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a b s t r a c t

In photosynthetic eukaryotes, there are two well-characterized fructose-1,6-bisphosphatases (FBPases):
the redox-insensitive cytosolic FBPase (cyFBPase), which participates in gluconeogenesis, and the redox-
sensitive chloroplastic FBPase (cpFBPase1), which is a critical enzyme in the Calvin cycle. Recent studies
have identified a new chloroplastic FBPase, cpFBPase2; however, its phylogenetic distribution, evolu-
tionary origin, and physiological function remain unclear. In this study, we identified and characterized
these three FBPase isoforms in diverse, representative photosynthetic lineages and analyzed their phy-
logeny. In contrast to previous hypotheses, we found that cpFBPase2 is ubiquitous in photosynthetic
eukaryotes. Additionally, all cpFBPase2s from diverse lineages form a monophyly, suggesting cpFBPase2
is not a recently evolved enzyme restricted to land plants but rather evolved early in the evolution of
photosynthetic organisms, and most likely, in the common ancestor of photosynthetic eukaryotes.
cyFBPase was probably first duplicated to produce cpFBPase2, and then the latter duplicated to produce
cpFBPase1. The ubiquitous coexistence of these two cpFBPases in chloroplasts is most likely the conse-
quence of adaptation to different redox conditions of photosynthesis, especially those caused by recur-
rent changes in light conditions.

Copyright © 2019 Kunming Institute of Botany, Chinese Academy of Sciences. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-

NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Fructose-1,6-bisphosphatases (FBPase) participate in gluconeo-
genesis and the Calvin cycle during photosynthesis by catalyzing
the irreversible hydrolysis of fructose-1,6-bisphosphate into fruc-
tose-6-phosphate and inorganic phosphate. FBPases are members
of the large superfamily of lithium-sensitive phosphatases, which
consists of three families of inositol phosphatases and FBPases. Five
types of FBPases have been found in prokaryotes, while only one
type of FBPase, homologous to prokaryotic FBPaseI, has been found
in eukaryotes (Donahue et al., 2000; Rashid et al., 2002; Verhees
et al., 2003; Brown et al., 2009). In photosynthetic eukaryotes
(algae and plants), two FBPase isoforms have previously been
ing, Yunnan, 650223, China.

e of Plant Diversity.

tany, Chinese Academy of Sciences.
nse (http://creativecommons.org/li
identified. More recently, the discovery of a novel FBPase isoform
has raised questions about the function, distribution, and evolu-
tionary relationships of FBPases.

The structure and function of two FBPase isoforms in photo-
synthetic eukaryotes have been well characterized. The first iso-
form, cyFBPase, is a cytosol-localized enzyme that participates in
gluconeogenesis and sucrose synthesis. cyFBPase is similar to an-
alogs in heterotrophic eukaryotes that also play a role in cytosolic
gluconeogenesis (Cseke and Buchanan, 1986). The second isoform,
cpFBPase (hereafter, cpFBPase1), is present in the stroma of chlo-
roplasts, where it is one of the key regulatory components of the
Calvin cycle. cpFBPase, but not the cytosolic isoform, contains an
20-30-aa insertion sequence called the ‘loop 170’ that acts as a
regulatory redox domain. This domain generally contains three
conserved cysteines (Cys) that are able to form a regulatory disul-
phide and confer exclusive redox features to the chloroplast iso-
form (Chiadmi et al., 1999; Chueca et al., 2002). cyFBPase and
cpFBPase1 differ strikingly in how their enzymatic activity is
Publishing services by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This
censes/by-nc-nd/4.0/).
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regulated. The activity of cpFBPase1 is stimulated by light-
modulated reduction of essential disulphide groups via the
ferredoxin-thioredoxin system (Buchanan, 1980), whereas the ac-
tivity of cyFBPase is similar to that of yeast and mammals, in which
metabolic affectors such as adenosinemonophosphate (AMP) act as
inhibitors (Zimmermann et al., 1978). However, the regulation and
physiological function of the newly identified FBPase remains
unclear.

This novel isoform, named cpFBPaseII (Serrato et al., 2009) or
chloroplastic FBPaseII (hereafter FBPase2) (Ogawa et al., 2015),
differs from cpFBPase1, because it lacks a regulatory redox domain.
Although previous studies suggested that cpFBPase2 may play a
role in development, metabolism, or stress response in multicel-
lular organisms (Serrato et al., 2009), this enzyme has subsequently
been identified in a unicellular phytoflagellate, Euglena gracilis,
where it is called EgFBPaseII. EgFBPaseII's high oxidation tolerance
has prompted researchers to hypothesize that cpFBPase2 is
required during oxidative stress (Ogawa et al., 2015).

