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Diatoms can accumulate high levels of triacylglycerols (TAGs) under nitrogen depletion
and have attracted increasing attention as a potential system for biofuel production. In
Phaeodactylum tricornutum, a model diatom, about 40% of lipid is synthesized from
the breakdown of cellular components under nitrogen starvation. Our previous studies
indicated that carbon skeletons from enhanced branched-chain amino acid (BCAA)
degradation under nitrogen deficiency contribute to TAG biosynthesis in P tricornutum.
In this review, we outlined the catabolic pathways of all 20 amino acids based on the
genome, transcriptome, proteome, and metabolome data. The contribution of these
amino acid catabolic pathways to TAG accumulation was also analyzed.

Keywords: diatom, amino acid, catabolism, nitrogen, triacylglycerols

INTRODUCTION

Diatoms are a group of unicellular eukaryotic algae and an important component of marine
phytoplankton. Although thousands of genes were of green algal derivation (Moustafa et al., 2009),
diatoms are believed to emerge as the result of a secondary endosymbiotic event between two
eukaryotes, a red alga and an oomycete (Medlin et al., 2000). Therefore, diatoms possess some
unique features in comparison with other photosynthetic eukaryotes, including the presence of
hundreds of genes from bacteria, the Entner-Doudoroff pathway, and urea cycle unfound in plants
and green algae (Bowler et al, 2008; Allen et al.,, 2011; Fabris et al., 2012; Singh et al., 2015).
Phaeodactylum tricornutum is one of the model diatoms with short generation time, and routine
and simple genetic manipulation is available (Zhang and Hu, 2014; Karas et al., 2015; Falciatore
et al., 2020). This diatom has the capacity to accumulate eicosapentaenoic acid, fucoxanthin, and
neutral lipids (mostly triacylglycerols, TAGs) and thus is perceived as a microalgal cell factory and
a potential system for biofuel production (Butler et al., 2020).

Nitrogen, accounting for over 7% of cellular mass in marine microorganisms, is one of the
major constituents of both proteins and nucleic acids (Geider and La Roche, 2002). Many nutrients
and nitrogen in particular are restricted in the open ocean (Moore et al., 2013), though seasonal
inputs of nitrate (NO3 ™) can cause diatom-dominated phytoplankton blooms in coastal ecosystems
(Kudela and Dugdale, 2000). Diatoms are capable of assimilating dissolved nitrogen sources of
different forms, including inorganic ones such as nitrate (NO3 ™), nitrite (NO, ™), and ammonium
(NH4") and organic ones such as urea and amino acids (Jauffrais et al., 2016). Amino acids
can be taken up by cells and intracellularly metabolized as diatom genomes containing plasma
membrane amino acid transporters (Armbrust et al., 2004; Sipler and Bronk, 2015), and they
can also be oxidized by extracellular L-amino acid oxidase to produce a-keto acid, NH,F, and

Frontiers in Plant Science | www.frontiersin.org 1

December 2020 | Volume 11 | Article 589026


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2020.589026
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fpls.2020.589026
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2020.589026&domain=pdf&date_stamp=2020-12-17
https://www.frontiersin.org/articles/10.3389/fpls.2020.589026/full
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Pan et al.

Amino Acid Catabolism in Phaeodactylum tricornutum

hydrogen peroxide (Palenik and Morel, 1990; Rees and
Allison, 2006; Contreras and Gillard, 2020). Under nitrogen
stress, cellular protein content decreases and amino acid
degradation occurs (Guerra et al, 2013). Acetyl-CoA, a
product of the metabolism of some amino acids, enters the
tricarboxylic acid (TCA) cycle and is shunted toward fatty acid
biosynthesis (Hockin et al., 2012; Ge et al., 2014; Levitan et al.,
2015). It is indicated that carbon skeletons from enhanced
branched-chain amino acid (BCAA) degradation under nitrogen
deficiency feed into the TCA cycle and contribute to TAG
biosynthesis in P. tricornutum (Ge et al, 2014; Pan et al,
2017) and Chlamydomonas reinhardtii (Liang et al, 2019).
However, few studies have examined the interaction between
metabolic pathways of the other amino acids and TAG
biosynthesis. Although amino acid biosynthesis pathways have
been reviewed (Bromke, 2013), catabolic pathways of amino
acids in P. tricornutum have not been summarized. In plants,
amino acid catabolism and regulation have received considerable
attention (Hildebrandt et al., 2015), and amino acid catabolism is
important not only during normal senescence but also in stress
tolerance. The capacity of diatoms to use dissolved amino acids
has been considered to help diatoms survive in blooms or in
light-impenetrable sediments (Admiraal and Peletier, 1979). In
response to nitrogen deprivation, amino acid degradation could
promote the redistribution of carbon and nitrogen flow in diatom
cells (Alipanah et al., 2015).

