lauze and Hable, 2017; Scrosati, 2017).

To persist in the intertidal zone, algal populations must
be able to survive, grow, and reproduce despite fluctuating
and often stressful conditions. Mature fronds of fucoid algae
are well-known for their ability to tolerate dehydration and
heat; in the summer months they can recover after hours of
exposure when tides are low during the day (Ferreira et al,
2014). Increases in the stress imposed on intertidal species
are expected as our climate changes in coming years. In
addition to warmer temperatures, ocean waters are also becoming
more acidic, a phenomenon that is driven by increasing
levels of anthropogenically produced carbon dioxide (CO,). As
atmospheric CO; levels rise, gas exchange between the sea surface
and the air causes a corresponding increase in the amount of CO,
in the water. Once dissolved, CO, reacts with water to produce
carbonic acid which dissociates into hydrogen, bicarbonate, and
carbonate ions. The increase in hydrogen acidifies the seawater
and reduces the amount of carbonate ions present [reviewed in
Doney et al. (2009)]. Globally, the pH of ocean waters has fallen
from roughly 8.2 in pre-industrial times to 8.1 and predictions
estimate further decreases of up to 0.32 pH units by the end of the
century if CO, production continues unabated (Orr et al., 2005;
IPCC, 2014). Regional ocean pH can also deviate substantially
from global averages. As part of the California Current System,
the southern coast of British Columbia is subject to periodic
penetration of acidified waters from offshore upwelling events
followed by downwelling episodes that have the opposite effect
(Johannessen and Macdonald, 2009; Chan et al., 2017) These
patterns produce dynamic fluctuations in intertidal seawater pH,
causing it to reach levels as low as 7.3 at some sites (Marliave
et al,, 2011). In future decades, further declines in seawater pH
are expected as atmospheric CO; levels continue to rise.

Ocean acidification that comes from an influx of CO, can
have a wide range of impacts on marine organisms. The increase
in CO; in the seawater can be beneficial for primary producers
like eelgrass and algae, since they can utilize the carbon for
photosynthesis and growth (Zimmerman et al., 1997; Olischldger
et al., 2012; Koch et al., 2013). However, as CO; levels rise, the
ocean’s carbonate chemistry also changes, making it difficult for
calcifying seaweeds and invertebrates to build calcium carbonate
skeletal structures or shells because carbonate ions in the seawater
are less prevalent (Gazeau et al., 2013; Hofmann and Bischof,
2014). Studies on fucoid algae evaluated the effects of increased
CO; on vegetative growth of germlings (greater than 8 weeks
old) and adult fronds with conflicting results (Gutow et al., 2014;

Graiff et al.,, 2015; Al-Janabi et al., 2016), possibly arising from
differential effects of increased photosynthetic activity resulting
from higher CO; levels and the negative effects of reduced pH on
cellular activities. As hydrogen ions become more concentrated
in the external environment, the ability to maintain cytoplasmic
pH at normal levels within cells may become more difficult. This
is particularly important for algal species related to Fucus which
also depend on the formation and maintenance of pH gradients
in the cytoplasm during embryonic growth and development
(Gibbon and Kropf, 1994).

Zygotes of fucoid algae are initially spherical in shape and
over the first few hours of development there is a cytoplasmic
reorganization that results in the formation of a protrusion, the
rhizoid, from one pole. This process is called germination; it is
turgor driven and occurs at a site where the cell wall has been
weakened. The first cell division is an asymmetric one that bisects
the zygote into two cells with different shapes and developmental
fates. The spherical thallus cell is cleaved into a ball of cells that
eventually gives rise to most of the mature alga, including the
reproductive and photosynthetic fronds. The rhizoid cell, on the
other hand, contains the protrusion that formed at germination;
it elongates by extension of the tip apex in a process known as
tip growth, eventually developing into the holdfast that anchors
the alga to the substratum. The rhizoid also undergoes several
rounds of cell divisions, but in this case the cell plates are all
oriented parallel to one another and perpendicular to the growth
axis. As development proceeds, the rhizoid continues to elongate
via tip growth of the apical-most rhizoid cell, producing a long
file of cells [reviewed in Kropf (1997), Bisgrove and Kropf (2007),
and Hable (2014)].

