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Abstract

:

Sponges have always been filter feeders, in contrast to all the other filter-feeding invertebrate groups for which this feeding mode is a secondary adaptation. This study calls attention to this aspect, which explains why sponges are tolerant to hypoxia, but probably not more tolerant than the other filter-feeding invertebrates. The measurement of respiration rates at decreasing oxygen concentrations along with an estimation of the oxygen extraction efficiency in the marine demosponge Halichondria panicea have been used to understand why sponges are tolerant to low oxygen concentrations. It was found that the respiration rate was constant down to about 1.5 mL O2 L−1, which shows that the extraction efficiency increases with a decreasing oxygen concentration. It is argued that the relationship between the filtration rate and oxygen consumption in filter feeders is controlled by the resistance to the diffusion of oxygen across the boundary layer between the feeding current and the tissues of the body. A high tolerance to hypoxia is a consequence of the adaptation to filter feeding, and sponges do not have a special capacity to overcome hypoxic events.
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1. Introduction


Sponges (Porifera) are one of the earliest-evolved and simplest groups of animals, which developed from about 750 to 800 million years ago in a low-oxygen environment [1,2,3]. Today, sponges are still abundant and important organisms in many marine tropical, temperate, and polar ecosystems [4,5,6,7,8,9]. Sponges are filter feeders that generate water flow through an aquiferous system by means of flagellated cells, choanocytes [10,11,12,13]. In demosponges, one of the classes in the phylum Porifera, choanocytes are arranged in choanocyte chambers (CC) embedded in the walls between the inhalant and exhalant canals [14]. The beating flagella of the choanocytes create a flow through the inhalant and exhalant canals, and suspended food particles, mainly phytoplankton and free-living bacteria [15,16,17], enter the sponge through small openings (ostia) in the outer surface. Water and small particles (<3.5 µm) enter the CCs through small openings to be subsequently captured by the collar filter of the choanocytes, whereas larger particles (from 4 to 50 µm) are captured in the inhalant canals and phagocytosed [14,18,19]. The CC pump the filtered water out into an exhalant canal, and the filtered water along with waste material leaves the sponge with the exhalant jet through the exhalant opening, the osculum [19]. The feeding current also supplies the sponge with oxygen for respiration. All the currents are laminar, and oxygen in the water is taken up via diffusion, which implies that only a small fraction of the oxygen in the water pumped through the sponge is extracted for respiration under normoxic conditions, and sponges are generally very tolerant of hypoxia, which does not affect the respiration rate at very low concentrations [2,20,21]. Sponges lack conventional nerves and muscles, but they do have contractile cells, and contractile behavior is common among sponges [22,23,24].



The response of sponges to moderate and severe simulated hypoxic events was studied by Micaroni et al. [21]. In most sponge species, hypoxic conditions do not affect the respiration rate at 0.4 mg O2 L−1 or a [0.4/9=]4.4% saturated dissolved oxygen concentration. This shows that sponges can take up oxygen at very low concentrations in ambient water, thus indicating that sponges may have a “common ability to uptake oxygen at very low concentrations” in ambient water [21]. Kumala et al. [25] studied the linkage between oxygen concentration and the respiration rate of the modular demosponge Halichondria panicea and found that the modules scale with the sponge volume and that the maximum respiration rate increased with the sponge size with a proportionality ≈ 1, suggesting that “oxygen concentration does not control the size of the sponges” and that modules enable the demosponges to grow “independent of the ambient oxygen levels” [25]. Thus, it has been hypothesized that the modular architecture has helped the evolutionary success of sponges to live in habitats where low oxygen concentrations make it impossible for other sessile, filter-feeding invertebrates to live [25]. Mills et al. [20] found that the hypoxia-inducible factor, HIF, is lacking in the sponge’s genomes, and laboratory experiments showed that Tethya wilhelma maintains normal transcription at oxygen levels of 0.25% modern atmospheric saturation, which is consistent with the absence of HIF. Therefore, sponges lack a signaling pathway that responds to low intracellular oxygen levels, as in more complex filter-feeding marine invertebrates. It may therefore be questioned whether sponges use a different mechanism, or whether sponges evolved at a time when less oxygen was available, and therefore, developed “an adaptive strategy to live in reduced or low-oxygen water” [21].