In this review, we outlined the catabolic pathways of all
20 amino acids and provided the subcellular localization
information of related enzymes according to the prediction
(Supplementary Material) from genome annotation in
P. tricornutum. Based on published transcriptomes (Levitan
et al., 2015; Matthijs et al., 2016, 2017; Remmers et al., 2018;
Smith et al., 2019), proteomes (Remmers et al., 2018), and
metabolomes (Ge et al., 2014), we arranged the expression levels
of related enzymes and the content of amino acids to interpret the
contribution of amino acid degradation to TAG accumulation.
In addition, the homologous genes and their transcription levels
(Bender et al., 2014) involved in the catabolic pathways of amino
acids in Thalassiosira pseudonana were also provided.

LEUCINE, ISOLEUCINE, AND VALINE

Branched-chain amino acid (leucine, valine, and isoleucine)
content decreased in P. tricornutum cells during TAG
accumulation (Supplementary Figure 1). The catabolism
of BCAAs has been mostly unraveled in our previous studies
(Figures 1A,B; Ge et al., 2014; Pan et al, 2017). The initial
steps in the degradation pathways of BCAAs are catalyzed by
branched-chain amino acid transaminase (BCAT), which also
catalyzes the final step in BCAA synthesis (Figures 1A,B).
Many copies of BCATs have been identified in both plants and
humans. In Arabidopsis, there are seven isoforms of BCAT
localized in different compartments, and the mitochondrial
isoform BCAT2 has been shown to be especially relevant to
degradation (Angelovici et al., 2013). Six BCATs were annotated
in P. tricornutum genome, and all BCATs could be up-regulated

during nitrogen limitation except BCAT1 (Figure 2A and
Supplementary Table 1). The function of BCATs depends
on their localizations (Campbell et al., 2001), and thus, it is
reasonable that the chloroplast-localized P. tricornutum BCAT1,
which may be mainly responsible for BCAA synthesis, is down-
regulated during nitrogen limitation. Transcriptional and/or
protein levels of the other genes involved in BCAA catabolism
were also found to be up-regulated during nitrogen limitation
in our previous studies (Ge et al., 2014; Pan et al., 2017). The
roles of methylcrotonyl-CoA carboxylase (MCC), propionyl-
CoA carboxylase (PCC), 3-hydroxyisobutyryl-CoA hydrolase
(HIBCH), and branched-chain a-keto acid dehydrogenase
(BCKDH) in TAG accumulation have been demonstrated by
genetic manipulation (Ge et al., 2014; Pan et al., 2017; Liang
et al., 2019). Knockdown of MCC or knockout of BCKDH led to
decreased TAG accumulation (Ge et al., 2014; Liang et al., 2019),
and overexpression of HIBCH or knockdown of PCC increased
TAG accumulation (Pan et al., 2017). Carbon skeletons from
BCAA degradation enter the TCA cycle through acetyl-CoA in
the mitochondria. The single-copy HIBCH in P. tricornutum
has been proved to be localized in the mitochondria (Pan et al.,
2017). Moreover, subcellular localization prediction shows that
single-copy B-subunit of BCKDH (BCKDH2), a-subunit of
MCC (MCC1), a-subunit of PCC (PCC1), 3-hydroxyisobutyrate
dehydrogenase (HIBADH), and methylmalonyl-CoA mutase
(MCM) together with two aldehyde dehydrogenases (ALDHs)
are located in the mitochondria (Supplementary Table 1).
Different from P. tricornutum, the whole BCAA degradation
in plants takes place in both the mitochondria and peroxisome
(Zolman et al., 2001).

