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In all organisms, the flux of carbon through the fundamental pathways of glycolysis, gluconeogenesis and the py-
ruvate hub is a core process related to growth and productivity. In unicellular microalgae, the complexity and in-
tracellular location of specific steps of these pathways can vary substantially. In addition, the location and
chemical nature of storage carbohydrate can be substantially different. The role of starch storage in green algae
has been investigated, but thus far, only a minimal understanding of the role of carbohydrate storage in diatoms
as the 3-1,3-glucan chrysolaminarin has been achieved. In this report, we aimed to determine the effect of spe-

g?:g?;ds' cifically reducing the ability of Thalassiosira pseudonana cells to accumulate chrysolaminarin by knocking down
Chrysolaminarin transcript levels of the chrysolaminarin synthase gene. We monitored changes in chrysolaminarin and triacyl-
Carbon flux glycerol (TAG) levels during growth and silicon starvation. Transcript-level changes in genes encoding steps in
Storage carbohydrate chrysolaminarin metabolism, and cytoplasmic and chloroplast glycolysis/gluconeogenesis, were monitored dur-
Productivity ing silicon limitation, highlighting the carbon flux processes involved. We demonstrate that knockdown lines ac-

cumulate less chrysolaminarin and have a transiently increased TAG level, with minimal detriment to growth.
The results provide insight into the role of chrysolaminarin storage in diatoms, and further discussion highlights
differences between diatoms and green algae in carbohydrate storage processes and the effect of reducing carbo-

hydrate stores on growth and productivity.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

During the course of evolutionary history, unicellular microalgae
have utilized different carbohydrates as energy and carbon storage mol-
ecules, and altered the location of storage of carbohydrates in the cell,
resulting in dramatic differences in storage forms and locations [1-3].
Carbohydrate stores range from insoluble starch, hydrosoluble glyco-
gen, and water soluble (3-1,3-glucans such as chrysolaminarin. The loca-
tion of carbohydrate stores include: inside the chloroplast, (particularly
around the pyrenoid), in the cytoplasm, in vesicles surrounding the
chloroplast endoplasmic reticulum (ER), within the periplastid com-
partment (which is between the outer chloroplast membrane and
periplastid membrane in secondary endosymbionts) and in a
cytoplasmically-localized vacuole [3].

One might suppose that a fundamental cellular feature such as the
type and location of carbohydrate storage would have an optimum ar-
rangement, and such an arrangement would have been “settled on” at
some early stage in evolution. Because this is not the case, it is likely
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that over time, different selective pressures for efficient carbohydrate
storage and utilization have been applied, resulting in different “solu-
tions” for which type of carbohydrate was utilized and where it was
stored. Environmental conditions have varied throughout evolutionary
history, with substantial changes in atmospheric temperature, O, and
CO, levels (for long time periods CO, was 5-12-fold higher than cur-
rently - [4]), and geological changes have affected the average depth
and extent of mixing of the oceans, which altered light and nutrient re-
gimes [5-7]. The requirement for efficient growth is a major selective
pressure on microalgae, and since intracellular carbon flux is the process
by which cellular energy and molecular components needed for growth
are derived, changes in carbon storage location and type might be ex-
pected to occur. It is not likely that all extant intracellular arrangements
are optimal under current environmental conditions, but is it likely that
they work well enough to enable the organism to compete successfully,
albeit for some organisms in certain niches. Differences in carbohydrate
type and storage could affect a variety of aspects of cellular function, in-
cluding photosynthetic efficiency, carbon fixation, carbon flux and
partitioning, carbohydrate storage, lipid accumulation, cellular energet-
ics and cross-compartmental interactions. They also could influence
what time of day or night is optimal for cell division. Investigating car-
bon flux processes in evolutionarily-diverse classes of microalgae
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could lead to a better understanding of the relative advantages and
drawbacks to particular organizational schemes, which will inform as-
pects of productivity and ecological success, as well as define a wider va-
riety of options for synthetic biology approaches. Understanding how to
manipulate particular schemes could improve productivity for algal bio-
technological applications.
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Ollgé

EE\

Glu

N

Glu 6P

Fru 6P

iy

DHA «(—» GAP

1 3b|s PG

!

B-1,6-glucan
Branching
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ble (-1,3-linked glucan called chrysolaminarin in a large
cytoplasmically-localized chrysolaminarin vacuole [8-10]. Water solu-
ble storage carbohydrates are more accessible energetically and
biophysically than insoluble starch [8,15], and such differences should
affect intracellular energetics and carbon flux. Chrysolaminarin contents
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Fig. 1. mRNA-level response during silicon starvation of genes involved in chrysolaminarin synthesis and breakdown, and cytoplasmic and chloroplast glycolysis/gluconeogenesis. Top)
Pathways and enzymes involved in the analysis. Enzymes are bolded and boxed. Arrows identify enzymes whose mRNAs are induced at least 2-fold at 4 h. Bottom) plots of mRNA fold
changes relative to 0 h of silicon starvation. Genes are identified by their protein ID number, Thaps vers. 3.
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of 12-33% DW have been documented in different diatom species under
particular conditions [11,12], and under certain conditions, up to 80% of
total cellular carbon has been documented as chrysolaminarin [14].
Measurements indicate that dynamic changes in cellular
chrysolaminarin content occur; for example, in Odontella aurita,
chrysolaminarin content varied under different culture conditions
from 15 to 61% of DW [13].