Tip growth is a turgor-driven process that also involves
focused delivery of cell wall and membrane materials to the
growing tip. It occurs in specific cells of organisms from a range
of taxa. In addition to brown algal rhizoids, fungal hyphae, as
well as pollen tubes and root hairs of plants all elongate via tip
growth (Gow et al., 1984; Cardenas, 2009; Bascom et al., 2018).
This type of cell expansion correlates with gradients of Ca?* and
H™ ions that form in the cytoplasm parallel with the direction in
which the cell is elongating, with the highest concentrations of
each ion found in the apical regions near the growing tip. These
gradients are thought to have an important role in tip growth
by driving the activities of different regulatory proteins and
processes along the cell and restricting growth to extension from
the apical-most region [reviewed in Obermeyer and Feijé (2017),
Bascom et al. (2018)].

In tip growing cells an internal pH gradient is established
and maintained within the cytoplasm by controlling proton
fluxes into and out of the cell. Protons flow in at the tip and
are used in metabolic processes or expelled in basal regions
of the cell, creating a gradient that is most acidic at the apex
[Takeuchi et al., 1988; reviewed in Obermeyer and Feijé (2017)].
In fucoid algae the first detectable cytosolic pH gradient forms at
the presumptive rhizoid pole early in zygotic development, well
before rhizoid growth begins. The magnitude of this gradient is
initially small, with a difference of less than 0.1 pH units, but it
increases as development proceeds. At the time of germination,
the emerging rhizoid is approximately 0.1 units more acidic than
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the cytoplasm in the thallus which is maintained close to pH
7.5 (Gibbon and Kropf, 1993, 1994; Kropf et al., 1995b). The
gradient continues to intensify; at the 2-celled stage the rhizoid
tip has acidified to a pH of 7.2 generating a differential of 0.3-
0.5 pH units between the tip and the cytoplasm further back at
the base (Gibbon and Kropf, 1994). Dissipation of the gradient
by treatment with H buffers inhibits rhizoid growth, indicating
that the gradient is important for embryonic development (Kropf
et al., 1995a). Since rhizoid formation and tip growth depend
on creating and maintaining an intracellular pH gradient, these
stages of the life cycle stand to be impacted by ocean acidification
if zygotes and embryos cannot adequately cope with higher
proton concentrations in their environment. In this study, the
effects of seawater acidification on early development of Fucus
gardneri at Burrard Inlet were assessed. Zygotes and embryos
were cultured in artificial seawater (ASW) solutions buffered
to a pH value that ranged from 8 to 6. These conditions
were chosen to approximate current global averages, encompass
levels that have already been observed at the Barnet Marine
Park, and include more extreme conditions. Three key aspects
of early development were examined: the ability of zygotes
to form a rhizoid, the timing of rhizoid formation, and the
rate of rhizoid growth. The goal of this study was to examine
whether seawater pH would affect early developmental processes
and determine whether embryos from this population could
withstand extreme acidity.

MATERIALS AND METHODS

Algal Collection and Culture Conditions
Early developmental stages of fucoid algae were sourced from
a population of F. gardneri growing at the Barnet Marine
Park located on Burrard Inlet in Burnaby, British Columbia
(Figure 1). Burrard inlet lies in an urban region with several large
municipalities and industrial sites situated along its shorelines.
A sawmill and several export terminals which include facilities
for petroleum and sulfur are located near the Barnet Marine
Park and marine biota within its boundaries are exposed to
contaminants associated with occasional releases from these
facilities. In addition to chemical contaminants, inlet waters
are also subject to increasing levels of stressors associated with
climate change. Sea surface temperatures fluctuate throughout
the year, dipping to approximately 5°C in the winter and often
reaching highs of 20°C or more during the summer months
(NASA JPL, 2019). Furthermore, fluctuations in the pH of
seawater collected from the park at the time of sampling ranged
from 8.2 down to 7.4. Despite these fluctuating conditions and the
presence of multiple types of contaminants, the intertidal zone at
this site harbors a robust population of F. gardneri.

Sexually mature fronds were collected at low tide and stored
in the dark at 4°C for at least 3 days until use. Zygote release
was induced by incubating receptacles under approximately
115 wmol/m?/s light for 1 h at 15°C in buffered ASW (10 mM
KCl, 9 mM CaCl, (Fisher Scientific), 0.45 M NaCl (ACP
Chemicals), 16 mM MgSOy4 (Caledon Laboratories), 10 mM tris
base (Invitrogen), 0.04 mg/ml chloramphenicol (Sigma-Aldrich);
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FIGURE 1 | The Barnet Marine Park harbors a robust population of

F. gardnerii. Reproductive fronds were collected from a site within the Barnet
Marine Park (49°17/31.9”N 122°55/34.1"’W), located in an industrialized area
in the city of Burnaby, approximately 15 km east of Vancouver (A). Inset
shows the general location of the park with respect to Vancouver Island.