HISTIDINE, LYSINE, PHENYLALANINE,
AND TYROSINE

Histidine (His) is converted to glutamate (Glu) by four enzymatic
steps in animals (Litwack, 2018). However, this pathway
has not yet been investigated in plants. In P. tricornutum,
there is a homologous histidine transaminase (HisAT),
which could convert His to Glu and imidazol-5-yl-pyruvate
using 2-oxoglutarate as a carbon skeleton (Figure 1A). The
degradation pathway of imidazol-5-yl-pyruvate is not clear yet in
P. tricornutum. Free His content was very low in P. tricornutum
cells and was almost undetectable during nitrogen deficiency
in our previous studies (Supplementary Figure 1; Ge et al,
2014; Pan et al, 2017). The expression of HisAT was down-
regulated during nitrogen limitation (Figure 2A), which suggests
that His might mainly be metabolized to histamine by the
action of histidine decarboxylase (HDC) in the mitochondria
(Figure 1A). It is likely that His degradation has no contribution
to TAG accumulation.

Lysine (Lys) is catabolized via the a-amino adipic acid
pathway identical to that in plants (Hildebrandt et al., 2015). It is
converted to saccharopine and subsequently to a-aminoadipate-
3-semialdehyde by a bifunctional enzyme with two functionally
independent domains, namely, lysine-ketoglutarate reductase
(LKR) and saccharopine dehydrogenase (SDH), using
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FIGURE 1 | Amino acid catabolic pathways in P tricornutum. The yellow text box represents amino acids, the orange text boxes indicate metabolites that could
enter the TCA cycle, the white text boxes with green borders indicate other metabolites, and the white text boxes with black borders indicate the enzymes. The
different font colors of enzymes represent different predicted subcellular locations: plastid localization in green font; mitochondria location in blue font; multiple
isoenzymes with the plastid and mitochondria localization in orange font; those with mitochondria and other location in brown font; those with plastid and other
localization in purple font; and those with plastid, mitochondria, and other localization in red font. Up-regulated genes are indicated with red lines, and
down-regulated genes with blue lines. (A) Catabolic pathways of all 20 amino acids. (B) Catabolic pathways of BCAAs. (C) Catabolic pathways of lysine.
(D) Catabolic pathways of tyrosine. (E) Catabolic pathways of serine, methionine, cysteine, and glycine. ACAT, acetyl-CoA C-acyltransferase (EC2.3.1.16); ACD,
acyl-CoA dehydrogenase (EC1.3.8.1); AGX, alanine—glyoxylate aminotransferase (EC:2.6.1.44); AHCYL, adenosylhomocysteinase (EC3.3.1.1); ALDH, aldehyde
dehydrogenase (EC1.2.1.31); ALDH18A1, delta-1-pyrroline-5-carboxylate synthetase (EC2.7.2.11 and EC1.2.1.41); ALDH4A1, 1-pyrroline-5-carboxylate
dehydrogenase (EC1.2.1.88); ALS, acetolactate synthase (EC2.2.1.6); ALT, alanine transaminase (EC2.6.1.2); Arg, arginase (EC3.5.3.1); ASA, aspartate-ammonia
ligase (EC6.3.1.1); ASL, argininosuccinate lyase (EC4.3.2.1); ASNase, asparaginase (EC3.5.1.1); ASNS, asparagine synthase (EC6.3.5.4); ASS, argininosuccinate
synthase (EC6.3.4.5); AST, aspartate aminotransferase (EC2.6.1.1); BCAT, branched-chain amino acid transaminase (EC2.6.1.42); BCKDH, branched-chain a-keto
acid dehydrogenase (EC1.2.4.4); CBL, cysteine-S-conjugate beta-lyase (EC4.4.1.13); Cbs, cystathionine beta-synthase (EC4.2.1.22); CMT, DNA
(cytosine-5)-methyltransferase (EC2.1.1.37); CPSII, carbamoyl-phosphate synthase Il (EC6.3.5.5); CTH, cystathionine gamma-lyase (EC4.4.1.1); CysK, cysteine
synthase (EC2.5.1.47); DHAD, dihydroxy-acid dehydratase (EC4.2.1.9); DHLTA, dihydrolipoyllysine-residue (2-methylpropanoyl) transferase (EC2.3.1.168); DLDH,
dihydrolipoyl dehydrogenase (EC1.8.1.4); DLST, dihydrolipoamide succinyltransferase; ECHS, enoyl-CoA hydratase (EC4.2.1.17); FAH, fumarylacetoacetase
(Continued)
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FIGURE 1 | Continued

(EC4.1.99.1); TS, tryptophan synthase (EC4.2.1.20).

