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UVB radiation suppresses anti-grazer morphological defense in Scenedesmus obliquus by inhibiting algal growth and carbohydrate-regulated gene expression
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ABSTRACT
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]Solar ultraviolet-B radiation (UVB) reaching the earth’s surface is increasing due to stratospheric ozone depletion. How the elevated UVB affects the trophic interactions is critical for predicting ecosystem functioning under this global-scale stressor. Usually, inducible defenses in phytoplankton stabilize community dynamics within aquatic environments. To assess the effects of elevated UVB on induced defense, we examined the changes in anti-grazer colony formation in Scenedesmus obliquus under environmentally relevant UVB. S. obliquus exposed to Daphnia infochemicals consistently formed multi-celled colonies, traits confirmed to be adaptive under predation risk. However, the suppressed photochemical activity and the metabolic cost from colony formation resulted in the severer reductions in algal growth by UVB under predation risk. The transcriptions of key enzymes-encoding genes, regulating the precursors synthesis during polysaccharides production, were also inhibited by UVB. Combined the reduced production of daughter cells and the ability of daughter cells to remain attached, the anti-grazing colony formation was interrupted, leading to the dominant morphs of algal population shifting from larger-sized colonies to smaller ones at raised UVB. The present study revealed that elevated UVB will not only reduce the phytoplankton growth, but also increase their vulnerability to predation, probably leading to potential shifts in plankton food webs.
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1. INTRODUCTION
Chlorine- and bromine-containing compounds from anthropogenic emissions destroy the stratospheric ozone since the 1970s.1, 2 Even with ongoing mitigation, rising solar ultraviolet-B radiations (UVB) reaching the Earth’s surface are expected to persist for decades.3, 4 UVB causes negative effects on almost all aquatic organism5-9 accompanied with its increased levels in aquatic ecosystems.10, 11 As phytoplankton inhabit the upper part of the water column and can be exposed to high levels UVB,12 microalgal growth is notably reduced by raised UVB via multiple ways such as inhibited photosynthesis,13, 14 interrupted nutrient uptake,15, 16 damaged DNA and proteins,17, 18 and so on. Here, we reveal a further, indirect, yet equally important effect: elevated UVB reduces the ability of phytoplankton to avoid predation.
Top-down control of phytoplankton occurs, to varying extents, in all aquatic ecosystems.19, 20 However, the relationship between phytoplankton and the grazers is strongly characterized by their coevolutionary dynamics, in which the adaptation by one side generates selection on the other side to adapt and vice versa, leading to the escalating “arms race” of counter-adaption.21, 22 As adaption to high grazing risk, phytoplankton have evolved morphological, behavioral and biochemical anti-predation defenses.23, 24 A wide taxa of phytoplankton species are able to defense by altering morphological traits, such as large cell size,25 colony/spine formation,26, 27 and changed cell wall structure.28 Among these, the most studied example is the grazer-induced colony formation in the freshwater chlorophyte Scenedesmus, which through chemical recognition of zooplankton forms large, inedible multi-celled (e.g., four- and eight-celled) colonies.29, 30 The large colonies are highly efficient in decreasing clearance rates of small herbivorous zooplankton on algae.31-33
[bookmark: OLE_LINK88][bookmark: OLE_LINK89][bookmark: OLE_LINK85][bookmark: OLE_LINK86][bookmark: OLE_LINK87][bookmark: OLE_LINK90]Formation of multi-celled colonies requires active cell division, and then daughter cells remain together post division.34 Factors that affect either of these steps will increase phytoplankton vulnerability to predation. For instance, Scenedesmus growth rate is inhibited by metals and herbicides, leading to a reduced defense response.35-37 Such mechanisms by which UVB reduces algal growth rate have been extensively studied.38-40 The stickiness of algal cell surfaces is highly linked to the polysaccharides content,41-44 the production of which is regulated by a series of key enzymes like the phosphoglucomutase.45 We suggest that inhibition of photosynthesis by UVB46, 47 will reduce the initial carbohydrate substrates and/or energy supporting the condensation reactions during polysaccharides synthesis. Furthermore, the allocation of photosynthetic products to polysaccharides may also be reduced because of the enhanced proteins and lipids synthesis at raised UVB.48 Here, through the combination of these two processes, elevated UVB is predicted to inhibit the anti-grazing colonial defense in phytoplankton.