A population of healthy F. gardnerii covering discarded pavement blocks and
boulders in the intertidal zone at the site as viewed at low tide (B,C). Scale
bars are 10 and 300 km in the map and inset, respectively; star in A denotes
collection site.

Bisgrove and Kropf, 2001). The pH was adjusted to 8.0, 7.5, 7.0,
6.5, or 6.0 using concentrated HCI. These pH values were chosen
to approximate current conditions and extend well beyond the
0.32-unit reduction projected to occur over the next 80 years
(IPCC, 2014). On the coast of British Columbia, ocean pH dips
to levels that are substantially lower than global averages of 8.1
(Marliave et al., 2011; IPCC, 2014). We observed fluctuations
down to 7.4 at Barnet Marine Park; if conditions at this site follow
global projections, pH could drop to levels as low as 7.0 by the
end of the century. We extended our analysis to include more
extreme conditions, down to pH 6.0, to fully assess sensitivities
and determine how resilient zygotes were to low pH.

Zygotes were collected by rinsing fronds with seawater at the
respective pH then filtering the solution containing the zygotes
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through a 300 um nylon mesh to separate them from the fronds
and other debris. Zygotes were rinsed twice with fresh ASW at
the appropriate pH, distributed into three separate petri dishes
per pH treatment, and incubated at 15°C in unidirectional light
(115 wmol/m?/s). The time of fertilization was considered to be
30 min after fronds were placed in ASW.

Experimental Design and Data Analysis

To assess the effects of seawater pH on germination, four separate
trials, each using a different batch (collection) of fronds, were
conducted as follows. Receptacles from a single algal collection
were induced to release zygotes in seawater of the appropriate
pH (described above). For each of the five pH treatments,
zygotes were aliquot into three petri dishes and incubated until
24 h after fertilization (AF). Each petri dish was divided into
four equal sections, and a picture was taken from a random
location within each section, for a total of four pictures per
dish. The percent of zygotes that germinated in each petri dish
was calculated by determining the proportion that had well-
formed rhizoids and an average was taken from the three replicate
plates. The four treatment averages from each trial were averaged
together to determine the overall germination percentage at
each seawater pH.

The effects of seawater pH on the timing of germination
were assessed by averaging the results from three trials. Each
trial consisted of three replicate plates, exposed to two different
pH levels, pH 8 or the more extreme pH 6. These two pH
levels were initially chosen to see whether there were different
effects on the timing of germination. Since zygotes in both
treatments followed the same time course there was no reason
to test pH levels between 8 and 6. Since germination was
expected to begin around 10 h AF in zygotes exposed to pH
8, a window of 10-14 h AF was chosen for analysis. Four
photos, one from each section of the plate, were taken at 10, 12,
and 14 h AF. Averages for the three trials were determined by
averaging germination percentages at each timepoint for each pH
treatment, as described above.

Rhizoid growth rates were assessed between 1- and 6-days AF
in four separate trials. Each trial consisted of five pH treatments,
each with three replicate plates. Ten germinated zygotes were
randomly selected and measured from photographs taken of each
of the four sections on every plate for a total of 40 rhizoid lengths
per plate. Lengths were measured from the base of the thallus
to the tip of the rhizoid on day 1 and day 6 from the same
plates. The difference in lengths were used to calculate growth
rates in um/day by the following formula: (average length 6 days
AF - average length 1 day AF)/5 days. Growth rates from three
replicate plates were averaged together and the four averages from
each trial were averaged to determine the average growth rates for
each pH treatment.

In all experiments, photographs were taken using an Olympus
SZX16 microscope equipped with a Retiga 4000R digital camera
and Q-Capture Pro 6.0 software. Rhizoid lengths were measured
using Image] software'. Statistical analyses were performed using
JMP 14 software. One- or two-way ANOVA analyses followed
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FIGURE 2 | Zygotes can form rhizoids under acidic conditions. Most zygotes
were spherical in shape at 10 h AF, regardless of pH (A). At 24 h AF, most
embryos cultured in ASW at pH 8 (B), 7.5 (C), 7 (D), 6.5 (E), or 6 (F) had
well-formed rhizoids. Quantification of zygotes/embryos that germinated by
24 h AF revealed similar percentages in all five pH treatments (G). Bars depict
the average percent of embryos with rhizoids with standard deviations (SDs).
Averages represent data from four trials (N = 1910-2334 zygotes per trial).
Size bar in (A) is 100 pm and applies to all photographs.

by post hoc Tukey tests were used to test for differences
between means. Levene’s test and normal quantile plots were also
used in JMP to assess ANOVA assumptions of normality and
homogeneity of variance (see Supplementary Tables S1-S4).