When diatoms are limited for silicon or nitrogen, growth arrest re-
sults in higher accumulation of storage carbon as carbohydrate and
lipid [16-19]. Thus, nutrient limitation provides conditions to examine
the induction of processes involved in carbon storage. Roessler [20,21]
examined the response of chrysolaminarin and triacylglycerol (TAG)
synthesis enzymes in response to silicon limitation in Cyclotella cryptica.
Fig. 1 depicts steps involved in chrysolaminarin metabolism. After 4 h in
silicon-free medium, UGPase enzymatic activity did not change, beta-
1,3-glucan (chrysolaminarin) synthase activity decreased 1.4-fold, and
acetyl-CoA carboxylase (ACCase) activity increased nearly 2-fold [20].
14C-labeling experiments showed a shift in partitioning of label, with a
decrease in labeling of chrysolaminarin and an increase with lipid
[16]. Granum and coworkers [17,22] performed a series of experiments
investigating glucan metabolism on nitrogen-limited Skeletonema
costatum. *C pulse-labeling indicated that 85% of label was incorporat-
ed into 3-1,3-glucan within 4 h of nitrogen limitation [17], suggesting
initial rapid storage of fixed carbon into carbohydrate. Chase experi-
ments performed by adding ammonium revealed labeling of free
amino acids, indicating mobilization of the chrysolaminarin reserves
into biosynthetic processes. During the course of nitrogen limitation
over several days, 3-1,3-glucan levels increased 1.6-2.3 fold [22]. In ex-
ponentially growing non-limited cultures on a day:night cycle, 3-1,3-
glucan levels varied between 17 and 42% of cellular organic carbon at
the beginning and end of the light period, respectively. Overall, these
studies suggest a light dependence on chrysolaminarin levels, and a
preference for initial storage of fixed carbon as chrysolaminarin, follow-
ed by mobilization of that carbon into biosynthesis of compounds such
as lipids and amino acids. Growth cessation increases chrysolaminarin
levels.

Initial research into the enzymology of chrysolaminarin synthesis in
C. cryptica involved an attempt to clone the UGPase gene by PCR and
subsequent screening of a genomic DNA library [23]. Sequencing re-
vealed a single ORF with both UGPase and phosphoglyceromutase
(PGMase) domains. The latter catalyzes the conversion of G-6-P to G-
1-P; thus sequential steps in processing precursors for chrysolaminarin
synthesis were encoded on the same polypeptide. A candidate for the 3-
1,3-glucan synthase gene was identified by homology searches of dia-
tom genome sequences [24], and because only one gene was identified
in each genome, it is likely to be the chrysolaminarin synthase. The
chrysolaminarin structure includes 3-1,6 branching, and two genes
encoding enzymes likely involved in that process were recently charac-
terized by complementation of yeast mutants [25]. Enzymes encoded by
these genes were shown to be vacuolarly targeted in the diatom [25],
consistent with their proposed function.

Recent work has knocked down or knocked out the UGPase/PGMase
gene in the diatom Phaeodactylum tricornutum [26,27]. In both studies,
the authors did not mention the dual functionality of the gene
(UGPase/PGMase); and perhaps assumed it encoded only an UGPase.
Both RNAI and antisense approaches were applied to knock down the
UGPase/PGMase gene, and substantial decreases in chrysolaminarin oc-
curred with either approach [26]. A consequence of reducing carbohy-
drate stores could be repartitioning of carbon to other forms,
particularly fatty acids (FAs) or TAG as a longer term carbon store. The
best knockdown line accumulated 25% more FA than controls [26].
TAG was not specifically monitored, nor was nutrient limitation done
to evaluate possible differences in maximal TAG yield. A slight decrease
in growth rate was apparent with the knockdowns [26], suggesting
some metabolic or energetic drain. In the study in which a knockout
line was generated using a TALEN approach [27], the knockout line

accumulated as much TAG in nutrient replete medium as wild-type
cells did under nitrogen limitation, and nitrogen-limited knockouts ac-
cumulated about 3 times more TAG than nitrogen-limited wild-type.
No data on the effect of knockdown on growth or chrysolaminarin con-
tent was reported [27].

Thus far, the involvement of the 3-1,3-glucan (chrysolaminarin)
synthase in carbon storage in diatoms has not been investigated. In
this report, we aimed to determine the effect of specifically reducing
the ability of Thalassiosira pseudonana cells to accumulate
chrysolaminarin by knocking down transcript levels of the
chrysolaminarin synthase gene. Changes in chrysolaminarin and TAG
levels during growth and silicon starvation growth arrest were moni-
tored, as well as transcript-level changes in genes involved in core car-
bon flux processes to generate these molecules. The results provide
insight into the role of chrysolaminarin storage in diatoms, and high-
lights differences between diatoms and green algae in carbohydrate
storage processes and the effect on growth and productivity of reducing
carbohydrate stores.

2. Materials and methods
2.1. Algal strains and culture conditions

Axenic cultures of the marine diatom Thalassiosira pseudonana
(CCMP 1335) were grown in artificial seawater (ASW) [28] at
18-20 °C under continuous illumination at 150 pmol m~2 s~ . For sili-
con starvation, exponentially grown cultures were harvested and
washed twice with silicon-free ASW and then incubated at
1.0 x 10° cells-ml~ ! in silicon-free ASW in polycarbonate flasks. Culture
density was determined either using a hemocytometer or a Muse® Cell
Analyzer (Millipore Corp., Billerica MA, USA).

2.2. Sequence comparison analysis

Amino acid sequences for comparison (listed in Fig. 3) were selected
from best BLAST hits and representative examples of beta-1,3-glucan
synthase sequences from stramenopiles, green algae, vascular plants,
and fungi. The tree was generated using CLC workbench 6 software.

2.3. Construction of expression vectors for knockdown of chrysolaminarin
synthase

Antisense RNA expression was employed to knockdown transcripts
for the chrysolaminarin synthase (Thaps3_12695). A reverse comple-
mentary sequence of a portion of the gene was amplified through PCR
using genomic DNA of wild type T. pseudonana as the template with for-
ward primer 5-CGATGAAAACGGTGAAACAGCTG-3’ and reverse primer
5'-CATCGAGTCATTTGTATCTTGGAG-3'. The PCR product was cloned
into a Gateway donor vector (pDONR 221 attB1-attB2) using BP Clonase
(Life Technologies Corp., Carlsbad CA, USA) to create an entry clone. The
expression vector was then generated by LR recombination of the entry
vector and a destination vector. The expression vector thus contained
the fucoxanthin chlorophyll a/c-binding gene (fcp) promoter, selective
marker for nourseothricin (NAT) [29], anti-sense sequence, and fcp
terminator.

