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Summary

¢ Diatoms are a highly successful group of phytoplankton, well adapted also to oligotrophic
environments and capable of handling nutrient fluctuations in the ocean, particularly nitrate.
The presence of a large vacuole is an important trait contributing to their adaptive features. It
confers diatoms the ability to accumulate and store nutrients, such as nitrate, when they are
abundant outside and then to reallocate them into the cytosol to meet deficiencies, in a pro-
cess called luxury uptake.

¢ The molecular mechanisms that regulate these nitrate fluxes are still not known in diatoms.
In this work, we provide new insights into the function of Phaeodactylum tricornutum NPF1,
a putative low-affinity nitrate transporter. To accomplish this, we generated overexpressing
strains and CRISPR/Cas9 loss-of-function mutants.

® Microscopy observations confirmed predictions that PtNPF1 is localized on the vacuole
membrane. Furthermore, functional characterizations performed on knock-out mutants
revealed a transient growth delay phenotype linked to altered nitrate uptake.

o Together, these results allowed us to hypothesize that PtNPF1 is presumably involved in
modulating intracellular nitrogen fluxes, managing intracellular nutrient availability. This abil-
ity might allow diatoms to fine-tune the assimilation, storage and reallocation of nitrate, con-

ferring them a strong advantage in oligotrophic environments.

Introduction

The variation of nutrient availability due to factors such as depth,
turbulence and tides plays a crucial role in the functioning of
highly dynamic marine ecosystems (Tuerena et al., 2019; Tsut-
sumi ez al., 2020). Nutrient scarcity acts as a selective pressure for
all living organisms and a flexible and highly regulated balance
between environmental and intracellular nutrients allows to han-
dle nutrient variability (Efeyan ez al, 2015).

In scenarios of intermittent availability, diatoms, unicellular
photosynthetic organisms that represent one of the most diverse
groups of phytoplankton, own an adaptive feature which gives
them an ecological advantage. This solution is represented by
nutrient storage capacity (Kooistra ez al, 2007; Behrenfeld
et al., 2021). In particular, nitrate (NO3 ) in excess, taken up in
response to immediate nutritional demands, can be accumulated
inside the cell during favourable periods, a phenomenon also
called ‘luxury uptake’, and can be reallocated and assimilated
when environmental NO3™ is scarce, spatially confined or tem-
porarily unavailable (Shebanova er al., 2017; Wang et al., 2019;
Behrenfeld ez al., 2021). This ability confers diatoms a particu-
larly useful trait in fluctuating and oligotrophic environments
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(Stief ez al., 2022). For example, in dark and anoxic conditions,
some diatoms can consume 84-87% of their intracellular NO3 ™
pool within 1 day through the Dissimilatory NO3~ Reduction to
Ammonium (NH,"), an anaerobic respiration process used by
many microbes to enter a resting stage for long-term survival
(Kamp ez al., 2011).

However, accumulation of nutrients such as NO3™ in the
directly bioavailable form is not possible, as their high levels can
be toxic in the cytoplasm (Gerasimaité ez al., 2014; Shebanova
et al., 2017). For this reason, diatoms take up and store NO3™ in
the vacuole. In fact, they host large internal vacuoles that act as a
nutrient storage site, similar to higher plants (Kooistra
et al., 2007; Behrenfeld er al, 2021). When NO;~ uptake
exceeds immediate nutritional demands, it can be accumulated
inside the vacuole, reaching concentrations of up to 100 mM,
several orders of magnitude higher than ambient NO3~ concen-
trations (Kamp ez 4/, 2011).

Vacuoles are membrane-bound organelles that contain inor-
ganic ions and organic compounds. Their morphology and bio-
chemistry, as well as the materials they store, vary greatly
depending on the cell type and stage (Noguchi & Hayashi, 2014).

The vacuolar membrane, also called tonoplast, contains transport
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proteins with different functions, which are often considered key
players in mechanisms of molecules storage in and release from
the vacuolar environment (Behrenfeld e 4/, 2021).

The mechanisms controlling the vacuole functioning in dia-
toms are still poorly known, and also the function of many pro-
teins localized on the tonoplast needs to be characterized.

Recent genomic and genetic developments have enabled the
identification and functional characterization of few vacuolar
proteins in diatoms. Huang e 2l (2016) found two 1,6-B-
transglycosylases responsible for synthesizing and transporting
chrysolaminarin, the main storage carbohydrate of diatoms,
located on the tonoplast. Dell’Aquila ez 2/. (2020) discovered that
the vacuolar transport chaperone complex localizes on the tono-
plast, suggesting a possible role in phosphorus influx/efflux in the
diatom vacuole, but does not relocate from the nuclear envelo-
pe/endoplasmic reticulum to the vacuole during phosphate lim-
itation, as shown before in plants. However, many other vacuolar
transporters are still considered orphan proteins.

The diatom putative low-affinitcy NO; ™~ transporters NPFs
(diNPFs) have proven to be a very diverse and interesting class of
transporters. Phylogenetic analyses reveal that they diverge into
two clades, and 25% of diNPFs, all belonging to Clade II, were
predicted to be tonoplast-located (Santin ez al., 2021).

Here, we provide new insights into diNPFs Clade II and on
their role within cellular metabolism. To our knowledge, this is
the first characterization of a member of this gene family in dia-
toms. For this purpose, Phaeodactylum tricornutum was chosen as
model organism. This pennate diatom is well-characterized in
terms of functional genomics, and many innovative genomic and
genetic resources became recently available, such as the CRISPR/-
Cas9 genome editing technology (Nymark ez al., 2016; Russo
et al., 2022). Phaeodactylum tricornutum owns two diNPFs, of
which one, PtNPF1, belongs to Clade II (Santin ez al.,, 2021).