(EC3.7.1.2); GCDH, glutaryl-CoA dehydrogenase (EC1.3.8.6); GDCH, glycine cleavage system H protein; GDCP, glycine decarboxylase p-protein (EC1.4.4.2); GDCT,
glycine decarboxylase t-protein (EC2.1.2.10); GLDH, glutamate dehydrogenase (EC1.4.1.2 and EC1.4.1.4); GOGAT, glutamine 2-oxoglutarate aminotransferase
(EC1.4.1.13, EC1.4.1.14, and EC1.4.7.1); GS, glutamine synthetase (EC6.3.1.2); HAD, 3-hydroxyacyl-CoA dehydrogenase (EC1.1.1.35); HCL,
hydroxymethylglutaryl-CoA lyase (EC4.1.3.4); HDC, histidine decarboxylase (EC:4.1.1.22); HGD, homogentisate 1,2-dioxygenase (EC1.13.11.5); HIBADH,
3-hydroxyisobutyrate dehydrogenase (EC1.1.1.31); HIBCH, 3-hydroxyisobutyryl-CoA hydrolase (EC3.1.2.4); HisAT, histidine transaminase (EC2.6.1.38); HPD,
4-hydroxyphenylpyruvate dioxygenase (EC1.13.11.27); IVD, isovaleryl-CoA dehydrogenase (EC1.3.8.4); KARI, ketol-acid reductoisomerase (EC1.1.1.86); KAT,
kynurenine aminotransferase (EC2.6.1.39); LKR, lysine-2-oxoglutarate reductase (EC1.5.1.8); L-SD, L-serine ammonia-lyase (EC4.3.1.17); MAAI, maleylacetoacetate
isomerase (EC5.2.1.2); MAT, S-adenosylmethionine synthetase (EC2.5.1.6); MCC, methylcrotonyl-CoA carboxylase (EC6.4.1.4); MCD, 2-methylacyl-CoA
dehydrogenase (EC1.3.99.12); MCEE, methylmalonyl-CoA epimerase (EC5.1.99.1); MCM, methylmalonyl-CoA mutase (EC5.4.99.2); METH, methionine synthase
(EC2.1.1.13); MGCHS, methylglutaconyl-CoA hydratase (EC4.2.1.18); MGL, methionine gamma-lyase (EC4.4.1.11); MMSDH, methylmalonate semialdehyde
dehydrogenase (EC1.2.1.27); MPST, 3-mercaptopyruvate sulfurtransferase (EC2.8.1.2); MS, malate synthase (EC2.3.3.9); OAT, ornithine aminotransferase
(EC2.6.1.13); OCD, ornithine cyclodeaminase (EC4.3.1.12); Odc, ornithine decarboxylase (EC4.1.1.17); OTC, ornithine carbamoyltransferase (EC2.1.3.3); PAH,
phenylalanine hydroxylase (EC1.14.16.1); PCC, propionyl-CoA carboxylase (EC6.4.1.3); PRODH, proline dehydrogenase (EC1.5.5.2); PYCR, pyrroline-5-carboxylate
reductase (EC1.5.1.2); SATase, serine O-acetyltransferase (EC2.3.1.30); SDH, saccharopine dehydrogenase (EC1.5.1.9); SHMT, serine hydroxymethyltransferase
(EC2.1.2.1); TA, threonine aldolase (EC4.1.2.5); TAT, tyrosine aminotransferase (EC2.6.1.5); TDA, threonine deaminase (EC4.3.1.19); Tpase, tryptophanase

