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Enabling large-scale production of algal oil
in continuous output mode

Stephen P. Slocombe,1,5 Maria Huete-Ortega,2,3,5 Rahul Vijay Kapoore,2,4,5 Katarzyna Okurowska,2 Alison Mair,1

John G. Day,1 Michele S. Stanley,1 and Seetharaman Vaidyanathan2,6,*

SUMMARY

Large-scale algal oil production requires continuous outputs and a trade-off be-
tween growth and oil content. Two unrelatedmarine algae (Nannochloropsis oce-
anica [CCAP 849/10] and Chlorella vulgaris [CCAP 211/21A]) that showed high oil
production under batch culture were studied under controlled semicontinuous
cultivation conditions. Three essential attributes maximized oil productivity: (i)
downregulation of cell size to maximize light absorption under N limitation; (ii)
low nutrient-depletion thresholds to trigger oil induction; (iii) a means of carbohy-
drate suppression in favor of oil. N. oceanica responded better to input N/P var-
iations and is more suited to continuous oil production. A lowN/P ratio was effec-
tive in both suppressing carbohydrate and reducing cell size concomitant with oil
production. In C. vulgaris, nutrient starvation thresholds for oil were higher and
carbohydrate was preferentially induced, which impeded stress-level optimiza-
tion for oil. These differences, which impact continuous oil production at scale,
are driven by species adaptation to specific marine habitats.

INTRODUCTION

Renewable energy generation with a conceptually carbon negative process is an attractive proposition for

development. In this regard, algal biofuels are worthy of continued attention, provided the question of eco-

nomic feasibility is addressed and the carbon-negative status can be scaled overall, from well to wheel.

Large-scale cultivation of microalgae for renewable oil production has been motivated by high potential

yields but somewhat limited by techno-economic challenges (Day et al., 2012; Georgianna and Mayfield,

2012; Greenwell et al., 2010; Mata et al., 2010; Slocombe et al., 2016; Stephens et al., 2010; Wijffels and Bar-

bosa, 2010; Williamsle and Laurens, 2010). Some of the problems now seem tractable, for instance, the high

costs of harvesting and dewatering of biomass using flocculation or filtration have decreased (Butler et al.,

2021; Danquah et al., 2009; Goswami et al., 2019) or could be bypassed (Tseng et al., 2019). Fertilizer costs

can be diminished bymedium recycling and by using wastewater inputs (Benemann, 2013; Park et al., 2011).

Potential oil yield gains have been identified through molecular studies (Ajjawi et al., 2017; Fukuda et al.,

2018; Negi et al., 2020; Park et al., 2019; Prioretti et al., 2020). Nonetheless, cultivation at large scale out-

doors is still primarily impeded by algal productivity and other practical considerations. For instance, most

operations use batch culture but the process of scaling up from a laboratory culture is prolonged. This

could be avoided by operating semicontinuous systems at scale provided careful pathogen control is

also exercised (Borowitzka and Vonshak, 2017). Nonetheless, attempts to achieve this have not improved

upon batch culture outputs so far, indicating that optimization is still required (Benvenuti et al., 2016; Klok

et al., 2014). We focused on semicontinuous culture owing to the potential biotech benefits and more

rigorous control of variables at the experimental level.

Thermochemical conversion allows direct production of biofuels from biomass, so in theory, high oil con-

tent is not essential for algal biofuel produced in this way, although higher energy inputs are required and

there are still some economic caveats to this approach (Mathimani et al., 2018). High oil content is an advan-

tage for physical or chemical extraction methods, particularly relevant for oil for food or feeds. A funda-

mental problem in biochemical approaches is that the accumulation of oil in algae depends on nutrient

depletion or other stresses that compromise growth (Campos et al., 2014; Day et al., 2012; Georgianna

and Mayfield, 2012; Huang et al., 2013; Takagi et al., 2006). Under batch culture, algal cells first exhaust
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medium nitrogen levels and then with further cell division diminish cellular N content becoming quiescent

cells or ‘‘liporotunds’’ which contain large oil droplets (Ngan et al., 2015; P�ribyl et al., 2012; Zienkiewicz

et al., 2020). It follows that using semicontinuous culture for oil must require a ‘‘growth vs. oil induction’’

trade-off that can be attempted by modifying the conditions. Sufficient knowledge of biological regulation

and the environmental ‘‘triggers’’ that drive oil accumulation in microalgae is also desirable for sustainable

process developments, as has been widely pointed out (Day et al., 2012; Georgianna and Mayfield, 2012;

Greenwell et al., 2010; Mata et al., 2010; Slocombe et al., 2016; Stephens et al., 2010; Wijffels and Barbosa,

2010; Williamsle and Laurens, 2010).

A successful outcome much depends on how a particular algal species responds to these changes. Cell

size, in particular, is a master trait in the interaction between nutrient (or light) supply with cell metabolism,

ecosystem function, and productivity (Marañón, 2015). In the open ocean, small-celled species dominate in

an ecosystem characterized by a constant low-level nutrient supply, whereas in estuarine locations, an

intermittent supply at higher concentrations favors larger-celled species (Huete-Ortega et al., 2014; Mar-

añón et al., 2013). Therefore, strain selectionmust account for inherited traits and niche adaptations such as

these (Shurin et al., 2013).

Our aim was to cast light on these regulatory mechanisms, delineating key trends for sustainable oil accu-

mulation without compromising growth. We took a rigorous approach to control variables, using photo-

bioreactor (PBR) arrays under semicontinuous cultivation to optimize culture conditions for oil production

(Bi et al., 2014; Bull, 2010; Piepho et al., 2012). Using marine resources can minimize the consumption of

freshwater (Day et al., 2012; Mata et al., 2010), so we compared production in 2 unrelated marine strains

of different habitats which were preselected for high oil under batch culture. These were aNannochloropsis

oceanica strain (CCAP849/10) (oil content and productivity: 53% dry weight [DW] and 13 mg/L/day) where

the type strain was oceanic and an estuarine Chlorella vulgaris strain (CCAP211/21A) (52% DW and 11 mg/

L/day) (Slocombe et al., 2015).

In summary, this multifactorial study was designed to maximize oil content without excessively compro-

mising biomass productivity (BMP). To our knowledge, this study is the first of its kind to use PBR arrays

in semicontinuous mode for a comparative analysis of both the physiological and ecology-trait-based

fields, for biotechnological performance gains.

RESULTS

Experimental design and overview

To optimize parameters for oil production using response surface methodology (RSM), a matrix of condi-

tions was built with a central composite design. This enabled appropriate coverage of the design space to

effectively model the contributing influences with minimal experimental combinations (Figure 1). This was

done for cross-species comparison with 4 independent input variables for light, CO2, stock nitrate (Ns), and

Figure 1. Design space matrix showing 30 core

conditions

The conditions for semicontinuous culture are plotted

against nitrate (Ns mM) and phosphate (Ps mM)

concentration (scale is normalized to the central point

which is the median control). Light intensity (mmol m�2

s�1) is color coded by the bar; CO2 (% air) supply is

indicated by circle size. Numbers indicate individual

runs with colors corresponding to light intensity. The

above 4 input data variables are normalized in this

diagram to the center point values: controls, which were

replicated in 6 runs (#2, 3, 5, 6, 13, 26) (see Table S2 for

actual levels). Operational rates are shown in Figures

S1A and S1B.
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phosphate (Ps) concentration, providing a range of input N/P ratios (Table S1, S2). A dilution factor (%mMAX)

was assigned for semicontinuous culture that allowed for the extent of growth limitation

(see STAR methods). This dilution factor, along with mMAX, defined operational rates (ORs) (Figures S1A–

S1C). The experiment was carried out in PBR multiarrays (Figures S1D and S1E) initially taking mMAX data

for each condition followed by measurements taken under pseudo steady-state conditions in semicontin-

uous culture at harvesting end points (Data S1). Nutrient input rates (Ni and Pi) were the product of Ns (or Ps)

and the daily replacement volume. The center point controls (Figure 1) allowed cross-species comparison

under one set of conditions (n = 6) (Table 1) and determination of PBR-to-PBR variation, enabling an assess-

ment of the repeatability of the experimental setup (Figures S1F and S1G). The multifactorial data were

analyzed by a range of methods: cross-species correlation (Figure 2, Table S3, Data S2), 2-dimensional

(2D) regression (Figures 2 and 4), RSM (Figure 2), principal component analysis (PCA) (Figure 3), and

threshold plots (Figure 5).