By conducting molecular and functional genetic analyses, we pro-
vide support to the hypothesis that the P#NPFI gene could be
involved in regulating N dynamics in diatom cells, helping to explain
the unique ability and plasticity of these successful microalgae to
store and reallocate intracellular N in response to variable conditions.

Materials and Methods

Phaeodactylum tricornutum culture conditions

An axenic culture of P. tricornutum Bohlin, CCMP 632, was
obtained from the Provasoli-Guillard National Centre for Cul-
ture of Marine Phytoplankton. The culture was maintained in
F/2 medium without silica (Guillard, 1975), at 18°C and white
light of 90 pmol photons m™*s™" was provided at a 12h: 12 h,
light : dark cycle.

In silico prediction of PtNPF1 vacuole targeting

Fimo v.5.4.1 (https://meme-suite.org/meme/tools/fimo) was used
to search in the PtINPF1 sequence the conserved motif [D/E]
XXXL[L/T] for vacuole localization previously identified by Boni-
facino & Traub (2003).
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Generation of PtNPF1 overexpressing lines

The full-length PeNPFI gene (Phatr3_J47148) coding sequence
was fused to the YFP gene at its 5’ end or with GFP gene at its 3/
end. The two constructs were generated using the Gibson assem-
bly method (Gibson ez al, 2009, 2010) following the manufac-
turer’s instructions. For PtNPFI-YFP, the PtLhcf2pProvoAyfp
plasmid (Russo er al, 2023), containing the Light Harvesting
Complex protein family F2 promoter (Lhcf2p), was used as back-
bone, for PtGFP-NPFI, the PmH4pH4N-GFP plasmid (Saba-
tino et al, 2015), containing the Pseudo-nitzschia multistriata
histone H4 promoter (PmH4p), was used as backbone.

Details of oligonucleotides are listed in Supporting Informa-
tion Table S1.

P. tricornutum cells were transformed with a two-vector system
as reported by Falciatore ez al. (1999). Transformed cells were
tested for the presence of the transgene by colony PCR (see
Table S1 for primer sequences).

Confocal microscopy and morphological parameters
analyses

Subcellular localization analysis was performed using a Leica SP8 X
confocal laser-scanning microscope, using the HC PL APO CS2
63X/1.20 water objective. Chlorophyll # autofluorescence was
excited at 554 nm and detected at 650-741 nm. YFP/GFP fluores-
cence was excited at 488 nm and detected at 500-562 nm. Vacuoles
in P wicornuum wild-type (WT) and knock-out strains were
detected using a green fluorescent vacuolar membrane marker
MDY-64 as described by Huang ez al. (2016). Cells were visualized
by excitation at 451 nm and detection at 490-562 nm. For each cell,
the number of vacuoles was counted and their area was measured
using IMAGE] (Fyi; Schindelin er af, 2012). The ratio between the
total area of vacuoles and the total area of the cell was calculated.

Generation of PtNPF1 knock-out mutants

Guide RNAs (gRNAs) were obtained using the CRISPOR tool
(htep://crispor.gi.ucsc.edu/) (Haeussler ez al., 2016), based on the
Moreno-Mateos score and allowing the prediction of specific
genomic sites along with the exclusion of predictable off-targets.
The two crRNA sequences designed on PeNPFI (gNPF1_a and
gNPF1_b) cover the 715%-1 124th—bp region of the P:NPFI
gene, which corresponds to the 238"-374"-aa region of the
PtNPF1 protein sequence, including four transmembrane helices
(Fig. Sla; Table S1). The crRNAs on the selective gene PtAPT
were chosen from Serif er al. (2018; Table S1). Duplexes of
designed crRNAs and universal tracrRNA were prepared follow-
ing the manufacturer’s instructions. [z vitro CRISPR-Cas9 ribo-
nucleoprotein (RNP) cleavage assay was performed as described
in Russo er al. (2022; Fig. S1b). Ribonucleoprotein complexes
were assembled following Serif ez 4l (2018) and delivered to
wild-type cells by particle bombardment (Falciatore ez 4/, 1999).

Transformed colonies and four WT colonies were picked and
lysed as described in Daboussi et /. (2014) and genotyped using
Sanger sequencing (see Table S1 for primer sequences).
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N starvation and repletion experiment

Phacodactylum tricornutum W'T and knock-out lines growing axeni-
cally to mid-exponential phase were diluted to 2 x 10° cells ml™"
and transferred in F/2 medium without silica with 50 uM NaNOj
for 4 d and then resupplied with 882 pM NaNO3. The same experi-
ment was performed by repleting cells with 882 pM NH,CI or
882 UM urea as alternative N sources. Moreover, cells were starved
with no P and then resupplied with 36 WM NaH,PO4H,0. Each
condition was set up in triplicate. The cell concentration was evalu-
ated through 7% vive chlorophyll  fluorescence, a proxy for growth,
measured through a multifunctional monochromator-based micro-
plate reader (Infinite™ M1000 Pro; Tecan, Palm Springs, CA,
USA), and confirmed through the flow cytometer BD FACSVerse™
(BD Biosciences, San Jose, CA, USA).

To analyse extra- and intracellular NO3 ™ pools, 4 x 107 cells
were filtered and NO;~ content was extracted according to
McCarthy et 4l (2017). NO3™ in the extract and in the filtrate was
measured by UV spectrophotometry (Cary 100 UV-Vis spectro-
photometer — Varian Inc., Cary, NC, USA, single-beam spectro-
photometer) at a wavelength of 220 nm, and correlated to a NO5™~
standard curve (NO;™ concentrations from 5 to 800 UM in N-free
F/2 medium), according to McCarthy ez al. (2017).

For gene expression analyses, cells were collected at four time
points: at the mid-exponential phase at the beginning of the
experiment (Day 0 in the graphs), after 4 d of growth in NO3™
starvation (Day 4), after 1 (Day 5) and 3 (Day 7) days after
NOj™ repletion.