RESULTS

The effects of reduced pH on three key aspects of early
development were examined; the ability of zygotes to form
a rhizoid, the timing of rhizoid formation, and the rate
of rhizoid growth.
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Germination Occurred in Zygotes
Exposed to Acidic ASW

To determine whether early developmental processes could occur
in acidified seawater the percent of zygotes that were able to
germinate was assessed. Zygotes were allowed to develop until
24 h AF which is several hours past the time when these events
typically occur. This provided ample time for rhizoid formation
in all pH treatments. Embryos cultured in seawater at pH 8,
which approximates the global average, developed from spherical
shaped cells into multicellular embryos with well-formed rhizoids
Figure 2). Embryos cultured in more acidic seawater were similar
in appearance. The majority of embryos were multicellular, had
germinated, and had rhizoids that appeared to be similar in
size, regardless of seawater pH. Zygotes, therefore, were able to
form an axis and germinate even in seawater as acidic as pH
6. To assess whether acidic conditions affected the ability of
zygotes to germinate, the percent of zygotes that formed rhizoids
was determined in each pH treatment (Figure 2G). At pH 8,
an average of 90.6% (44.71 SD) of embryos had rhizoids. At
lower pH levels, the average percent of embryos with rhizoids
ranged from 88.2 to 94.3% (£2.71 to 5.67 SD). This level of
germination is high and statistically indistinguishable from the
levels observed for embryos developing at pH 8 (p > 0.339; one-
way ANOVA with post hoc Tukey’s test) (see Supplementary
Table S1). We therefore conclude that zygotes were able to form a
developmental axis and initiate rhizoid growth, regardless of the
pH of the seawater.

Zygotes Exposed to Basic or Acidic
Seawater Formed Rhizoids at the Same
Time

The above analysis revealed that rhizoid formation could occur
under acidic conditions. However, since zygotes were analyzed
several hours after germination, any developmental delays could
have been overlooked. Therefore, the effects of acidic seawater on
the timing of germination was assessed. Zygotes were incubated
under two different conditions, pH 8 and a highly acidic
treatment, pH 6. When examined 10 h AF, most zygotes in both
treatments were still spherical in shape (Figure 3). Only a few had
small protrusions, indicative of the earliest signs of germination.
At 12 h AF, the majority of zygotes had formed small rhizoids
in both treatments and by 14 h AFE rhizoids on germinated
zygotes appeared longer than they were at 12 h AF. These
visual observations suggested that most zygotes germinated
between 10 and 12 h AF.

To determine whether there were any differences in the timing
of germination between treatments, we calculated the percent
of zygotes that had formed rhizoids at each timepoint. At 10 h
AF an average of 18.6 and 14.2% (£7.34 and 3.47 SD) of
zygotes had germinated in pH 6 and 8, respectively, indicating
that germination had begun in both treatments. Two hours
later these numbers increased to 85.9 and 83.2% (£3.96 and
9.25 SD), indicating that most zygotes had germinated by 12 h AF.
Subsequent increases in the number of individuals with rhizoids
were small; at 14 h AF an average of 90.3 and 85.0% (£4.37 and
9.06 SD) of zygotes were germinated at pH 6 and 8, respectively.
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FIGURE 3 | Zygotes germinate at the same time regardless of seawater pH.
At 10 h AF small bulges consistent with the onset of rhizoid formation (arrows)
were found on a few zygotes developing in ASW at pH 6 (A) and pH 8 (B).
Longer rhizoids were observed on more of the zygotes examined 12 (C,D)
and 14 (E,F) hours AF at pH 6 (C,E), and pH 8 (D,F). On average the percent
of zygotes that had formed rhizoids at 10, 12, or 14 h AF were similar at pH 6
and 8 (G). Data points depict the average percent of zygotes with rhizoids and
bars represent SDs. Averages represent data from three trials (N = 2967-4968
zygotes per trial). Size bar in (A) is 100 wm and applies to all photographs.