Comparison of growth characteristics in the 2 model algae species

Greater maximum salinity tolerance observed inN. oceanica compared withC. vulgaris was consistent with

adaptation toward the respective oceanic and estuarine habitats of the 2 species (Figure S3A). Likewise,

light saturation of growth rates was much more evident in N. oceanica (at �200 mmol m�2s�1) both for

mMAX readings (batch cultivation) (Figure 2A) and under semicontinuous culture for BMP (Figures 2B and

Table 1. Comparison of algal species performance across the experiment

Output parameter

Conditions

#1–31 Center controls (n = 6)

N. oceanica C. vulgaris N. oceanica C. vulgaris

Mean Min Max Mean Min Max Ratio p value Mean RSD (%) Mean RSD (%) Ratio p value

Growth rate

mMAX (d�1) 0.96 0.27 1.20 0.81 0.26 1.60 1.19 <0.01 1.16 3.70 0.70 17.91 1.65 <0.001

Composition

TFA (%DW) 24.3 12.9 79.1 17.9 6.5 64.5 1.36 <0.01 16.2 5.4 10.4 27.0 1.56 <0.01

Carbohydrate (%DW) 9.1 6.1 17.6 25.2 6.1 45.4 0.36 <0.001 7.7 8.7 37.8 10.0 0.20 <0.001

Storage (%DW) 33.4 20.1 89.0 43.0 27.1 75.2 0.78 <0.01 23.9 5.2 48.2 9.9 0.50 <0.001

Protein (%DW) 35.3 14.9 50.0 56.4 27.4 82.1 0.63 <0.001 37.6 12.6 63.2 8.0 0.60 <0.001

POP (%DW) 0.57 0.15 0.87 0.33 0.08 0.53 1.71 <0.001 0.71 7.02 0.35 12.76 2.02 <0.001

Chlorophyll (%DW) 0.70 0.11 1.31 1.66 0.20 3.62 0.42 <0.001 0.73 10.72 1.79 21.00 0.41 <0.001

Carotenoid (%DW) 0.61 0.06 1.22 0.50 0.15 1.28 1.20 <0.05 0.65 14.01 0.46 10.44 1.41 <0.01

C/N atomic ratio 12.0 6.5 59.8 12.4 6.6 39.1 0.96 NS 7.7 1.2 9.5 18.1 0.81 <0.05

Concentration

BMC (mgL�1 DW) 263.2 56.3 723.6 458.3 94.0 1366.7 0.57 <0.001 125.1 48.4 389.6 6.2 0.32 <0.001

Medium

DIN (mM) 1581.7 141.2 4397.8 399.4 0.0 1824.7 3.96 <0.001 1753.6 9.7 32.3 132.7 54.3 <0.001

DIP (mM) 10.56 0.20 51.51 1.84 0.00 20.00 5.74 <0.01 31.91 39.94 0.70 62.98 45.63 <0.01

Productivity

BMP (mgL�1d�1 DW) 78.0 18.5 157.8 79.3 3.8 227.8 0.98 NS 72.7 47.6 116.3 11.9 0.63 <0.05

TFP (mgL�1d�1) 17.3 3.6 53.5 11.2 0.9 40.3 1.55 <0.05 11.9 49.6 11.8 16.9 1.01 NS

CH prod. (mgL�1d�1) 7.0 1.8 22.3 23.6 0.2 89.7 0.30 <0.001 5.7 57.1 44.6 14.6 0.13 <0.001

Prot. prod. (mgL�1d�1) 27.5 3.2 61.1 48.8 1.5 155.2 0.56 <0.001 26.3 36.8 74.1 17.8 0.35 <0.001

Morphology

Cell diameter (mm) 2.88 2.48 3.61 4.51 3.44 6.81 0.64 <0.001 2.81 2.15 3.85 6.05 0.73 <0.001

Means of all conditions (#1–31) and the center controls (n = 6) were compared. The ratio of mean values from N. oceanica as a function of C. vulgaris are shown

with p values indicated (paired 2-tail t test) where significant or not (NS). PBR-PBR variation was assessed by the relative standard deviation (RSD). Storage refers

to combined TFA and carbohydrate. BMC= biomass concentration; BMP = biomass productivity; TFP = TFA productivity; CH prod. = carbohydrate productivity;

PR Prod. = protein productivity.
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2C). With C. vulgaris, maximum growth rates were higher in both modes of cultivation (mMAX 1.60 cf. 1.20

d�1 and BMP 230 cf. 160 mgL�1d�1) (Table 1). Therefore, overall, this estuarine strain appeared to be better

adapted for growth at high light, as expected in this benthic environment. Furthermore, there was evidence

for poorer growth of this species under lower light. The dip inC. vulgaris mMAX among the center controls at

170 mmol m�2s�1, relative toN. oceanica, was significant (t test: n = 6, p < 0.001) (Figure 2A; Table 1). When

other data points at this particular light intensity were examined, inhibition of C. vulgaris mMAX was found at

high nitrate (5 mM) along with a lack of N/P/C-limitation at the lowest inputs (50 mM N, 4 mM P or air) (Fig-

ure S2). These observations were consistent with the lesser growth seen in the center controls in this species

(Figure 2A). In contrast,N. oceanica did show N/P/C-limitation at these 3 low extremes but no indication of

nitrate inhibition, consistent with the higher growth rate of center controls at 170 mmol m�2s�1 (Figure S2).

There were also species-specific differences in the way growth responded across the matrix of semicontin-

uous culture conditions. InN. oceanica, growth appeared to be mostly colimited by light and N supply (Ni),

whereas in C. vulgaris, growth was more limited by N supply criteria. This was indicated by regression anal-

ysis (R2) and Pearson correlation coefficients (rp) shown in Table S3 and Data S2, as follows. With N. oce-

anica, the growth proxy BMP showed most dependency on light (R2 0.37 and rp 0.6: p < 0.001) and Ni (N

supply rate) (R2 0.22; rp 0.4: p < 0.02), higher than the other nutrient supply factors (Ni, Pi, CO2) and OR.

In contrast, with C. vulgaris, the overall dependency of BMP across the experiment on light was low (R2

0.07; rp 0.2: NS) but was primarily dependent on Ni (R
2 0.72; rp 0.9: p < 0.001). Similar trends were seen

with 2D surface regression plots showing BMP in relation to the 2 key factors, light and Ni (Figure 2).

Here, a symmetrical surface plot with N. oceanica supported an equal influence on variance (Figure 2B)

compared with C. vulgaris, where a greater influence of Ni over light was evident – the influence of the light

in this species was somewhat localized (Figure 2C). The greater influence of N supply over P supply for

growth (seen in regression data, above) was mirrored in surface plots of BMP. In both algae, greater

BMP was seen with a high N/P input ratio (above Redfield) than with low N/P (Figures S7A and S7D).

Taken together, species-dependent differences in the rate of growth, such as adaptation to high light or salinity

were identified and these could be related to the ecological niche. Variation in the dependency of growth on

light and N supply in the 2 species was explored further in terms of oil production (below). Despite these

different growth characteristics, it was found that the mean growth rate proxies across the experiment were

similar for the 2 species: mMAX (0.81–0.96 d�1) (batch culture) and BMP (�80 mgL�1d�1) (under semicontinuous

culture) (Table 1). Therefore, it was considered meaningful to compare the 2 species further.

Differences in oil productivity under semicontinuous growth

To gain an overview of resource partitioning into storage products, the mean performance of the 2 species

was examined. In Table 1 (and Figures S1F and S1G) comparisons were made using (i) the median control

data (n = 6) and (ii) the full multivariate data set. Except for end point dissolved inorganic nitrogen (DIN) and

dissolved inorganic phosphate (DIP), comparison of the 2 species with either data set gave similar out-

comes. In N. oceanica, proxies for mean oil content and productivity (TFA [total fatty acids] and TFP

[TFA productivity]) were 1.4–1.6 times higher (p < 0.05). Conversely, those for carbohydrate (CH) were 3

times higher in C. vulgaris (p < 0.001). In fact, carbohydrate (CH) content was never more than 18% DW

in N. oceanica. The preference for oil accumulation in N. oceanica was seen despite evidence for less

nutrient stress than C. vulgaris (mean end point DIN and DIP levels were 4–6 times higher over all condi-

tions; 50 times higher in center controls in N. oceanica) and less nutrient demand (suggested by 2–3 times

lower mean end point biomass concentrations [BMCs] in N. oceanica) (Table 1).

Figure 2. Maximization of oil productivity and content

(A) Cross-species analysis of maximum growth rate (mMAX) showing light-saturation curves for multivariate conditions under batch culture. Conditions which

were not light-limited (D) were excluded from curve fitting (these were identified in Figure S2).

(B and C) Growth of the 2 algae under semicontinuous conditions indicated by surface plots of BMP in relation to light and N supply (Ni).

(D and E) Optimal oil content and productivity indicated by the TFP$TFA product in relation to light and N supply (Ni) in semicontinuous culture.