To determine whether there were significant differences
between the different strains and during time, a two-way
ANOVA with Tukey’s multiple comparison test was performed,
and statistics for time, strain and interaction were recorded. Sta-
tistics was performed using GRAPHPAD PRISM v.6.0.

RNA extraction and gPCR

RNA extraction and gene expression analysis were performed as
described in Santin er al. (2021). Fold changes were obtained
with the Relative Expression Software Tool-Multiple Condition
Solver (REST-MCS; Pfaffl ez 4/, 2002), and values above £2
were considered significant (see Table S1 for primer sequences).

Results

PtNPF1 subcellular localization

In both higher plants and diatoms, a conserved di-leucine-based
motif, [D/E] XXX L[L/I] (Bonifacino & Traub, 2003), has been
identified as being involved in the localization to the tonoplast
(Park et al., 2013; Schreiber et al., 2017). PtNPF1 contains the
residues [EHAPLL] at the N-terminus, from the amino acid 16
to 21 (Fig. S2).

In order to experimentally confirm the PtNPF1 subcellular
localization, a N-terminal green fluorescent protein (GFP) and a
C-terminal yellow fluorescent protein (YFP) fused to PtNPF1
(P(NPF1-YFP  and GFP-PINPF1)  were expressed in

New Phytologist (2024) 241: 15921604
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P. tricornutum cells. A total of 60% of the transformant clones
showed the whole PtNPFI-YFP cassette insertion (Fig. S3). For
two of these, PtNPFI-YFP overexpressing (OE) clones 4 and 9,
the PrNPFI gene expression levels were measured: OE 4 showed
a 5.12 + 0.27-fold increase, while OE 9 showed a 4.21 +0.21-
fold increase, compared with WT (Fig. 1a).

As shown in Fig. 1(b), confocal imaging confirmed PtNPF1
tonoplast localization. This localization pattern was observed in
independent PtNPFI-YFP and GFP-PtNPFI OE
(Figs 1b, S4b). Wild-type cells were stained with the tonoplast
marker MDY-64 as control, to confirm localization (Huang
er al., 2018; Fig. 1c), because similar emission wavelengths did
not allow co-localization between the fluorescent tag and MDY-
64 staining.

Preliminary experiments to assess PENPF1 capability to trans-

strains

port NO;3™ in a heterologous system were not conclusive (Meth-

ods S1; Fig. S5).

Vacuole morphology in N starvation and different N
sources

Phaceodactylum  tricornutum holds vacuolar-like structures com-
parable to plants. In particular, cells own two or more vacuoles,
higher is their number smaller is their size, covering around half
of the total cellular area (Fig. 2; Table S2). To test whether
NOj~ availability had a role in vacuole dynamics, the size and
the number of the vacuoles in P. wricornutum WT cells grown,
respectively, in normal and low NO3;™ concentrations (882 and
50 uM) for 4d were examined, as well as the ratio between
vacuole and total cell areas. The number of vacuoles did not vary
between the two different growth conditions, with values of
3.48 + 1.74 in normal conditions and 3.69 £ 1.40 in N starva-
tion (P=0.6137; Fig. 2¢). Similarly, the ratio between vacuole
and total cell areas did not significantly change, with ¢. 54% £ 9
of the cell volume occupied by vacuoles in normal conditions
and ¢. 58% = 13 in N starvation (P=0.1204; Figs 2f, S6). How-
ever, intracellular NO3™ content showed a significant reduction
from 1.23 +0.04 pg per cell in normal conditions to 0.42 +
0.07 pg per cell in N starvation condition, consistent with the cel-
lular consumption (P<0.001; Fig. 2g).

Intracellular NO3™ content strongly represents vacuolar NO3 ™~
content. Since high NO3™ levels are toxic in the cytoplasm
(Gerasimaité et al, 2014; Shebanova et al., 2017), NO3~ taken
up from the environment is quickly assimilated and converted to
nitrite (NO, ") by an efficient nitrate reductase (McCarthy ez 4/,
2017) or stored into the vacuole (Kooistra et al., 2007; Behren-
feld et al., 2021; Stief et al., 2022).

The intracellular NO3~ content of P. #ricornutum WT was
also measured in cells grown in the presence of NH," as an alter-
native N source in the medium, to evaluate the preference of P.
tricornutum for N sources utilization. In particular, cells growing
until the exponential phase in normal medium supplemented
with NO3~, were shifted in NO; ™, as control, and in NH," for
4d. The intracellular NO;~ concentration did not change
between the two environmental conditions, suggesting that cells
preferred to uptake N from the external environment when
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Fig. 1 Subcellular localization of PtNPF1 in overexpressing (OE) strains. (a) PENPF1 relative gene expression levels of Phaeodactylum tricornutum OE
strains 4 and 9, compared with wild-type (WT) set as zero. Error bars represent the standard deviation of three technical replicates of two biological repli-
cates. (b) Subcellular localization of the PtNPF1-YFP fusion protein in P. tricornutum, observed through confocal microscopy. From left to right: bright field
images in grey, chlorophyll a fluorescence in red, YFP fluorescence in green and the merged image. Bar, 5 um. (c) P. tricornutum WT cells stained with the
vacuole tracker MDY-64. Merged image showing chlorophyll a in red and MDY-64 fluorescence in cyan. Bar, 5 pm.

available, regardless of the source, while maintaining intracellular

N stored (Figs 2h, §7).