[bookmark: OLE_LINK83][bookmark: OLE_LINK84]In this study, via stimulating the colony formation using zooplankton infochemicals, we tested the following hypotheses: 1) UVB suppresses the photosynthesis of Scenedesmus; 2) the carbon flux involved in polysaccharides synthesis is weakened by UVB; and 3) the anti-grazing colony formation of Scenedesmus is therefore interrupted as a consequence of enhanced UVB exposure. We examined the algal growth rate, the photosynthetic photochemical activity, the transcriptions of three key enzyme genes (the Ribulose-1,5-bisphosphate carboxylase/oxygenase, phosphoglucomutase, and the ADP-glucose pyrophosphorylase) that are responsible for the precursors synthesis during polysaccharides accumulation, and the morphological changes of S. obliquus in the absence/presence of Daphnia-derived infochemicals under environmentally relevant UVB conditions.
2. MATERIALS AND METHODS
2.1. Alga and zooplankton. The phytoplankton Scenedesmus obliquus (strain FACHB-416) was cultured in autoclaved (121 °C for 20 min) liquid BG-11 medium at 25 ± 1 °C under 40 μmol photons m-2 s-1 with a light/dark period of 14/10 h. The zooplankton Daphnia magna was a laboratory clone maintained in the laboratory for more than 10 years. The zooplankton was incubated in Combo medium and fed with unicellular S. obliquus daily at a density of 5×105 cells mL-1.
2.2. Experimental protocol. Before the UVB exposure experiment, the Daphnia infochemicals were prepared following the standard procedures described in previous studies.29, 49 In brief, adult D. magna (~2 mm of body length) was incubated in N- and P-deficient BG-11 medium at a density of 400 inds L-1. The animals were fed with S. obliquus at an abundance of 5×105 cells mL-1 for 24 h at 25 °C.50 The culture was then filtered through a 0.22-μm membrane (Millipore Corporation, USA) to obtain the Daphnia filtrate. Another suspension of S. obliquus (5×105 cells mL-1) that had not been exposed to Daphnia was also filtered in the same way to obtain the algal filtrate. Nitrogen and phosphate levels in the Daphnia filtrate and algal filtrate were then adjusted to the levels in the BG-11 recipe.
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]  The exponentially growing S. obliquus were transferred into 500 mL beakers containing 200 mL BG-11 media. Daphnia filtrate or algal filtrate was then added to the media at a final volume ratio of 10%. The initial algal abundance was 5 × 104 cells mL-1. The media were cultured under a light/dark cycle of photosynthetic active radiation (PAR) of 14/10 h at 40 μmol photons m-2 s-1, with 3 h UVB radiation from 11:00 to 14:00 per day. The UVB radiation was centered in the middle of the PAR radiation period to mimic natural rhythms of UVB and PAR. PAR was provided by Philips T5/28W tubes, whereas UVB radiation was provided by Sankyo Denki G15T8E/15W lamps, with the UVC filtered by a cellulose acetate foil. Referring to the field UVB irradiance (Figure S1), three intensities, i.e., no UVB, low (0.3 W m-2) and high (0.7 W m-2) levels of UVB, were tested in the present study. UVB at 0.3-0.7 W m-2 are known to cause algae to be stressed.40, 51, 52 Radiation levels were measured three times at the water surface using a handheld digital ultraviolet radiometer (Photoelectric Instrument factory of Beijing Normal University, China). Radiation exposure for each treatment was achieved by varying the height of the lamps over the beakers. The UVB exposed to algal cells initially reduced about 8% per centimeter because of the cell abundance,53 with the actual intensities facing by cells widely detected in aquatic ecosystem.54, 55 The experiment was performed for 9 days in triplicate, resulting in 18 beakers (2 filtrates ×3 UVB radiation levels ×3 replicates).