At each timepoint, a comparison of the average percent of zygotes
that formed rhizoids revealed no difference between the two
pH treatments (two-way ANOVA with post hoc Tukey’s test;
0.546 < p < 0.952; Supplementary Table S2). Thus, germination
occurred at the same time regardless of whether zygotes were
cultured in seawater at pH 8 or the more acidic pH 6.

Seawater Acidity Correlates With

Reductions in Embryonic Growth Rates
Once formed, rhizoids elongate by tip growth, a process that
could be affected by low extracellular pH since it involves the

Frontiers in Marine Science | www.frontiersin.org

December 2019 | Volume 6 | Article 755


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

Schiltroth et al.

Effects of Seawater Acidification on Fucoid Algae

Thallus —p=

Rhizoid
Length

=
(3]
2 0} E
€
=

50 r
40-_1_

30 D

Rhizoid Growth Rate &)

8 7.5 7 6.5 6
pH

FIGURE 4 | Rhizoid elongation rates are reduced in acidic seawater. Embryos
growing in ASW at pH 8 (A) had long rhizoids when observed 6 days AF while
those cultured in ASW at pH 7.5 (B), 7.0 (C), 6.5 (D), and 6.0 (E) were,
respectively, shorter. Rhizoid lengths were measured from the base of the
thallus to the tip of the rhizoid (F) on randomly selected embryos 1- and
6-days AF. Growth rates were determined by dividing the amount of growth
that occurred between day 1 and day 6 by the 5 days. Quantification of rhizoid
growth rates revealed progressive decreases with each 0.5 unit decrease in
pH (G). Bars depict the average rate of rhizoid growth with SDs. Average
growth rates represent data from four trials (N = 600 embryos on day 1 as well
as day 6, for each trial). Different letters above the bars denote means that are
statistically different (one-way ANOVA with post hoc Tukey'’s test;

0.001 < p < 0.046). Size bar in (A) is 100 um and applies to all photographs.

formation of an intracellular pH gradient. To evaluate this
possibility, rhizoids were assessed 6 days AF and at this time
embryos exposed to different pH levels were all multicellular
with long rhizoids. This indicates that normal developmental
processes like cell division and tip growth still occurred,
regardless of pH (Figure 4). However, embryos exposed to
acidic seawater had rhizoids that were visibly shorter than those
cultured in ASW at pH 8.0, suggesting that reductions in external
pH influence tip growth.

Embryos developing in ASW at pH 8.0 had rhizoids
that elongated 41.48 pwm/day (£1.95 SD), whereas embryos
developing in ASW at pH 7.5, grew approximately 20% slower
at 33.64 pm/day (£0.78 SD). At pH 7.0 growth rates dropped
to 29.3 pm/day (£1.28 SD), almost a 30% reduction from pH
8.0. Further reductions in growth rates were observed with
each 0.5 unit drop in pH to a minimum of 14.93 pm/day
(£2.71 SD) in embryos developing at pH 6.0, a 64% reduction
from pH 8.0. Statistical analyses confirmed that the decreases
in growth rates observed with each incremental decline in pH
were significantly different (one-way ANOVA with post hoc
Tukey’s test, 0.001 < p < 0.046; Supplementary Table S3). Taken
together, these results indicate that acidic conditions impair
embryo development by reducing rhizoid elongation rates.

DISCUSSION

Fucoid algae are integral components of the intertidal ecosystems
that they occupy, providing food and shelter for many other
species. Seaweeds growing in this environment are exposed to
constantly changing and often stressful conditions, which are
predicted to intensify with climate change. In coming years
oceans are expected to acidify; global averages are predicted
to decrease 0.32 units by the end of the century (Orr et al,
2005; IPCC, 2014). Any negative impacts of these changes on
foundational species, like fucoid algae, could have cascading
effects for entire intertidal ecosystems if their ability to persist
in the long term is threatened (Schiel, 2006; Watt and Scrosati,
2013). In a thriving population adult stages must be able to
produce viable offspring that can cope with future conditions. In
fucoid algae, the importance of maintaining internal pH during
early development has been shown (Gibbon and Kropf, 1994).
In the current study, the effects of seawater acidification on
embryonic growth and development were investigated.