Ptnpf1 knock-out phenotype in response to N repletion

In order to investigate the physiological function of P:NPFI,
Ptnpf1 knock-out mutants were generated by using an optimized
CRISPR/Cas9 gene editing system (Serif ¢t al, 2018; Russo
et al., 2022). Two independent Pmpfl knock-out strains (KO
2.8 and KO 2.9), showing frameshift mutations, were selected
and sequenced: KO 2.8 bears an insertion of 214-bp and a dele-
tion of 403 bp on the two alleles, respectively, while KO 2.9 pre-
sents two deletions of 403 and 650 bp (Figs 3a,b, S8). Mutations
of both KO clones caused frameshifts and/or stop codon inser-
tion. These mutations resulted in the production of truncated
proteins lacking transmembrane helices which, as a consequence,
are unable to fold and function correctly (Figs 3¢,d, S8).

To assess the physiological effects of PtINPFI knock-out in P.
tricornutum, a series of experiments were conducted utilizing WT
strain and the KO mutants 2.8 and 2.9, together with a PtNPFI-
YFP OE strains.

Different P. tricornutum strains were grown in the presence of
different NO3™ concentrations (882 and 50 uM) and different N
sources (882 uM NO;~, 882 uM NH," and 882 uM urea), and
in accordance with Santin er /. (2021), no growth differences
were observed in the analysed strains (Fig. S9), suggesting that
PtNPF1 is not directly involved in the uptake of NO3;™ from

the external environment into the cell. Furthermore, vacuole

© 2023 The Authors
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morphology was studied in P. #icornutum WT, PtNPFI OE
strains and Pmpf! knock-out mutants grown under normal and
N-starved conditions. However, no differences in vacuole num-
ber or size were detected between the WT and mutant strains,
regardless of the growth conditions (Fig. S6). In addition, the
same response of WT to NH," as an alternative N source was
observed in P. mricornusum transgenic lines (Fig. §7).

The phenotypical response to a N starvation and repletion
experimental condition was compared in WT and PempfT knock-
out strains. After 4 d of growth in a medium with 50 pM NO; ™,
WT and Pmpfl mutants were supplemented with 882 pM
NO; ™. No growth differences were observed between different
strains during N starvation, whereas after NO3 ™ repletion, both
KO 2.8 and 2.9 showed a growth delay compared with WT
(Fig. 4a,c).

This response is specific to the two analysed Prmpfl knock-out
mutants. Notably, PINPF1 OE strains and a control knock-out-
for a different gene (Fig. S10a—e), generated using the same tech-
nique but with a different gene as rtarget, did not exhibit any
altered phenotype and behave similarly to the WT strain. This
suggests that the observed phenotype is directly associated with
the disruption of the gene of interest, rather than being an artifact
of the genetic technique employed or the alteration of the PtAPT
selection gene.

Moreover, to explain the growth delay of knock-out mutants,
extra- and intracellular NOj;~ was measured. Results shown in
Fig. 4(d,e) highlighted a clear-cut reduction in external NO3™~
concentration and a slower increase in the intracellular NO5™
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Fig.2 Morphological parameters and
intracellular NO3™ content of Phaeodactylum
tricornutum wild-type cells in the presence of
different N concentrations and sources. (a—d)
P. tricornutum observed through confocal
microscope after 4 d under normal N (a) and
(b), and N starvation conditions (c, d).
Merged images showing chlorophyll a in red
and tonoplast tracker MDY-64 in cyan. Bar,
5 um. (e) Number of vacuoles and (f) ratio
between total vacuole area and total cellular
area. The values are shown as mean + SD

(N = see Supporting Information Table S2).
(g) Intracellular NO3™ content in P.

0.5- 0.54 tricornutum cells grown under normal N and
I N starvation conditions. (h) Intracellular
NOs™ contentin P. tricornutum cells grown
0.0 in NO3~ and NH," as alternative N sources in
& & & QE* the medium. The values are shown as
(\5\“ C{b“ S 3 mean + SD (n = 3 biological replicates
\o° F g analysed for intracellular NO3 ™~ content per
0&@ < each condition). *, P<0.001 resulting from
= the one-way ANOVA performed.
(a) Resistant clones (c)
r ' S & peverizwt  — D
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Fig. 3 Screening of Ptnpf1 knock-out mutants. (a) Agarose gels showing the PCR screening of the PENPF1 gene on Phaeodactylum tricornutum wild-type
(WT) and transformed cells positive to selection, M represents the molecular marker. (b) gRNAs designed on PtNPF1 gene sequence (yellow boxes on the
blue bar) and correspondence to transmembrane helices in folded PtNPF1 protein. In the bottom panel, blue dots indicate transmembrane helices included

between gRNAs corresponding regions, represented by orange dots. TMHs indicate transmembrane helices. (c) P. tricornutum WT and knock-out mutants

representation of Cas9 different cuts: KO 2.8 and 2.9 insertions and deletions on both alleles shown, respectively, in grey boxes and grey dotted lines.
(d) Models of the PtNPF1 WT protein structure and of the truncated proteins in KO 2.8 and 2.9, resulting from mutations on both alleles. Smaller yellow,
red and dark blue dots represents specific amino acids, respectively cysteines, aspartic/glutamic acids and arginines/lysines.
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content in both the KO stains as compared to WT at 5d after
the transfer (Fig. 4d,e). In addition, the internal NO;™ content
stabilized at a higher level than the control. It is worth noting that
the final difference in the internal stock between the mutants and
the controls remained the same as observed in the initial condi-
tions. Furthermore, for all the strains, this difference was practi-
cally equal to that of initial repleted conditions (Fig. 4e).

Other starvation and repletion experiments were performed,
using P, NH4" or urea as alternative nutrients. Results showed no
growth differences between the strains after P starvation and
repletion (Fig. 5b). Interestingly, a growth phenotype similar to
NOj" starvation and repletion (Fig. 5a) was observed in Pempf]
knock-out mutants when NH," or urea were added instead of
NOj;™ during the repletion phase (Fig. 5c,d). These findings sug-
gest a N-specific response that is not dependent on the environ-
mental N source.