2-oxoglutarate as substrate to produce Glu (Figure 1C). The
response of the bifunctional LKR/SDH enzyme encoding genes
(Phatr3_EG02101 and Phatr3_J41409) to nitrogen limitation
was different between nitrogen-starved batch cultures and
continuous cultures (Figure 2A). In Arabidopsis, the expression
of LKR/SDH was regulated by abscisic acid (ABA), jasmonate,
sugar starvation, and/or nitrogen starvation (Stepansky and
Galili, 2003). Some enzymes in the catabolic pathways of
Lys are shared by other amino acids, including enoyl-CoA
hydratase (ECHS) and 3-hydroxyacyl-CoA dehydrogenase
(HAD) involved in the catabolic pathways of isoleucine (Ile), and
kynurenine aminotransferase (KAT, also annotated as cysteine-
S-conjugate beta-lyase, CBL) in cysteine (Cys) metabolism
(Figures 1A,E). Almost all the genes involved in Lys degradation
were up-regulated with the decrease of Lys under nitrogen
limitation (Figure 2A and Supplementary Figure 1). The
early steps of Lys degradation (from Lys to a-aminoadipate-d-
semialdehyde) may take place in the cytoplasm and the later
steps (from a-aminoadipate-d-semialdehyde to acetyl-CoA) in
the mitochondria according to subcellular localization prediction
(Supplementary Table 1). The reaction of 2-oxoadipate
oxidatively decarboxylated to glutaryl-CoA is equivalent to the
oxidative decarboxylation of 2-oxoglutarate in the TCA cycle.
The subsequent degradation reaction was similar to that of Ile
in the mitochondria. Since one of the end degradation products
of Lys is acetyl-CoA (Figure 1C) and the genes involved in Lys
degradation are up-regulated, it is likely that Lys catabolism
participates in the regulation of carbon/nitrogen partitioning
and TAG accumulation.

Like that in animals, phenylalanine (Phe) is hydroxylated
to tyrosine (Tyr) by phenylalanine hydroxylase (PAH) prior
to degradation in P. tricornutum (Figure 1A). However,
the catabolic pathway remains largely unknown since no
PAH homolog has been found in plants (Hildebrandt et al.,
2015). The complete degradation pathway of Tyr has been
demonstrated in plants based on the degradation pathway
in mammals (Dixon and Edwards, 2006). The amino group
is transferred to Glu by tyrosine aminotransferase (TAT),
and the product was finally degraded into fumarate and
acetoacetate by four enzymatic steps. The homologous enzymes

for each step have been found in P. tricornutum (Figure 1D).
Phatr3_EGO02215 annotated as fumarylacetoacetase has two
annotations in UniProt, namely, fumarylacetoacetase and
glutathione S-transferase (GST). Peptides of the latter annotation
of protein Phatr3_EG02215 are homologous with human
glutathione S-transferase zeta 1 (GSTZ1), which was also
described as maleylacetoacetate isomerase (MAAI). The amino
acid sequence of GST in P. tricornutum shares 48 and 53%
identity with mammalian and T. pseudonana MAAI, respectively,
and all the three sequences contain the conserved motif and
active site of MAAI (Polekhina et al., 2001; Supplementary
Figure 2). This means that Phatr3_EGO02215, annotated as one
gene (fumarylacetoacetase encoding gene) in Ensembl Protists,
may actually be a compound of two genes (fumarylacetoacetase
encoding gene and MAAI). In addition, Phatr3_J36390 was
annotated as MAAI in the studies of Levering et al. (2016,
2017), though it is more similar to glutathione S-transferase
alpha (GSTA) than GSTZ1 by BlastP analysis. The concentration
of Phe and Tyr was decreased during nitrogen limitation in
P. tricornutum (Supplementary Figure 1). The expression levels
of genes involved in Phe and Tyr degradation were up-regulated
accordingly (Figure 2A). Phe and Tyr catabolic pathways may
take place in the cytoplasm according to subcellular localization
prediction (Supplementary Table 1). Although fumarate, the
final product of Phe and Tyr degradation, is an intermediate
of the TCA cycle, the contribution of the catabolic pathways
of the two amino acids to TAG accumulation still needs to
be investigated.