Zygotes and embryos were grown in seawater buffered to
conditions that approximate current global averages, encompass
levels that have already been observed in Burrard Inlet, and
include more extreme conditions. During the first 10-12 h
AF zygotes of fucoid algae must maintain internal pH at a
level compatible with cytosolic processes and generate a pH
gradient in the cytoplasm along the rhizoid/thallus axis. Seawater
acidification and the concomitant increases in H* concentrations
outside the cell could impact these processes since internal
pH is regulated, at least in part, by controlling proton fluxes
across the plasma membrane. If seawater acidification had
interfered with cellular regulation of internal pH, we would
expect to have seen an effect on the ability of zygotes to
form a rhizoid/thallus axis and germinate. We found that
seawater pH had no effect on zygotic development prior to
germination. This conclusion is based on two lines of evidence.
First, germination rates were equivalent and high for zygotes
developing in all five pH treatments. Secondly, rhizoid formation
occurred on the same developmental time-course, regardless
of whether zygotes were incubated in seawater at pH 6 or 8.
This suggests that when the pH of the external medium is
reduced, zygotes are either able to regulate internal pH or can
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develop under a range of cytoplasmic pH conditions, at least
prior to germination.

In a previous study, it was shown that zygotes of this stage were
able to maintain a stable cytosolic pH of about 7.5 (within 0.2
units) when exposed to seawater with pH as low as 6.2 (Gibbon
and Kropf, 1993). Consistent with these previous findings, we
found zygotes were able to germinate on time (10-12 h AF) even
in seawater with pH as low as 6.

At later developmental stages, reductions in external pH
had negative impacts on growth. After germination, there
were significant declines in rhizoid growth rate as pH was
incrementally decreased. Even in ASW with a pH as high as
7.5, the growth rate was reduced by 19% compared to zygotes
developing at pH 8. Rhizoid elongation continued to decline
with further decreases in pH, culminating in a 64% reduction in
growth at pH 6 when compared to zygotes growing in ASW at
pH 8. At these stages of development, embryonic growth occurs
in large part through polarized extension of the rhizoid tip, via a
process known as tip growth. This type of cell expansion, which
is conserved across diverse eukaryotic phyla, depends on the
presence of a pH gradient parallel with the axis of elongation
which is maintained by controlling proton concentrations in
the cell [Gow et al., 1984; Gibbon and Kropf, 1994; Cardenas,
2009; reviewed in Obermeyer and Feijo (2017) and Bascom
et al. (2018)]. Previous studies using zygotes of a fucoid algae
(Silvetia compressa, formerly known as Pelvetia fastigiata) have
shown that the internal pH gradient is required for rhizoid
elongation and that when the gradient is abolished, subsequent
tip growth is inhibited. In addition, there is a correlation
between the magnitude of the gradient and rate of growth
(Gibbon and Kropf, 1994). Since we found that reductions in
external pH also impaired rhizoid elongation, we propose that
acidic seawater affects the ability of the embryo to maintain an
internal pH gradient.

In tip growing cells, a pH gradient is formed when H* ions
move in at the growing tip where cytoplasmic pH is lowest and
are either used in metabolic processes or expelled further back
toward the base of the cell [Gibbon and Kropf, 1994; reviewed
in Obermeyer and Feijé (2017)]. In embryos of fucoid algae
growing in seawater at pH 8, HT ions are more concentrated
in the cytoplasm than outside the cell (Figure 5A). In this
scenario, protons entering the cell at the tip move inward against
their concentration gradient and passively flow outward further
back along the rhizoid or are metabolized in the cytoplasm.
As the external pH decreases from 8 to 7 or lower, the proton
concentration in the surrounding medium would become higher
than inside the cell (Figures 5B,C). It is now energetically
favorable for protons to enter at the tip as they would be moving
down a concentration gradient. Removal near the base, however,
is more difficult because it would be unfavorable to expel excess
protons that are not used up in metabolic processes within the
cell. If external pH levels are too low, an excess of protons inside
the cell could build up and affect the magnitude of the pH
gradient, which would in turn inhibit rhizoid elongation (Gibbon
and Kropf, 1994). In this report, significant reductions in rhizoid
growth were observed with each incremental increase in seawater
acidity, consistent with the idea that under acidic conditions it
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FIGURE 5 | Model of proton flow in rhizoids exposed to seawater of differing
pH values. In seawater at pH 8, tip growing rhizoids of fucoid algae maintain
an internal gradient with a magnitude of 0.3-0.5 pH units (Gibbon and Kropf,
1994). Diagrams depict examples of cells with a pH of 7.2 at the growing tip
and 7.5 further back at the base (indicated by differences in the color of the
cytoplasm). (A) In seawater at pH 8, proton concentrations are higher inside
the growing rhizoid than outside. Hydrogen ions would be transported into the
rhizoid at the tip against a concentration gradient and are either metabolized
or flow passively out of the cell further back near the base of the rhizoid. (B) At
an external pH of 7, the concentration of protons would be slightly higher
outside the cell than in the cytoplasm at the rhizoid tip, a condition that favors
a passive influx of protons. However, expelling Hions near the base would be
energetically unfavorable as the proton concentration is higher outside the
cell. (C) At an extremely acidic pH, such as 6, proton flow into the tip will be
highly favorable, perhaps flooding the cytoplasm with H* ions. Maintaining the
internal pH gradient at normal levels would be more difficult as proton
expulsion is now occurring against a large concentration gradient. This is
shown in (B) and (C), where internal gradients would be disrupted by excess
protons. Cyclic arrows indicate proton removal via metabolic processes and
straight arrows represent proton movement across the plasma membrane.
The colored bar indicates the magnitude of the cytosolic pH gradient.
Increasing font sizes of [H] symbolizes higher hydrogen ion concentrations in
the external seawater.