In order to find a mechanistic model for explaining the N-
related growth delay, we analysed the expression profiles of a
number of selected genes in response to the N starvation and
repletion conditions in WT and mutated genetic backgrounds.
The expression of another member of the NPF family, PrNPF2,
did not significantly vary between different strains and over time,
both in WT and in Pmpfl knock-out strains (Fig. 6a). This

means that the absence of one of the PtINPFs is not compensated

Research

by an alteration of the expression levels of the other one, suggest-
ing no redundancy between the two PtNPF genes. Also, the
expression levels of the PtCLC3 gene, encoding for a putative
vacuolar chloride channel, displayed no differences between
strains during the NOj~ starvation and repletion treatments
(Fig. 6b).

Moreover, the expression levels of predicted high-affinity
NO;™~ transporters (PtINRT2s) were evaluated. Two out of the
three PtNRT2s predicted to the tonoplast, Pt40691 and Pt2171
(Table S3), did not show significant differences in the expression
profiles between different strains (Fig. 6d,e). Interestingly, the
tonoplast-predicted Pt54560 (Table S3) showed a progressive,
significant induction in both WT and mutant strains during the
N starvation treatment with a peak of expression at d4, but a fas-
ter decrease in the fold-change expression was then observed in
WT, as compared to mutant cells that maintained high expres-
sion levels up to d5 (Fig. 6¢). The same profile was observed for
two out of three PtINRT2s predicted to the plasma membrane,
Pt26029 and Pt54101 (Table S3), progressively upregulated in
all strains at d4, and then showing a faster reduction in expression
levels in WT that was not observed in KO mutants after N reple-
tion at d5 (Fig. 6f,g). Pt2032, predicted to the plasma membrane
(Table S3), did not show significant differences between strains
over time (Fig. 6h).
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Fig. 4 Growth phenotype in P. tricornutum wild-type (WT) and Ptnpf1 knock-out mutants. (a) Cell concentration, (b) natural logarithm of growth curves
and (c) measurement of in vivo chlorophyll a autofluorescence, providing a proxy for growth, for the WT, KO 2.8 and 2.9 knock-out mutants and one
OE4 overexpressing strain (d) Extracellular NO3™ removed from the media by WT and Ptnpf1 knock-out cells measured by UV spectrophotometry.

(e) Intracellular NO3 ™ extracted from cells and measured by UV spectrophotometry. The blue arrow indicates the NO3 ™~ repletion day. The values are
shown as mean + SD (n = 3 biological replicates). *, P<0.05; **, P<0.01; *** P<0.001 resulting from the two-way ANOVA performed.
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In addition, the profiles of expression of the nitrate reductase
PtNR and the nitrite transporter PtINARI displayed no differ-
ences between strains during the NO;3 ™ depletion/repletion treat-
ments (Fig. 6i,j). These results suggested a specific cross-talk
between PtNPFI and the high-affinity NO3 ™ transporters in reg-
ulating the intracellular reallocation of the nutrient.

Discussion

There are several evidences that diatoms can effectively respond
to variations in nutrient availability, especially in dissolved inor-
ganic nitrogen (DIN; Rosenwasser er al, 2014; Smith ez al.,
2019).

During periods of nonlimiting N availability, diatoms accu-
mulate in the vacuole mainly NO3™, as a consequence of luxury
uptake, and then, in response to N deficiency, they allow NO3™
to be newly available for the cell metabolism (Lomas & Glib-
ert, 2000; Stief er al, 2013; Bender et al, 2014). This seems to
be one of the adaptive roles of the vacuole in diatoms (Kooistra
et al., 2007), similar to other organisms like plants (He ez 4l,
2017). However, the mechanisms and the regulation of NO3™
trafficking between vacuole and cytosol remain still elusive in
diatoms.

The presence of putative low-affinicy NO3 ™ transporters in addi-
tion to high-affinity transporters for NH4" and NO3 ™, which are
more suited for the typical N concentrations present in the ocean,
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P<0.05; **, P<0.01; *** P<0.001
resulting from the two-way ANOVA
performed.

raises several questions on their location and function. NH," trans-
porters (AMT) are all predicted to be plasma membrane-located
(Busseni ez al, 2019), while both NO3~ transporters families
(NRT2s and NPFs) are predicted to be distributed in the plasma
membrane as well as in other cellular compartments, including
tonoplast (Rogato ez al, 2015; Santin ez al., 2021).

In this study, we have analysed in detail localization and puta-
tive functions of one of the two predicted low-affinity NO5™
transporters, named PtNPF1, using P. tricornutum as model dia-
tom. PtNPF1 belongs to Clade II diNPFs, evolutionary and
structurally close to higher plant NPFs (Santin ez al., 2021).

A vacuole targeting motif was identified in PONPF1 amino
acid sequence and localization analyses confirmed that the pro-
tein resides in the tonoplast (Fig. 1), the membrane which med-
iates the transport of various ions and metabolites between the
vacuole and cytosol. First, we analysed the response of
the vacuole as a whole to NO3™ variations, by performing a
microscopic analysis of the P. tricornutum vacuole morphology in
response to N starvation and, differently to what was recently
reported in response to phosphate deprivation (Dell’Aquila
et al., 2020), we did not observe differences in P. tricornutum
vacuole, neither in number nor in size (Fig. 2a—f). Concomi-
tantly, the intracellular NO;~ content, mainly stored in the
vacuole, dramatically decreased after the N starvation treatment
(Fig. 2g), suggesting that the nutrient is reallocated through the
efflux in the cytosol and assimilated.
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Fig. 6 Relative expression levels of genes involved in N transport and metabolism in Phaeodactylum tricornutum wild-type (WT) and Ptnpf1 knock-out mutant
KO 2.9 strains during N starvation and repletion experiment. dO represents the beginning of the growth curve in N starvation, d4 indicates 4 d of N starvation,
d5 1d from N repletion and d7 3 d from N repletion. WT at dO was set as reference condition, so as zero. The values are shown as mean =+ SD (three technical
replicates for n =2 biological replicates). Values above +2 were considered significant. (a) PENPF2: another putative low-affinity NO3 ™ transporter; (b) PtCLC3:
putative vacuolar chloride channel; (c) Pt54560, (d) Pt40691 and (e) Pt2171: putative vacuolar (vac) high-affinity NO3™ transporters; (f) Pt26029, (g) Pt54101
and (h) Pt2032: putative plasma membrane (pm) high-affinity NO3 ™~ transporters; (i) PENR: NOs ™ reductase; (j) PENART: NO, ™ transporter.