Early phylogenetic analysis concluded that although cpFBPase1
is localized and functions in chloroplasts, it was not inherited
directly from the chloroplast ancestors, i.e., cyanobacteria, but
probably originated through duplication of the cytosolic isoform,
cyFBPase (Martin et al., 1996). Although cpFBPase2 has been hy-
pothesized to be restricted to land plants, no studies have examined
its distribution in the key lineages of photosynthetic eukaryotes.

The overall goal of this study was to understand the evolu-
tionary origins and physiological functions of chloroplast FBPases.
Specifically, we asked two questions: (1) is the cpFBPase2 isoform
restricted to land plants? (2) Do FBPases belong to a monophyletic
group? To answer these questions, we identified FBPases based on
sequence homology in 33 photosynthetic eukaryotes, which
Table 1
The distribution of the three types of FBPases in photosynthetic eukaryotes.

Species

Primary plastid lineages Land plants Marchantia polymorpha
Physcomitrella patens
Selaginella moellendorffii
Arabidopsis thaliana
Fragaria x ananassa

Chlorophyta Auxenochlorella protothecoide
Bathycoccus prasinos
Chlamydomonas reinhardtii
Chlorella sorokiniana DOE 14

Chlorella variabilis NC64A
Chromochloris zofingiensis
Dunaliella salina
Micromonas pusilla CCMP 15
Micromonas commoda RCC 2
Monoraphidium neglectum
Ostreococcus lucimarinus
Ostreococcus tauri
Ostreococcus sp. RCC809
Picochlorum sp. SENEW3
Volvox carteri

Rhodophyta Chondrus crispus
Cyanidioschyzon merolae
Galdieria sulphuraria
Porphyridium purpureum
Porphyra umbilicalis

Glaucophyta Cyanophora paradoxa
Secondary plastid lineages Stramenopiles Thalassiosira oceanica

Phaeodactylum tricornutum
Ectocarpus siliculosus

Rhizaria Bigelowiella natans
Discoba Euglena gracilis

Note: The symbols ‘þ’ and ‘�’ indicate the presence and absence of the enzyme in the co
uncertain due to incomplete genome sequences, which may affect the identification of F
included groups with primary plastids and groups with secondary
plastids. We classified FBPases as one of the three isoforms by using
sequence data to predict subcellular localization and the presence/
absence of ‘loop 170.’ Finally, we analyzed the phylogenetic rela-
tionship of FBPases from these organisms. Our study indicates the
following: (1) in addition to the early-discovered cyFBPase and
cpFBPase, the later-identified cpFBPase isoform also exists ubiqui-
tously in photosynthetic eukaryotes; (2) the formation of the three
FBPase isoforms was due to the gene duplication of cyFBPase to
produce the later-identified cpFBPase, which was then duplicated
to produce the early-discovered cpFBPase; and (3) the two
cpFBPases most likely coexist in chloroplasts in order to cope with
different redox conditions during photosynthesis to ensure its
continued action under different light conditions.

2. Materials & methods

2.1. Identification of FBPases in diverse photosynthetic eukaryotes

The sequence of the cpFBPase2 isoform (Fragaria � ananassa
cpFBPaseII, accession number: ABW38331) was used as a query to
search for FBPases from diverse photosynthetic eukaryotes by uti-
lizing Blast software (Altschul et al., 1990) (E < 0.001) (detailed
species information is provided in Table 1). The hits obtained were
further examined with a Pfam search (http://pfam.sanger.ac.uk/).
Only the candidate sequences with a typical FBPase domain
(FBPaseI domain, accession number: PF00316.20) were reblasted
against the UniProt database to determine whether their top hits
were FBPases. The sequences that were retained during this process
were identified as FBPases; their unique identifiers are provided in
Supplemental Data S1.
cyFBPase cpFBPase1 cpFBPase2

þ þ þ
þ þ þ
þ þ þ
þ þ þ
þ þ þ
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rresponding species; the symbol “?” indicates that the absence of a certain FBPase is
BPases.
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To further classify the obtained FBPases into the three isoforms,
the following steps were performed. First, subcellular localization
prediction for each identified FBPase was performed using the
TargetP webserver (http://www.cbs.dtu.dk/services/TargetP)
(Emanuelsson et al., 2007) to distinguish cyFBPases from cpFBPa-
ses. Second, considering that the regulatory domain (called ‘loop
170’) that contains three conserved cysteines is the key feature
distinguishing the early-discovered cpFBPase from the later-
identified cpFBPase, multiple sequence alignments of the identi-
fied FBPases were conducted using the Expresso mode of T-Coffee
(Armougom et al., 2006; Di Tommaso et al., 2011; Notredame et al.,
2000), to distinguish these two types of cpFBPases. Third, phylo-
genetic analysis was also used to help identify the three isoforms of
FBPases (for analytical details, please see the following section).