(F–I) Modeling to optimize TFP$TFA by RSM in relation to the N and P concentration supplied (F and G) and in relation to operational rate (OR) vs. light (H and

I). In (F and G), the parameters were used from the best experimental conditions found for TFP$TFA (F, #31; G, #14) and these are shown inset and with pins

(d). In (H and I), the parameters were preoptimized (within design-space) values using the model (inset). (J–L) Cross-species relationships in semicontinuous

culture showing (J) TFA and chl content; cell diameter with TFA content (K) and chl (L). In (K and L), the BMP achieved for each data point is indicated by color-

coding and best fit curves were produced for high BMP (.) >100 mg L�1 day�1 and low BMP (.) <50 mg L�1 day�1. Data points from semicontinuous culture

were means of end point values taken on 3 consecutive days (n = 3).
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Figure 3. Effect of growth conditions on biomass traits and morphology

Correlation matrix PCAs are shown for N. oceanica (A) and C. vulgaris (B) for mean end point data (n = 3) under

semicontinuous culture. The 5 independent input factors were light, CO2, Ns, Ps, and %mMAX. Also shown are oil content

proxies (TFA, POC); photosynthetic proxies (protein [PR], carbohydrate [CH], PON, chlorophyll [chl], carotenoids [car]);

culture medium end points: DIN and DIP; oil productivity proxies (TFP, TFP$TFA); biomass concentration (BMC), biomass

productivity (BMP) and cell diameter. The inter-relationships and importance of these factors are indicated by biplot (�)

orientation and length. The N/P ratio values and the specific conditions are indicated by symbol shape, color and

encompassing ovals (inset). The panels showing best data separation are depicted here. The full set of panels is shown in

Figure S4 for PC1-3 along with principal component % variance (shown here on axes). Bootstrap N = 100.
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To summarize,N. oceanica had better oil productivity than C. vulgaris across the matrix of semicontinuous

culture conditions but showed light saturation leading to poorer maximum growth (i.e. BMP). N. oceanica

was more predisposed to oil production despite experiencing less nutrient demand, depletion, or

limitation.

Modeling for optimization of high oil content and oil productivity

For algal oil production, it would be beneficial to strike a trade-off between high oil content (for ease of

extraction) and oil productivity (TFP). Therefore, the product: TFP$TFA was chosen as a practical factor

for optimization in models. This factor is also biologically meaningful because natural selection often op-

erates through product-content and product-specific output parameters combined. For instance, in the

case of arboreal flowers, nectar content and floral quantity are both significant for attracting insect pollina-

tors (Brito et al., 2015; Wetherwax, 1986).

Modeling TFP$TFA response to growth conditions with RSM equations indicated the prime role of the inci-

dent light, followed by Ns or OR (Figure S3B). In surface plots with these factors, a limited region of lowNi (a

function of Ns and OR) and high light was defined that magnified TFP$TFA (Figures 2D and 2E). The

TFP$TFA peak was better supported in N. oceanica but lay at the corner of the design space, suggesting

better production with further N-supply restrictions and higher light was possible.

The conditions for maximum TFP$TFA were #31 (N. oceanica) and #14 (C. vulgaris) with growth parameters

and RSM plots as shown (Figures 2F and 2G). In N. oceanica, the experimental maximum TFP of

54 mgL�1d�1 with 52% DW TFA was achieved in condition #31 and in C. vulgaris, a maximum TFP of

40 mgL�1d�1 with 42% DW TFA was achieved in condition #14 (Table 1) (Data S1). Therefore, better results

for oil production were obtained with N. oceanica.

The conditions that elicited maximum oil production in the 2 species were different suggesting different

responses toward stress. Comparison of the 2 maxima indicated a bias toward N-stress imposition in N.

oceanica #31 and toward synergistic imposition of N- and P-stress in C. vulgaris #14. This was seen in

the nutrient-/light-supply ratios such that Ni/L in N. oceanica #31 was lower (0.8 cf. 1.37), whereas Pi/L

was lower inC. vulgaris #14 (0.073 cf. 0.088). TheN/P input ratio for condition #31 was also low (9.6), whereas

#14 was at around the Redfield ratio (19) (Data S1).

End point data at these maximal conditions suggested equal P stress but paradoxically less N stress

received in N. oceanica. So, in both cases, there was near-complete P assimilation (end point DIP 0.66

cf. 1.6 mM) and low biomass P levels (end point particulate organic phosphorus [POP] 0.27 cf. 0.22 %DW)

(Data S1). Whereas, in N. oceanica #31, N-assimilation appeared to be incomplete since end point DIN

levels were much higher than in C. vulgaris (DIN 703 cf. 4.1 mM) (Data S1). This suggested that N. oceanica

had a lower threshold for perception and mitigation of N-stress and this was explored further.

The modeling (RSM analysis) also indicated that low N/P input ratio favored high TFP$TFA in N. oceanica

(Figure 2F), whereas low levels of both N and P supply (near-Redfield ratio) were required in C. vulgaris,

suggesting synergism (Figure 2G). Low OR in N. oceanica was a positive influence (Figure 2H), whereas

in C. vulgaris, a relatively high OR was required, and here, a design space optimum was achieved (Figure

2I). Similar modeling of carbohydrate (CH) production (CHP$CH) was linked to a high N/P ratio in N. oce-

anica and replete conditions in C. vulgaris (Figure S3).

In summary, data modeling using inputs (conditions) indicated better co-optimization of oil content and oil

productivity (TFP$TFA) inN. oceanica. This was achieved by low input N/P ratio and lowOR, whereas a high

N/P ratio favored CH. This differed fromC. vulgaris where synergistic NP depletion for oil was required and

CH associated instead with repletion. Modeling of oil production based on input data parameters indi-

cated differences in regulation that were explored further using multivariate analyses.

The interplay of nutrient regulation and cell size influences oil productivity

PCA analysis provided a holistic interpretation, identifying 3 key influences common to both algae and

highlighting some interesting differences (Figures 3 and S4). More than 60% of variance was explained

by principal components 1–3 (Figure S4). In Figure 3, the most effective data separations are shown with

PC1 vs. PC2 or PC3, for the 2 algal species, with the full set of graphs shown in Figure S4.
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The 3 key influences common to the 2 species were (i) the opposition of oil content proxies (TFA, particulate

organic carbon [POC]) and light vs. photosynthetic investment proxies (protein [PR], chlorophyll [chl], ca-

rotenoids) – of prime importance due to association with PC1 (>30% variance explained, Figure S4); (ii)

input N/P ratio – data separation along y axes in Figure 3; and (iii) opposition of growth (BMP) and oil pro-

ductivity (TFP) vs. cell diameter – along y axes in Figures S4B and S4D. The first key influence was antici-

pated, given that chl levels have long been used as an inverse proxy for oil (TFA content) (Figure 2J).

Concerning the second key factor: input N/P ratio, a clear 3-way separation of data was noted according to

low or high N/P ratio and nutrient repletion (Figure 3). Oil content (TFA) in both algae was favored most by

low N/P input ratio, but a high N/P ratio was also influential (Figures 3 and S4). This observation was sup-

ported by regression analysis (both algae) of oil proxies (TFA, POC, C/N, particulate organic nitrogen

[PON], PR, chl) where variance was chiefly explained by N-supply input factors (Ni, Ns or log N/P input)

(R2 0.5–0.8) (Table S3, Data S2). Steady-state (end point) BMC was associated with a high N/P input ratio

in both species (Figures 3 and S4) and confirmed with surface plots (Figures S5A and S5B). This bias was

also noted with growth rate (BMP) (Figures S7A and S7D).

PCA analysis also highlighted important differences between the 2 algal species. InN. oceanica, end point

DIN more clearly opposed TFA, indicating a strong influence for N depletion despite DIN levels being very

high compared with C. vulgaris (Figures 3 and S4) (Table 1). This led to the concept of differing stress

thresholds (below).

Another major difference between the species was in the regulation of carbohydrate levels. Increases were

linked to P deficiency inN. oceanica, shown by its association with high N/P ratio and opposition tomarkers

of P sufficiency or repletion (DIP, POP, Ps, %mMAX) (Figure 3). In contrast, with C. vulgaris, carbohydrate

levels associated with P-sufficiency markers, better growth (see BMP biplot) or replete conditions, and

clearly opposed cell diameter (Figures 3 and S4).

In N. oceanica, a closer association was seen of the TFA and TFP biplot vectors with the low N/P ratio data

point cluster (PC1 vs. PC2, less so in PC1 vs. PC3), indicating a lesser trade-off penalty of oil content versus

oil productivity compared with C. vulgaris (divergent in both PC1 vs. PC2/3) (Figures 3 and S4).

Concerning the opposing (inverse) relationship of cell size and productivities revealed by PCA (Figure S4),

cell diameter opposed TFP more than BMP in N. oceanica and vice versa in C. vulgaris (Figures S4B and

S4D). This bias of small cell size toward high oil productivity (TFP) was also visible in data regression plots,

and the trend was clearer inN. oceanica (Figures 4A and 4D) (rp�0.48: p < 0.005 cf.�0.28 NS; Data S2). InC.

vulgaris, small cell size associated better with high carbohydrate productivity (CHP) than in N. oceanica

(Figures S5C and S5D) (rp �0.56: p < 0.004 cf. �0.21 NS; Data S2).