2.4. Transformation procedure and characterization of transgenic lines

The antisense expression vector for Thaps3_12695 was used to
transform T. pseudonana using the Bio-Rad biolistic particle delivery sys-
tem. NAT-resistant transgenic cells were selected either in liquid culture
or on agar plates containing 100 pg/ml nourseothricin (clonNAT,
Werner BioAgents, Jena, Germany). Colonies were further screened by
PCR analysis and DNA sequencing. For DNA extraction, 4-5 x 10° cells
were harvested and washed once with sterilized water. The supernatant
was discarded and 25 pl TE was added to the pellet. Cells were then



M. Hildebrand et al. / Algal Research 23 (2017) 66-77 69

ruptured by 3 cycles of freezing on dry ice and thawing at 65 °C followed
by heating at 95 °C for 5 min. Supernatants were collected after centri-
fugation at 12,000 rpm, and an aliquot used for PCR.

2.5. Soluble carbohydrate analysis

One hundred milliliter of either a 0.5 or 1.0 x 106 cells-mlI ™! culture
of T. pseudonana were harvested by filtration, washed in 0.45 M NaCl,
pelleted in a microfuge, and the pellet was stored frozen at —20 °C.
Samples were resuspended in 5 ml 0.05 M H,SO,4, and incubated at
60 °C for 10 min. Samples were centrifuged at 4000 x g for 2 min, and
2 ml of supernatant was transferred to a new tube. Freshly made 3%
phenol in water (0.5 ml) and 5 ml concentrated H,SO4 was added to
the tube and the sample was incubated for 30 min at room temperature.
Absorbance at 485 nm was measured and compared to a dilution series
of glucose at known concentration.

2.6. Staining of neutral lipids using BODIPY

To analyze neutral lipid [30-32], 1.0-2.0 x 10° cells were harvested,
pelleted, and re-suspended in in 0.45 M NaCl. Cells were stained with
2.6 pg-ml~! BODIPY (4, 4-difluoro-3a, 4a diaza-s-indacene)
(Invitrogen, Thermo Fisher Scientific, Carlsbad CA, USA) incubating for
15-20 min at room temperature in the dark.

2.7. Staining of algal cells using aniline blue

Cells were harvested by centrifugation and fixed with 1% glutaralde-
hyde to permeabilize the membrane. Cells were washed and resuspend-
ed in 0.1 M potassium phosphate buffer (pH 7.4) and then stained with
1 mg-ml~! aniline blue (9) for 10 min.

2.8. Fluorescence microscopy

To observe chrysolaminarin, cells stained with aniline blue were vi-
sualized under the Zeiss Axio Observer.Z1 microscope with Plan-
Apochromat 63x/1.40 Oil DIC M27 objective and filter set 21 HE FURA
for aniline blue staining and 05 filter set (Ex 395-440 nm, FT 460 nm,
Em 470 nm LP) for chlorophyll.

2.9. Imaging flow cytometer analysis of BODIPY and aniline blue staining

Quantification of BODIPY (as a proxy of TAG content) and aniline
blue (for chrysolaminarin content) was done using an ImageStream X
(Millipore Corp. Billerica MA, USA) imaging flow cytometer. Cells were
excited with a 408-nm laser at 10 mW for aniline blue, and a 488-nm
laser at 20 mW for BODIPY, and brightfield and fluorescent images
were collected for 20,000 events. Data were collected at 40 x magnifica-
tion. Data was analyzed using Amnis IDEAS™ software. Data were col-
lected on fluorescently stained and unstained cells, and unstained cells
were used to define a gated population which represented background.
Cells with higher fluorescence constituted the treatment population.
Populations were further analyzed by selecting for in-focus, single
cells, which enables accurate quantitation. The mean of the population
was determined from the data and reported.

2.10. Fast repetition rate fluorometry

Fast repetition rate fluorescence (FRRF) (Chelsea Instruments, West
Molesey, UK) was used to estimate photosynthetic quantum yields and
photosynthetic rates. We measured maximum quantum efficiency of
photochemistry of Psil (Fv/Fm) in the wild type and transgenic knock-
down cultures. Exponentially grown and silicon starved wild type and
transgenic cells were placed in a dark chamber for 10 mins and Fv/Fm
were measured according to the manufacturer's instruction.

3. Results
3.1. Characterization of genes involved in chrysolaminarin metabolism

Based on sequence homology searches, the T. pseudonana genome
contained two genes potentially involved in synthesis of immediate
precursors for 3-1,3-linked glucan, and another gene responsible for
3-1,3-glucan synthesis itself. These included a PGMase
(Thaps3_35878), which was predicted to be chloroplast-targeted, a pro-
tein with both PGMase and UGPase domains (Thaps3_262059) corre-
sponding to the enzyme characterized by Roessler [23], with no
predicted organellar targeting, and a {3-1,3-glucan synthase
(Thaps3_12695), which we will henceforth call the chrysolaminarin
synthase, with no clearly predicted organellar targeting. The presence
of the predicted chloroplast targeted PGMase and cytoplasmic
PGMase/UGPase indicates that glucose-1-phosphate can be generated
in either compartment (Fig. 1). In addition, three genes (Thaps3_3105,
262361, and 263937) involved in generating 3-1,6 linkages as are
found in chrysolaminarin were identified, as reported in Huang et al.
[25], these correspond to TSG1, TSG2, and TSG3 respectively in
P. tricornutum. Thaps3_263937 had predicted ER targeting, and
Thaps3_3105 and 262361 had predicted periplastid targeting due to a
reasonable ChloroP [33] score, however their homologs have been di-
rectly localized to the vacuolar membrane in P. tricornutum [25].
Periplastid targeting predictions are not very robust in diatoms [34],
which may explain the discrepancy.