2.3. Algal growth, colony formation, and photosynthesis. Algal abundance was determined daily using a haemocytometer under a light microscope (Olympus 6V20WHAL, Japan). Algal growth rate was obtained as the mean slope of ln (S. obliquus cells mL−1) over the exponential phase. The proportions of cells in different morphs, including unicells, two-, four-, eight-celled colonies, and other forms (three-, five- and six-celled colonies in very small proportions), were determined by counting at least 100 particles. The average number of cells per particle was calculated based on the above counts. The measurement of photosynthetic photochemical activity was carried out every two days using a PHOTO-PAM phytoplankton analyzer (Heinz Walz GmbH, Effelrich, Germany). The maximum efficiency of primary photochemistry (Fv/Fm) and effective quantum yield of photosystem II (ΦPSII) were measured according to the literature.56 The electron transport rate (ETR) versus irradiance (PAR) curve was plotted for 20 different PARs within a range of 0 – 2000 μmol photons m-2 s-1. The maximal electron transport rate (ETRmax) was determined from a curve after fitting it to the model proposed by Platt et al.57
[bookmark: OLE_LINK7][bookmark: OLE_LINK8]2.4. Expression of genes encoding enzymes. After the algal cells were harvested by centrifugation (662 ×g, 10 min), total RNA was extracted with the TaKaRa MiniBEST Plant RNA Extraction Kit (TaKaRa Co. Ltd., Japan) according to the manufacturer’s instructions. The total RNA was purified using DNase I (Invitrogen, USA) to eliminate genomic DNA. A TaKaRa PrimeScriptTMRT Master Mix (Perfect Real Time)-RR036A was used to synthesize the complementary DNA (cDNA) via a process of reverse transcription polymerase chain reaction. cDNA synthesis was operated for 15 min at 37 °C, 5 sec at 85 °C and then at 4 °C. Real-time (RT)-PCR was used to determine the relative expression levels of targeted genes. Alpha-tubulin was used as a reference gene.58 Primer pairs (Table S1) were designed for each gene using Primer 3 and all pairs produced a single amplicon when algal cDNA was used a template. RT-PCR was performed with the SYBR® Premix ExTaqTM II (Tli RNaseH Plus)-RR820A following the manufacturer’s instructions (TaKaRa Co. Ltd., Japan). 
2.5. Data analysis. All the data were expressed as mean ± standard error. Since the number of cells per particle (C) versus time (t) followed a “rapid increase and then slow decline” pattern, a four-parameter log normal model,59 , was used to fit the data, where C0 and a are related to the maximum value of particle size (Cmax), t0 is related to the time to reach the maximum value of particle size (tCmax), and b is related to the change rate of particle size. Specifically speaking, , and , were used to calculate the Cmax and tCmax, respectively. Data fitting was performed with Sigmaplot 14.0 software (Systat Software, Inc.). Repeated measures ANOVA (RM ANOVA) was used to compare the number of cells per particle and the photosynthetic parameters (Fv/Fm,ΦPSII, and ETRmax) among different UVB and Daphnia treatments. Mauchly’s sphericity test was used to validate the sphericity for the RM ANOVA. Two-way ANOVA was performed to compare the algal growth rate and the gene expression level using UVB and Daphnia treatment as the fixed factors. Brown-Forsythe test was employed to check the assumption of equal variance of ANOVA. Tukey’s post hoc comparison was performed while significant differences were detected among treatments. All data were analyzed using SPSS 16.0. 
3. RESULTS
3.1. Algal growth rate. Algal abundance increased from the initial 5 × 104 cells mL-1 to 80 ~ 230 × 104 cells mL-1 depending upon the treatments over the 9 days. Algal growth rate, measured over the exponential phase significantly differed among cultures treated with UVB and Daphnia infochemicals (Figure 1 and Table 1). UVB at 0.3-0.7 W m-2 generally decreased the algal growth rate by ~35% regardless of infochemicals. The growth reductions by UVB became severer in the presence of Daphnia infochemicals, e. g., the growth rates treated by infochemicals were significantly lower by ~45% than those without infochemicals under UVB exposure.
[bookmark: _GoBack]3.2. Photosynthetic performance. UVB significantly affected the photosynthetic parameters including the maximum and actual photochemical efficiency of PSII (Fv/Fm and ΦPSII) and the maximum electron transport rates (ETRmax), but Daphnia infochemicals did not, and there was no interaction between them (Figure 2 and Table 2). UVB at 0.3 W m-2 had no effect on the Fv/Fm, whereas 0.7 W m-2 UVB significantly decreased the Fv/Fm both in the absence (P=0.014) and presence (P=0.033) of Daphnia infochemicals (Figure 2A and a). Similar results were observed in the ΦPSII (Figure 2B and b) and ETRmax (Figure 2C and c), which showed decreasing trends with cultivation.