The combined effect of N and P status on biomass composition and productivity was explored further in 2D

regression contour plots for end point PON and POP (Figure 4). The data sets in Figures S6 and S7 also

compare end point DIN and DIP and nutrient supply rates (Ni, Pi). These 3 independent proxies for nutrient

status showed similar results. In both species, high PR content localized to the nutrient-replete regions (Fig-

ure S6). With N. oceanica, there was a clear demarcation of the high TFA and carbohydrate content into

respectively low-N (Figure 4B) and low-P zones (Figure 4C; Figure S6). Within the low-N zones, there was

a bias toward small cell size and high oil productivity (TFP) (Figures 4I cf. 4B and 4H; Figures S6 and S7).

With C. vulgaris, high TFA content was also located to the low-N zone but pointed toward a more syner-

gistic NP-stress response (Figures 4E cf. 4B; Figure S6). High carbohydrate content in this alga consistently

occupied a central zone in the NP contour plots suggesting that it was both an intermediate-stress product

and synergistically regulated (Figures 4F and S6). This central zone of high carbohydrate also corresponded

Figure 4. Nutrient status and cell diameter in relation to productivity

Contour plots are shown for the 2 algae species in alternating rows. In (A and D) the relationship between TFP$TFA, TFP and cell diameter is shown. The

remainder of the panel shows the relationship of biomass nutrient status (end point PON and POP) in respect to TFA content (B and E); carbohydrate (CH)

content (C and F); biomass productivity (BMP) (G and J); oil productivity (TFP) (H and K), and cell diameter (I and L). Individual data points (d) are replicate

culture conditions (n = 3). Estimated from the contour boundaries are lines (—) referring to stress-induction thresholds (for products or small cell sizes) and

lines (—) referring to large cell size induction. Colocalization in N. oceanica of high TFA content, high TFP, and small cell size is indicated (/). Induction of

carbohydrate (CH) in N. oceanica is also shown (/). Colocalization in C. vulgaris of high CH content, high BMP, and small cell size is highlighted (/).
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to small cell size (Figures 4F cf. 4L) and high growth rate (BMP) (Figures 4F cf. 4J; Figure S6). In C. vulgaris,

large cell size was largely confined to the low P-supply/P-status zones (Figures 4L, S6, and S7).

In summary, multivariate analyses linked high TFA content and oil productivity (TFP) inN. oceanica to small cell

size and lowN/P ratio. In contrast, both carbohydrate and TFA induction required synergy ofN and P stress inC.

vulgaris. In this species, carbohydrate was preferentially induced as an intermediate-stress product and levels

were closely linked to small cell size. P stress was associated with larger cells, particularly in C. vulgaris.

Model for small cell size and oil productivity

The evident bias toward oil accumulation in N. oceanica was examined next, considering factors such as

cell size regulation and the large investment of Cmade in photosynthesis, indicated by chl content. chl con-

tent was found to be a good cross-species inverse proxy for TFA content (Figure 2J). Although greater chl

levels were observed in C. vulgaris, these data points were found mostly in cases where TFA content had

dropped below the 16% DW level which in N. oceanica was the baseline for TFA (Figure 2J). Therefore, it

appeared that N. oceanica was able to constrain investment of C into photosynthesis, in favor of maintain-

ing a minimum TFA level, unlike C. vulgaris. This suggested a preference for oil accumulation over photo-

synthetic capacity in N. oceanica but the question was how could this translate into higher oil production?

Morphologically, both species were small-celled, near-spherical alga, but N. oceanica was the smallest,

and there was only a slight overlap in the cell diameter ranges (2.5–3.6 mm cf. 3.4–6.8) (Table 1). C. vulgaris

had a propensity to form multicell clusters, which was absent in N. oceanica. Interestingly, for those con-

ditions achieving high growth (i.e. BMP>100 mgL�1d�1 which was equivalent to the >70th percentile for

both species: Data S1), oil content (TFA) showed an inverse cross-species correlation (R2 0.7) with cell

size (Figure 2K). This subset also showed a linear relationship of chl content with cell size (R2 0.9) (Figure 2L).

Low growth conditions (BMP<100 mgL�1d�1) showed no correlation of cell size to TFA or chl content (Fig-

ures 2K and 2L). There was a similar cross-species correlation with PR, but with carbohydrate, no contiguity

between species was seen (Figures S5E–S5G). Because (i) the positive correlation of cell size and chl con-

tent and (ii) the negative correlation of cell size and TFA content were only seen for high growth conditions,

it was inferred that high oil productivity (specifically high oil content combined with good growth) required

small cells to allow better light absorption. The correlations suggested that a higher surface area/volume

ratio associated with reduced cell size could counteract the reduced photosynthetic capacity that was asso-

ciated with elevated oil, permitting good growth.

Although it is generally understood that small cell size favors greater growth rates (e.g. for the BMP proxy

here), this factor alone was seemingly insufficient to account for the association of small cell size with

greater oil productivity (TFP) in N. oceanica. Here, there was a much better inverse correlation of cell

size with TFP (rp�0.48: p < 0.005) than with BMP (rp �0.26: NS) (Data S2). There was also a close association

of small cell size, low N status (low PON, DIN, Ni) and high TFP but not with high BMP in surface plots forN.

oceanica (Figures 4G–4I; Figures S7A–S7C and S7G–S7I). This disparity was consistent with cell size being

downregulated to favor a switch of C partitioning from photosynthesis to oil because that would not be

expected to favor an actual increase in BMP. Instead, this should lead to the poorer inverse correlation

for BMP with cell size in this experiment than seen with TFP.

In C. vulgaris, there was a close inverse correlation with cell size to carbohydrate productivity (CHP) (rp
�0.56: p < 0.004) and with BMP (rp �0.48: p < 0.01) but not so for TFP (rp �0.28: NS) (Data S2). In surface

plots based on nutrient status, central regions are evident of high CH content, small cell size, and high

BMP (less so for TFP) (Figures 4F cf. 4J to 4L; S6 and S7). As seen with both species, there was no evidence

that C for CHmight be partitioned away from photosynthetic investment (above), even though cell size cor-

relates inversely with CH levels quite well (rp �0.71: p < 0.001) (Data S2).

Relevant to how cell size might be regulated, in N. oceanica, small cell size (and high TFP) appeared to

associate with a combination of low N status (e.g. PON<6%DW) with sufficient P status (e.g. POP>0.2%

DW) (Figure 4I). This bore similarity to the low N/P input ratio conditions that favored oil accumulation

along with small cell size and high TFP (Figures S6, S7B and S7C). In C. vulgaris, the peak TFP condition

appeared to require a combination of low N and P status (at near-Redfield N/P supply ratio) and this asso-

ciated with small cell size as well as oil accumulation (Figures 4E, 4K, 4L, S7E and S7F). Here, small cell size is

confined to a central region in surface plots of PON vs. POP (Figure 4L) or Ni vs. Pi (Figure S7F).
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To summarize,N. oceanica had better oil productivity than C. vulgaris across the matrix of semicontinuous

culture conditions. One reason could be a preferential C partitioning into oil combined with maintenance

of small cell size. The latter appeared to favor good growth with less photosynthetic capacity available. This

occurred despite the former species experiencing less nutrient demand, depletion, or limitation. The

reason for this was investigated next.

Oil productivity also depends on low starvation thresholds

Despite the multivariate nature of the data, certain growth condition input parameters appeared to play a

key role for certain outputs or physiological responses, as described above. This allowed univariate

Figure 5. Starvation-threshold responses

Threshold responses are shown for N. oceanica (left) and C. vulgaris (right). Optimal threshold responses are displayed

here based on the most variance explained (R2). The full data sets are found in Figure S8 for balance. In (A and B), TFA

accumulation, and in (C and D), carbohydrate (CH) accumulation is presented in relation to diminishing N supply/light

ratio (Ni/L) or P supply (Pi). In (E–H) Cell diameter changes are depicted in relation to N-supply/light ratio (Ni/L) (E and F)

and P-supply (Pi) (G and H), where bubble diameter refers to TFP (relative scale). Threshold break points are shown with

vertical arrows and the x axis value. Threshold break points were estimated from turning points of curve-fitting

polynomials (shown). R2 indicated closeness of fit and provided a measure of turning point validation. Best oil productivity

(TFP) conditions for each species are shown: #31 N. oceanica or #14 C. vulgaris, along with the nutrient-stress extremes:

#29 (N-stress); #27 (P-stress).
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relationships to be discerned. However, high-order polynomials were required to adequately fit the data,

owing to multifactorial influences even in these apparent univariate relationships (Figure S14). Neverthe-

less, we employed these relationships primarily to interpret indicative threshold breakpoints and not as

a predictive tool. It was found that plots of storage product levels or cell size against specific nutrient supply

or status parameters often revealed threshold-type responses toward diminishing nutrient levels. These

typically showed a transition (break point) from no input-parameter effect at all, under presumed repletion

conditions, to one of close correlation (Figures 5 and S8–S12). Defining and comparing the break points

between the species revealed differences in stress regulation responses. Specifically, a higher break point

value indicated a lower threshold for a stress response (Table 2).