2.2. Phylogenetic analysis

To classify the identified FBPases and their evolutionary re-
lationships, phylogenetic analysis was carried out. The above-
identified FBPase orthologs, together with outgroups (bacterial
FBPases with the UniProt identifiers A1VD23 and Q3MCI4), were
aligned with the Expresso mode of T-Coffee (Armougom et al.,
2006; Di Tommaso et al., 2011; Notredame et al., 2000), a
structure-guided multiple sequence alignment mode. The align-
ment was visually inspected to remove ambiguously aligned re-
gions and gaps (for the final multiple sequence alignment results,
please see Supplemental Data S2). The optimal amino acid substi-
tution model was selected using ProtTest version 3.4 (Darriba et al.,
2011). Finally, the LG model with a gamma distribution was
selected as the best substitution model according to the Akaike
information criterion (AIC), corrected AIC (AICc) and Bayesian in-
formation criterion (BIC).

Phylogenetic analysis was carried out using both maximum-
likelihood (ML) and Bayesian methods, mainly based on the
method described in a previous study (Ye et al., 2017). The main
Fig. 1. Partial sequence alignment of cyFBPases and cpFBPases from some investigated pho
Asterisks indicate conserved cysteine residues potentially associated with regulatory disulfi
involved in redox regulation in different FBPase types. The sequence alignment results of
provided in Supplementary Data S1. The FBPases and their unique identifiers, in parenthe
(ABW38332.1), Egr_cyFBPase (ABF68600.1), Ptr_cyFBPase (23247), Ptr_cpFBPase2 (3199
(XP_001417955.1), Fan_cpFBPase2 (ABW38331.1), Ppu_cpFBPase1 (contig_3540.6), Ptr_c
Fan_cpFBPase1 (ABW38330.1).
procedures were as follows: 1) RAxML 7.7.9 (Stamatakis, 2006)
was used for rapid bootstrap support (Rbs), and 2) MrBayes 3.2.6
(Ronquist et al., 2012) was used to perform Bayesian analyses. The
burn-in fraction was set to 0.25, and the convergence of the chains
was assessed with the average standard deviation of split fre-
quencies (ASDSF < 0.01). The 50% majority-rule consensus tree
was determined to calculate the posterior probabilities for each
node.

3. Results

3.1. The ubiquitous distribution of cpFBPase2 and the pervasive
coexistence of chloroplastic FBPases in photosynthetic eukaryotes

In this study, we searched for the presence of FBPases in the
genomes of 33 species representative of the main groups of
photosynthetic eukaryotes, including those with primary plastids
(Glaucophyta, Rhodophyta, Chlorophyta, and land plants) and
secondary plastids (Stramenopiles, Rhizaria, and Discoba). The
FBPases we identified from photosynthetic eukaryote genomes can
be divided into three types based on predictions of subcellular
localization and the presence/absence of ‘loop 170’ (Fig. 1;
Supplemental Data S1, S3 and Supplemental Fig. S1, S2). The first
type of FBPase is predicted to be localized to the cytosol and lacks
the insertion loop sequenced called ‘loop 170’ as well as the
conserved Cys residues within the loop. The second type of FBPase
is predicted to be localized in the chloroplast and possesses ‘loop
170’ as well as two (C95 and C162) or three (C95, C162 and C176) of
the conserved Cys residues within the loop (see Fig. 1). These
FBPases correspond to those previously referred to as cpFBPaseI
and are hereafter referred to as cpFBPase1. The third type of FBPase
is predicted to be localized to the chloroplast and possesses ‘loop
170.’ However, this type of FBPase lacks the conserved Cys residues
in ‘loop 170.’ These FBPases correspond to those previously referred
to as cpFBPaseII and are hereafter referred to as cpFBPase2s.
tosynthetic eukaryotes, mainly focusing on the region of the redox regulatory domain.
de bonds. The red open box indicates the featured amino acid residuals that might be
the cyFBPases and cpFBPases from all the investigated photosynthetic eukaryotes are
ses, are Ppu_cyFBPase (contig_3402.5), Olu_cyFBPase (XP_001419675.1), Fan_cyFBPase
4), Egr_cpFBPase2 (BAU20291.1), Ppu_cpFBPase2 (contig_3490.10), Olu_cpFBPase2
pFBPase1 (2793), Egr_cpFBPase1 (ABF68597.1), Olu_cpFBPase1 (XP_001422674.1),