3.3. Different morphs in algal population. The algal populations consisting of different morphs varied greatly as response to Daphnia infochemicals and UVB (Figure 3 A- and B-0, 0.3, 0.7 W m-2). The populations without infochemicals were dominated by >50% of unicells during the whole cultivation, although the peak value of four-celled colonies increased by 1.5 ~ 2.7-fold under UVB. Daphnia infochemicals dramatically decreased the unicells, meanwhile significantly increased the cells in four- and eight-celled colonies, with their respective peak values of 44% on day 6 and 50% on day 3. However, this induction on colony formation was remarkably inhibited by UVB. For example, the peak values of eight-celled colonies were decreased by 33.8% and by half under 0.3 and 0.7 W m-2 UVB, respectively.
The average number of cells per particle provided an overall evaluation on the algal morphology. The data over all 9 days indicated significant main effects by time, UVB and Daphnia infochemicals, and also significant interactions among them on the average cells per particle (Table 2). The cells per particle showed a “rapid increase and then slow decline” dynamic with cultivation time, reaching the peak value at around day 5 (Figure 3). Daphnia infochemicals generally increased the cells per particle over the cultivation. However, the increment was negatively affected by the increasing UVB (Figure 3B and Table 2). 
A four-parameter log normal model was used to fit the data of cells per particle over time to obtain the maximum mean cells per particle. The model yielded good fits with all r2adj>0.6 (see Table S2 for the equations and fitting details). The predicted maximal cells per particle significantly differed depending upon UVB (F2,12=9.141, P=0.004), Daphnia infochemicals (F1,12=135.457, P<0.001) and their interaction (F2,12=14.632, P<0.001) (Table 1). Daphnia infochemicals remarkably increased the predicted maximal cells per particle from the control 1.5 cells per particle to 2.2 ~3.8 cells per particle, whereas this infochemicals-induced enhancing effect was weakened by increased UVB (Figure 4). There was no difference in the time to reach the maximum mean cells per particle (F2, 12=2.518, P=0.122 for UVB; F1,12=2.001, P=0.183 for Daphnia infochemicals; F2,12=2.105, P=0.165 for their interaction, respectively) (Table 1).
3.4. Carbohydrate-regulated gene expressions. The transcription of the three genes, Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco, F1,12=506.528, P<0.001), phosphoglucomutase (PGM, F1,12=345.387, P<0.001), and ADP-glucose pyrophosphorylase (AGPase, F1,12=8.803, P=0.012), were overall greater in the alga treated by Daphnia infochemicals compared with those without infochemicals (Figure 5 and Table 1). Daphnia infochemicals increased the genes expressions by 2.2-, 4.5- and 3.6-fold for Rubisco, PGM and AGPase, respectively, under no UVB. However, this promotion by Daphnia infochemicals was decreased or vanished depending upon the UVB level (F2, 12=794.743, P<0.001 for Rubisco; F2,12=226.978, P<0.001 for PGM; F2,12=11.142, P=0.002 for AGPase, respectively) (Table 1). UVB at 0.3 W m-2 significantly decreased the three genes expressions by 56% ~ 67% in Daphnia infochemicals treatments. Nonetheless, their expressions were still significantly higher than those without infochemicals, except for the AGPase. More reductions (76% ~ 85%) on the three genes expressions were detected under 0.7 W m-2 UVB.
4. DISCUSSION
Research has revealed overwhelming evidence for the directly negative effects on phytoplankton by UVB.60, 61 Here, we revealed that UVB will reduce the ability of phytoplankton to avoid predation. Our result showed that for an ecologically important microalga Scenedesmus obliquus, environmentally relevant UVB inhibited the algal growth rate and precursor-forming enzymes in polysaccharides synthesis, thus reducing the production of daughter cells during cell proliferation and the ability of those daughter cells to remain attached, respectively. In doing so, we indicate that there are non-additive, interactive effects of these inhibitory effects on the anti-predator colony formation in phytoplankton at raised UVB. The inhibited morphological defense may increase the algal biomass losses from grazing, which suggests the indirect influence of UVB radiation on microalgal growth through predation. On the other side, since the unicells have a higher surface area per volume thus enhancing nutrient uptake compared with the multicelled colonies,62 the weakened colony formation is helpful for algal growth, which may partly compensate of losses due to UVB damage and zooplankton grazing.