Threshold responses of TFA and CH content in response to nutrient supply rates are shown in Figures 5A–

5D (full data set in Figure S8). Similar trends were seen for nutrient status: DIN, DIP (Figures S9) and PON,

POP (Figure S10). In both species, the N supply/light ratio (Ni/L) correlated well with TFA induction, better

than Ni or Pi alone (Figures 5A and 5B cf. S8A–S8F). This was also seen with C. vulgaris carbohydrate induc-

tion (Figures 5D cf. S8J–S8L). With carbohydrate content in N. oceanica, the most variance was explained

Table 2. Estimates of potential thresholds for induction of storage components and cell size regulation

Category Change

Input factor Endpoint concentration

Ni/Light Ni Pi DIN DIP PON POP

(mMd�1)/(mmolm�2s�1) (mMd�1) (mMd�1) (mM) (mM) (%DW) (%DW)

N. oceanica

TFA (%DW) [ 5.7 859 39 1306 42.8 7.8 0.61

[a ND 600 26 1000 1.5 6.0 0.50

Mean 5.7 730 33 1153 22 6.9 0.6

Carbohydrate (%DW) [ 11.3 1953 67 2770 13.8 9.1 0.63

[a ND D 40 1000 1.5 6.4 0.45

Mean 11.3 1953 54 1885 7.6 7.8 0.5

Cell diameter (mm) Y 7.1 932 108 3030 49.0 8.3 0.68

Ya ND 550 90 950 D 6.0 0.68

Mean 7.1 741 99 1990 49 7.2 0.7

[ 1.4 197 49 482 26.0 4.6 0.42

[a ND 200 49 400 3.2 3.8 0.22

Mean 1.4 199 49 441 14.6 4.2 0.3

C. vulgaris

TFA (%DW) [ 3.9 334 16 933 5.3 5.7 0.39

[a ND 500 8 200 0.1 4.8 0.30

Mean 3.9 417 12 567 2.7 5.3 0.3

Carbohydrate (%DW) [ 11.5 1051 54 434 8.4 6.7 0.53

[a ND 1000 55 400 8.0 6.3 0.46

Mean 11.5 1025 54 417 8.2 6.5 0.5

Y 6.3 751 40 D 2.4 4.1 0.36

Cell diameter (mm) Y 9.3 D 54 448 8.4 4.8 0.41

Ya ND 1000 54 100 5.0 6.5 0.44

Mean 9.3 1075 54 274 6.7 5.7 0.4

[ 5.1 1149 34 D 2.6 3.2 0.30

[a ND 450 22 4 0.1 2.8 0.25

Mean 5.1 800 28 4 1.3 3.0 0.3

Threshold breakpoints were calculated from univariate plots shown in Figure 5 and Figures S8–S12 or alternatively, where indicated,a estimated from bivariate

heatmap contour lines (Figures 4 and S6). These two values were averaged (mean). N.D. data not determined and (D) threshold not present. Arrows indicate the

direction of change.
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instead by the P supply factors (Pi and e.g. OR, %mMAX: R
2 0.5–0.6 Table S3). This resulted in a clearer induc-

tion threshold response with Pi indicated by R2 and a more meaningful estimate of the break point (Fig-

ure 5C cf. Ni/L or Ni in Figures S8G–S8I).

Threshold breakpoints are listed in Table2 andarealso depictedon contour plots in Figures 4 and S6. Thesedata

showhigher break points (lower stress thresholds) for TFA induction inN.oceanica comparedwithC. vulgaris. For

N-stress, 1.5–3 times higher (Ni/L, Figures 5A and 5B) (Ni, Figures S8B and S8E) (DIN, Figures S9A and S9C) (PON,

Figures S10A and S10C) and 2–8 times higher with P stress (Pi, Figures S8C and S8F) (DIP, POP: Figures S9B and

S9D; S10B and S10D) (Table 2). Interestingly, carbohydrate induction break points in C. vulgaris were in turn 2–3

timeshigher than forTFA (withNi/L,Ni, Pi, andDIP) (Figures5Dcf. 5B,S8J–S8Lcf. S8D–S8F, S9Hcf. S9D). Together,

this observation and the unimodal responses (to Ni/L, Ni, Pi, DIP) (Figures 5D and S8J–S8L, and S9H) suggested

that carbohydrate was an intermediate-stress product, in agreement with the multivariate analysis (above).

To summarize, lower stress thresholds (i.e. higher break points) were evident for oil induction in N. oce-

anica, apparently prioritizing its accumulation. Lower thresholds were instead seen for carbohydrate in

C. vulgaris, consistent with it being an intermediate C-storage product before oil accumulation.

High stress thresholds for cell size could improve oil productivity

The link between high oil productivity and cell size (negative correlation, above) was explored further in

terms of nutrient-stress thresholds (Table 2; Figures 4I, 4L, 5E–5H, S8, S11 and S12) and variance explained

(Table S3). In Figure 5, nutrient supply vs. cell diameter plots are shown with bubbles to indicate TFP levels.

In both algae, phosphate (alone or in combination with light) accounted for much cell size variance – more

than nitrate. ForN. oceanica: Ps$L (R
2 0.5) (Figures S11A and S11C), Ps (R

2 0.35) cf. light (R2 0.2), Ns or CO2 (R
2

0.1), and for C. vulgaris: Pi/L (R
2 0.7) (Figure S11B and S11D); %mMAX (R

2 0.7), Pi (R
2 0.5) cf. Ni (R

2 0.4), light, or

CO2 (R
2 < 0.1) (Table S3).

Also in both species, diminishing P supply was linked to a threshold-type upturn in cell size within the mid-

dle of the experimental range for P supply (Figures 5G and 5H). The turning points for cell size increase and

CH induction with P stress also coincided inN. oceanica (Pi = 49 cf. 67 mMd�1) (Figures 5G cf. 5C) (Table 2).

In N. oceanica, there was first a downwards trend with decreasing P supply (Figure 5G) and to a limited

extent, P status (DIP: Figure S12C and POP: Figure S12G). This initial downwards trend was only seen

with DIP for C. vulgaris (Figure S12D) being absent with P-supply (Pi) or POP (Figures 5H and S12H).

With diminishing N supply, C. vulgaris exhibited a similar upturn in cell size – also within the middle of the

experimental range for N supply (Figure 5F). There was no strong evidence for any prior downwards trend

with N stress (Figures 5F, S8P, S8Q, S12B and S12F). The upturn in cell size preceded TFA induction (Ni/L =

5.1 cf. 3.9) (Figures 5F cf. 5B) (Table 2).

InN. oceanica however, N stress associated with a prolonged trend of cell size reduction, well beyond the break

point for TFA induction (Ni/L = 5.7) (Figure 5E cf. 5A) (Table 2). This downward trend coincided with increasing

TFP, culminating in the highest oil productivity (TFP) condition (#31) which was also close to minimum cell size

(Figure 5E). A single data point (#29) suggested an upturn might be occurring with extreme N stress (e.g.

possible break point Ni/L = 1.4; near #31 in Figure 5E). A similar pattern was seen with the 3 independent mea-

sures of N stress: Ni (Figure S8N), DIN and PON (Figures S12A and S12E). The maximumN stress condition #29

(Ni/L = 0.04, input N/P ratio) gave very high TFA (80 %DW) but low TFP (17 mgL�1d�1) (Data S1).

With C. vulgaris, CH content correlated inversely with cell size (R2 0.6), giving a threshold type response

curve (Figure S11H), but there was no discernible relationship with TFA (Figure S11F). Conversely, inN. oce-

anica, there was a trend of decreasing cell size with increasing TFA content followed by an upturn (break

point TFA 36% DW) leading to large cells with high oil (Figure S11E) but there was no clear trend for cell

size with CH content (Figure S11G).

In summary, maximizing oil productivity was linked to small cell size and this could be due to improved light

absorption. In N. oceanica, maintaining a small cell size was achieved by a low N/P input ratio. These were

the same conditions that favored TFA accumulation over CH. It appeared that higher P status was required

to prevent cell size increase, whereas low N was not linked strongly to cell size increases. In the case of C.
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vulgaris, combined N and P stress led to high TFP where, to an extent, small cell size was maintained. How-

ever, CH was preferentially induced as an intermediate stress product, with TFA induction requiring higher

stress levels. Therefore, TFP optimization was more constrained in this alga, with the approach taken here.