Examination of the chrysolaminarin synthase gene sequence re-
vealed three groups of predicted transmembrane regions (Fig. 2), as
well as FKS and (3-1,3-glucan synthase domains. From the amino to-
wards the carboxyl terminus, the transmembrane regions consist of 7,
5-7, and 8-10 predicted individual transmembrane spanning segments
(Fig. 2). Comparison with the S. cerevisiae 3-1,3-glucan synthase indi-
cates that the diatom protein has an additional set of transmembrane
segments near the amino-terminus (Fig. 2). This portion of the se-
quence has no homologs, therefore its function is unknown. The FKS
and 3-1,3-glucan synthase domains are typical of fungal glucan
synthases [35]. Multiple protein alignment is consistent with the diatom
chrysolaminarin synthases being similar to fungal (-1,3-glucan
synthases, which are distinct from those in plants and green algae
(Fig. 3).

All three 3-1,6-glucan branching enzymes have KRE6 and SKN1 do-
mains (data not shown and [26]), which are characteristic of yeast
enzymes [36]. Interestingly, all three enzymes also encode a laminin G
domain, which are usually found in Ca?*-mediated receptors [37].
The function of this domain in an intracellular vacuole is unclear. The
fused PGMase/UGPase has homologs in stramenopiles, but BLAST
searching identified homologs to only the PGMase domain in plants
(data not shown), suggesting a gain in function through gene fusion
during evolutionary history.

3.2. Transcript-level changes of genes involved in chrysolaminarin
metabolism and chloroplast and cytoplasmic glycolysis

We mined a whole genome microarray dataset [19] to evaluate
transcript-level changes of genes involved in chrysolaminarin synthesis
and breakdown and cytoplasmic and chloroplast glycolysis/gluconeo-
genesis after a T. pseudonana culture was silicon starved (Fig. 1). Tran-
scripts for genes involved in the immediate precursor and
chrysolaminarin synthase and branching steps were all highly upregu-
lated by 4 h post silicon starvation (Fig.1, Table S1). Most cytoplasmic
and chloroplast glycolysis/gluconeogenesis gene transcripts were sig-
nificantly upregulated (greater than 2-fold). The data indicated upregu-
lation in the direction of gluconeogenesis in both compartments (Fig. 1,
Table S1), consistent with the flux of carbon towards chrysolaminarin
synthesis. Direct measurement of changes in soluble carbohydrate
(chrysolaminarin) levels upon transition of cells into silicon free
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medium (Fig. 4) indicated a substantial increase within 4 h, consistent
with the transcript data. To probe the response in relation to light levels,
we inoculated the same starter culture into two different conditions, in
one condition (LD) we inoculated silicon free medium at half the culture
density as the starter, in the other (HD) we inoculated at equal density.
Under both conditions, chrysolaminarin levels were induced by 4 h
(Fig. 4), indicating consistency in the initial chrysolaminarin storage re-
sponse. The lower density culture, which was exposed to higher light in-
tensity per cell because of less shading, accumulated on average about
1.5 x more chrysolaminarin than the high density culture.

Transcripts for a p-1,3-exoglucanase (Thaps3_13556) and 3-1,3-
endoglucanase (Thaps3_1554) were upregulated maximally between
8 and 12 h silicon limitation (Fig. 1, Table S1), consistent with
chrysolaminarin ~ breakdown.  Another (-1,3-endoglucanase
(Thaps3_35711) was substantially downregulated (Fig. 1, Table S1).
Both cytoplasmic PFKs at the unidirectional second bypass of glycolysis
became upregulated at 12 h (Fig. 1, Table S1), when TAG accumulation
was consistently induced [19]. Overall, the data are consistent with an
initial increase in chrysolaminarin storage within 4 h of silicon limita-
tion (Fig. 4), followed later at 12 h by breakdown of chrysolaminarin
(yet maintenance of overall chrysolaminarin levels) and increased accu-
mulation of storage lipid as TAG [19].

3.3. Knockdown of the 3-1,3-glucan synthase gene, and phenotypic effects

We generated antisense-based knockdown lines of Thaps3_12695 in
T. pseudonana in an attempt to reduce carbohydrate storage capability
and evaluate the resulting effects. Since an antibody was not available
to monitor protein levels for knockdown, and mRNA measurements
have proven unreliable for monitoring the extent of knockdown of

protein [38], we decided to screen four independent knockdown lines,
with the assumption that consistent and robust phenotypic differences
compared with wild-type would be indicative of reduced
chrysolaminarin synthase activity.

Examination of relative chrysolaminarin content by aniline blue
fluorescence microscopy [9] revealed substantially less at 24 h of silicon
limitation in transgenic line CS kd-1 than wild-type (Fig. 5). The reduc-
tion in chrysolaminarin content was quantitated using imaging flow cy-
tometry to evaluate all four knockdown lines relative to wild-type
(Fig. 6). All four lines accumulated less chrysolaminarin. Averaging all
together, the data indicate a 22% reduction in aniline blue fluorescence
during growth (0 h) and a 54% reduction after 24 h silicon limitation
(Fig. 6).

Comparison of growth rates and maximum cell density revealed
possible slight, but not statistically significant, reduced growth in the
knockdown lines compared with wild-type (Fig. 7). In terms of TAG ac-
cumulation, at different growth phases between wild-type and knock-
down lines no differences occurred at exponential (day 1) or early
stationary (day 3) phase, but a significant increase occurred (2.4-fold
averaging all 4 knockdown lines, p = 0.0006) in stationary phase at
day 5 (Fig. 8A). Comparison of TAG accumulation during silicon limita-
tion (Fig. 8B) showed that knockdown lines accumulated 2-4.7 fold
more TAG than wild-type by 24 h (mean of all four lines, 3.2 fold higher
than wild-type, p = 0.03), but by 48 h equivalent amounts of TAG had
accumulated (mean of transgenic lines, 1.01 fold higher than wild-
type, p = 0.93). The rate of TAG accumulation varied in knockdown
and wild-type lines; between 12 and 24 h, the knockdowns accumulat-
ed TAG 7.2-fold faster than wild-type, but between 24 and 48 h, wild-
type accumulated 1.7-fold faster than the knockdowns.