4.1. Growth inhibition of algae under UVB and predation risk. Growth inhibition of microalgae occurs under enhanced UVB radiation, with reduced phytoplankton productivity near water surface.17 Our finding that UVB at 0.3-0.7 W m-2 caused a decreased growth rate in Scenedesmus obliquus coincided with the phenomenon. The growth inhibition by UVB has been argued to be caused by several pathways including the induced photoinhibition with photosystem II as the most sensitive component.63, 64 Nonetheless, our result suggested that the PSII photochemical activity was not affected by low UVB at 0.3 W m-2 (Figure 2), which may benefit from the preservation on PSII core proteins D1 and D2 mediated by the photoreceptor signaling pathway,65 and/or the proteins repairmen via de novo synthesis.66 However, photoinhibition would then occur while the high UVB-induced PSII damage exceeds the rate of repair,63, 67 which was just as observed at 0.7 W m-2 UVB in our experiments.
The predator infochemicals interactively aggravated the growth inhibition on algae by UVB (Figure 1). In accordance with the literature,43, 68 the photosynthetic photochemical activity in our study was not affected by the Daphnia infochemicals (Figure 2 and Table 2). However, the infochemicals consistently induced the colony formation in S. obliquus (Figure 3), although the formation extent was weakened by UVB (see section 4.2). The formation and maintaining of defensive colonies are energy- and carbon-based processes through polysaccharides production.42, 43 Resource-replete environments can ensure the resource allocation to growth or defense.68-70 By contrast, metabolic contest for limiting resources under stresses will occur between growth and defense.71-73 For example, algae tended to allocate more resource to proteins and lipids so as to keep growth at raised UVB levels,48 whereas increased allocation to polysaccharides was needed to form colonies under infochemicals. Therefore, the metabolic cost for the defensive response is presumed to be responsible for the more reductions in algal growth under raised UVB and predator infochemicals.
4.2. Suppressed anti-grazing morphological defense by UVB. To prevent consumption, by sensing infochemicals released by predators, algae may form large, inedible, multi-celled colonies.26, 29, 74 In the present study, regardless of UVB, Scenedesmus obliquus exposed to Daphnia infochemicals consistently formed multi-celled colonies, which confirmed the adaption to predation risk.29, 74 However, the defensive extent was remarkably decreased by elevated UVB especially with the reduced eight-celled colonies (Figure 3).
[bookmark: OLE_LINK57][bookmark: OLE_LINK58][bookmark: OLE_LINK79][bookmark: OLE_LINK80][bookmark: OLE_LINK81][bookmark: OLE_LINK82][bookmark: OLE_LINK77][bookmark: OLE_LINK78]Anti-predation colonies are formed through active cell division and then daughter cells remaining attached,34, 74 often through the process of increased polysaccharides production.41-44 Nonetheless, the reduction in growth rate at elevated UVB would inevitably result in fewer daughter cell produced as discussed above. The polysaccharide production, promoting the daughter cells to remain attached in algae, can also be reduced by UVB.48 Here, we examined the possible mechanisms that lead to this, indicating that UVB reduces the expressions of three biosynthetic genes that regulate the precursors production in polysaccharides synthesis: rubisco mediates CO2 assimilation, providing the initial carbohydrate substrates for the subsequent carbon flux;75 PGM catalyzes the interconversion of glucose-6-phosphate (G6P) to glucose-1-phosphate (G1P), directing the carbon flux to polysaccharides synthesis;76 and AGPase further catalyzes the transition from G1P to adenosine diphosphate glucose (ADPG) in accumulation of polysaccharides.77 The reduced expressions of these three genes (Figure 5) likely led to decreased intermediates (e.g., glucose-1-phosphate and adenosine diphosphate glucose) that will inhibit transcription of downstream genes involved in polysaccharide biosynthesis.78, 79 It should be noted that among the tested three genes, PGM is the only one for which transcription was always higher in the presence of infochemicals regardless of the UVB level, indicating that the interconversion of glucose-6-phosphate (G6P) to glucose-1-phosphate appears to be a key point that mediates the polysaccharides production thus colony formation. This is comparable to the fungal and bacterial polysaccharides synthesis in which PGM gene is also a vital regulatory gene.80-82 Overexpression of the PGM gene can stimulate the transcription of other regulatory genes (e.g., UDP-glucose pyrophosphorylase and β-1,3-glucan synthase), thus leading to the accumulation of polysaccharide.80 On the other hand, the overexpression of PGM suggested the decreases in G6P that enters the glycolysis to yield energy.83 Amato et al.84 studied that lipid droplets are degraded for energy production in the diatom Skeletonema marinoi in response to copepod grazers. Thus, regulations between lipid and carbohydrate metabolism for energy generation during anti-predation defense probably occur, which will benefit from further study. 