DISCUSSION

Large-scale culture ofmicroalgae for oilmight benefit fromemploying a semicontinuous culture system toboost

productivity. Limited success so far has suggested that a better understanding of metabolic and physiological

regulatory processes was needed. To search for a solution, we used PBR arrays to compare 2 high oil-producing

marine strains fromtwodistinct lineagesunder amatrixof variablegrowth conditions. Thiswas complementedby

extensivemeasurementsof nutrient status tomodel andexplain regulatoryprocessesunderpseudo steady-state

conditions. Theoptimizationprocess revealed thatgreater lipidproductivitywasachievable inN.oceanica, under

semicontinuous culture, at 54 mgL�1d�1 (with >50% DWTFA) cf. C. vulgaris 40 mgL�1d�1 (with >40% DWTFA).

The latter species was more predisposed to carbohydrate production, and it was harder to find conditions to

diminish this competing storage product (max. levels 90 mgL�1d�1 at 45% DW cf. 22 mgL�1d�1 at 18% DW),

despite both algae being high oil producers under batch cultivation (Slocombe et al., 2015). Our analysis of

the underlying causes of these species-specific differences identified three key findings that have significant ram-

ifications for boosting oil productivity generally in algae:

(i) Suppression of carbohydrate by high N/P ratio

We found that N. oceanica carbohydrate was primarily induced by P stress, whereas N stress was more

effective for oil (in both algae). So, implementing a low N/P input ratio can suppress carbohydrate, maxi-

mizing oil. This strategy was less effective in C. vulgaris firstly, because both storage products showed a

synergistic dependency on N stress and P stress and secondly, because carbohydrate was induced prefer-

entially as an intermediate-stress product. This suggests that oil production is less readily optimized in

continuous systems bymanipulation of N/P ratio or by using graded nutrient stress for certain algal species.

Our findings are consistent with oil being partly derived from a carbohydrate intermediate product in

certain green algae (Li et al., 2015) and for direct synthesis of oil (TAG) in N. oceanica (Suen et al., 1987).

Green algae accumulate starch, regulated variously by circadian rhythm as in higher plants or N depletion

(Graf et al., 2010; Li et al., 2015; Ral et al., 2006), whereas heterokonts, such as N. oceanica, accumulate

b-1,3-glucans (e.g. leucosin) instead (Li et al., 2014; Volkman et al., 1993).

(ii) Low stress thresholds for oil induction

Several independent measures of nutrient-depletion status revealed stress thresholds for oil to be 2–8

times less in N. oceanica compared with C. vulgaris. This favored high oil productivity under semicontinu-

ous culture where high stresses that compromise growth must be avoided. In contrast, under batch culture,

which is characterized by rapid increases in nutrient stress, C. vulgaris was equally effective in oil accumu-

lation (Slocombe et al., 2015). In effect, N depletion from themediumwas less inN. oceanica despite it pro-

ducing more oil. We showed that oil induction was primarily due to the N supply restriction, however. Our

threshold model suggested thatN. oceanica prioritized oil over N assimilation and this was consistent with

observations that a restriction on N assimilation rates can set high oil levels in this genus (Ajjawi et al., 2017).

In comparison, P depletion from the medium was often near-complete in both species, despite growth be-

ing N- or light-limited under most conditions, suggesting luxury P storage (Chu et al., 2015; Singh et al.,

2018). P supply appeared to be more influential for carbohydrate content or cell size in both species; the

latter befitting the role of phosphate in cell cycle progression (Jiménez et al., 2015).

(iii) High stress thresholds for cell size increases

In N. oceanica, a high N-stress threshold for cell-size increase was evident. This led to a prolonged

decrease in cell size with increasing N stress, combined with increasing oil accumulation. We suggest

that the decrease in cell size is responsible for maximizing oil productivity, as follows. Firstly, there is an as-

sociation of high oil productivity with small-celled algae gained from cross-species observations (Shurin

et al., 2013; Slocombe et al., 2015), and we found here that semicontinuous growth conditions giving

high oil productivity were linked to small cell size in both algae. Secondly, we noted that high growth con-

ditions led to less chl per cell if the cells were smaller. Theoretical expectations are that the increased sur-

face area to volume ratio would improve light interception (Marañón, 2015). Therefore, we inferred that

reduction in cell size favored high oil productivity because the gain in light absorption permitted a reduced

investment in photosynthetic capacity in favor of a proportionate increase in oil content, thus reducing the

ll
OPEN ACCESS

14 iScience 24, 102743, July 23, 2021

iScience
Article



impact on growth. Reduction in photosynthetic capacity under N limitation is associated with a diversion of

C from photosynthetic PR into oil that is driven by low N availability (Ajjawi et al., 2017; Cazzaniga et al.,

2014; Valenzuela et al., 2012; Vieler et al., 2012; Zienkiewicz et al., 2020). We noted a close inverse correla-

tion between oil and chl in both species, in this regard.

The tendency of cell diameter in N. oceanica to downsize with N-stress leading to greater oil productivity

was coupled with low N-depletion thresholds for oil induction. This would tend to mitigate N-limitation by

reducing N assimilation and would push toward N supply and light colimitation, which was observed in N.

oceanica under semicontinuous culture. With C. vulgaris, small cell size was more closely associated with

high carbohydrate levels than it was with oil. Nevertheless, combined high oil content and oil productivity

were still associated with small cell size in this species, and these could, to an extent, be elicited together by

combined N and P stress (near-Redfield ratio, N/P = 19) for maximizing oil production.

Reports show P stress leading to larger cells and N stress to smaller cells in other microalgae which sug-

gests that there are fundamental regulatory differences between the two nutrients (McKew et al., 2015; Ol-

son et al., 1986; Peter and Sommer, 2013), and our findings indicate the process is complex. In most algae,

the cell cycle is diurnal with reserves built up in the light, increasing cell volume, followed by division in the

dark period (Zachleder et al., 2016). So, in theory, any stress that impedes growth will initially reduce the cell

size attained prior to division. Eventually, further stress would trigger a delay in cell division which would

lead to larger cells (McKew et al., 2015; Zachleder et al., 2016). We observed this pattern with increasing

P stress in both species and likewise for N stress in C. vulgaris. In the case of N. oceanica, however, cell

size reduction dominated in response to N stress and the switch to larger cells was delayed well beyond

the stress levels needed to induce oil. Consequently, we found that low input N/P ratio acts in two ways

to maximize oil productivity in this species by suppressing P-stress-mediated induction of both carbohy-

drate and large cell size, favoring N-stress-mediated oil induction along with cell size reduction.

The 3 key regulatory adaptations of N. oceanica that led toward high oil production under N stress probably

related to its oceanic habitat which is characterized by stratified water columns. Here, N is colimiting with iron

(Browning et al., 2017), and there is a need to prioritize oil as a buoyancy mechanism to counter sedimentation

or for other survival/dispersal strategies (Sayanova et al., 2017). In this nutrient-poor habitat, small cell size poses

a competitive advantage for nutrient uptake and further size reductions in response to N limitation would maxi-

mize surface area to volume ratio for nutrient absorption (Marañón, 2015;Marañón et al., 2013).Ourdata suggest

that this adaptation leads to a similar advantage for light absorption under comparatively nutrient-rich condi-

tions of algal culture, permitting oil accumulation and growth. In C. vulgaris, prioritizing oil production over N

assimilation and photosynthetic capacity was less evident which, along with larger cell size, could account for

the lesser light saturation and higher growth capacity that we observed compared withN. oceanica (Huete-Or-

tega et al., 2014; Marañón, 2015; Marañón et al., 2013). This, along with some benthic traits (we observed some

surface adhesion) would be expected in nutrient-rich estuarine habitats (Underwood et al., 1998).

To achieve economic feasibility with low-value algal products such as oil for biofuel, feeds, and food, large-scale

production must be geared toward continuous outputs. In a semicontinuous culture system, for instance,

nutrient stresses, which are typically used to induce oil,must avoid productivity penalties. This requires algal spe-

cies that prioritize oil production. In this study, we narrow down and delineate key morphological, phylogenetic,

ecological, and regulatory traits in the search for optimal oil production in algae.

Limitations of the study

These studies were carried out using controlled conditions in the laboratory, whereas upscaling in open ponds

introduces additional seasonal, meteorological, diurnal, and biotic factors. Therefore, our optimizing conditions

must be tested in this context to take full advantage of our findings. Althoughproductivity levelswere strongwith

the N. oceanica strain for instance, its presumed adaptation to impoverished environments (stratified waters)

might lead to issues with upscaling in the outdoor environment with high nutrients. Small cell size can also

lead to increased susceptibility to fast-growing predators (Hansson et al., 1998).
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Marañón, E. (2015). Cell size as a key determinant
of phytoplankton metabolism and community
structure. Ann. Rev. Mar. Sci. 7, 241–264. https://
doi.org/10.1146/annurev-marine-010814-015955.
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the Lead Con-

tact, Seetharaman Vaidyanathan (s.vaidyanathan@sheffield.ac.uk).