Choanoflagellates and sponge choanocytes share a collar of microvilli, which strain free-living bacteria and other microscopic food particles from the water current created by the beating of the flagella. The last common ancestor of the two groups was probably choanoflagellate-like, and sponges have therefore always been filter feeders [13]. This contrasts with all the other filter-feeding invertebrates for which filter feeding is a secondary adaptation, where the feeding currents often derive from respiratory currents, such as in mussels, where the feeding structures have evolved from originally respiratory gill structures [26].



The aim of this study was to call attention to this somewhat overlooked aspect, which may help to explain why sponges are tolerant to low oxygen concentrations and why they may not be more tolerant to less oxygen than the other filter-feeding invertebrates. The measurements of respiration rates at decreasing oxygen concentrations along with an estimation of the oxygen extraction efficiency in Halichondria panicea explants have been used to understand why sponges are tolerant to low oxygen concentrations.




2. Materials and Methods


The marine demosponge Halichondria panicea was collected in an inlet to Kerteminde Fjord, Denmark, on January 2018. Sponge cuttings of 1 cm3 (1 mL) were placed on glass slides and kept in a flow-through aquarium (23.0 ± 0.9 psu). After a week, the sponge explants attached themselves to the glass slide and had developed a single osculum, indicating a re-arranged and normal functioning aquiferous system.



The filtration rate of a sponge explant was determined using the clearance method [27]. For 100% particle retention efficiency, the volume of water cleared of suspended algal cells (Rhodomonas salina) per unit of time (=clearance rate) is identical to the filtration rate. In the filtration experiment, R. salina cells were added to the experimental chamber (V = 250 mL) with seawater (20 psu) under constant stirring with and without (=control) a sponge explant. The subsequent decrease in R. salina cell concentration was measured during 70 min by taking water samples (10 mL) every 10 min for measurements of the algal concentration using an electronic particle counter (Elzone 5380). The filtration rate was determined from the slope (b) of a linear regression line in a semi-ln plot of the algal concentration over time, as F = b × V. Parallel to taking water samples, the osculum cross-sectional area (OSA) of the sponge explant was recorded in 10 min intervals with an underwater camera (LH Camera Underwater Video Systems).



The oxygen consumption of a starving sponge explant was measured using an Optical Oxygen Meter System (FireStingO2, Pyro Science) in a closed respiration chamber (V = 115 mL) with sterile filtered (0.2 µm) seawater (20 psu) under constant stirring. The respiration rate (R) of the sponge explant, along with a parallel control without the explant, was determined for each 10 min interval from the slope of the linear decrease in dissolved oxygen and measured at concentrations approximating 100, 75, 50, 25, and 0% saturation in 10 s intervals for at least 60 min after the stepwise reduction in oxygen concentration by the explant. After recovery from ~ 0% dissolved oxygen over 24 h in bio-filtered seawater, the respiration rate was again measured at 100% air saturation.



When the filtration rate (F, L H2O h−1) and the respiration rate (R, mL O2 h−1) were measured, and the F/R ratio expresses the liters of water filtered per milliliter of oxygen consumed (L H2O (mL O2)−1). The oxygen extraction efficiency (EE, %) can subsequently be estimated as the reciprocal of the total amount of oxygen passing through the sponge per mL of oxygen taken up. Thus, the total amount of oxygen passing through the sponge = F multiplied × oxygen concentration [O2]conc in the inhalant water, and the extraction efficiency was calculated as:


EE = 1/(F × [O2]conc) × 100



(1)







The following conversion factors were used: 1 mg O2 = 0.7 mL O2; maximum oxygen concentration = [O2] = 9 mg O2 L−1 = 6.3 mL O2 L−1.