ALANINE, GLUTAMATE, AND
GLUTAMINE

Alanine (Ala) can be directly converted to pyruvate by alanine
aminotransferases (ALT). Glutamate dehydrogenase (GLDH)
catalyzes oxidative deamination of Glu to produce 2-oxoglutarate
(Figure 1A). The glutamine synthetase (GS)/glutamine 2-
oxoglutarate aminotransferase (GOGAT) pathway is important
for ammonium assimilation. GS catalyzes Glu and ammonium
to produce glutamine (Gln), and Glu also provides a-amino
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FIGURE 2 | Expression levels of amino acid catabolism-related genes in P, tricornutum. Transcriptome data of 15 min, 45 min, and 18 h were cited from Smith et al.
(2019). Fold changes of 15 min, 45 min, and 18 h were re-calculated by N-4, N-5, and N-6 contrasting with pre_3, respectively. Transcriptome data of 4, 8, and 20 h
were cited from Matthijs et al. (2016, 2017). Transcriptome data of 48 h were cited from Levitan et al. (2015). The transcriptome data and the proteome data of SSL
(nitrogen stress to steady state in the light period) and SSD (nitrogen stress to steady state in the dark period) were cited from Remmers et al. (2018). T-Pt,
transcriptome of P, tricornutum; P-Pt, proteome of P, tricornutum. The homologous genes in T. pseudonana and the fold changes and RPKM data were shown in
Supplementary Tables 1, 2, respectively. All the experimental conditions were shown in the Supplementary Material. The abbreviations of related enzymes are

the same as those in Figure 1.
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group for all other amino acid biosynthesis directly or indirectly.
Glu and Gln are the most important amino acids as donors for
the biosynthesis of major N-containing compounds, including
amino acids, nucleotides, chlorophylls, polyamines, and alkaloids
(Ireland and Lea, 1999). GS is found, as multiple isoenzyme
forms, located both in the cytosol (GS1) and chloroplast/plastid
(GS2) and plays distinct roles in most of the higher plants
(Ireland and Lea, 1999; Lancien et al., 2000). In P. tricornutum,
one GS is located in the plastid (GSII, Phatr3_J51092) and
the other one in the mitochondria (GSIII, Phatr3_J22357)
(Smith et al., 2019). GOGAT transfers the amide-nitrogen of
Gln to 2-oxoglutarate, thus providing two molecules of Glu
(Forde and Lea, 2007). There are three forms of GOGAT in
P. tricornutum (Alipanah et al., 2015): one that uses reduced
ferredoxin as the electron donor (Fd-GOGAT/GItS, EC 1.4.7.1,
Phatr3_J24739), one that uses NADH as the electron donor
(NADH-GOGAT/GItX, EC 1.4.1.14, Phatr3_J51214), and the
third that uses NADPH as the electron donor (NADPH-
GOGAT/GItD, EC 1.4.1.13, Phatr3_J20342). The first two
GOGAT present in plants are located in the chloroplast or
plastid (Oliveira et al., 1997), and the third is found in bacteria
(Reitzer, 1987). The subcellular localization of GOGAT in
P. tricornutum is not the same to that in plants, which may
be contributed to their different origins (Smith, 2018). GItS
is located in the plastid, and GItX and GItD are predicated
to be in the mitochondria. Thus, the plastidial GSII and GItS
are responsible for the assimilation of ammonium produced
by nitrate reduction, while mitochondrial GSIII, GItX, and
GItD may catalyze the assimilation of Gln from ammonium
derived from cytosolic catabolic reactions, e.g., deamination and
hydrolysis of organic N (Hockin et al., 2012; Alipanah et al,,
2015). pgCPSII uses Gln to perform the first committed step of
pyrimidine synthesis (Allen et al., 2011). Besides, Glu can also be
converted to 1-pyrroline-5-carboxylate, the intermediate product
of proline (Pro) and ornithine (Orn) degradation, by one-step
catalytic reaction of 1-pyrroline-5-carboxylate dehydrogenase
(ALDH4A1) or by two-step catalytic reaction of delta-1-
pyrroline-5-carboxylate synthetase (ALDH18A1) (Figure 1A).
The contents of Ala, Glu, and Gln dropped sharply,
and GIn was even undetectable during nitrogen limitation
in P. tricornutum (Supplementary Figure 1). The two ALT
enzymes and the three GLDH enzymes were up-regulated under
nitrogen-starved batch cultures or/and continuous cultures
(Figure 2A). The mitochondrial GS/GOGAT was up-regulated
during nitrogen limitation to assimilate ammonium derived
from cytosolic catabolic reactions. The plastidial GS/GOGAT was
up-regulated only under nitrogen-starved continuous cultures,
suggesting that nitrate reduction was activated in plastid during
nitrogen-starved continuous cultures. On the contrary, little
ammonium was produced via nitrate reduction in plastid
under nitrogen-starved batch cultures. Glu may not be used
for pyrimidine synthesis during nitrogen limitation as pgCPSII
was down-regulated. The mutual conversion of Glu to 1-
pyrroline-5-carboxylate was mainly catalyzed by ALDH4A1 in
the mitochondria due to the up-regulation of ALDH4A1 and
almost unchanged expression level of ALDHI8AI according
to the transcriptome data. In sum, based on the up-regulated