http://www.cbs.dtu.dk/services/TargetP
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All three types of FBPases are widely distributed in photosyn-
thetic eukaryotes (Table 1). cpFBPase1 and cpFBPase2 coexist in the
chloroplasts of most photosynthetic eukaryotes. Specifically, the
cytosolic FBPase and cpFBPase1 were detected in almost all
photosynthetic eukaryotes. cpFBPase2 was detected in all lineages
of photosynthetic eukaryotes investigated, although not in every
species. For example, cpFBPase2 was detected in all land plants, in
nearly half the green algae (e.g., Bathycoccus prasinos, Ostreococcus
spp), in one red algae species (Porphyridium purpureum), in diatoms
and filamentous brown algae (e.g., Thalassiosira oceanica and
Ectocarpus siliculosus) as well as in unicellular chlorarachniophyte
algae (Bigelowiella natans) and the previously reported single cell
flagellate eukaryote E. gracilis.

For some green algae (e.g., Auxenochlorella protothecoides,
Chlorella variabilis, Dunaliella salina, Monoraphidium neglectum and
Picochlorum sp. SENEW3), red algae (e.g., Chondrus crispus, Galdieria
sulphuraria and Porphyra umbilicalis), and Glaucophyta, incomplete
and/or poor-quality genomes may have inhibited our detection of
cpFBPase2 (Blanc et al., 2010; Bogen et al., 2013; Brawley et al.,
2017; Collen et al., 2013; Foflonker et al., 2015; Gao et al., 2014;
Polle et al., 2017; Schoenknecht et al., 2013).
3.2. The phylogenetic relationships among the three FBPases and
the evolutionary divergence of the two cpFBPases in photosynthetic
eukaryotes

Our phylogenetic analyses of FBPases in diverse photosynthetic
eukaryotes revealed that each FBPase type (cytosolic FBPase,
cpFBPase1, and cpFBPase2) consistently formed monophyletic
groups (Fig. 2). The two monophyletic chloroplast FBPase clades,
namely, cpFBPase1 and cpFBPase2, form sister clades. The
cyFBPases form an outgroup to the two chloroplastic FBPase iso-
forms. Our ML and MrBayes tree both showed that, within the
cpFBPase1 clade, organisms belonging to land plants and Chlor-
ophyta cluster together to form amonophylic Chloroplastida group,
whereas organisms belonging to Rhodophyta from a separate
monophyly.
4. Discussion

In this study, we found that three types of FBPases—cytoslic
FBPase, cpFBPase1, and cpFBPase2—are ubiquitous in almost every
Fig. 2. Phylogenetic analyses of the three types of FBPase isoforms in diverse photo-
synthetic eukaryotes by ML. cpFBPase1s are in green, cpFBPase2s are in blue, and
cyFBPases are in maroon. The tree is rooted using the bacterial FBPaseIs as outgroups.
The expanded phylogenetic trees constructed by both ML and MrBayes methods can be
found in Supplemental Figures S1 and S2.
lineage of photosynthetic eukaryote. We also found that cpFBPa-
se2s from diverse photosynthetic eukaryotes cluster to form a
monophyletic group, indicating that these genes have a single
origin.

Our identification of cpFBPase2 in all photosynthetic eukaryotic
lineages contrasts with previous hypotheses that cpFBPase2 is
restricted to land plants and that it emerged later in the evolution
of photosynthetic organisms (Serrato et al., 2009). This difference
may be explained by the paucity of whole-genome sequence data
available to previous studies. In contrast, our study used genome
data from 33 representative photosynthetic eukaryotes.

Although cpFBPase2 was detected in all photosynthetic
eukaryotic lineages examined, it was not detected in each genome
database of the investigated species of some lineages. There are two
possible explanations for this. First, the absence of cpFBPase2 in a
specific genome might be due to the incompleteness of genome
sequences. For algae whose genome data are incomplete (e.g.,
A. protothecoides, C. variabilis, D. salina, M. neglectum, Picochlorum
sp. SENEW3, C. crispus, G. sulphuraria and P. umbilicalis), cpFBPase2
will likely be detected in these species once their genome se-
quences are complete. Second, the cpFBPase2 gene may have been
secondarily lost in some species. For example, the genome of
Chlamydomonas reinhardtii, which is an important model organism,
has been completely assembled and annotated with high-quality
data at the chromosome level (Merchant et al., 2007); thus, the
absence of cpFBPase2 in this organism cannot be attributed to the
genome incompleteness. C. reinhardtii cytosolic FBPase has been
secondarily lost (Teich et al., 2007); thus, the absence of cpFBPase2
in this organism may also be due to secondary loss. This explana-
tion is significantly strengthened by our phylogenetic analysis (see
below).