3. Results


The filtration rate of the Halichondria panicea explant was measured to be F = 0.12 L h−1, with a mean OSA = 0.9 mm2 (Figure 1, Table 1). These values were inserted in Table 2, which also shows respiration rates at various oxygen concentrations and the estimated oxygen extraction efficiency. Figure 2 shows the respiration rate at stepwise reduced oxygen concentrations. The respiration rate is constant down to about 1.5 mL O2 L−1, whereupon it rapidly decreases to 0.3 mL O2 L−1 before it recovers under normoxic conditions. This indicates that the extraction efficiency (EE) increases with a decreasing oxygen concentration, as evident from Figure 3.




4. Discussion


4.1. Oxygen Extraction Efficiency


According to [26], the oxygen extraction efficiency (EE) is 1% or lower in coastal filter feeders. In this study, the EE was found to be higher, between 6.7 and 7.6% under normoxic conditions (Table 1), which is likely due to the reduced filtration rates under the suboptimal experimental conditions. However, the F value is comparable to the other filtration rates measured among the Halichondria panicea explants (see F1 and F2 in Table 1). In another study on multi-modular H. panicea by [27], the F/R ratio was found to be 15.5 L (mL O2)−1 or about 6 times higher than in this study, and in this case, the extraction efficiency is estimated at EE = 1/(15.5 × 6.0) × 100 = 1.1%. Although the present F/R ratios do not represent an optimally filtering sponge, the patterns seen in Figure 2 and Figure 3 represent the general trends that apply to sponges. This means that the respiration rate is constant and uninfluenced by the oxygen concentration down to about 1.5 mL O2 L−1. Below this, the respiration decreases further down to 0.3 mL O2 L−1 without killing the sponge, as evident from its recovery under subsequent normoxic conditions (Figure 2). The constant respiration rate during decreasing oxygen concentrations also seen by ([25], Figure 2B therein), can be explained by the simultaneous increase in the oxygen extraction efficiency (Figure 3).



In the blue mussel Mytilus edulis the gills have turned into big filter-feeding structures, causing a many-fold increase in ventilation, and [26] interpreted the relationship between the filtration rate and oxygen consumption in terms of resistance to the diffusion of oxygen across the boundary layer at the interphase between the feeding current and body surface. At high filtration rates, the boundary layer in M. edulis and the filter-feeding polychaete Urechis caupo is about 100 µm thick [26], and the same principle applies to sponges and all the other invertebrate filter feeders.



The ratio filtration rate/respiration rate = F/R, which expresses the liters of water filtered per mL of O2 consumed; this has been used as a tool to characterize filter feeding. In general, F/R > 10 L (mL O2)−1 is a minimum to ensure the survival of filter feeders (sponge, bryozoans, polychaetes, bivalves, ascidians, lancelets, and crustaceans) inhabiting marine waters [27,30,31,32]. The F/R ratio has been estimated for several sponge species by [33], and all the ratios were well above the minimum reference value of 10 L (mL O2)−1. Therefore, according to Equation (1), the extraction efficiency of marine filter-feeding invertebrates is, in general, less that EE = [1/(10 × 6.3)] = 1.6%. This low extraction value explains why sponges and the other filter-feeding invertebrates (bryozoans, polychaetes, bivalves, ascidians, and lancelets) are generally tolerant to low oxygen concentrations. The next section serves as an example by comparing sponges with mussels; both are common in hypoxic bottom waters.