To evaluate whether chrysolaminarin synthase knockdowns affect-
ed photosynthetic efficiency, we measured Fv/Fm values of all knock-
down lines during exponential growth and after 24 h silicon limitation
(Fig. 9). No significant difference was measured during exponential
growth, but at 24 h silicon limitation, the knockdown lines had a slight
(1.12 fold) but statistically significantly higher (p = 0.0026), Fv/Fm
than wild-type (Fig. 9).

Aniline blue Chlorophyll

Merged

Wild type—

Fig. 5. Aniline blue fluorescence monitoring chrysolaminarin levels in wild type and
transgenic CSkd-1 knockdown cells. Exponentially grown wild type and CS kd-1
transgenic cells were placed into silicon-free medium for 24 h. Cells were stained with
aniline blue and relative fluorescence due to chrysolaminarin was visualized with a
fluorescence microscope.
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Fig. 6. Quantitation of aniline blue fluorescence in wild type and knockdown lines.
Samples were analyzed by imaging flow cytometry for relative fluorescence (RFU)
intensity. A) Individual lines measured at 0 and 24 h silicon limitation. B) Averages of all
four transgenic knockdown (kd) lines relative to wild-type.

4. Discussion
4.1. Characteristics of the chrysolaminarin synthase

Thaps3_12695, the chrysolaminarin synthase, has conserved do-
mains similar to fungal beta-1,3-glucan synthases (Fig. 2) and has the
greatest sequence similarity with those enzymes (Fig. 3). The protein
is predicted to contain an extra set of transmembrane spanning seg-
ments towards the C-terminus relative to the yeast enzyme (Fig. 2).
The function of these segments is unknown, they do not match se-
quences other than from diatoms in BLAST searches. Given that the
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Fig. 7. Growth of wild type and transgenic cells. Wild-type and transgenic Thaps3_12695-
knockdown cells were inoculated at 0.2 x 106 cells-ml~'. Cells were grown at 18 °C under
continuous light in artificial sea water (ASW). Growth was monitored by increase in
number of cells. Values are means + SE (n = 5).
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Fig. 8. Triacylglycerol (TAG) accumulation of wild type and knockdown lines. Relative
fluorescence (RFU) intensity of BODIPY fluorescence was measured by imaging flow
cytometry. A) TAG accumulation of individual lines at exponential (Exp.), early
stationary (Early Stat.) and stationary (Stat.) phase of culturing. B) Average TAG
accumulation of wild-type and transgenic lines. C) TAG accumulation of individual lines
during a time course of silicon starvation.

yeast beta-1,3-glucan synthase is localized to the plasma membrane,
but the diatom enzyme is presumably localized to the vacuole, it is rea-
sonable to assume that the extra transmembrane segments relate to ei-
ther targeting or functioning of the diatom enzyme in that location. No
clear targeting signal was identifiable by sequence analysis, but it is not
uncommon for proteins with membrane-spanning segments near the
N-terminus to mask the targeting sequence due to the hydrophobic na-
ture of the membrane-spanning segment.

4.2. Carbon flux processes leading to chrysolaminarin synthesis and
mobilization

The overall metabolic processes in our experiments can be summa-
rized by an initial storage of chrysolaminarin upon silicon starvation,
where levels increase two-fold by 4 h (Fig. 4), followed by TAG accumu-
lation, which reproducibly increases starting at 12 h [19]. During the
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Fig. 9. Fv/Fm in wild type and transgenic Thaps3_12695 knockdown cells. Data compare
exponentially growing wild type and transgenic cells with those starved for silicon for
24 h. Fv/Fm were analyzed in dark adapted cells.

TAG accumulation process, transcript data suggest that chrysolaminarin
is broken down and processed through cytoplasmic glycolysis (Fig. 1).
During this time, chrysolaminarin stores remain high, and are not de-
pleted throughout the time course (Fig. 4).

The initial increase in chrysolaminarin followed by subsequent mo-
bilization is similar to what was determined in pulse chase radiolabeling
experiments done during nitrogen limitation in the diatom Skeletonema
costatum. Label was incorporated to the extent of 85% into 3-1,3-glucan
within 4 h of nitrogen limitation, and amino acids became labeled later
during the chase period [17], suggesting initial rapid storage of fixed
carbon into carbohydrate followed by mobilization of carbohydrate
into biochemical intermediates. Work by Roessler [16] examined label-
ing of chrysolaminarin and lipid during silicon starvation in Cyclotella
cryptica, with apparently conflicting results. Initial pulse labeling indi-
cated a preferential partitioning of label into lipid and a decrease of
label into chrysolaminarin over time. However, a chase experiment in-
dicated a reduction of label in chrysolaminarin and an increase into
lipid, consistent with mobilization of the carbohydrate store into lipid.
This might be interpreted as an initial direct labeling of lipid, bypassing
the chrysolaminarin storage step, however, another possibility is that
chrysolaminarin levels were high to begin with, in which case the ability
to increase labeling of the chrysolaminarin pool could have been mini-
mal, and most label would appear in the lipid fraction. In the Roessler
study, in contrast to Granum and Myklestad [17] and our work, cultures
were bubbled with 1% CO,. We can speculate that increased carbon
input under these conditions could lead to an increased
chrysolaminarin level at the outset, however, since absolute
chrysolaminarin levels were not measured in the Roessler study, an un-
ambiguous resolution is not possible.

The transcriptomic data indicates that both chloroplast and cyto-
plasmic gluconeogenesis are induced by 4 h after silicon starvation
(Fig. 1). In the chloroplast, gluconeogenesis is likely the only direc-
tion of carbon flux because a chloroplast-targeted PFK at the second
bypass step is missing [39], preventing flux in the glycolytic direc-
tion. Many gluconeogenic steps in the chloroplast are also involved
in the Calvin-Benson cycle. We documented that RubisCO small
and large subunit transcripts are upregulated maximally at a later
time point and with a different pattern [19] than the induction of
transcripts for the gluconeogenic steps at 4 h (Fig. 1), thus the
gluconeogenic upregulation appears to be related to carbon flux
towards glucose-1-phosphate (G-1-P) in the chloroplast. The data
suggest that two different carbon compounds may be exported
from the chloroplast and eventually used for chrysolaminarin
synthesis, G-1-P generated by the chloroplast PGMase
(Thaps3_35878), and 3-phosphoglycerate (3PG), a direct product
of carbon fixation by RubisCO (Fig. 1). The latter is supported by a
recent flux analysis in P. tricornutum [40].