4.3. Potentially serious ecological consequences of suppressed defense under UVB. Inter-specific relationships, including predation and competition, are major biotic factors structuring natural plankton communities, which can be impacted by environmental fluctuations.85-88 Since the well-formed colonial morphs can efficiently decrease the feeding by small-sized zooplankton like rotifers and small daphnia,31, 33 the inhibited colony formation in phytoplankton may result in more available food for those small predators, which will potentially strengthen the trophic cascades between them at raised UVB. To mitigate the adverse effects of UVB radiation, phytoplankton have developed several adaptation mechanism, such as the production of UV-screening compounds (e.g., mycosporine-like amino acids),89 vertical migration,90 and crust formation.91 However, these mitigating strategies differ among species with the general stronger UVB-tolerance in the bloom-forming species like the cyanobacteria.92, 93 On condition that UVB severely suppresses the intrinsic growth and also the anti-predation ability in phytoplankton with inducible defense, the competitive advantage of these UVB-tolerant species is expected to be further enhanced compared with these UVB-sensitive primary producers, which inevitably disturbs the phytoplankton community and causes potentially serious ecological consequences.
In conclusion, the present work showed that UVB not only reduced the algal growth rate of S. obliquus severer under predation risk, but also suppressed the transcriptions of genes regulating the precursors synthesis during polysaccharides production. These two processes interactively led to the inhibitory effects on anti-predation colony formation in Scenedesmus at raised UVB. This study, therefore, reveals that raised UVB may cause Scenedesmus more vulnerable to predation, probably leading to potential disturbance in plankton community. Our recognition on this phenomenon should now lead to detailed investigations on the indirect trophic interaction response to this global-scale stressor.
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Figure captions
Figure 1. Algal growth rate over exponential phase in S. obliquus exposed to different UVB without/with Daphnia infochemicals. The data were expressed as mean values with standard errors.
Figure 2. The maximum photochemical efficiency(Fv/Fm, A and a), the quantum yield of photosystem II (ΦPSII, B and b), and the maximum electron transport rates (ETRmax, C and c) of S. obliquus exposed to different UVB without (A-C)/with (a-c) Daphnia infochemicals. There were three replicates for each treatment on each day. Some of the data points overlap because they have almost identical values. Lines represent linear regression. 
Figure 3. Average cells per particle of S. obliquus exposed to different UVB without (A)/with (B) Daphnia infochemicals, and the detailed proportions of cells in different morphs, including unicells, two-, four- and eight-celled colonies and others (A-0, 0.3, 0.7 W m-2 and B-0, 0.3, 0.7 W m-2). Curves represent non-linear regression (four-parameter log normal model).
Figure 4. The average maximal cells per particle derived from model fitting in S. obliquus exposed to different UVB without/with Daphnia infochemicals. The data were expressed as mean values with standard errors.
Figure 5. The relative expression of genes encoding ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco), phosphoglucomutase (PGM), and ADP-glucose pyrophosphorylase (AGPase) in S. obliquus exposed to different UVB without/with Daphnia infochemicals. Different capitals and lowercases denoted significant difference among UVB treatments without/with Daphnia infochemicals, respectively. The asterisk “*” denoted significant difference between groups without/with Daphnia infochemicals at certain UVB. The data were expressed as mean values with standard errors.
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Table 1. Summary of two-way ANOVA analysis on the effects of UVB, Daphnia infochemicals and their interaction on the algal growth rate, the maximum cells per particle (Cmax), the time to reach the Cmax, and the expression levels of Rubisco, PGM, and AGPase in S. obliquus
	