expression of ALT gene and the products of metabolism of Ala
together with the important roles of Glu and Gln in nitrogen
metabolism, it seems that Ala, Glu, and Gln catabolism may
contribute to TAG accumulation during nitrogen limitation.

ASPARTATE, ASPARAGINE, ARGININE,
AND PROLINE

Aspartate (Asp) and asparagine (Asn) can be converted into
each other by asparagine synthase (ASNS), using Gln and Glu
as substrates, respectively. Besides, Asp can be converted to
Asn by aspartate—ammonia ligase (ASA) with the absorption of
ammonia, and Asn can be converted to Asp by asparaginase
(ASNase) with the release of ammonia. Asp can be converted to
2-oxoglutarate by aspartate aminotransferase (AST), producing
oxaloacetate and Glu (Figure 1A). There are six AST encoding
genes in P. tricornutum that are predicted to be localized in
various chambers of cells. Since AST was up-regulated, Asp
may be converted to oxaloacetate during nitrogen limitation.
The aspartate-argininosuccinate shunt established an association
between the ornithine-urea cycle (OUC) and the TCA cycle
(Morris, 2002; Allen et al., 2011). In addition, arginine (Arg),
Orn, and Pro are directly connected to the OUC, which has been
well elaborated in P. tricornutum (Allen et al., 2011). Although
the contents of Asp, Asn, Arg, Pro, and Orn were decreased
during nitrogen limitation (Supplementary Figure 1), neither
the expression level of genes responsible for the conversion
between Asp and Asn nor that of those genes related to
OUC was significantly up-regulated (Figure 2B). Orn can be
metabolized by ornithine carbamoyltransferase (OTC), ornithine
decarboxylase (OdC), ornithine aminotransferase (OAT), or
ornithine cyclodeaminase (OCD), and only OCD is markedly
up-regulated during nitrogen limitation. Arg can be converted
to Orn by arginase, which was up-regulated during nitrogen
limitation. Therefore, it is very likely that the degradation
of Arg produces Pro subsequently converted to 1-pyrroline-
5-carboxylate by proline dehydrogenase (PRODH). Then, 1-
pyrroline-5-carboxylate is converted to Glu to provide nitrogen
in cells for growth. Based on the final degradation products of
these four amino acids, their catabolism may contribute little to
TAG accumulation.

METHIONINE

The pathway for methionine (Met) degradation that converts Met
to 2-oxobutanoate by methionine gamma-lyase (MGL) has been
identified in plants but is absent in animals (Rébeillé et al., 2006).
2-Oxobutanoate is a precursor for Ile synthesis, and similar to Ile,
it can also be degraded to acetyl-CoA via oxidation (Figure 1A).
An alternative pathway that converts Met to homocysteine,
which is subsequently converted to Cys in animals and plants,
is catalyzed by three enzymes (Figure 1E). Homocysteine can
be directly converted to Met, which is catalyzed by methionine
synthase (METH). The expression of genes for Met degradation
through 2-oxobutanoate was down-regulated, except for one
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acetolactate synthase (ALS) encoding gene (Figure 2B). ALS
catalyzes the degradation of 2-oxobutanoate, an intermediate
of threonine (Thr) catabolism. Genes involved in other Met
degradation pathways were slightly up-regulated during nitrogen
limitation with the decrease of Met (Supplementary Figure 1). It
is not clear which pathway was dominant for the degradation of
Met during nitrogen limitation in P. tricornutum.