Questions to consider are: what are the relative fluxes of carbon
through chloroplast and cytoplasmic gluconeogenesis and do they
vary during the time course? Labeled flux analysis is required to directly
answer that question, which was beyond the scope of this study, but
there are relevant observations from the data on hand. We observed
that by averaging the responses of all upregulated transcripts, the rela-
tive expression pattern of the upregulated genes in the chloroplast and
cytoplasm were identical, with a precise ratio of 2:1, with the exception
of the 12 h time point, where the ratio was precisely 1:1 (Fig. 10). This
should not be interpreted as being indicative of the relative flux in
each compartment, however the exactness of the ratios indicates coor-
dinate control between compartments. Chrysolaminarin pools are es-
sentially filled by 8 h during Si starvation, and remain high for the
duration of the experiment (Fig. 4). Eight hours is when gluconeogenic
transcript levels decrease after the 4 h maximum (Fig. 10). Even though
transcript levels are reduced, they do not return to pre-starvation levels
(Fig. 10). We interpret this to suggest that after an initial filling of
chrysolaminarin pools to high levels, continued synthesis of
chrysolaminarin occurs as the pools are simultaneously depleted for
other processes. In our experiments, this specifically means fatty acid
synthesis, which particularly increases as TAG begins to accumulate at
12 h [19]. Because transcripts for both chloroplast and cytoplasmic gly-
colysis/gluconeogenesis remain upregulated after 12 h, with the same
ratio between them, this suggests that both pathways are still operating
after chrysolaminarin pools are filled, and that fatty acid synthesis in the
chloroplast does not affect gluconeogenic carbon flux in that organelle.
The reason for the relative downregulation of chloroplast transcripts at
12 his unclear, but it obviously correlates with the beginning of the pe-
riod of TAG accumulation.

Chrysolaminarin stores constitute a considerable portion of cell
mass, in our experiments between 5.8 and 23.4% of ash free dry weight
(AFDW - Fig. 4). By comparison, in a previous study fatty acids (mea-
sured as FAME) increased from 3.6-10.4% of AFDW during 24 h silicon
starvation [19]. In a different study using a gradual silicon starvation re-
gime [ 18], fatty acids accumulated up to 18%.

4.3. Effect of knockdowns

We used an antisense approach to knock down Thaps3_12695 ex-
pression. We previously documented no correlation between transcript
level changes generated by either antisense or RNAi knockdowns and
resulting protein levels - in some cases, increased transcript was pres-
ent in knockdown lines relative to wild-type, but substantial reduction
in protein levels occurred [38]. This could be due to translation-
inhibition effects of knockdown combined with an attempt by the cell
to compensate by increasing mRNA levels. Thus, monitoring transcript
levels in knockdown lines is not necessarily indicative of the extent of
protein knockdown. We lacked an antibody against the chrysolaminarin
synthase, which necessitated a phenotypic screen for reduced
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Fig. 10. Relative change in transcript levels averages over all upregulated chloroplast and
cytoplasmic genes during the time course of silicon starvation.
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chrysolaminarin in knockdown lines. The rationale behind this was that
if a consistent phenotype was observed in all knockdown lines, the phe-
notype would correlate with the genotype, which is conceptually simi-
lar to a classical genetic screen. Some variability, which we do observe,
should be expected based on insertion effects of the knockdown con-
struct into different genomic locations.

All four knockdown lines had reduced chrysolaminarin content (by
22% on average) relative to wild-type during growth, which was accen-
tuated to 54% after 24 h silicon starvation (Fig. 6). In terms of growth
rate (Fig. 7), three of the four lines appeared to have slightly less growth
during late exponential/early stationary phase, but these differences
were not statistically significant, therefore any effect was slight.

4.4. Relationship between growth and carbon storage

The data in Figs. 4, 7, and 8 indicate a relationship between growth
rate, chrysolaminarin and TAG levels, as well as the timing of growth
cessation under silicon starvation. The knockdowns had no effect on
TAG levels during exponential or early stationary phase growth, but
TAG was increased by 2.4-fold in stationary phase (Fig. 8). During silicon
starvation, there was no significant difference in TAG between the
knockdowns and wild-type except at 24 h, where 3.2-fold higher TAG
was present on average in the knockdown lines (Fig. 8). These data sug-
gest that the effect of chrysolaminarin levels on TAG accumulation is
triggered by growth cessation and is transient. The data suggest that a
tradeoff occurs comparing the knockdown lines with wild-type be-
tween the rate of generation of photosynthate relative to the ability to
store it in different forms. Even though chrysolaminarin storage could
occur over a longer period of time in the knockdown lines (which pre-
sumably have less chrysolaminarin synthesis activity), eventually catch-
ing up with wild-type, the rate of production of photosynthate outstrips
the ability to store that carbon as chrysolaminarin, and it is shuttled into
the alternative carbon storage form, TAG, more rapidly on the short
term. This is consistent with TAG accumulation being considered an
“overflow” mechanism that is dependent on chrysolaminarin levels,
and not the ability to store chrysolaminarin at a particular rate.

One question to address is whether the increased chrysolaminarin
content during growth cessation is due to less utilization of
chrysolaminarin, or increased flux of carbon into chrysolaminarin
stores. The induction of transcripts for chrysolaminarin synthesis in
wild-type during silicon starvation suggests an increased flux into stor-
age, suggesting that the cell is not maximizing storage carbohydrate
levels during growth. The effect of knockdown on chrysolaminarin
levels is greater under growth cessation relative to growth (Fig. 6),
which is also consistent with cells not maximizing chrysolaminarin
pools during growth. This may seem surprising, because energy and car-
bon demands for cell division might be expected to be high, and more
chrysolaminarin would need to be available during that time. An alter-
native explanation is that diatoms may not solely rely on storage carbo-
hydrate for growth processes (see below) and because energy and
carbon outlets are restricted during growth cessation, storing additional
carbon as chrysolaminarin (and eventually lipid) provides an energy,
reducing equivalent, and biochemical sink for photosynthesis, as has
been proposed in general for microalgae [41].