Previous studies showed that chloroplastic FBPase (cpFBPase1)
arose from cytosolic FBPase (cyFBPase) through gene duplication
(Martin et al., 1996). Our phylogenetic analyses confirmed this
finding by showing that cyFBPase forms an outgroup to the two
types of cpFBPases (cpFBPase1 and cpFBPase2). Furthermore, our
phylogenetic analyses indicate that cpFBPase1 and cpFBPase2 form
sister groups, suggesting that these genes were products of a later
gene duplication event.

Although our tree provides strong evidence that the universal
common ancestor of the FBPases in eukaryotic photosynthesizers
underwent gene duplication to give rise to the ancestral cpFBPase
and cyFBPase, the branch lengths to the common ancestor of all
putative cpFBPase1-type orthologs and all putative cpFBPase2-type
orthologs is not markedly different. Therefore, the phylogenetic
analyses cannot tell us which of the two cpFBPases originated first
and was later duplicated to produce the other. The structural sim-
ilarities between cyFBPase and cpFBPase2, however, suggest that
cpFBPase 2 may have been the first chloroplastic FBPase. Specif-
ically, both cyFBPase and cpFBPase2 lack the complete redox reg-
ulatory loop sequence and conserved Cys residues within the loop
region. Thus, one likely scenario is that cyFBPase was first dupli-
cated to produce cpFBPase2, which then was further duplicated to
produce cpFBPase1. Subsequently, cpFBPase1 gradually acquired
the redox-regulation domain during its evolutionary divergence.

The identification of cpFBPase2 in strawberry prompted re-
searchers to speculate that cpFBPase2 may play crucial roles in
specific tissues or processes such as development, stress response
or metabolic regulation (Serrato et al., 2009). However, its subse-
quent discovery in the unicellular phytoflagellate E. gracilis (where
it is called EgFBPaseII) clearly refutes the idea that cpFBPase2 plays
roles in multicellular organismal function. More recently, research
has shown that EgFBPaseII is expressed at extremely low levels and
thus unlikely to contribute markedly to photosynthesis in Euglena
cells under normal conditions. However, EgFBPaseII's greater
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tolerance to oxidative stress suggests that it is required under
several oxidative stress conditions (Ogawa et al., 2015). Our find-
ings here that cpFBPase2, similar to cpFBPase1, is ubiquitous in
photosynthetic eukaryotes and is predicted to be localized in
chloroplasts strongly imply that cpFBPase2 may also have a uni-
versal essential physiological function in chloroplasts.

We speculate that cpFBPase2may participate in the Calvin cycle,
similar to cpFBPase1, but under abnormal oxidative conditions
caused by low light and low temperature. Evidence for this spec-
ulation is that FBPase can only catalyze the irreversible hydrolysis
of fructose-1,6-bisphosphate into fructose-6-phosphate and inor-
ganic phosphate. Furthermore, cpFBPase2 acts independently of
redox activation and is more tolerant of oxidation than cpFBPase1
(Ogawa et al., 2015; Serrato et al., 2009). Plants are often subject to
oxidative stress at low temperatures under low light intensity
(Haghjou et al., 2006), which is also a set of conditions that all
photosynthetic eukaryotes often face. Although our speculation
awaits further experimental verification, it is consistent with the
conjecture of cpFBPase2's role in Euglena cells (Ogawa et al., 2015).

In conclusion, we found that cytosolic FBPase, cpFBPase 1, and
cpFBPase2 are ubiquitously distributed in the major lineages of
Archaeplastid and each formmonophyletic groups, with cpFBPase1
and cpFBPase2 as sister groups. Taken together, these findings
suggest that cpFBPase2 arose in the common ancestor of red and
green algae, or even in the common ancestor of Archaeplastida or
Plantae, and that all secondary plastid lineages inherited cpFBPase2
from their corresponding primary plastid lineage. We speculate
that the ubiquitous coexistence of the two chloroplastic FBPases,
cpFBPase1 and cpFBPase2, in photosynthetic eukaryotes is most
likely the consequence of adaptive evolution to cope with different
redox conditions during photosynthesis, especially those caused by
recurrent changes in light conditions.
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