4.2. Oxygen Uptake in Sponges versus Mussels


The respiration rate of Halichondria panicea is uninfluenced by decreasing oxygen concentrations until very low concentrations (Figure 2) because the oxygen retention efficiency (EE) increases with a decreasing oxygen concentration (Figure 3). The large water-pumping and particle-capturing gills of the blue mussel Mytilus edulis are oversized for respiratory purposes, and the respiration rate is therefore rather insensitive to decreasing oxygen concentrations because the mussel responds to low oxygen concentrations by increasing the EE ([26], Figure 10 therein). Tang and Riisgård [33] measured the oxygen uptake of M. edulis at various oxygen concentrations and found that a mussel exposed to oxygen concentrations decreasing from 9 to 2 mg O2 L−1 reduced its respiration rate only to a minor extent, while the filtration rate remained high and constant. However, below 2 mg O2 L−1, the mussel responded by gradually closing its valves, resulting in a rapid decrease in the filtration rate, concurrent with a reduction of respiration rate. Further, Tang and Riisgård [34] showed that M. edulis during starvation periods regulate the opening degree of their valves in such a way that the oxygen concentration in the mantle cavity is reduced to minimize respiration, and at the same time, prevent anaerobic metabolism, which is energetically expensive. Typically, a starving mussel closes its valves for a certain period, followed by a short period when it re-opens, which results in the alternating fall and rise of the oxygen concentration in the mantle cavity, and therefore, an efficient mechanism, allowing the mussel to save energy. This physiological regulatory mechanism was tested by Riisgård and Larsen [35] who measured the actual body weight loss of mussels during a long-term starvation period, and subsequently compared this loss with the estimated body weight loss, assuming that the respiration rate was like that of fully open and filtering mussels. The authors found that the actual weight loss was from 10 to 12 times lower than the estimated respiratory weight loss. Thus, the physiological regulation of the valve-opening degree allows mussels to survive long periods of starvation. A similar energy-saving mechanism does not exist in the much simpler sponges, although they can close their oscula, which, in small explants, generates intrinsic deoxygenation and an oxygen gradient with increasing concentrations towards the explant periphery [36]. When the mussels are exposed to oxygen-free seawater, they close their valves completely, and the mussels may survive anoxic events by the closure and anaerobic metabolism but will fully re-open in oxygenated water after 20 min [35]. Sponges cannot tolerate oxygen-free water, and their lethal oxygen threshold is lower than 0.4 mg O2 L−1 [22], as also shown in this study, where the strongly reduced respiration rate recovers under normoxic conditions (Figure 2).





5. Conclusions


It can be concluded that the relationship between the filtration rate and oxygen consumption in sponges and another filter-feeding invertebrates, exemplified by blue mussels, is controlled by the resistance to the diffusion of oxygen across the boundary layer between the feeding current and the tissues of the body [26]. A high tolerance to hypoxia is, therefore, a consequence of adaptation to filter feeding, and sponges do not have an “exceptional adaptive capacity” derived from their “ancient evolutionary origin” to overcome hypoxic events, as suggested by [22]. However, as proposed by Mills et al. [20], sponges, being the last common ancestor of all living animals, may have metabolized aerobically under very low environmental oxygen concentrations due to their filter-feeding mode and simple construction plan, without a muscular heart-pump-driven circulatory system with blood cells to carry oxygen from the respiratory organs to tissues and organs deep inside a complex body. Mills et al. [20] found that the hypoxia-inducible factor, HIF, is lacking in the sponges’ genomes because sponges have never had a need for a signaling pathway that responds to less intracellular oxygen. Kumala et al. [25] hypothesized that modular growth enables demosponges to grow “independent of the ambient oxygen levels” because the respiration rate increases with sponge size with a proportionality ≈ 1. However, as pointed out by Riisgård and Larsen [37], sponge modules only grow to a certain size due to increasing frictional resistance in the increasingly longer inhalant and exhalant canals. Further, the increasing relative content of water in the canals compared to sponge body tissue places an upper limit on the size of the module before the structure may collapse. Thus, for a sponge to further increase in size, new modules must be formed, and in this way, multi-oscular sponges consist of single-osculum modules that have reached their maximal size, and hence, their maximal filtration rate (F), which implies the scaling F/V = constant because V = number of modules × volume of a module ([25], Figure 3 therein; [38], Figure 2 therein). This also implies that both F and R (respiration rate) increase linearly with V in multi-oscular sponges, and further, that growth is exponential, which is in agreement with the bioenergetic growth model presented by Riisgård and Larsen [37].
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Figure 1. Halichondria panicea. Semi-ln plot of the reduction in algal concentration c (cells mL−1) (triangles) by a single-osculum sponge explant (Table 1). Linear regression function, its equation, and data (crosses) from a control experiment without sponge are shown. 
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Figure 2. Halichondria panicea. Respiration rate (R) of single-osculum explant exposed under stepwise reduced oxygen concentrations. The dotted lines indicate a suggested constant respiration rate down to about 1.5 mL O2 L−1. The respiration rate after 24 h recovery from 0.3 mL O2 L−1 is indicated by *. Data from Table 2. 
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Figure 3. Halichondria panicea. Oxygen extraction efficiency (EE) of a single-osculum explant under stepwise reduced dissolved oxygen concentrations (O2) (Step #1 to #5) and after 24 h recovery from 0.3 mL O2 L−1 is indicated by *. Data from Table 2. 
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Table 1. Halichondria panicea. V = body volume of explant = V; Vch = volume of experimental chamber with air mixed with seawater; c0 = initial algal concentration in clearance experiment (Figure 1): b = slope of linear regression in semi-ln plot (Figure 1); OSA = mean (±SD) cross-sectional osculum area of sponge explant; F (=b × V) = measured filtration rate; F1 = estimated filtration rate based on ([28], Figure 4 therein); F2 = estimated filtration rate based on ([29], Figure 2 therein).
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	V