Since morphology is not affected, one possibility is that the
changes in intracellular NO3 ™ content, mainly vacuolar, lead to a
different texture or biochemical composition of the vacuole
(McCarthy ez al., 2017; Raven & Beardall, 2022), not detectable
with confocal microscopy. In fact, the vacuole represents approxi-
mately half of the cell volume, and it also plays a critical role in
osmotic regulation, predator defence and buoyancy control (Beh-
renfeld et al, 2021). Therefore, a chemical modification rather
than changes in vacuole size and number can be the consequence
of a self-regulatory programme aimed to respond efficiently to

© 2023 The Authors
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sudden variation of nutritional demands (Raven & Beardall,
2022).

We also tested whether the cells supplied with NH," would
elicit different responses in cellular DIN handling. It is energeti-
cally favourable for diatoms to meet their N requirements from
NH," over NO;~, as the first is in the correct oxidation state for
subsequent incorporation into nucleic acids, amino acids and
proteins (Dortch, 1982; Dortch et 4/, 1985). For this reason,
among various inorganic N species, NHy4" is preferably taken up
and directly consumed by phytoplankton (Mikaelyan er al,
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2015). However, many diatoms use a disproportionate fraction
of total N as NO; ™~ even when NH," is available in excess, reason
why they are called NO;3™ opportunists (Lomas & Glibert, 2000;
Glibert et al, 2016). We observed that, when NH," rather than
NOj3™ is given from the external environment, diatoms prefer to
take it up from the medium while maintaining intracellular N
stored so that intracellular NO3™ does not vary in this condition
(Fig. 2h). This supports the hypothesis that an equilibrium
can be reached through co-provision of both NH4" and NO;~
(Glibert ez al., 2016), whose fine regulation can act in a synergis-
tic way to induce growth. The capability of diatoms to cope not
only with different N concentrations but also with different N
sources, gives them an important advantage in their ecological
niche and in the context of a changing world, dominated by dif-
ferent N forms enriching seawater through anthropogenic activ-
ities (Glibert ez al., 2016).

Anyhow, our hypothesis is that PEINPF1, in response to N star-
vation, plays a role in the re-mobilization of NO3™ stored in the
vacuole at high concentration (estimated up to 100 mM; Kamp
et al., 2011), to make it available again in the cytosol.

PtNPF1 transport function is supported by the structural
homology with the plant AtNPF6.3 (Santin er al, 2021).
PtNPF1 is supposed to fold and insert in the tonoplast with the
two ends located in the cytosol, suggesting a mechanism of trans-
port of the substrate from the vacuole to the cytosol, and not in
the opposite direction, for which two other transmembrane
helices should be requested to overturn the protein (Yan
et al., 2013; Longo er al, 2018). Furthermore, the predicted
transmembrane helices (TMs) of the PtNPF1 structural model
are 12 (Santin ez al., 2021). It has been observed that transporters
with an even number of TMs had both C and N terminals on the
cytoplasmic side of the membrane, while proteins with odd num-
ber of TMs had one end in cytoplasmic side and other in extra-
cellular side (Kumar et /., 2022). In this scenario, PENPF1 could
mediate NO3~ efflux similarly to the Arabidopsis thaliana
AtNPF5.11, AtNPF5.12 and AtNPF5.16 transporters, responsi-
ble of vacuolar NO; ™ release in the cytosol (He ez al., 2017).

Heterologous expression systems, such as Xenopus laevis
oocytes, are commonly used to confirm transport activity, iden-
tify transported substrates, and assess substrate affinity and
kinetics for many plant transporters (Miller & Zhou, 2000;
Léran et al., 2020).

While several predictions support PtNPF1 transport activity as
a low-affinitcy NO;3~ transporter, from our first attempts, no
transport activity was observed in oocytes injected with PINPF1,
and the conditions tested did not allow us to conclude that our
protein is a NOj3 ™ transporter (Fig. S5). However, these results
cannot be considered conclusive and exhaustive as, in heterolo-
gous expression experiments, lack of transport can be due to dif-
ferent technical reasons. Of particular relevance is that, for
diatoms, the heterologous expression of transporters remains a
challenge as these proteins have been so far poorly characterized
(Hildebrand ez al, 1998; Knight ez al, 2016). More in-depth
research and experiments are required to definitively confirm
PtNPF1 transport activity for NO; ™ or any other potential sub-
strates.
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To further explore the potential of PtNPF1 while inferring its
putative function, we generated knock-out mutants, using the
CRISPR/Cas9 system coupled with proteolistics (Serif ez al,
2018; Russo et al, 2022), confirming that this mutation
approach is efficient and robust for gene editing in diatoms.

Growth kinetics of P. tricornutum WT and mutant strains on
different N sources and different NO3~ concentrations did not
show differences, in accordance with the profile of expression
observed for PtNNPFI in previous research (Santin et al., 2021).
We then carried out a NO3 ™ starvation and repletion experiment
and observed a significant growth delay and a retarded NO3™
uptake in two independent Pmprl knock-out mutants immedi-
ately after N repletion (Fig. 4a—e).