Materials availability

This study did not generate new unique reagents.

Data and code availability

The data generated during this study are available as supplementary information.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Nannochloropsis oceanica (CCAP 849/10) and the ‘‘marine’’ Chlorella vulgaris strain (CCAP 211/21A) were

from CCAP, UK www.ccap.ac.uk and were grown in an artificial seawater-based f/2 medium as described

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Glass beads, acid-washed 425-600 mm (30-40 U.S. sieve) Sigma Cat#G8772

Critical commercial assays

Pierce� BCA Protein Assay Kit ThermoFisher Scientific Cat# 23225

Experimental models: Organisms/strains

Nannochloropsis oceanica CCAP 849/10 https://www.ccap.ac.uk/catalogue/

strain-849-10?search=CCAP%20849%2F10

CCAP 849/10

Chorella vulgaris CCAP 221/21A https://www.ccap.ac.uk/catalogue/

strain-211-21A?search=211%2F21A

CCAP 211/21A

Software and algorithms

Image J National Institutes of Health (NIH) https://imagej.nih.gov/ij/

Design Expert 10 StatEase https://www.statease.com/software/design-expert/

PAST: PALEONTOLOGICAL STATISTICS SOFTWARE

PACKAGE FOR EDUCATION AND DATA ANALYSIS

Hammer et al., 2001 https://palaeo-electronica.org/2001_1/

past/issue1_01.htm

NCSS12 Data Analysis & Graphics NCSS Statistical Softare https://www.ncss.com/download/ncss/

updates/ncss-12/

MATLAB MathWorks https://uk.mathworks.com/products/matlab.html

Wolfram Alpha Widgets: cubic equation solver Wolfram Alpha https://www.wolframalpha.com/widgets/view.jsp?

id=3f4366aeb9c157cf9a30c90693eafc55

Other

Quantum scalar irradiance light meter Biospherical Instruments Inc.,

San Diego, CF

http://www.biospherical.com/index.php?

option=com_content&view=article&

id=50&Itemid=88

Direct Variable Area Flow Meter

(0.04 L/min / 0.5 L/min, RS)

RS Cat# 198-2975

Qiagen Tissue Lyser Qiagen https://www.qiagen.com/us/products/human-

id-and-forensics/automation/tissuelyser-ii/

Coulter Counter BeckmanCoulter https://www.beckman.com/cell-counters-

and-analyzers/multisizer-3
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(Slocombe et al., 2015) and shown here: 33.5 g/L Instant Ocean (Aquarium Systems, France) pH adjusted to

6.9-7.0; the following added to final conc. 75mg/L NaNO3, 5.65mg/L NaH2PO4.2H2O, trace metals (final

conc. Na2EDTA 4.16mg/L, FeCl3.6H2O 3.15mg/L, CuSO4.5H2O 0.01mg/L, ZnSO4.7H2O 0.022mg/L,

CoCl2.7H2O 0.01mg/L, MnCl2.4H2O 0.18mg/L, Na2MoO4 .2H2O 0.006mg/L) Tris-base to 1mM, pH

adjusted to 6.8-7.0; vitamins (final conc. Cyanocobalamin 0.5mg/L, Biotin 0.5mg/L; Thiamine-HCl 0.1mg/

L) were added after autoclaving. For salinity tolerance testing, algae were grown in 24-well tissue-culture

plates as 2 mL cultures under a 16 h:8 h light/dark regime at 50-80 mEm�2 s�1 at 20�C for 7 d (Innova 44,

New Brunswick Scientific, Edison, NJ). The salinity of the f/2 medium was taken as 0.3M and adjusted up-

wards by the addition of 5M NaCl stock.

All further algal culture experiments were carried out in multi-PBR arrays where some of the f/2 medium

trace metal and vitamin final concentrations were set higher to avoid growth limitation: Cyanocobalamin

5mg/L; CuSO4.5H2O 0.08 mg/L, ZnSO4.7H2O 0.22 mg/L, CoCl2.6H2O 0.08 mg/L, 1.81 mg/L MnCl2.4H2O

1.81 mg/L, Na2MoO4.2H2O 0.39 mg/L. Buffering with 30 mM HEPES (pH 7.2) was used to prevent washout

under semi-continuous culture due to lowering of pH with CO2, which was observed to happen under

certain conditions with N. oceanica. Nitrate and phosphate levels were adjusted according to the treat-

ments (Table S1, S2).

METHOD DETAILS

PBR multi-arrays

These consisted of multiple custom-made units of 10 x 0.5L PBRs placed in dark controlled temperature

environments at 25�C (Figures S1D and S1E). The light was provided by vertical panel housing cool white

LEDs strips dimmed to achieve each experimental irradiance. Spectral shifts due to electrical dimming

were not considered but these have been found to be minimal with white LEDs compared with RGB

systems (Dyble et al., 2005). Different CO2 levels were supplied by mixing compressed air and CO2 (1–-

100%, BOC). Aeration was achieved with pore size 3 spargers (Duran) with prior filtration (0.22 mm, Milli-

pore) and delivered at 100 cc per min (0.2 vvm) with a Direct Variable Area Flow Meter (0.04 L/min /

0.5 L/min, RS) at each PBR. Light levels weremeasured inside the center of the culture tube inmedium using

a quantum scalar irradiance light meter (Biospherical Instruments Inc., San Diego, CF).

Experimental design

In order to optimize parameters for oil production using surface-response methodology, PBR multi-arrays

were run with input variables of light, CO2, nitrate and phosphate according to a matrix of 30 core condi-

tions generated using Central Composite Design (Design Expert 7, Stat-Ease) (Table S1). Additional com-

binations (#31-33) were added manually. Input variables were light (40-300 mmol m-2s-1), CO2 (0.04-4% vol.),

stock nitrate (Ns) (50-5000 mM) and phosphate (Ps) concentration (4-264 mM) (Table S2). Values were

selected after a literature survey to range from limiting conditions to super-saturating (Table S2) (Bi

et al., 2014; McKew et al., 2015). Included in the core matrix were 6 centre point controls (#2,3,5,6,13,26)

where the 4 input variables were set to median values. A further dilution factor (%mMAX) was assigned for

semi-continuous culture based on growth factor-limitation (Table S1) where %mMAX and the 4 input vari-

ables were independent (Table S4). The matrix resulted in 6 different off-Redfield input N/P ratios along

with the near-Redfield ratio (=19). Approximately half of the conditions gave a near-Redfield molar N/P

input ratio and were judged to be sufficient/saturating and the remainder were judged limiting (Table

S1). Nutrient supply rates (Ni and Pi) were the product of Ns (or Ps) and replacement volume (RV) where

Ni and Pi co-correlated (rs >0.7; p<0.001), being dependent on operational rate (OR) (rs >0.8; p<0.001) (Ta-

ble S4). RV and OR both derived from mMAX and %mMAX (see below), where mMAX was light-dependent in

both species (rs >0.6, p<0.001) (Table S4).

Semi-continuous culture

Maximum growth rates (mMAX) were determined for conditions #1-31 in batch mode to set OR under semi-

continuous culture. mMAX was obtained from a plot of Loge A595 v. time, with the inoculum diluted to 0.15

A595. Cultures were grown in semi-continuous chemostat mode after growth to late-log phase, with a daily

fixed replacement volume (RV). This was undertaken 4 h into the light period (defined as the ‘‘endpoint’’) of

a 16 h: 8 h light/dark diurnal cycle and was calculated as follows:

RV = Culture vol$(1-1/e(OR)) where OR=mMAX$%mMAX
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Under replete/sub-saturating conditions %mMAX%80% and for limiting conditions %mMAX%20%, based on

the literature (Bi et al., 2014; McKew et al., 2015) (Table S1); where lower %mMAX values were used to avoid

washout. Once steady state was achieved, cultures were grown for R5 generations to ensure acclimation

before sampling at the endpoint for R3 consecutive days.

Harvesting samples

The algal culture was harvested by retaining %50 mL aliquots during endpoint medium replacement,

recording the volumes. Biomass was recovered by centrifugation (4000g 15 min) in 50 mL tubes after cool-

ing. Supernatant from one aliquot was retained (%5mL) and passed through a filter (0.22 mm,Millipore) and

stored (-20�C). Pellets were rinsed to remove medium and re-spun in 1.5 mL screw-capped Eppendorf

tubes prior to flash-freezing in liquid N2 and freeze-drying followed by storage (-80�C). DW was recorded

allowing BMP to be calculated (g DW L-1 d-1).