The Fv/Fm data (Fig. 9) suggest that accumulation of chrysolaminarin
has a slight negative effect on photosynthetic efficiency. If we consider the
hypothesis that chrysolaminarin stores serve as a sink for photosynthesis,
then increased stores should have a negative effect. This is based on the
generally observed correlation between chlorophyll fluorescence param-
eters and CO-, assimilation due to the direct use in known ratios of prod-
ucts of linear electron transport, ATP and NADPH, in photosynthetic
carbon assimilation [42].

The transient increase in TAG at 24 h in knockdown lines under sil-
icon starvation relative to wild-type can be explained as follows. TAG
accumulation does not occur until 12 h [19], therefore carbon flux into
TAG will be limited for both wild-type and knockdowns up until that

time. By 24 h, the reduced ability to store chrysolaminarin could en-
hance the rate of TAG accumulation in knockdown lines - less carbon
can be accommodated by the chrysolaminarin pools, which gets shut-
tled into TAG. During the subsequent 24 h, in wild-type and the knock-
downs equilibrium could be reached between carbon flux into and out
of chrysolaminarin pools. If we assume roughly similar amounts of pho-
tosynthate being produced over the entire 48 h period for both wild-
type and knockdowns, then the overall amount of TAG should become
similar once chrysolaminarin pools become equilibrated. Basically,
chrysolaminarin pools become saturated faster in the knockdowns
compared with wild-type and the excess available carbon is shuttled
into TAG earlier, but if over time, carbon fixation is similar between
the two, eventually TAG accumulation will be equivalent.

Similarities are found by comparing our data with knockdowns or
knockouts of the cytoplasmic UGPase/PGMase genes in P. tricornutum.
Zhu et al. [26] grew both antisense and RNAi knockdown lines under
12:12 L:D conditions. Unfortunately, the authors did not report at
what time of day measurements were made, but on average the knock-
down lines exhibited about a 3% reduction in growth rate, a 48% reduc-
tion in chrysolaminarin, and a 10% increase in total cellular lipids [26].
Experiments on a TALEN-based knockout line for the UGPase/PGMase
gene in P. tricornutum did not report on changes in chrysolaminarin
nor growth rate, but showed about a 3-fold increase in TAG under nitro-
gen starvation [27]. We see a similar slight reduction in growth rate and
generally similar reduction in chrysolaminarin content in the
chrysolaminarin synthase knockdown lines, with a transient 3-fold in-
crease in TAG at 24 h silicon starvation (Figs. 6-8). Thus, knockdown
of the two genes sequentially involved in chrysolaminarin synthesis re-
sult in consistent phenotypic effects.

4.5. Comparison with green algae

There is a general observation in diverse green algal species and also
diatoms that fixed carbon is processed through storage carbohydrate
first, followed by utilization of carbohydrate for TAG [16,43-45], but
the consequences of reducing carbohydrate storage in different algal
classes are quite different.

Starchless mutants of green algae have been observed to accumulate
higher levels of TAG under particular, but not all, nutrient limited condi-
tions [43,46-49]. In Chlamydomonas reinhardtii the sta6 mutant has a
defective ADP-glucose pyrophosphorylase (AGPase) which catalyzes a
similar step as UGPase in diatoms, generating the immediate precursor
for storage carbohydrate synthesis. The sta6 mutant grown under auto-
trophic conditions in continuous light with ambient levels of CO, had a
30% longer doubling time, about one-third less maximum culture densi-
ty, and dry cell weights 20-35% less than wild-type [48]. At stationary
phase, total reducing carbohydrate was 2-5 times lower than in wild-
type, but there were not significant increases in protein or lipid, indicat-
ing that repartitioning of carbon was not occurring. Thus, the sta6 muta-
tion impedes carbon assimilation into all biopolymers. In that study,
TAG accumulation only occurred in the presence of acetate. Photosyn-
thetic parameters (O, evolution, electron transport rate) were negative-
ly affected at higher light intensities in the mutant, non-photochemical
quenching was not. Sta6 had a slightly lower Fv/Fm, and exhibited at-
tenuated rates of NADPH re-oxidation because gluconeogenic carbon
flux towards starch synthesis was inhibited, with a corresponding accu-
mulation of metabolic intermediates [48].

The data on sta6 described in the previous paragraph was obtained
on cultures grown under ambient CO,, which resulted in no TAG accu-
mulation, however in another study when cultures were incubated
with 5% CO,, TAG accumulation occurred under nitrogen starvation
[49]. TAG accumulation initially occurred at a much faster rate in the
mutant, but towards the end of the experiment the rate in wild-type
was faster [49]. This is similar to our observation that TAG accumulation
in wild-type eventually caught up with the knockdowns (Fig. 8). The
growth rate of sta6 in acetate containing medium has been reported
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as equivalent to wild-type, and TAG accumulation also occurs with ace-
tate under nitrogen starvation [47-49].

A starchless mutant with an unknown genotype has been character-
ized in Scenedesmus obliquus [50]. Under autotrophic conditions, the
slm1 mutant grew less rapidly and to lower culture density and total
biomass than wild-type, and under nitrogen starvation, accumulated
TAG more rapidly but to similar maximum levels as wild-type, without
the need for acetate or CO, supplementation. In wild-type, TAG began
accumulating after starch began to be consumed. Fv/Fm in the mutant
was similar to or slightly higher than in wild-type. Thus, overall photo-
synthetic performance was not seriously altered, but there was an im-
proved partitioning of carbon towards TAG in the mutant. Comparison
with the sta6 mutant in C. reinhardtii suggests that the ability to parti-
tion carbon differs between the two species under autotrophic condi-
tions. The carbon partitioning differences, which are likely related to
the complement and intracellular location of carbon flux enzymes
and/or intercompartmental transport processes [3,39], may help define
what makes an oleaginous and non-oleaginous strain.