When N is present again in the environment after a deficiency
period, NO3™ flux inside the cell needs to be inverted, blocking
vacuolar NO; ™ release and allowing NO3™ uptake from external
environment. Therefore, we infer that there is a coupling between
the processes on the plasma membrane and those on the tono-
plast, likely with key proteins that act as sensors and transfer the
signal between different cell compartments, taking into account
both the physiological conditions of the cell and the surrounding
medium (Kamp ez al., 2011).

Absence of the growth delay phenotype between the strains
after P starvation and repletion (Fig. 5b), while being observed
independently of the external N source supplied (Fig. 5a—d), and
the lack of N intake during the lag time, allow us to exclude the
possibility that the response is triggered from the outside N con-
centration. This leads us to hypothesize that PtNPF1 might be
involved in restarting or rerouting N metabolism, which reacti-
vates the intake.

The growth delay of Pmpfl mutants compared with WT
cells, OE strains and knock-out mutants for a different gene,
generated using the same technique and the same selection
gene (Figs 4, S10), can be explained through the interruption
of the signalling pathway that occurs between the intracellular
N distribution and the vacuole, as an intermediate step to
reactivate intake when environmental NOjz~ concentration
increases. This is supported by the upregulation of three out of
six PtNRT2s in the Ptmpf]l mutants, not only during N starva-
tion but also after N repletion. In particular, Pt54560, a
PtNRT2 predicted to the tonoplast, is upregulated both in
WT and mutant backgrounds during N starvation (Fig. 6c).
Then, in the Pmpfl knock-out background, Pt54560 relative
expression level after N repletion, although slightly reduced as
compared to N starvation, is still significantly higher than in
WT cells up to d5, suggesting that the mutants still prefer to
transiently reallocate vacuolar NO3 ™ rather than taking up the
extracellular one. Since signalling pathways and ion fluxes are
still poorly understood in diatoms (Smith er al, 2019; Jaubert
et al., 2022; Helliwell, 2023), reconstructing these processes is
one of the main challenges, as well as testing whether PtNPF1
could play a role in this context, similarly to what observed in
higher plants’ NPFs, acting as both sensors and transporters
(Gojon er al., 2011).

The slower regulation of PtNRT2s in Ptnpfl mutants com-
pared with WT, parallel to the delay in NO3™ accumulation after
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repletion, could also have another explanation. There could be a
common mechanism controlling both NO;3 ™ influx and PtNRT2
gene expression, similar to higher plants NRT2s (Fraisier ez al,
2000; Pii et al, 2016). They have a two-level control: a post-
translational control mainly based on the accessory protein
NAR?2 protein synthesis (Pii ez 4/, 2016) and post-transcriptional
events affecting abundance and/or activity of the NRT2 proteins,
such as the regulation of transcript stability (Laugier ez 2/, 2012).
Since diatom genomes do not encode for NAR2 (Rogato
et al, 2015), it is possible that POINRT2s are under a post-
transcriptional control, which could play a role in their response
to environmental cues and could explain the similar trend in
responses in transcript levels of PENRT2 genes and NO3 ™~ influx.

An unbalanced regulation of NO; ™ transport system, but not
a different regulation of N assimilation pathway, has been
observed in Pmpfl mutants after N repletion, suggesting again
that different regulators can play a role in controlling N fluxes
and metabolism inside the cell (Fig. 6i,j). This is well known for
higher plants, with many components, such as transporters,
receptors, second messengers and transcription factors, localized
in different cellular compartments or free to move between them,
involved in mediating short- and long-term metabolic responses
to N (Lamig ez al., 2022).

Moreover, despite the delay in growth and N uptake as well as
a slower regulation of two PtNRT2 expression levels, after 4d
from N repletion all the strains reached the same physiological
condition, indicating the phenotype observed was transient and
other mechanisms occurred to shape diatom metabolism. A simi-
lar response was previously observed by Tan (2020) with a
delayed recovery of photosynthetic efficiency after N resupply, in
the knock-out mutants of the putative high-affinitcy NO; ™ trans-
porter Pt26029. This is probably due to redundancy of key
players regulating N transport and metabolism in diatoms. Based
on the results described here, redundancy or degeneracy (Edel-
man & Gally, 2001) of NOj;™ transporters active at different
substrate concentrations and localized in different compartments,
could allow the restoration of NO3™ transport, although with
some delay. This indicates that P¢NPFI is an integrated part of a
complex cellular network that enables diatoms to react properly
to changing environmental conditions, to save nutrients and
energy in times of plenty, the so-called luxury uptake, and to
meet future changing demands.

Understanding the signalling pathways that transduce intra-
and extracellular N signals into physiological responses is an
active field of research, and can help to explain the reason of dia-
tom success in the fluctuating and changing oceanic environ-
ment. Moreover, N metabolism in diatoms is highly complex,
also considering the chimeric nature of diatom genomes and the
genetic redundancy occurring in the regulation of NO; ™ uptake,
storage and reallocation machinery.

In this context, we provide more insights into the role of the
vacuole in diatoms and on the mechanism of vacuolar NOj;~
efflux, proposing PtNPF1 as one of the main actors regulating
such processes. Its functional characterization represents an
important brick that can help reconstruct the complex N meta-
bolism in diatoms and to shed light on the diatom vacuole
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function. However, many indicators, such as the recovery speed
of the phenotype indicate many key players have yet to be identi-
fied, so this work would be also an invitation to further investi-
gate this interesting and ecologically relevant feature of the cell.
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Additional Supporting Information may be found online in the
Supporting Information section at the end of the article.

Fig. S1 gRNAs design for Pmpf1 knock-out mutants generation.

Fig. $2 PtNPF1 amino acid sequence with the predicted vacuole
signal peptide at the N-terminus.

Fig. S3 PCR showing amplification of two fragments from Lhcf2
promoter to PtNPFI and from PtNPFI to YFP in wild-type and
cells transformed with Lhcf2p-PtNPF1-YFP-Lhcflt plasmid.