(mL)
	Vch

(mL)
	c0

(Cells mL−1)
	b

(min−1)
	OSA

(mm2)
	F

(L h−1)
	F1

(L h−1)
	F2

(L h−1)





	1.0
	250
	6209
	0.008
	0.9 ± 0.4
	0.12
	0.08
	0.16










 





Table 2. Halichondria panicea. Oxygen consumption by a sponge explant (ID# 2) in a closed chamber with sterile filtered seawater (V = 115 mL; 20 psu) during exposure to stepwise reduced oxygen concentrations and after recovery (*) under normoxic conditions; T = water temperature; (O2): mean (±SD) dissolved oxygen concentration (1 mg O2 = 0.7 mL O2; 100% saturation corresponds to 9 mg O2 L−1); b = slope (±SD) of linear regression of reduction in dissolved oxygen over time; R [=b × V] = respiration rate; F = measured filtration rate (Table 1); EE [=1/(F/R × [O2])] = oxygen extraction efficiency.






Table 2. Halichondria panicea. Oxygen consumption by a sponge explant (ID# 2) in a closed chamber with sterile filtered seawater (V = 115 mL; 20 psu) during exposure to stepwise reduced oxygen concentrations and after recovery (*) under normoxic conditions; T = water temperature; (O2): mean (±SD) dissolved oxygen concentration (1 mg O2 = 0.7 mL O2; 100% saturation corresponds to 9 mg O2 L−1); b = slope (±SD) of linear regression of reduction in dissolved oxygen over time; R [=b × V] = respiration rate; F = measured filtration rate (Table 1); EE [=1/(F/R × [O2])] = oxygen extraction efficiency.





	Step

#
	T

(°C)
	[O2]

(mg L−1)
	(O2)

(mL L−1)
	(O2)

(%)
	b

(mg O2 L−1 h−1)
	R

(mg O2 h−1)
	R

(mL O2 h−1)
	F

(L h−1)
	F/R

(L (mL O2)−1)
	EE

(%)





	1
	15.3
	7.7 ± 0.6
	5.4 ± 0.4
	85.0 ± 6.3
	0.612 ± 0.340
	0.070
	0.049
	0.12
	2.45
	7.6



	2
	15.5
	5.7 ± 0.7
	4.0 ± 0.5
	62.9 ± 7.5
	0.656 ± 0.093
	0.075
	0.053
	0.12
	2.26
	11.0



	3
	15.5
	3.4 ± 0.7
	2.4 ± 0.5
	37.4 ± 7.5
	0.726 ± 0.059
	0.084
	0.059
	0.12
	2.03
	20.5



	4
	15.6
	1.5 ± 0.4
	1.1 ± 0.3
	17.0 ± 4.3
	0.493 ± 0.154
	0.057
	0.040
	0.12
	3.00
	30.3



	5
	15.6
	0.4 ± 0.0
	0.3 ± 0.0
	4.3 ± 0.4
	0.197 ± 0.016
	0.023
	0.016
	0.12
	7.50
	44.4
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