	UVB
	
	Daphnia 
	
	UVB × Daphnia 

	
	F
	P
	
	F
	P
	
	F
	P

	Growth rate
	39.698
	<0.001
	
	6.320
	0.027
	
	6.679
	0.011

	Maximum cells per particle (Cmax)
	9.141
	0.004
	
	135.457
	<0.001
	
	14.632
	<0.001

	Time to reach Cmax
	2.518
	0.122
	
	2.001
	0.183
	
	2.105
	0.165

	Rubisco
	794.743
	<0.001
	
	506.528
	<0.001
	
	190.542
	<0.001

	PGM
	226.978
	<0.001
	
	345.387
	<0.001
	
	124.259
	<0.001

	AGPase
	11.142
	0.002
	
	8.803
	0.012
	
	6.626
	0.012




Table 2. Repeated measures analysis of variance comparing the photosynthetic parameters (Fv/Fm, ΦPSII and ETRmax) and the cells per particle of S. obliquus under different UVB in the absence and presence of Daphnia infochemicals over days 1-9 
	Source of variation
	Cells per particle
	
	Fv/Fm
	
	
	ΦPSII
	
	
	ETRmax
	
	

	
	F
	P
	
	F
	P
	
	F
	P
	
	F
	P
	

	Daphnia
	248.733
	<0.001
	
	0.351
	0.564
	
	1.123
	0.310
	
	3.080
	0.105
	

	UVB
	19.193
	<0.001
	
	18.459
	<0.001
	
	47.609
	<0.001
	
	30.001
	<0.001
	

	Time
	73.579
	<0.001
	
	1.062
	0.385
	
	96.380
	<0.001
	
	67.116
	<0.001
	

	UVB×Daphnia
	27.365
	<0.001
	
	0.340
	0.718
	
	3.606
	0.059
	
	1.029
	0.387
	

	Time×Daphnia
	32.305
	<0.001
	
	0.872
	0.488
	
	0.978
	0.428
	
	1.994
	0.110
	

	Time×UVB
	3.661
	<0.001
	
	2.198
	0.044
	
	18.048
	<0.001
	
	5.249
	<0.001
	

	Time×UVB× Daphnia
	4.511
	<0.001
	
	0.753
	0.645
	
	1.641
	0.138
	
	0.612
	0.763
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