is more challenging for embryos to maintain a pH gradient in
the rhizoid. To regulate proton flow in acidic seawater, a change
in transporter activity at different regions in the rhizoid may be
required if metabolic activities are insufficient to remove excess
protons. Although, the mechanisms that regulate internal pH in
fucoid algae are not well understood, studies using pharmalogical
agents have implicated H"-ATPase and Na™/H" antiporter
activities as contributors (Gibbon and Kropf, 1993). Seawater
acidification could also impact tip growth in additional ways.
For example, the activity of enzymes in the cell wall could be
affected by external pH, as each enzyme has a pH optimum
where its activity is maximal. If enzymes involved in cell wall
synthesis are not working efficiently, turgor driven growth may
become slightly de-localized, allowing rhizoids to expand laterally
as well as at the tip. This could result in shorter, slightly wider
rhizoids. Regardless of the mechanisms, it appears to be difficult
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for embryos to adjust when the proton concentration is high
in the external seawater, given that we observed reductions in
rhizoid elongation rates under acidic conditions.

Whether populations of fucoid algae can adapt or acclimate
to more acidic conditions over the long term will depend on
their ability to optimize enzyme activity, alter proton transport,
or adjust metabolic activities enough to sustain optimal rhizoid
growth. As it stands now, embryos are best adapted to growth
in seawater at pH 8 and they cannot maintain optimal growth
under more acidic conditions, since significant decreases in
rhizoid elongation were observed with each incremental drop
in seawater pH. As seawater pH decreases and HT efflux
becomes more difficult, embryos must alter their physiology to
more efficiently remove excess protons. Currently pH fluctuates
between a high of 8.2 down to 7.4 at the Barnet Marine Park.
Given these fluctuations, it may be difficult for embryos to adjust
to acidic conditions if changes in the localization patterns of
the relevant transporters are required. It would be interesting to
assess whether preexposure to acidic conditions of fronds with
developing eggs and sperm, affects the sensitivity of subsequent
embryonic development to low pH. However, this is difficult to
address as reproductive fronds contain eggs at different stages of
development and the fronds may be exposed to field conditions
that change with weather and discharges from nearby industries
in the weeks preceding collection, including fluctuations in pH
levels. An alternative possibility would be to assess the effects
of acidic seawater on embryos of fucoid algae from other sites
with more stable pH levels closer to 8, and/or less impacted by
anthropogenic inputs.

Regardless of their ability to adjust, embryos are still able to
grow, even at the most acidic pH, which is well below projections
for global ocean acidification by the end of the century (IPCC,
2014). Under current conditions the assemblage of fucoid algae
at the Barnet Marine Park is surviving. This suggests that the
impacts on embryonic growth from fluctuations in pH at this
site have not yet been enough to have a major impact on the
population as whole, although whether it has been regressing
over time is unknown. This study, however, shows that future
declines in seawater pH will impair embryonic growth. This shift
could compromise the ability of the population to persist in the
long term since embryos are thought to be more vulnerable to
predation and other environmental stressors than mature algae
and other stressors such as temperature are also expected to
increase in the coming years.
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