Fig. S4 Screening and fluorescent GFP signal of positive Phaeo-
dactylum tricornutum clones.

Fig. S5 '°N-nitrate accumulation in Xenopus laevis oocytes.

Fig. S6 Morphological parameters and intracellular NO3™ con-
tent of Phacodactylum tricornutum wild-type, Ptnpfl knock-out
mutant KO 2.9 and PtINPFI overexpressing strain OE 4 after dif-
ferent days of N starvation, namely 0, 2, 4 and 7 d.

Fig. S7 Intracellular NO;™ content in Phaeodactylum tricornu-
tum wild-type, Ptmpfl knock-out mutant KO 2.9 and P:tNPFI
overexpressing strain OE 4 cells grown in NaNOj; and NH,Cl as
alternative N sources in the medium for 4 d.

Fig. S8 Phaeodactylum tricornutum wild-type and Pnpfl knock-
out mutants schemes and chromatograms showing Cas9 different
effects on the two KO alleles.

Fig. 89 Growth curves of Phacodactylum tricornutum wild-type
and Pnpfl knock-out mutants in different NO3 ™ concentrations
and N sources.

Fig. $10 Growth phenotype in Phacodactylum tricornutum wild-
type, Pmpfl knock-out mutants and an additional knock-out
mutant.

1 . . . .
Methods S1 '°N-nitrate accumulation assay in Xenopus laevis

oocytes.
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Table S1 List of primers used for plasmid construction, crRNAs
designed for CRISPR/Cas9 proteolistic transformation (with
PAM sequence underlined), primers used for overexpressing and
knock-out mutants screening, and primers used for gPCRs.

Table S2 Number of experiments performed, and number of
cells observed through confocal microscopy to determine mor-
phological parameters, per each condition and per each strain.
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Table 83 Predicted subcellular localization of PENRT2s, using Loc-
Tree3 online tool (https://rostlab.org/services/loctree3) via homol-
ogy-based inference between proteins of known localization.

Please note: Wiley is not responsible for the content or function-
ality of any Supporting Information supplied by the authors. Any
queries (other than missing material) should be directed to the

New Phytologist Central Office.

© 2023 The Authors

New Phytologist © 2023 New Phytologist Foundation

85UB017 SUOWILIOD BAFER1D) 3|qedl|dde aup Aq peusenob 81e S3[oe YO 8sN JO S3IN 104 Afeiq 1T 8UIUO /8|1 UO (SUOIPUD-PUR-SLLBY WD A IMAfe.q1)BUI|UO//SHNY) SUORIPUOD pUe W 1 8U3 S *[202/T0/Se] uo Ariqitauliuo Ao |1m ‘osdiq - seiu| Aq TOy6T Udu/TTTT OT/I0p/wod A | 1w Areiqpuljuo yduy/sduy wouy papeo|umoq ‘v ‘¥20 ‘LET869FT


https://rostlab.org/services/loctree3

	 Summary
	 Introduction
	 Materials and Methods
	 Phaeodactylum tricornutum culture conditions
	 In silico prediction of PtNPF1 vacuole targeting
	 Generation of PtNPF1 overexpressing�lines
	 Confocal microscopy and morphological parameters analyses
	 Generation of PtNPF1 �knock-out� mutants
	 N starvation and repletion experiment
	 RNA extraction and qPCR

	 Results
	 PtNPF1 subcellular localization
	 Vacuole morphology in N starvation and different N sources
	 Ptnpf1 �knock-out� phenotype in response to N repletion
	nph19461-fig-0001
	nph19461-fig-0002
	nph19461-fig-0003
	nph19461-fig-0004

	 Discussion
	nph19461-fig-0005
	nph19461-fig-0006

	 Acknowledgements
	 Competing interests
	 Author contributions
	 The authors confirm that the data supporting the findings of this study are available within the article and its . Additional  may be found in the online version of this article.

	 References
	nph19461-bib-0001
	nph19461-bib-0002
	nph19461-bib-0003
	nph19461-bib-0004
	nph19461-bib-0005
	nph19461-bib-0006
	nph19461-bib-0007
	nph19461-bib-0008
	nph19461-bib-0009
	nph19461-bib-0010
	nph19461-bib-0011
	nph19461-bib-0012
	nph19461-bib-0013
	nph19461-bib-0014
	nph19461-bib-0015
	nph19461-bib-0016
	nph19461-bib-0017
	nph19461-bib-0018
	nph19461-bib-0019
	nph19461-bib-0020
	nph19461-bib-0021
	nph19461-bib-0022
	nph19461-bib-0023
	nph19461-bib-0024
	nph19461-bib-0025
	nph19461-bib-0026
	nph19461-bib-0027
	nph19461-bib-0028
	nph19461-bib-0029
	nph19461-bib-0030
	nph19461-bib-0031
	nph19461-bib-0032
	nph19461-bib-0033
	nph19461-bib-0034
	nph19461-bib-0035
	nph19461-bib-0036
	nph19461-bib-0037
	nph19461-bib-0038
	nph19461-bib-0039
	nph19461-bib-0040
	nph19461-bib-0041
	nph19461-bib-0042
	nph19461-bib-0043
	nph19461-bib-0044
	nph19461-bib-0045
	nph19461-bib-0046
	nph19461-bib-0047
	nph19461-bib-0048
	nph19461-bib-0049
	nph19461-bib-0050
	nph19461-bib-0051
	nph19461-bib-0052
	nph19461-bib-0053
	nph19461-bib-0054
	nph19461-bib-0055
	nph19461-bib-0056
	nph19461-bib-0057
	nph19461-bib-0058
	nph19461-bib-0059
	nph19461-bib-0060
	nph19461-bib-0061

	nph19461-supitem