THREONINE, GLYCINE, SERINE,
CYSTEINE, AND TRYPTOPHAN

The catabolic pathways of the five amino acids are very
complicated, and some involved enzymes are also present in
other amino acid degradation pathways. As mentioned above,
Thr can be converted to 2-oxobutanoate by threonine deaminase
(TDA). It can also be interconverted with glycine (Gly) by
threonine aldolase (TA). Gly can also be interconverted with
serine (Ser) by serine hydroxymethyltransferase (SHMT). The
easy interconversion of these three amino acids indicates that
these reactions can be relevant for the synthesis of the product
amino acids and the degradation of the substrate amino acids as
well (Figure 1A; Hildebrandt et al., 2015).

Cysteine and tryptophan (Trp) can be produced from Ser
by two and one enzymatic reactions, respectively (Figure 1A).
The conversion of the former can be completed through
the intermediate product cystathionine or O-acetyl-L-serine
(Figure 1E). Ser, Trp, and Cys can be directly degraded
into pyruvate with the release of ammonia or indole. In
addition, Cys can also be degraded into pyruvate through a
two-step reaction (Hildebrandt et al., 2015; Figure 1E). The
Gly cleavage system (GCS), which is a mitochondrial multi-
enzyme system (also named glycine decarboxylase or glycine
dehydrogenase system), comprises four proteins, three enzymes
(P-protein, T-protein, and L-protein), and a small lipoylated
protein known as H-protein. GCS, an essential and ubiquitous
step of both photorespiration and primary metabolism in plants,
is responsible for the interconversion of Gly and Ser (Bauwe and
Kolukisaoglu, 2003). Although the H-protein has no catalytic
activity itself, it acts as a substrate for the P-, T-, and L-proteins
and increases the GCS activity (Hasse et al., 2009). Gly can also
be transaminated by alanine-glyoxylate aminotransferase (AGX),
and the resulting glyoxylate can be acetylated in the peroxisomes
to produce malate in plants (Mazelis, 1980). Homologs of genes
mentioned above are present in the P. tricornutum genome
(Figure 1E), although the locations of the encoded proteins are
not exactly the same as those in plants (Supplementary Table 1).
Thr and Trp contents decreased and Ser content showed no
marked difference, while Gly content increased during nitrogen
limitation in P. tricornutum (Supplementary Figure 1). Cys was
not detected in our previous studies (Ge et al., 2014; Pan et al,,
2017). In general, Thr and Trp may be degraded mainly through
the catalysis of TDA and tryptophanase (Tpase), respectively. The
conversion of Ser to Cys and the degradation of Cys may be
active during nitrogen limitation according to gene expression
levels (Figure 2B). However, Ser might not be converted to Trp
but was interconverted with Gly frequently. Since GCS-related

genes were not up-regulated during nitrogen limitation, Gly
was not degraded mainly by GCS. Up-regulated AGX and
malate synthase (MS) indicated that Gly was transaminated and
acetylated under nitrogen starvation, which may help to explain
why the content of Gly did not decrease and even increased
during nitrogen limitation. In brief, the contribution of the
degradation of these five amino acids to TAG accumulation
remains unclear.

CONCLUSION

Amino acids, as protein constituents and essential metabolites,
play critical roles in living organisms. Some amino acids (e.g.,
serine, proline, and leucine) have been shown to act as signaling
molecules in plants (Szabados and Savouré, 2010; Hiusler
et al., 2014; Ros et al., 2014). Therefore, pool sizes of amino
acids are of critical importance and are adjusted by amino
acid catabolism. The degradation pathways of amino acids in
P. tricornutum were not identical with those in plants and
mammals. In particular, the metabolic pathway of BCAAs in
the diatom is different from that in animals, and the subcellular
locations of related enzymes are not exactly the same with
those in plants. In addition, the metabolic pathways of His
and Phe and the OUC in P. tricornutum are similar to those
in animals, but no related enzymes are found in plants. The
mutual transformation pathway of essential amino acids in
P. tricornutum does not exist in animals. Considering the end
degradation products of amino acids and the expression levels
of related enzymes in the metabolic pathways during nitrogen
limitation, BCAAs, Lys, Ala, Glu, and Gln may contribute to TAG
accumulation. Furthermore, to fully understand the catabolic
pathways and their regulatory mechanisms, genetic manipulation
and a combination of post-genomic approaches (transcriptome,
proteome, and metabolome) are necessary for the analyses of
mutant and wild-type diatoms.
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