Comparison of the responses of chrysolaminarin knockdowns in
T. pseudonana with starchless mutants in C. reinhardtii and S. obliquus
raise questions about how carbohydrate storage in different cellular lo-
cations relates to photosynthesis, growth, and TAG accumulation. In
green algae, it has been proposed that the evolution of light harvesting
complexes (LHCs) which substituted for phycobilisomes from the orig-
inal cyanobacterial endosymbiont might have facilitated the return of
storage carbohydrate into the plastid due to the need for a plastidial
source of ATP at night for chlorophyll synthesis [51]. The downside of
this arrangement is that both gluconeogenic and glycolytic fluxes
would occur in the chloroplast, which could be considered inefficient
or require a higher degree of regulatory control if both processes
occur simultaneously. Green algae have addressed this issue by synthe-
sizing starch in the light, which consumes ATP and NADPH available
from photosynthesis processes, and then generally (but not exclusively)
breaking down starch in the dark to generate energy and reducing
equivalents. Consistent with this is the observation that transcript levels
and enzymatic activity for ADP-glucose pyrophosphorylase increase
during the daytime and decrease at night [52]. Thus, the gluconeogenic
and glycolytic processes are separated temporally. Green algae cultured
under light:dark conditions tend to not to divide in the light, but com-
monly divide shortly after the dark period begins [53-57]. Dark condi-
tions, or the application of the photosynthesis inhibitor DCMU,
increase starch degradation [55,58], indicating that the status of photo-
synthesis influences the net direction of carbon flux. Even when division
occurs in the light, energy required for mitosis results from starch
breakdown [53,59]. The starchless mutants for both C. reinhardtii and
S. obliquus exhibited poorer growth than wild-type, consistent with
the involvement of starch for generation of growth energy [48,50].

Because diatoms lack chloroplast targeted PFKs, net carbon flux in
that organelle must occur in the gluconeogenic direction. The
unidirectionality, as well as the location of carbohydrate storage outside
of the chloroplast, is likely to simplify the regulation of chloroplast car-
bon flux relative to green algae. One concept to consider relates to the
involvement of several gluconeogenic intermediates also participating
in the Calvin Benson cycle. In C. reinhardtii, blockage of starch storage
results in a buildup of these intermediates, which could negatively affect
carbon fixation [48]. A diatom would have the option of exporting G-1-P
from the chloroplast regardless of whether chrysolaminarin storage was
inhibited, and this export could act as an overflow valve if excess carbon
relative to Calvin Benson cycle needs was generated. It is therefore pos-
sible that negative feedback into the Calvin Benson cycle could be
minimized or avoided.

In contrast to the green algae, diatoms tend to divide during the light
period [60-65]. Under daylight conditions, it seems likely that energy
and carbon required for division can be met to a greater extent from
photosynthetic processes than to storage carbohydrate in a diatom.
Consistent with this, recent flux analysis suggests that 3PG is

preferentially exported over glucose-1-phosphate from the chloroplast
under autotrophic conditions in P. tricornutum [43]. Because ATP and
NAD(P)H is required for carbohydrate storage, daytime mitosis that re-
lies more directly on photosynthesis should reduce overall energy
drains on the cell related to the synthesis and breakdown of carbohy-
drate. The observation that chrysolaminarin pools are not maximized
during growth (Fig. 4) suggests that chrysolaminarin is not an exclusive
source for energy generation for cell division. Also consistent with these
concepts is an observation that cellular carbohydrate levels fluctuate
relatively little during diurnal cycles [66]. In contrast, in C. reinhardtii
starch levels have been documented to increase to a maximum until
the end of the light period [55,59]. Growth was not substantially
inhibited in our knockdown lines (Fig. 7), which could either suggest a
lesser reliance on carbohydrate stores for growth in diatoms, or a lesser
reduction of chrysolaminarin comparing our knockdown approach with
the knockout approaches used to generate starchless mutants [48,50].
Indeed, sta6 starch levels were below detectable limits, on the order of
0.1% of the wild-type starch content [52].

Considering the above discussion, the ease with which fatty acids
and TAG can accumulate should differ in relation to light and dark pe-
riods in the different classes of microalgae. In C. reinhardtii, net break-
down of starch occurs at night, suggesting that fatty acid synthesis
and TAG accumulation could preferentially occur then. That is consis-
tent with nighttime division, fatty acids for membrane lipids for daugh-
ter cells would have to be synthesized for mitosis. The drawback of
performing FA and TAG synthesis at night is the lack of incoming energy
from photosynthesis, which may suggest a greater reliance on carbohy-
drate, which would translate into a need for higher carbohydrate levels
as starch being stored in green algae. Comparing cellular starch levels
under nitrogen limitation in C. reinhardtii [58] with chrysolaminarin
levels under silicon starvation in T. pseudonana (Fig. 4), indicates on
the order of 17.7 fold higher carbohydrate per cell by weight in
C. reinhardtii, or in terms of percent of cell weight, storage carbohydrate
constitutes 23.4% in the diatom (Fig. 4) and 49% in C. reinhardtii [58,67].

Our data suggest that reduction of chrysolaminarin storage in
T. pseudonana can result in increases in TAG accumulation, but these
may be transient (Fig. 8). If similar results hold for strains of diatoms
being considered for lipid-based biofuel production, then choosing an
appropriate time to harvest will be essential to maximize yields.

The presented data examine the processes of carbon flux relative to
chrysolaminarin storage in a diatom, and the effects of reducing
chrysolaminarin storage on growth and TAG accumulation. The appar-
ent lesser reliance on storage carbohydrate for energy generation dur-
ing cell division, as suggested in this and other studies [40], may
provide clues for the generally high productivity of diatoms.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.algal.2017.01.010.
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