Elemental analysis measurements

From the freeze-dried biomass samples, total C and N levels (termed Particulate Organic Carbon, POC and

Particulate Organic Nitrogen, PON) were measured using an ANCA-GSL 20-20 stable isotope analyzer

(PDZ Europa, Sercon Ltd., Crewe, UK). Freeze-dried samples at 1–2 mgmicro-algal DW biomass were com-

busted in pre-weighed aluminum capsules with helium as a carrier gas. The instrument was calibrated using

l-isoleucine standards (Sigma) over the range 5–200 mg N and 33–1320 mg C, delta calibrated N-7.89, C-

12.18 (Slocombe et al., 2013a, 2013b).

Oil content measurements

Oil content was assessed by measuring Total Fatty Acids (TFA) by GC-FID with direct-derivatization (Ka-

poore et al., 2019; Slocombe et al., 2013a, 2013b) and comparing with C/N ratio and FA unsaturation/satu-

ration ratio. A composite oil proxy (TFACR) was generated from the above 3 oil proxies and utilized for data

analysis of oil content in place of TFA where necessary (see Figure S13).

Multi-assay procedure

A multi-assay procedure (Chen and Vaidyanathan, 2012, 2013) was modified for large scale operation, for

total protein, carbohydrate, chlorophyll and carotenoids as follows. Dry pellets (1-1.5 mg) were resus-

pended in 24 mL of the phosphate buffer (0.05 M Potassium di-hydrogen phosphate to pH to 7.4 with

KOH) and 1.8 mL of 25% (v/v) methanol in 1N of NaOH in 2.0 mL screw-capped Eppendorf tubes. After

the addition of 0.1-0.2 mL of acid-washed 425-600mm glass beads (Sigma), resuspended pellets were ho-

mogenized in a bead-beater (30 min.) (Qiagen Lyser, Qiagen).

For carbohydrate, 2 aliquots of 0.2 mL extract were transferred to glass vials after vortexing: for the control

with addition of 1.2 mL 75% H2SO4; for the experimental sample with 0.4 mL 75% H2SO4 and 0.8 mL

anthrone reagent (freshly prepared: 50 mg anthrone (Sigma) plus 1 mL EtOH plus 25 mL 75% Sulfuric

Acid). After incubation at 100�C 15 min, and cooled to RT the absorbance was measured in polystyrene cu-

vettes (DA630). Glucose standards were used at 0.01-1 mg/mL.

The remainder of the extract was stored at -80�C and later saponified (30 min 100�C) for all further assays.
For the protein assay, saponified extracts of 10 mL (avoided floating material) were first placed directly into

96-well assay plates with the following additions: controls, 0.2 mL BCA reagent alone (Thermo Scientific);

experimental, 0.2 mL BCA/Cu mix (Thermo Scientific) and incubated at 37�C for 1 h, measuring DA560. A

BSA standard (200 mg/mL stock, Sigma) was used at 0.01-3 mg/mL.

The remainder of the saponified extract was stored at -80�C for subsequent pigment assay where after vor-

texing, 0.7 mL was removed into 2 mL screw-cap Eppendorf tubes, adding 1.05 mL buffer R2 (chloroform:

methanol 2:1, v/v) for phase separation (vortex, centrifuge 10 min.). The top phase (chlorophyll) was

removed into a screw-cap Eppendorf and the lower phase (carotenoids) transferred into a separate

tube. For chlorophyll, 0.6 mL was placed in 1 mL (2 mm) quartz cuvette for OD readings at 416, 453 and

750 nm or 0.2 mL in a 96-well UV plate (Fisher) (Chen & Vaidyanathan, 2012, 2013). The cuvette was cleaned

with methanol for the next chlorophyll sample. For carotenoids, 0.6 mL was transferred to 1 mL (2 mm)

quartz cuvette for OD 450 and 750 nm, cleaning the cuvette in R2 buffer between samples. Pigment con-

centrations were calculated according to the following formulas (Chen and Vaidyanathan, 2013):
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Ca = 6.40 $ (A416 - A750) - 0.79 $ (A453 - A750)

Cb = 5.87 $ (A453 - A750) - 0.24 $ (A416 - A750)

Ccar = 7.33 $ (A450 - A750)

Where Ca, Cb and Ccar represent concentrations of Chla, Chlb and total carotenoids in mg/mL with 1 cm

pathlength used.

Inorganic anion measurements

High-throughput assays for phosphate measurements were carried out using methods based on Strickland

and Parsons (described below for 96-well assay plates) (Strickland and Parsons, 1968), where biomass levels

were referred to as Particulate Organic Phosphorus (POP, %DW) and medium levels were referred to as

Dissolved Inorganic Phosphate (DIP, mM).

Hence POP was determined on 1 mg of dried biomass as described (Solorzano and Sharp, 1980) with mod-

ifications, as follows. Pellets were twice resuspended in 1 mL Na2SO4 (0.17M) and centrifuged at 4000g for

5-10 min followed by resuspension in 2 mL MgSO4 (0.017M). After transfer to a 10-15 mL glass vial, samples

were dried at 60�C O/N and heated in a muffle furnace for 2 h, 475�C. After cooling, 5 ml HCL (0.2M) was

added with incubation for 30 min at 80�C. From undisturbed samples, 100 mL was added into 100 mL water,

pre-pipetted into 96-well assay plates.

In the case of the DIP measurements, 0.2 mL filtered endpoint medium (prepared as above) was added

directly to the plates. Standards were prepared by serial dilutions of 16 mM NaH2PO4 and, in the case

of POP only, a final conc. of 0.1M HCl was included.

For both POP andDIP samples, the assaywas initiated by adding 20 mL of fresh reagentmix, prepared as follows

(Strickland and Parsons, 1968). Fresh reagent mix was prepared in volumetric ratio 1:2.5:1:0.5 immediately

before determinations (e.g. 50 mL ammonium molybdate, 125 mL sulfuric acid, 50 mL ascorbic acid, and

25 mL potassium antimonyl-tartrate). Ammonium Molybdate solution: dissolved 15 g (NH4)6Mo7O24
.4H2O in

500 mL of Nanopure water, stable at RT in a plastic bottle. Sulfuric acid solution: added 140 mL concentrated

H2SO4 (specific gravity 1.82 g/mL) to 900 mL with Nanopure water. Ascorbic acid solution: dissolved 27 g ascor-

bic acid in 500mL (stable for 1 week at RT, canbe frozen). Potassiumantimonyl-tartrate solution: dissolved 0.34g

of KSbC4H4O7
.1/2H2O in 250 mL of Nanopure water (solution stable at RT). Readings at A885 were taken after

incubation for 1.5 h, at RT.

Nitrate levels in the medium, referred to as Dissolved Inorganic Nitrogen (DIN, mM), were determined in

filtered endpoint medium (prepared as above) by measuring A220 in 0.2 mL vol. in UV-transparent assay

plates (Fisher) or 0.6 mL in (2 mm) quartz cuvettes (Collos et al., 1999).

Cellular measurements

Cell counts and cell diameter (single cells) were determined by Coulter counter (Beckman Coulter) and mi-

croscopy with a Neubauer haematocytometer (following Lugol staining) using a 100 X objective for cell

diameter, with images processed with ImageJ.

QUANTIFICATION AND STATISTICAL ANALYSIS

Multivariate analysis

Response Surface Methodology (RSM) was carried out using Design Expert 10 (Stat-Ease), modeling stor-

age production rates based on input variables of incident light; CO2 supply concentration; replacement

medium nitrate (Ns) and phosphate (Ps) concentrations, and operational rate (OR) where the latter was

the product of mMAX and %mMAX. Correlation matrix PCA analyses were carried out with the above inputs,

using %mMAX rather than OR, by employing PAST (Hammer et al., 2001). Daily nitrate (Ni) and phosphate (Pi)

supply rate terms were defined as the product of Ns (or Ps) and the replacement vol./culture vol. ratio. Un-

der semi-continuous culture, growth rate was defined as the biomass productivity (BMP), which was
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determined as the dry biomass concentration at endpoint multiplied by the replacement vol./culture vol.

ratio. The oil productivity proxy TFP was defined as the product of BMP and endpoint biomass TFA content,

similarly for carbohydrate (CHP) and protein (PRP). Regression analyses in the form of contour plots and

heat maps were generated using NCSS 12 (NCSS statistical software). Other regression plots and curve fit-

tings were carried out in Microsoft Excel and matrices of correlation coefficients were generated using

PAST (Hammer et al., 2001). Significance was determined using Paired 2-tail t-tests which were carried

out in Microsoft Excel. Further graphical displays and analyses were carried out using MATLAB.

Threshold breakpoints

Threshold breakpoints were estimated from turning points of 4th order polynomial curve fitting equations

and the choice of this curve is discussed in Figure S14. At the turning points, the differentiated equation (a

3rd order polynomial) equated to zero and this was solved for the abscissa using WolframAlpha software

(Wolfram). Threshold breakpoints were also estimated from the contour boundaries of storage-product in-

duction zones created by 2-D regression heat maps (NCSS 12, NCSS statistical software).
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